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Surface composition of clean and oxygen-covered Au;Cu alloy
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Surface segregation behavior of clean and oxygen-adsorbed Au;Cu systems has been studied theoreti-
cally within the tight-binding formalism. It has been found that for the clean Au;Cu system the top lay-
er is Au enriched, while the second layer is Cu enriched. In the presence of a monolayer of oxygen
atoms, on the other hand, there is a segregation reversal in the top layer which becomes Cu enriched.
The above findings are in total agreement with the very recent experimental impact collision ion-

scattering spectroscopic results.

I. INTRODUCTION

In bimetallic alloys, surface compositions are usually
different from the bulk composition. In studies of hetero-
geneous catalysis employing bimetallic systems one must
know this surface composition for a complete under-
standing of catalytic activity and selectivity. For a clean
alloy surface there are several driving forces leading to
the segregation of one of the components to the surface.
Among them are the differences in surface energy of the
individual metallic components, their relative atomic
sizes, and the heats of solution in one another. Miedema!
has shown empirically that the segregation forces origi-
nating from these three criteria account for the observed
segregation behavior in most of the transition-metal al-
loys. Mukherjee and Moran-Lopez? have tried to explain
the segregation behavior in a large number of transition-
metal alloys from a simple tight-binding theory. Experi-
mentally, Auger electron spectroscopy and low-energy
ion-scattering techniques have been used to determine the
surface composition of clean alloys with some success.

In a real heterogeneous catalytic system, the chem-
isorption of atoms and molecules on the alloy catalyst
can cause a profound change in surface composition.
This is due to the different strengths of the chemisorption
bond of the adsorbate with different metallic components
of the alloy. Under realistic reaction conditions, it is the
knowledge of the composition of the adsorbate-covered
alloy surface that is useful in understanding the catalytic
activity rather than the surface composition of the clean
alloy. Unfortunately, there is no easily implemented
theory to treat this chemisorption-induced surface segre-
gation. In the past, a simple semiempirical theory has
been used~® in which the surface concentration x,( 4) in
an alloy 4,B,_, could be obtained from the relation

X X
_ Q/RT
1—x, 1—x°¢ ’ (1)

where x is the bulk concentration of A4; Q=0Q,
+(E 4—E3)O is the “heat of segregation” of A4 in the
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presence of adsorbates; Q is the heat of segregation for
the clean A,B,_, alloy; E, and Ep are the chemisorp-
tion energies of the adsorbate on 4 and B metals, respec-
tively; and © is the adsorbate coverage. This approach
suggests that the relative magnitudes of Q, and
(E 4, —Eg)O ultimately control the segregation of one
component or the other to the surface. However, the
equation (1) employing the heat of segregation
oversimplifies the thermodynamics of segregation. Since
Q appears as an exponent in the equation, the segregation
behavior becomes very sensitive to the Q values. King
and Donnelly’ and very recently Montejano-Carrizales
and Moran-Lopez® have used the pair-bond-type model
to investigate surface segregation in the presence of
chemisorbed species. The phenomenological approaches,
however, do not describe segregation in terms of electron-
ic properties of the system such as the electronic density
of states and the internal electronic energy, etc. This
may be done by microscopic electronic theory. For ex-
ample, Modak and Khanra® used the tight-binding for-
malism to study H-induced surface segregation in the
Cu, Ni, _, system. In that scheme a monolayer of hydro-
gen atoms was considered and the entire system was
treated in the tight-binding formalism by considering
only the d electrons. For simplicity of the calculation,
the atoms were assumed to be chemisorbed on atop posi-
tions. The hopping interactions between metallic d orbit-
als and the hydrogen s orbital were adjusted to produce
the correct H/Ni and H/Cu chemisorption properties.
The adsorbate-adsorbate hopping interaction was arbi-
trarily chosen resulting in good agreement between
theory and experiment. However, we feel it is difficult to
extend this calculation to other complicated adsorbates
such as oxygen and carbon monoxide because these mole-
cules cannot be represented by only one orbital. In-
clusion of more adsorbate orbitals in the scheme would
require a priori knowledge of various hopping interac-
tions between metallic and adsorbate orbitals, and be-
tween adsorbate orbitals themselves. It is difficult to
determine these values from experimental results or to
derive them theoretically. In addition, the assumption of
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chemisorption at atop positions makes the generality of
the segregation studies limited. In the present work we
propose a tight-binding scheme that overcomes some of
these difficulties in order to study surface segregation in
the presence of more complex adsorbates. In essence, we
use the tight-binding theory of Mukherjee et al.!® for a
clean surface; but here we modify the surface-surface and
surface-bulk hopping parameters to take into account the
effect of chemisorption. This modification is dependent
on the strength of chemisorption of the adatom on the in-
dividual metals and it produces results in reasonably
good agreement with the recent experimental study to in-
vestigate the oxygen-covered Au,Cu alloy'! using the im-
pact collision ion-scattering spectroscopic (ICISS) tech-
nique. The experiment showed that in the case of a clean
surface, the top two layers are enriched in Au and Cu, re-
spectively. But in the presence of a monolayer of oxygen
there is a surface composition reversal; the top layer was
enriched with copper and the second layer was enriched
with gold.

II. THEORETICAL FORMALISM

A. Clean surface

Band-structure calculations'? using fully relativistic
Korringa-Kohn-Rostoker (KKR) and KKR-coherent-
potential-approximation methods have shown that for
the Au-Cu alloy only the d states are substantially
affected when one of the atoms in pure Cu is replaced by
Au. The sp contributions to the electronic properties of
the system would, therefore, remain approximately con-
stant when the concentrations are varied. An earlier
electronic theory? used only the d-band density of states
(DOS) of pure metals to predict the segregation behavior
in 702 transition-metal alloys. Although the d band was
assumed to be of rectangular shape, the predictions
agreed in all of the known cases except for a few contain-
ing magnetic elements. On the basis of the above
work?!? we consider here only the d electrons of the sys-
tem. However, unlike the scheme in Ref. 2 we calculate
the local DOS for the calculation of energy instead of as-
suming for it a rectangular shape. For a segregating alloy
system A,B;_, the layer compositions may be derived
by minimizing the total free-energy F of the system with
respect to the layer compositions x,x,, ..., x, etc. If x;
is the concentration of 4 components in the Ath layer,

the free-energy functional for the system may be written
9,10,13
as” >

7=3

A=1

EF
J {Ep\EME—E§)
+kp Tx,Inx, +(1—x,)In(1—x,)]

_/LXA—EF<HA> ’ (2)

where the quantity in curly brackets is the internal ener-
gy of the atoms. The quantity kgzT[x,lnx,
+(1—x,;)In(1—x,)] is the entropy contribution to the
free energy. The terms ux, and Ep{n, ) appear in the
energy expression from the constraints that the total
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number of atoms and electrons in the system are con-
served. Ep and pu are the Fermi energy and the chemical
potential of the system, respectively. E is the correction
to the internal energy due to the Hartree-Fock approxi-
mation given by

Eg=1 3

o =spin

Uln;°)(ng), (3)

where U is the intra-atomic electron-electron Coulomb
interaction. We assume that since the d band remains
filled for noble-metal alloy systems, such as Au;Cu, this
correction is a constant and need not be considered ex-
plicitly.

The electronic density of states p,(E) may be calculat-
ed from the diagonal part of the Green function as

pi(E)=—;1r—21mGii"’, (i=4,B) @

where the Green functions are evaluated from Dyson’s
equation as

E(i|G|j)=8,+3 (ilH|n){n|Gl|j) (5
with the tight-binding Hamiltonian
H=3e )|+ 3 1,4l (6)
i i, j(i#])

where g; and ¢;; represent the ith site energy and the hop-
ping interaction between the ith and the jth site, respec-
tively. The intermediate sites between the ith and jth
sites are given by n.

In this work, the diagonal Green functions and, hence,
the local density of states are determined by using a gen-
eralization of the cluster-Bethe-lattice method.'*~!® In
this method, one substitutes the system of connected
atoms with the same coordination number Z as the lat-
tice under consideration, but without closed rings of
bonds. The advantage of this method is that the one-
particle Green function in the binary alloy may be ex-
pressed in terms of four transfer functions; and in the
case of the disordered alloy the Green functions can be
expressed analytically.'”!® The effect of short-range or-
der on segregation behavior is not considered in the
present work.

In the execution of the above scheme for segregation
studies one must consider the energetic difference be-
tween the surface atoms and bulk atoms due to their
different environments. In general, the hopping integrals
vary with the coordination number Z as 1/V'Z .!° This
would show the surface hopping integrals to have larger
values than the bulk hopping integrals. The tight-binding
Ising model calculation by Legrand, Treglia, and Du-
castelle?®=2? predicts that for the fcc(111) and fcc(100)
surfaces the surface-surface and surface-bulk hopping in-
teractions are 1.5 times larger than the bulk hopping in-
teractions. For the fcc(110) surface the surface hopping
integrals are twice the bulk hopping integrals. With this
approach they could explain the segregation behavior of
Pt-Ni (100), (110), and (111) surfaces.”® They also used
this scheme with some success for the Pt-Rh system.?? In
this work we use the same increase for surface-surface
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and surface-bulk hopping interactions with respect to the
bulk-bulk hopping interactions as used by Legrand, Tre-
glia and Ducastelle.?°-22 Let this increment parameter
(i.e., the ratio of the surface-surface or surface-bulk hop-
ping parameter to the bulk-bulk hopping parameter) be
ay. We have calculated the surface composition for
ay=1.2-1.6 and show that the surface composition in a
clean alloy agrees very well with the experimental results
for ay=1.4-1.6.

B. Adsorbate-covered surface

In the presence of chemisorbed species the energetics
of the system must be considered carefully. In the case of
oxygen on Au;Cu, the oxygen atoms interact strongly
with copper but not with gold. The existence of the
chemisorption bond with the surface Cu atoms would
cause a redistribution of the electronic charge density
around the surface atoms. This will greatly modify the
surface-surface and surface-bulk hopping interactions. In
the tight-binding scheme the hopping integrals are direct-
ly proportional to the cohesive energy. In the process of
chemisorption of a monolayer of oxygen on Cu atoms
there is a net gain in energy E, where E, is the chem-
isorption energy of an oxygen atom on Cu. From the
point of view of pure energetics we may intuitively associ-
ate this chemisorption with a virtual increase in surface
cohesive energy of a Cu atom and hence an increase in
the surface-surface and surface-bulk hopping interac-
tions. Considering the bulk and surface cohesive energies
of Cu as 3.47 and 2.797 eV, respectively,” and E, for oxy-
gen on Cu as 3.08 eV,’ the effective values of the surface-
surface and surface-bulk hopping interactions are of the
order of 2.5 times the value of the bulk-bulk hopping in-
teractions in Cu. For the Au surface atoms the hopping
interaction remains unaffected by oxygen chemisorption.
The overall effect of using the chemisorption-modified
surface-surface and surface-bulk hopping interactions in
the calculations is the following: In a clean Au-Cu alloy
the Au atoms segregate to the surface because of the
higher surface-surface and surface-bulk hopping interac-
tions in Au compared to their values in Cu. But in the
presence of chemisorbed oxygen atoms, the values of the
surface-surface and surface-bulk hopping interactions in
Cu become larger than the corresponding values in Au,
and this leads to surface enrichment with Cu atoms.

In this work we have calculated the surface composi-
tions for a=1.5-2.5 to find how the results vary as a
function of a. The main advantage of this approach is
that we may proceed with the segregation calculation in
the same way as in the case of the absence of chemisorp-
tion, but now with a modified hopping interaction which
is proportional to the surface cohesive energy. This ap-
proach avoids an unnecessary complexity involved in
considering the adsorbed monolayer directly in the tight-
binding scheme.

III. RESULTS

In the present calculation the parameters used are the
hopping parameters ¢;;, the site energies ¢; (i = 4 or B),
and the temperature 7. The hopping parameters for the
bulk are related to the bandwidths of pure metals. The
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bandwidths of Au and Cu are taken to be 5.3 and 3.1 eV,
respectively.!>?* The difference in site energies of Cu and
Au was taken to be 1.4 eV.'>2* The calculations were
performed for T=300 K. We calculated the composition
of the top two layers of the Au;Cu system with and
without adsorbed oxygen atoms by numerical minimiza-
tion of the free energy given by Eq. (2) as a function of
composition of these two layers. In Sec. I A it was
shown for a clean alloy surface for a fcc(100) surface that
the surface-surface and the surface-bulk hopping interac-
tions would be approximately equal to 1.5 times the hop-
ping parameters in the bulk?*-?* (@y~1.5). We present
in Table I the computed results of the top two layer com-
positions for several values of ;. We note that for o in
the range of 1.4—1.5 the top layer is Au enriched while
the second layer is Cu enriched as observed in the ICISS
experiment by Nakanishi et al.!! The experiment pre-
dicted a top-layer Au concentration of 0.95 and second-
layer Au concentration of 0.05. The calculated results
are in very good agreement with the experimental results
for the top layer. For the second layer the present calcu-
lation shows a somewhat higher Au concentration than
found in the experiment, but the experiment as well as
the theory both show Cu enrichment in the second layer.

In Fig. 1 we plot a typical local density of states for an
Au atom, a Cu atom, and the average alloy in the bulk
and in the surface regions. The average alloy density is
calculated by the approximation'®

Paoy E)=xp 4(E)+(1—x)pg(E) for the bulk ,
and

Paoy E)=x,0% (E)+(1—x;)pp(E) for the surface .

For convenience, the zero of energy in the density of
states versus energy plots is considered to be located at
the midpoint between the d-band maxima of Au and Cu.
To calculate the surface density of states we consider two
values of a,. In one case, ay=1 corresponds to the case
where the surface-surface and surface-bulk hopping in-
teractions are the same as bulk-bulk hopping interac-
tions. In the second, ay=1.5 corresponds to the surface-
linked hopping interactions that are 1.5 times stronger
than the bulk-bulk interaction. The concentration profile
is assumed to be x;(Au)=0.9, x,(Au)=0.3, and
x(Au)=0.75 for both Figs. 1(b) and 1(c). The bandwidth
of the local density of states of an atom is a monotonical-
ly increasing function of the interaction strength with its

TABLE I. Composition of the top two layers of Au;Cu for
different strengths of surface-surface and surface-bulk hopping
interactions.

a x(Au) x,(Au)
1.2 0.6 0.2
1.3 0.7 0.3
1.4 0.9 0.3
1.5 0.9 0.3
1.6 0.9 0.4
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neighbors. As seen from Fig. 1, the bandwidth of a sur-
face atom with ay=1 is narrower than that of a bulk
atom since the former has fewer neighbors. The band
edges for surface DOS’s are, however, the same as in the
bulk. When a is increased from 1 to 1.5, the bandwidth
of a surface atom increases again. From a comparison of
Figs. 1(b) and 1(c) it may be noted that higher binding-
energy states are populated more for ay=1.5 than for
a,=1.0. This makes the state corresponding to Fig. 1(c)
energetically more favorable than the state corresponding
to Fig. 1(b).

In the presence of a chemisorbed oxygen species, the
density of states are calculated for a(Cu-Cu)=2.5 and
compared with the density of states for clean surfaces.
Some typical density-of-states plots are shown in Fig. 2.
The concentration profile is assumed to be x;(Au)=0.1,
x,(Au)=0.3, and x(Au)=0.75 for both Figs. 2(a) and
2(b). Here we observe the same trends as before: higher
binding-energy states are populated more for the higher
a(Cu-Cu) value. This again makes the state correspond-

(a)

Density of States (states/eV)

Energy (eV)

7 —1 [Surface Density of States of AuzCu(1 Ooq /\
/3

(b)

Density of States (states/eV)

Energy (eV)

a =15

Surface Density of States of Auacu(100)l //\\
/

o

N /o

(c)

Density of States (states/eV)

Energy (eV)

FIG. 1. Local density of states in (a) a bulk atom, (b) an atom
of the first layer with ay=1.0, and (c) an atom of the first layer
with ap=1.5 for Au;Cu(100). The atom can be either Au, Cu,
or an “alloy.” It is assumed that x;(Au)=0.9; x,(Au)=0.3;
x(Au)=0.75.
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ing to Fig. 2(b) energetically more favorable than the one
corresponding to Fig. 2(a). The lack of structures in the
local DOS curves in Figs. 1 and 2 arise from the neglect
of closed rings of bonds in the Bethe-lattice scheme used
in this work.

We calculated the Au concentration in the top two lay-
ers using a(Cu-Cu)=2.5 and a(Au-Au)=1.5. The Au
concentrations in the top two layers were found to be 0.1
and 0.5, respectively. The ICISS experiment gives these
values as 0.05 and 0.95, respectively. The calculated re-
sults indicate that the top layer is Cu enriched and, thus,
that there is a complete segregation reversal in the top
layer under a monolayer of oxygen. In the second layer,
the calculated Au concentration is less than that found in
the experiment indicating a Cu enrichment also in the
second layer in the presence of chemisorption. For inter-
mediate coverages (0 <O < 1) of oxygen we did not per-
form any explicit calculation. However, if a variation of
a(Cu-Cu) from 1.5 to 2.5 is any indication of increasing
the coverage from 0.0 to 1.0, we find the Au concentra-
tion in the top two layers as shown in Fig. 3. We do not
compare them with the experimental Au concentration
versus oxygen coverage results because the relationship
between the theoretical parameter @ and the experimen-
tal parameter O is not known.

N
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5 LN Surface density of States of Au,Cu(100)
H '-‘ =15
'
S ! 5
o N \
3 4 ! \
o ' \
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3 3 : L Cu
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«n )
\

B y
z %7 |
2
3
= D A S,

14

0 T T T T T T 1

-4 -3 -2 -1 0 1 2 3

Energy (eV)

', |Surface Density of States of Au,Cu(100)
\ |a (Au-Au)=1.5 and o (Cu-Cu)=2.5
"

‘

) — alloy
\ —— Cu
--- Au

(b)

Density of States (states/eV)

Energy (eV)

FIG. 2. Local density of states in an atom of the first layer
with (a) ap(Au-Au)=1.5 and ay(Cu-Cu)=1.5; (b) a(Au-Au)
=1.5 and a(Cu-Cu)=2.5 for Au;Cu(100). The atom can be
either Au, Cu, or an “alloy.” It is assumed that x;(Au)=0.1,
x,(Au)=0.3, x (Au)=0.75.
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FIG. 3. Au concentration in the top two layers as a function
of a.

IV. CONCLUSIONS

We have presented a simple tight-binding model to cal-
culate the surface composition of Au;Cu alloys in the
presence of adatoms. We consider only the d electrons of
the system. The effect of the chemisorbed species has
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been incorporated through a modification of surface-
surface and surface-bulk hopping interactions in the
tight-binding scheme. This method avoids a direct in-
clusion of the chemisorbed layer in the tight-binding
scheme making the calculation relatively simple and
efficient. Also, in order to include the chemisorbed layer
directly in the calculation one must have a knowledge of
the various hopping parameters. The present calculation
avoids this difficulty.

Within the limitations of the tight-binding scheme with
only d orbitals and the approximations made for the cal-
culation, the present work predicts the surface composi-
tion in the top layer of the Au,;Cu alloy in the presence
and in the absence of an oxygen monolayer. This method
predicts segregation reversal in the top layer, in general
agreement with the experimental ICISS results. The cal-
culation correctly predicts the composition of the second
layer for the clean alloy. However, in the presence of
chemisorbed oxygen the calculation shows the second
layer to be Cu enriched while the experiment shows it to
be Au enriched.

Further improvement of the model can be made by
taking into account the metallic d as well as the s elec-
trons. Secondly, inclusion of more layers in the free-
energy minimization may also affect the second-layer
equilibrium concentration. Furthermore, a better
knowledge of chemisorption energy E, on both com-
ponents at various oxygen coverages would also augment
the predictive power of the present model.
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