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The adsorption of lead on gold at room temperature in UHV conditions has been studied
by LEED and AES. We review some of the data obtained on the Au(100), (111), and (110)
faces, published elsewhere, and we give some new experimental results on the stepped
Au(S) [n(100) X (111)] (with n = 3,4, 5, and 6) faces. On all these faces, as lead is deposited
on the gold substrate it first forms a monolayer of lead, then a compound AuPb,. Using the
LEED and Auger data we give a model of the epitaxy with a layer-by-layer growth mechanism.
We propose a model which involves a transition alloy wich forms at the interface Au/AuPb,.
This model is in agreement with the LEED diagrams observed before the one corresponding to
bulk AuPb,. In the case of the epitaxy of lead on gold (100), we calculate the Auger peak-to-
peak heights of the gold (72 eV) and lead (93 eV) transitions versus coverage. We obtain good
agreement with the experimental data, assuming that the first and last layers of the alloy are
lead monolayers and diffusion of lead in gold as well as gold in lead.

1. Introduction

The adsorption of lead on gold has been studied by various techniques. Schopper
[1] and Weaver and Brown [2] used optical reflection, Snyman and Boswell [3]
electron diffraction, Biberian et al. [4] and Perdereau et al. [5] LEED and AES.
Pariset and Chauvineau [6] and Pariset et al. [7] used thin film conductivity and
X-ray diffraction to examine alloyed layers.

All these experiments show that as the deposition of lead increases, there first
forms a monolayer of lead, and then an intermetallic compound which has been
identified as AuPb, between —150°C and 85°C, and as Au,Pb above 150°C. These
observations have been made on polycrystalline (111) oriented thin films, by elec-
tron and X-ray diffraction [3,7]. Biberian et al. [4] and Perdereau et al. [5] have
observed the formation of the same compound on all the three faces, (100), (111),
and (110), by LEED and AES.

Only surface sensitive techniques such as LEED and AES have been able to give
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information on the structure of submonolayer quantities of lead. The results were
first explained using a model of compact adsorbed layers [4,5] on (100), (111), and
(110) faces. Recently, Biberian and Huber [8] have given a new description of the
various structures of submonolayers on the (100) face.

We present here more detailed LEED and AES results for the (100), (111), and
(110) faces, and some results for vicinal faces. A model is presented of the epitaxy
of the AuPb, alloy on the (100), (111), and (110) faces, and a model is used to
interpret the plot of Auger peak heights as a function of coverage.

2. Experimental method

The experimental apparatus and techniques are described by Biberian and Rhead
[4] ; we recall here the main experimental details. Experiments are performed in a
Varian LEED chamber. Auger spectra are obtained by using the LEED gun as pri-
mary electron source, with an energy of 550 eV. Residual gas pressure is less than
10~% Torr. The specimen is mounted on a precision manipulator with micrometer
displacements, and both the lead and gold are 99.999% pure. The lead is evaporated
from a crucible heated at around 600°C and placed at 15 cm from the gold crystal.
Deposition can be interrupted by turning the crystal and by rotating a cover over
the lead source. The depositions are made with the substrate at room temperature.
At the end of the run the surface is cleaned by argon ion bombardment.

In order to compare the three low Miller index faces (100), (111), and (110), the
three single crystals were mounted on the same manipulator [S], and lead was
deposited on the three faces simultaneously.

The four stepped surfaces plus a (100) surface were cut on the same single crys-
tal, enabling us to compare them in the same conditions of cleaning of the crystal
and deposition of lead.

3. LEED observations
3.1. Low-index faces

The LEED patterns have been described elsewhere [4,5]. The structures ob-
tained for different times of deposition of lead (the substrate being at room temper-
ature) are recalled in table 1.

If we compare table 1 with the results given in ref. [5], there are a few differ-
ences: on the (100) face, the structure c(6 X 2) was first interpreted as a ¢(6 X 6)
structure with extinctions in the diffraction pattern, but all attempts to explain the
extinctions by a double diffraction process have failed it seems more probably that
the true structure is ¢(6 X 2), and the real space model for this is given in ref. {8].
On the (111) face, structure A was interpreted as a p(+/3 X+/3)30° structure. In



Table 1

Various structures observed on the (100}, (111), and (110) faces of gold, during the deposition

of lead at room temperature; see text for details
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Evaporation (100) face (111) face (110) face
time
0 p(~5 X ~20) p(~20 X ~20) p(1X2)
0.25 p(1X1) p(1 X 3)
0.37 p(IX 1) Structure A
0.62 e(2X2) p(1X1)
0.75 c(7/2 X /2)45°  Structure B p(7 X 1)
0.87 c(3v/2 X \/2)45°
1 c(6X2) p(7 X 3)
1.12 p(d X 4)
1.5 Structure H, Structure H, Structure H,

2 domains 1 domain 2 domains
2.0 Structure H,

2 domains

o (00)
{ono
0(10)
(b)

O Substrate spols
s Extra spots

(b)

Fig. 1. Structure A. LEED pattern corresponding to the deposition of a submonolayer of lead
on gold (111). The exira spots are weak and fuzzy, and this structure exists only in a very nar-
row coverage.
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(01) (01) (11)

(a) (b)

Fig. 2. Structure B. LEED pattern corresponding to the deposition of a monolayer of lead on
gold (111). (a) LEED pattern showing six pairs of spots around each substrate spot. We have
represented the small reciprocal unit mesh. with two domains, which had been previously
chosen (see ref. [S]); (b) LEED pattern showing the extra spots around the (11) and (20)
spots. This explains that the coincidence unit mesh is the one represented in dashed lines with
two domains. The spots around the (00) beam are due to a double diffraction.

fact, more detailed observations have shown that we have a pattern as shown in fig.
1. Structure A never appears well resolved, but the pattern is significantly different
from p(v/3 X+/3)30°. Structure B has been interpreted earlier with a small reci-
procal unit mesh with extinctions [5]. The only extra spots of structure B are
twelve satellite spots around the substrate spots (see fig. 2). So in the first interpre-
tation [5], the coincidence unit mesh has been chosen as shown on fig. 2a, sup-
posing that only the first order multiple diffraction beams are visible. An examina-
tion of the satellite spots around (11) and (20) beams shows the arrangement of
fig. 2b: the satellite spots around them are not at the same distance as those around
the (10) beams. So the diffraction patterns can be explained by a hexagonal over-
layer with two domains rotated of +5° from the substrate. The ratio of the atomic
diameters of lead and gold in this arrangement is 1.15, compared with 1.21 for bulk
crystals. The twelve spots around the (00) beam are due to double diffraction. Sim-
ilarly, part of this ring is visible around the (10) beams. As the first domain of struc-
ture H appears, the doublets become faint, fu, and unresolved. In some experi-
ments another extra spot appears inside the doublet; this is probably the same hexa-
gonal coincidence mesh, but non rotated.

3.2. Vicinal faces
We have studied 4 stepped surfaces close to the (100) face: (511), (711), (911)

and (11, 1,1). All of them were cut on the same crystal. These faces have (100)
terraces of various width. We can denote them according to the notation of Lang et
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Fig. 3. Leed pattern corresponding to a c(6 X 2) structure observed on [7(100) X (111)]
stepped surfaces, and corresponing to the deposition of a monolayer of lead. We have observed
one domain for n = 3 and 4, and two domains for n =5 and 6.

al. [9] as: [3(100) X(111)], [4(100)X(111)], [5(100)X(111)] and
[6(100) X (111)] respectively.

When the crystal is clean, one observes the typical (~5 X ~20) type pattern, but
with only one orientation. As the deposition of lead increases, a (1 X 1) structure
appears, but with a splitting of certain reflexions as expected for stepped surface
[10]. As the deposition increases, there occurs for the stepped surfaces patterns
similar to the c(2 X 2), c(7v/2 X+/2)45°, and ¢(3v/2 X+/2)45° patterns observed
on the (100) face, but with splitting of reflexions that make the patterns very com-
plex and difficult to interpret. When the coverage corresponds to a monolayer of
lead, one observes a ¢(6 X 2) structure, but with only one domain for the (511) and
(711) faces, and two domains for the (911) and (11, 1, 1) faces (see fig. 3). When
structure H appears on the (100) face, one observes only a single hexagonal domain
on the four vicinal faces (see fig. 4).

4. AES measurements

Biberian et al. [4] and Perdereau et al. [5] have given the variation of the peak-
to-peak height of the Auger signals of gold (72 eV) and lead (93 eV) as a function

Direction of the steps
fo) (o]

Fig. 4. Structure H observed on stepped [#(100) X (111)] surfaces (n = 3, 4, 5, and 6) with one
domain for all the faces.
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Fig. 5. Variation of the peak-to-peak height of the Auger signal for lead (93 ¢V) and gold (72
eV) versus the deposition time for the (100) face and two vicinal faces.

of coverage during lead deposition onto (100), (111), and (110) gold faces. Fig. 5
shows the plots for the (100) face, and the two vicinal faces (711) and (511). One
can see that these curves, obtained simultaneously (the three faces being cut on the
same crystal), are similar. The first “knees” in the plots of the three signals corre-

spond to the completion of the monolayer of lead; they appear at the same deposi-
tion time for each face.



J.-P. Biberian | LEED and AES study of Au/AuPb, interface 443
5. Interpretation of the LEED and AES observations

Perdereau et al. [S] have shown that for the three faces (100), (111), and (110)
there first forms a monolayer of lead, then an alloy (the Auger signal of gold goes
to a constant non-zero value at high lead coverages). This alloy has been identified
by Snyman and Boswell [3] by electron diffraction, and by Pariset et al. [7] by
X-ray diffraction as the intermetallic compound AuPb,. This compound is such
that the (110) plane of AuPb, is paraliel to the substrate plane for each of the three
substrate orientations. Fig. 6 gives a projection of the AuPb, structure onto its
(110) plane. One can see that the lead atoms labelled B and C or B' and C' form a
pseudohexagonal monolayer. B atoms and C atoms (or B’ and C') are not in the
same plane; the distance between the planes is 1.66 A.

It is important to understand, first, the structure of the monolayer of lead
adsorbed on all the faces and, secondly, the epitaxy of AuPb,. We do not expect to
find a model of the alloying mechanism, that is, to explain the diffusion mechanism
which allows the gold atoms to diffuse into the adsorbed lead layer to form AuPb,.
Oudar and Huber [11] have given a description of the epitaxy of AuPb, on the
(110) face of gold for one orientation of AuPb, rectangular mesh. They are able to
give a model of a possible mechanism to extract gold atoms from the substrate by a
cooperative process. Here we give static models of epitaxy which are in agreement
with the observed diffraction patterns, and with the AES measurements.

To interpret the structure of the monolayer of lead, we use, when possible, the
high-symmetry model described by Huber and Oudar [12] and the more traditional
compact model in the other cases.

O Gold atoms @ Lead atoms

Fig. 6. A projection of the AuPb, compound on the (110) plane. The structure is generated by
the stacking sequence ABCBA B'C'B'ABC... of the atomic layers.
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To understand the epitaxy of AuPb, on the different orientations of the gold
substrate, we use the same technique as Oudar and Huber [11]. That is, we imagine
an almost perfect semi-infinite crystal of AuPb, on the gold substrate, and we
deform the AuPb, mesh as little as possible to have an epitaxy with the smallest
possible coincidence mesh. Then we mentally desorb the alloy up to the last layer.
In bulk AuPb, the atoms are in an equilibrium position because of their environ-
ment. When we have a very thin layer, the influence of the substrate is very strong,
therefore we suppose that the atoms move to a more stable position. Then we com-
pare the theoretical diffraction pattern produced by such a structure to the experi-
mental one, and we discuss the validity of the model.

5.1. The (100) face

S.1.1. Adsorption of a lead monolayer

Biberian and Huber [8] have given a description of the intermediate structures
observed during the formation of the first monolayer of lead. The ¢(2 X 2),
(T2 X4/2)45°, and c(3v/2 X /2)45° structure have been interpreted by a high-
symmetry model. And a high-symmetry model has also been proposed for the mono-
layer of lead (structure ¢(6 X 2), see fig. 7a). This model has been obtained assum-
ing a ¢2mm symmetry for the two-dimensional space group of the rectangular coin-
cidence mesh, and all the gold atoms in sites of four fold symmetry. In fact, lead
atoms are larger than gold atoms, so all the lead atoms cannot sit in sites of four
fold symmetry. Fig. 7b shows an arrangement of the lead atoms compatible with
their size and deduced from fig. 7a by moving the lead atoms that are not on A2
axes, and respecting the c2mm symmetry. The lead layer is then very close to the
(111) plane of bulk lead (the agreement is better than 1%). This is a case where the

@ lead atoms

Fig. 7. A proposed model for structure c(6 X 2), obtained at the deposition of a lead monolayer
on gold (100). (a) We have represented the position of the adatoms respecting the c2mm sym-
metry and each lead atom being in a fourfold symmetry site. (b) Same model as (a), but we
have relaxed the lead atoms because of their size relative to the gold atoms, but still respecting
the c2mm symmetry. The lead atoms form a pseudo-hexagonal plane.
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model obtained assuming high symmetry of the coincidence mesh and that ob-
tained supposing adsorption of a compact hexagonal monolayer close to a bulk
plane are identical.

5.1.2. The epitaxy of AuPb ,

Perdereau et al. [5] have shown that the unit mesh of the structure H does not
coincide with the substrate (see figs. 8a and 8b). This often happens when a layer
with hexagonal symmetry is absorbed on a substrate with square symmetry.

The square surface unit mesh of Au(100) has sides of 2.88 A, and the AuPb,
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Fig. 8. A direct representation of the pseudohexagonal unit cell of AuPb,((100) plane) on the
different faces of the gold substrate. (a) and (b) on the (100) face are equivalent; (c) and (d) on
the (111) face and (e) and (f) on the (110) face are not equivalent.
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alloy has a rectangular mesh with sides 5.65 and 10.36 A. The double of the side of
the gold mesh is equal to the width of the AuPb, rectangular mesh, within 2%. One
can consider that there is coincidence in that direction. In the other direction, 5
times the length of AuPb, mesh (51.80 A) is close to 18 times the side of the gold
(100) square mesh (51.84 A). So we can limit our study of the epitaxy to a
(18 X 2) mesh.

In fig. 9a we have represented the lead atoms of the ¢(6 X 2) monolayer. In fact,
we can consider the (18 X 2) mesh as composed of three c(6 X 2) meshes. In fig. 9b
we have the same arrangement of lead atoms, but we have divided the (18 X2)
mesh into five AuPb, meshes. We can consider the lead atoms as being of the types
B and C shown in fig. 6. The five meshes are not identical, and even in the same
mesh B atoms (or C atoms) are not at equivalent positions. When the deposition of
lead increases, the alloy grows by diffusion of gold from the substrate through the
monolayer of lead. We shall examine this point in more detail in section 6.

With this model we interpret the ¢(6 X 2) monolayer of lead as being part of the
alloy. When the deposition of lead increases, and the alloy grows, the symmetry
which was imposed by the substrate by giving the ¢(6 X 2) structure is now imposed
by the alloy, and leads to structure H. It is difficult to evaluate how much the lead
atoms of the first layer move from their initial position in the Z direction, as the
deposition of lead increases, but it is almost certain that they move since the lead
atoms are now covered with a more or less thick layer of AuPb,. The interface
between the gold substrate and the AuPb, thick layer is an intermediate alloy

(8}

RN ERNEERNNI RN
Py
: | |
(S
7 \ A .
b

{B)
+ Four fold symmetry sites @ Lead atoms

Fig. 9. (a) We have represented three c(6 X 2) unit cells of the lead monolayer forming a (18 X
2) cell. (b) The same lead atoms at the same positions, but this time we have divided the
(18 X 2) cell into five AuPb, meshes. The lead atoms can now be considered as equivalent to
the lead atoms B and C of fig. 6.
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Fig. 10. Epitaxy of the c(6 X 2) structure on a [4(100) X (111)] face of gold.

which is neither a (111) plane of lead nor lead atoms in the position they should
have in a perfect AuPb, compound. The important point is that the lead atoms of
the first monolayer are in the right position according to their place in projection
on the (110) plane of AuPb,. The only displacements required are in the Z direc-
tion to fit with the bulk AuPb,, and it is not necessary to assume the creation of
dislocation or any other defect in the crystal during growth.

5.2. The vicinal faces

Vicinal faces are of great interest in the understanding of epitaxy, because the
symmetry of the surface is broken on one direction. In fact, in the case of
(n(100) X (111)) faces, we find an epitaxy equivalent to the adsorption of lead on
the (100) surface, but in strips # atoms wide.

Fig. 10 shows the epitaxy of a c¢(6 X2) monolayer of lead on the
(4(100) X (111)) face. If n is small (3 or 4), the terraces are not wide enough to
allow the epitaxy of the c(2 X 6) structure (perpendicular to the c(6 X 2) struc-
ture), but if # is large enough (5 or 6), this epitaxy is possible. However, the diffrac-
tion patterns are not very intense.

Fig. 11 shows the epitaxy of AuPb, on the (4(100) X (111)) surface. In this case

-

F A A

Fig. 11. We have represented the epitaxy of AuPby on a [4(100) X (111)] surface equivalent to
the epitaxy on the (100) face shown in fig. 9.
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Fig. 12. Orientations of the compact layer of lead on the (111) face of gold. The two hexagonal
unit meshes are rotated 5°.

too the epitaxy is possible but only in one direction, because even for the
(6(100) X (111)) surface the terraces are not wide enough to allow the (18 X 2)
mesh to fit perpendicularly to the steps. This agrees with the experimental observa-
tions which show only one orientation for structure H for the four vicinal faces
studied.

5.3. The (111) face

5.3.1. Adsorption of a lead monolayer

As mentioned in section 3.1, during the formation of the lead monolayer a struc-
ture appears that is difficult to observe and to interpret (see fig. 1).

When the monolayer is completed, we observe structure B (see table 1) and the
direct lattice deduced from the extra diffraction spots shows a hexagonal arrange-
ment with a unit mesh close to that of the bulk (111) plane of lead. Fig. 12 shows
that there is no coincidence mesh between the lead layer and the gold substrate.
This is a case where the high symmetry model is not valid and an explanation of the
diffraction pattern by adsorption of a compact hexgonal monolayer is more simple.

5.3.2. The epitaxy of AuPb

From table 1 we see that there appears first one domain of hexagonal structure,
and then, as the deposition of lead increases, the second orientation appears. Fig. 8
gives the two direct unit meshes: (c) corresponds to the first orientation and (d) to
the second. It is very surprising that orientation (d) appears later, because there is
perfect coincidence with the substrate — we have in fact a p(2 X 2) structure.

To clarify this point we have to look at the intermediate structure between
structure B and structure H. We have seen in section 3.1 that, experimentally, as the
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Fig. 13. (a) The gold (111) substrate. (b) The (111) plane of lead at the time of the growth of
the AuPb, compound. The two hexagonal unit meshes of lead and gold are now parallel.

(2)

N

first domain of structure H appears, the doublets of the lead monolayer become
faint, fuzzy, and unresolved: there appears to be a reorganisation of the lead mono-
layer, and the hexagonal unit mesh of the adsorbate becomes parallel to the gold
unit mesh. So, in the same way as for the (100) face of gold, the reoriented hexa-
gonal layer of lead is the first step of the growth of AuPb,. As shown in fig. 13,2
(111) plane of lead can be considered as a part of the AuPb, alloy. The lead atoms
correspond to B and C types of atoms of AuPb, described in fig. 6. The same dis-
cussion about the 2 positions of the lead atoms for the (100) face (see the end of
section 5.2.1) is valid here.

@ Lead atoms in the three fold symmetry sites
Gold atoms
® Lead stoms on top of the gold atoms

Fig. 14. We have represented the second orientation of AuPb, on the (111) face of gold. There
are two kinds of lead atoms: those in the three fold symmetry site, and those on top of the gold
atoms. They are equivalent to the C and B atoms of figure 6 respectively.
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The second orientation (fig. 8d) appears afterwards. Two hypotheses are possi-
ble: first, this orientation is produced by faults during the formation of the early
arrangement; secondly, this orientation appears by direct epitaxy on the gold sub-
strate. As shown in fig. 14, there are two kinds of lead atoms: the B type atoms
(fig. 6) are on top of the gold atoms and the C type atoms are in the three fold sym-
metry sites. The lead atoms of fig. 14 form a hexagonal layer, but rotated of 30°
with respect to the lead layer of fig. 13; explaining the first orientation. So this sec-
ond hypothesis supposes a rotation of 30° of the lead monolayer. It is difficult to
choose between the two hypotheses.

5.4. The {110) face

5.4.1. Adsorption of a lead monolayer

In a previous paper [5] Perdereau et al. have described the p(7 X 1), p(7 X 3) and
p(4 X 4) structures that occur during the deposition onto the (110) face. Recently
Oudar and Huber [11] have given a model of one of the oblique epitaxies of AuPb,
on the (110) face in which the p(7 X 3) and p(4 X 4) structures are considered as
structures of a transitional alloy. Therefore, the only structure that would corve-
spond to a simple lead monolayer is the p(7 X 1) structure. A simple model consists
of six lead atoms for seven sites in the gold rows of the surface [5].

5.4.2. The epitaxy of AuPb,
Figs. 8¢ and 8f show the two orientations of the AuPb, pseudohexagonal unit

[
1 1
—H ™ —
th}

———

~
W

-
— “ \7_. {4} Z—
~/ _

Fig. 15. The four orientations of the AuPb, rectangular mesh on the (1 10) face of gold.
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mesh on the (110) gold surface, and fig. 15 shows the four orientations of the
AuPb, rectangular unit mesh. Orientation (e) of fig. 8 corresponds to (a) and (d)
of fig. 15, and orientation f of fig. 8 to (b) and (c) of fig. 15.

Oudar and Huber [11] have given an interpretation corresponding to the epitaxy
of fig. 15 (d), and they give a model with a very large coincidence mesh. In fact,
they suppose that this mesh is not observed, but that it is broken into smaller
meshes that correspond to the p(7 X 3) and p(4 X 4) observed structures. We shall
give here interpretation for the three other possible orientations. Some of the
models lead to structures corresponding to observed patterns, and they therefore
can be considered as realistic. Some models do not, but we give them to show the
different steps of the method and its limits.

5.4.2.1. Epitaxy corresponding to the ovientation of fig. 15a. If we try to fit
AuPb, on the (110) gold substrate, we see that there is no possible direct epitaxy.
Fig. 16a shows a possible epitaxy but with a 20% dilatation, and a p(2 X 3) sur-
structure. Fig. 16b gives a model with a 20% contraction and a p(2 X 2) surstruc-
ture, and fig. 16c, obtained by an association of the two other models, has a 2% dif-
ference and a p(2 X 5) surstructure. But neither of these structures has been ob-
served.

5.4.2.2. Epitaxy corresponding to the orientation of fig. 15b. Fig. 17a shows a
model for this epitaxy. In this case the alloy is dilated by 11% in length and con-
tracted 4% in width. The coincidence mesh is c(4 X 4). Such an arrangement is pos-
sible only when this layer is stabilized by a thicker layer of alloy, because the lead
atoms are not in stable positions as explained at the beginning of section 5. In the
first stages of formation of the alloy the atomic arrangement might be quite differ-
ent. Fig. 17b shows a possible position of the lead atoms after a relaxation of the

(a) {b} {c)

Fig. 16. Epitaxy corresponding to fig. 15a. (a), (b), and (c) represent attempts to coincide the
AuPb; mesh with the (110) substrate by distorting the compound, but none of the resulting
coincidence meshes are observed. The black circles represent the centers of the lead atoms, and
the intersections of the lines, the four fould coordination sites.
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(a)

@ Llead atoms @ Lead atoms of the first layer

o Lead atoms of the second layer

Fig. 17. Epitaxy corresponding to fig 15b. (a) A very small distortion in the dimensions of the
AuPb, unit mesh permits a coincidence of three AuPb, rectangular meshes with sixteen unit
meshes of the substrate. This corresponds to a c(4 X 4) coincidence mesh which is not
observed. (b) Same epitaxy as in (a), but we have relaxed the lead atoms so that they go in the
rows formed by the gold atoms of the (110) surface, and then in the rows formed by the lead
atoms themselves. This correspond to a p(4 X 4) coincidence mesh which was observed experi-
mentally,

layer. We see that there are two types of lead atoms: some are in the rows of the
gold substrate and correspond approximatively to the first layer of lead, and some
are in the sites formed by the lead atoms of the first layer. All the rows of the gold
surface are filled (three atoms of lead for four sites) and half of the rows formed by
the first layer of lead are filled by lead atoms of the second layer. The coincidnce
mesh is p(4 X 4) and not c(4 X 4) as before. The corresponding observed pattern is
not very well defined: the spots of the (x, n/4) type (with n=1, 2, 3) are not
resolved, and streaks appear [5]. These are probably due to the fact that the lead
atoms are not well ordered because of a lack of interaction between the lead atoms
of the different rows.

@ Lead atoms @ Lead atoms of the first layer
o lead atoms of the second layer

Fig. 18. Epitaxy corresponding to fig. 15b. Same legend as for fig. 17. Here the AuPb, mesh is
less distorted, but the resulting p(7 X 4) coincidence mesh is not observed experimentally.
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Fig. 19. Epitaxy corresponding to fig. 15c. Same legend as for fig. 17, but here the p(7 X 3)
coincidence mesh is observed.

Another possible epitaxy is shown in fig. 18a. Here the coincidence mesh is
p(7 X4) and the alloy is contracted by 2.5% in length and 4% in wisth. Fig. 18b
shows the atomic positions when the layer is not stabilized by a ticker layer of
alloy. The lead atoms of the first layer are those of the p(7 X 1) structure, and
those of the second layer are in the sites of the first layer. A p(7 X 4) structure is
not observed experimentally.

5.4.2.3. Epitaxy corresponding to the orientation of fig. 15c. Fig. 19a shows a
model for this epitaxy, the AuPb, rectangular mesh is dilated by 1% in length and
6% in width, and the mesh is not perfectly rectangular, the angle being 88°. Just as
in section 5.4.2.2, a relaxation of the lead atoms give the model of fig. 19b. Here
too we see that the lead atoms of the first layer are those of the p(7 X 1) structure -
and those of the second layer are in the sites of the first layer. As for the p(4 X 4)
structure, the lack of interaction between the lead atoms would explain the streaks
of the diffraction patterns [5].

We conclude therefore that the models of figs. 17 and 19 explain the experi-
mental observations of the p(4 X 4) and p(7 X 3) structures.

6. Study of the Auger spectra for the (100) face

The variation of the peak-to-peak height of the Auger specturm versus coverage
has been described for simple models during a layer-by-layer growth mechanism
[12—14]. Recently, many authors have tried to apply simple models for the study
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Fig. 20. This is a sketch of the three-dimensional AuPb,. We have divided the unit cell into two
kinds of layers, L1 and L2. L1 is composed only of lead atoms, and L2 is composed of 2 atoms
of gold for one atom of lead. See fig. 21 for details.

L1
L2

of the depth profiling of the alloys (see, for example, ref. [15]). All these models
are based on a continuous variation of the concentration with depth, while here
AuPb, has a layered structure (layers of lead and layers of compounds; see fig. 20).
Here we give a model of the variation of the gold (72 eV) and lead (93 eV) Auger
signals during the growth of very thin AuPb, film. We use the model described in
section 5 for the formation of AuPb, on a (100) face of gold, and we show that the
results are in agreement with the model proposed for the epitaxy in section 5. We
do not try the same analysis on the (111) and (111) faces of gold, because as we
have seen in section 5, the models of epitaxy for these two faces are uncertain,
while on the (100) face the model is coherent from the beginning of the deposition
of lead up to the formation of the alloy.

6.1, Theoretical formulation

We can consider the AuPb, alloy as formed of an alternation of two kinds of
layers (see fig. 20), L1 and L2. L1 is composed of six atoms of lead per rectangular

\\%QQ%

\\\\\\\\'////\\\\\\\///

\&%%%%

Fig. 21. (a) L2-type layer, composed of gold atoms (A type in fig. 6) and lead atoms (B type in
fig. 6). (b) L1-type layer, composed of lead atoms (B and C types in fig. 6).
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Fig. 22. Representation of # layers of L1 or L2 (a layer of AuPb, is formed of 4 of these layers,
L1+L2+L1+L2) on the (100) face of gold. We note that the first and the last layers are
always of the L1 type, that is, a monolayer of lead. The growth is double layer (L2 + L1) by
double layer on a monolayer (L1) of lead.

cell, and L2 is composed of two atoms of lead and four atoms of gold. L1 is formed
by atoms of B and C types, and L2 is formed by atoms of B’ and A types (see fig.
6). The L1 and L2 layers are described in fig. 21. The L1 type is approximately
hexagonal.

At any time during the deposition of lead on gold (100) there is an increase of
the gold Auger peak which could be due to a diffusion of gold on top of the lead or
alloy layer. Thus we can suppose that during the growth the AuPb, alloy is always
covered by a lead monolayer L1. So the model we adopt consists of a growth
double layer by double layer (L1 + L2). We have deduced from the LEED observa-
tions (see section 5) that AuPb, grows from a lead monolayer (L1 type) adsorbed
on gold (100). Fig. 22 gives a schematic view of the growth. So the number of com-
plete adsorbed layers # is always odd.

In the appendix we calculate Ipp,, and Jay,,, the Auger signals relative to the lead
(93 eV) and gold (72 eV) Auger peaks.

6.2. Comparison with the experimental curves

In fig. 23 we measure (in arbitrary units): Taug =196, Ipy, =59, I, =21,
Ipy, =41, and Ipy,, = 60. This gives (see appendix), from eq. (10): @, = 0.301; and
from eq. (11): I51*12=19.1. By solving eq. (14), we obtain: apy, = 0.46. Then
from eq. (13) we deduce: /5 12 =473,

With these values of the parameters we can calculate: Jpy,, and /,,,, form egs. (5)
and (6); with n=3,5,7: Ippy = 56.0, Ipps = 59.1, Ipp., = 59.8, Ipy, = 24.5, [pyg =
21.3,1py,=21.

A first remark about the above results is that Ipy,, and 14, are practically equal
to Ipy,, and [p,,, respectively. A second remark is that if we normalize the deposi-
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Fig. 23. Auger plot of the gold (72 V) and lead (93 V) peaks versus the deposition time of
lead on gold (100). These curves are independent of the deposition rate in the range of one
monolayer per minute to one monolayer per 30 minutes. For convenience we have normalized
t = 1 at the formation of the monolayer of lead (first break in both curves). We have compared
two theoretical curves to the experimental points. See text for details.

tion time at # = 1 for the formation of a monolayer, then we need a deposition time
of t=233 to form L1 +L2+L1, and +=5.67 toform L1 +L2+L1 + L2 + L1,
because an L2 layer contains only one third lead atoms. If we compare the values
obtained for Jpy, and [y, to the experimental curves, we see that at ¢ =2.33 the
difference is large, while at # = 3 the calculated values are almost identical to the
experimental one (see fig. 23).

This is an important point, because it shows that to form a L2 layer we need as
many lead atoms as to form a L1 layer; that is to say, if gold diffuses in the lead
layer, lead diffuses simultaneously in the gold substrate.

6.3. Discussion

We have developed an exact model to explain the experimental Auger curves.
The agreement between experimental and theoretical values is very good. This is an
a posteriori confirmation of the following hypotheses:

(1) First an adsorption of a lead monolayer, occurs then the adsorption of double
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layers, with always a monolayer of lead at the top.

(2) The inelastic mean free path (imfp) for 72 and 93 eV electrons are the same in
gold, lead, and the alloy, and the backscattering factor is constant.

(3) When the alloy is formed, as gold diffuses into the lead, lead diffuses into the
gold.

We can deduce also that: ap, = 0.30, apy, = 0.46, or Asy = 1.4 layer, App = 1.7
layer, or )\72ev =49 A, }\93ev =6A.

The N\’s are the inelastic mean free paths for the 72 and 93 eV electrons in gold
or lead.

The third hypothesis is needed because of the bad agreement between theoret-
ical and experimental curves. Also one can ask if the model chosen is good, and
whether another model cannot give a better fit.

First of all, we can suppose that the alloy is not AuPb,, but Au,Pb, as observed
by Snyman and Boswell [3] and Pariset et al. [7] in some cases. The structure of
Au,Pb is hexagonal on projection on the (111) plane, the side of the hexagonal unit
mesh being 5.60 A. So from the diffraction pattern it is impossible to distinguish
between the two structures. But in bulk Au,Pb there is no dense plane of lead, and
it is impossible to explain the value of the lead Auger peak without supposing a
dense plane of lead on top of the alloy, since most of the Auger signal is given by
the first layer at low electron energies (93 eV).

Another possibility is to have an epitaxy of AuPb, on the gold substrate through
an L2-type layer. We have shown in fig. 23 the theoretical curves with and without
diffusion of lead in the substrate, and in both cases the agreement is worse than in
the model with epitaxy through an L1-type layer.

Conclusion

We have shown in this study that LEED and AES are sutiable tools for under-
standing the first steps of epitaxy, in the particular case of AuPb, growth on gold.

We have observed that on all the faces studied: (100), (111) and (110) and the
stepped surfaces [n(100) X (111)] (n=3, 4, 5, 6), the same compound is formed
during the evaporation of lead. The (110) plane of AuPb, is always parallel to the
surface of the substrate. The model we have developed here shows that the atoms
of the compound in contact with the substrate are always lead atoms forming a
compact plane close to a (111) plane of bulk lead, except for the (110) face, where
the lead atoms are in the rows formed by the gold atoms at the surface.

In the particular case of the growth of the AuPb, compound on the (100) face
of gold, we have given a full description of all the steps of the epitaxy, from the
submonolayer of lead to the formation of a thick layer of AuPb,. A model of the
Auger intensities fits very well with the experiment, and shows that there is diffu-
sion of lead in gold as well as diffusion of gold in lead. Also the Auger measure-
ments show that the top layer of the alloy is always a lead monolayer.
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The LEED observations of the stepped surfaces vicinal to the (100) plane are in
agreement with the model of the epitaxy on the (100) face.

In the case of the epitaxy on the (111) face of gold, there are more uncertainties
in the interpretation of the LEED structures. This is due to the fact that we have
not found a satisfactory model for the epitaxy of the first monolayer of lead.
Nevertheless, we have proposed a model for the epitaxy of AuPb,, in agreement
with the LEED observations and the Auger data.

The epitaxy of AuPb, on the (110) face of gold is highly interesting, because of
the intermediate structure observed by LEED during the alloying. These structures
correspond to transition alloys at the interface at the time of the growth of the
compound. We have proposed several models that agree with the observations, but
should only be considered as such. The number of unknown parameters being large,
it is hard to give a precise description.

We have shown that in some cases, where the adsorbate structure is known by
other means (here X-ray [6,7] and electron [3] diffraction), it is possible to get
more information from the LEED and Auger data, using adequate models.

Appendix

Here we calculate Ipy,, and Iy, the Auger signals relative to the lead (93 eV)
and gold (72 eV) Auger peaks. For these we need to know:
Ipp,: the Auger signal of a monolayer of lead,
IL”L2 the lead Auger signal of a double layer L1 + L2,
ILI+L2 the gold Auger signal of a double layer L1 + L2,
}\pb: the inelastic mean free path of 93 eV Auger electrons,
Aau: the inelastic mean free path of 72 eV Auger electrons (we suppose that Apy
and A, are independent of the material: lead, gold, or alloy, because the atomic
numbers of lead and gold are very close).

App and Apy are related to apy and oy, the attenuation factors by the formulae
deduced from ref. [14]:

Au ™~ exp(—1/0.747\Au) s Qpp = exp(—1/0.747\pb) .
The 0.74 factor is due to geometrical considerations, and is valid for a grid Auger
analyser and a CMA.

We can write:

Ipy, = oo Upp, + (1 + oy + ... + oy ® + ofig ) IR 12 (1)

In the case of the gold Auger signal, /5,,, is composed of two parts: I Au,, is due
to the gold present in the adsorbed alloy, and I, Auy to the substrate signal attenu-
ated by the adsorbed alloy. So:

— r
IAu,l 'I’Au,l +I’Aun'
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We can write, as for (1):
Ipg, = (1 +chyt . +oi° + o} SHIK2, @)
Ty Aun = aqul Aug > 3)

where I, is the gold Auger signal of the clean (100) surface. From (2) and (3), we
deduce:

Inuy, = @hol aug * (1 + by * o RS + 03 I @)
Relations (1) and (4) can be rewritten:
= -1 1—ofpt 11410
Tpo,, =y Teoy ¥ T— 2 —Ipb " e))
1 -
T ™ ol + 5 ST ®

Relations (5) and (6) give for n=veo,

1 .
oo o 1, o
— YPb
1 Li+L2
= . 8
IA“oo 1— oA, IAU ( )

For n = 1, relation (6) gives:
IAul = aAuIAu0~ (9)

We can easily measure on the experimental curves (see fig. 23):

Tavg Lauys L Aues IPby> IPbes-
o £ Auy 1

From relation (9) we deduce:

Au =IAu1/IAu0' (10)
From relation (8) we deduce:
g™ = (1 - dhl aue an
or
L1+L2 Tau :
= (1 (72 . a2)
IAug

Relation (7) has two parameters: apy, and 75 12, We can calculate /p FL*L2 py
considering it as composed of a double layer L1 + L2. With this hypothes1s 12
is the addition of the Auger signal of L1 layer and the lead Auger of a L.2 layer (1 /3
of L1 layer) attenuated by L1 layer. So:

Ig 12 = Iy, +applpy, /3, (13)



460 J.-P. Biberian [ LEED and AES study of Auf/AuPb, interface

From relations (7) and (13) we deduce:

_ 1 +an/3
Ipoe, = T:E%Tlpby (14)

This is a second-order equation in ap, which has only one positive root.
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