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A model for the quantitative prediction of surface segregation in alloy systems is presented. A 
chemical thermodynamic approach is used in the development of the model, and a multilayer 
surface region is assumed. Features of this model include multicomponcnt capability (the compo- 
nents may be different sizes) and the ability to use virtually any mixing model. Surface free energy 
data are incorporated and no adjustable parameters are needed. The modeling method is discussed 
in detail with examples given for the Ag-Au, Cu-Ni, and Au-Ni binary systems and the Cu-Ni-Pt 
ternary system. Both regular and Margules solution models were used, but the Margules model 
agreed more closely with experimental data for the Cu-Ni system. The segregating element in the 
Au-Ni binary was found to be gold. Greater segregation of gold and better agreement with experi- 
mental data resulted when the size differences between the elements were accounted for. In the 
Cu-Ni-Pt system, copper was predicted to segregate to the surface, causing a relative depletion of 
both nickel and platinum in the first atomic layer. The second layer was enriched in platinum and 
depleted in both nickel and copper. o 1989 Academic PRS. IX 

INTRODUCTION 

The understanding of the composition, 
structure, and behavior of surfaces is ex- 
tremely important in a wide variety of disci- 
plines. Catalysis is just one of the areas in 
which knowledge of surfaces is crucial in 
obtaining an overall understanding of phe- 
nomena occurring at the surface. If one de- 
sires to predict the composition of the sur- 
face of a mixture (either liquid or solid), 
then it is necessary to understand the phe- 
nomenon of surface segregation. Surface 
segregation refers to the appearance of 
atomic or molecular species in a greater 
concentration at a surface than is present in 
the bulk of the material. 

It has been known for quite some time 
that alloying of an active catalyst metal 
with, for example, a metal that is not cata- 
lytically active can alter catalytic behavior 
in ways not obvious from the individual bc- 
havior of the two metals (1-4). Various 
electronic and structural reasons have been 
given to explain such effects (4) but in all 
cases the surface composition plays an im- 

portant role in the proposed explanations. 
In addition, composition in the near surface 
region may bc responsible for catalytic ef- 
fects that are not directly attributable to the 
surface layer composition. For example, 
two investigations have observed a signifi- 
cant variation in the electronic structure 
near the fermi level of copper when copper 
is deposited in a monolayer on ruthenium 
(5, 6). Presumably, significant electron 
transfer occurs from ruthenium to copper 
states. In some systems subsurface adsorp- 
tion, particularly of hydrogen, has been ob- 
served (7-10). The weakly adsorbed, sub- 
surface adsorption state may be involved in 
catalytic reactions (11). For a mixture of 
metals, the subsurface adsorption state 
may be significantly influenced by the com- 
position in the second and lower layers. 

The first person to lay the theoretical 
groundwork for the prediction of surface 
segregation was J. W. Gibbs (12) who used 
the postulates of classical thermodynamics 
to derive the equation 

r~ = -(~~/~PA)T.P. (1) 
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In the above expression, commonly known 
as the Gibbs adsorption isotherm equation, 
IA represents the surface excess of compo- 
nent A in an A-B binary, o the surface ten- 
sion, and PA the chemical potential of A. 
The surface excess is defined by the rela- 
tion 

A_lYi = NY - (NF + Nf), 

where A_ is the interfacial area, NY is the 
number of total moles of i in the system, 
and NY and Nf represent the number of 
moles of i in phases (Y and p, respectively, if 
one assumes that the concentration of i in 
these phases remains constant and equal to 
the bulk values up to the imaginary dividing 
surface. Qualitatively, Eq. (1) says that if 
an increased amount of A tends to lower 
the surface tension of the solution, then 
component A should be found in excess 
within the surface region. 

Although Eq. (1) is thermodynamically 
rigorous, it is not in a form that allows one 
to readily calculate surface compositions 
given only overall concentrations, tempera- 
ture, and pressure. Since the time of Gibbs, 
therefore, much effort has been expended 
in developing models for predicting surface 
segregation that use easily measurable or 
obtainable data. These surface segregation 
models differ from one another mainly in 
the assumptions used regarding the thick- 
ness of the surface region (i.e., how many 
atomic or molecular layers at the interface 
are allowed to vary in composition from the 
bulk of the material) and in the manner in 
which solution behavior is characterized. 
Assuming that the surface region consisted 
of only the outermost layer of atoms or 
molecules, Butler (23) in 1932 defined 
chemical potentials in the surface region by 
using activity expressions analogous to 
those used in bulk systems, 

pi = ~2’ + RT In ai, (2) 

where E.L~ is the chemical potential of A in 
the surface region, p%‘the pure component 
surface chemical potential, and ai the ac- 

tivity of A in the surface layer. Using the 
assumptions of a monolayer surface region, 
ideal solution behavior, and equal molar 
surface areas of constituents, Shucho- 
witzky (24) derived the following expres- 
sion for the prediction of surface segrega- 
tion in binary systems: 

x:/x;, = (XflX,p) 
x exp[A(ab - a,)IRT]. (3) 

In this expression, XL and Xi represent the 
first-layer mole fractions of components A 
and B, respectively; Xt and Xt represent 
the respective bulk mole fractions; A repre- 
sents the molar area of the components; 
and oa and (Tb represent the pure compo- 
nent surface tensions of A and B. Guggen- 
heim (15), in an effort to incorporate more 
complex solution behavior, assumed regu- 
lar solution behavior and used a statistical 
thermodynamic approach in developing 
equations for predicting surface segregation 
in the monolayer region. Defay and Prigo- 
gine (16) showed that the Guggenheim 
model, while accurate for some systems, 
was fundamentally incorrect because it 
failed to meet the rigorous thermodynamic 
criterion expressed in the Gibbs adsorption 
isotherm equation. In order to come closer 
to meeting this criterion while still assum- 
ing regular solution behavior, Defay and 
Prigogine allowed for the outermost two 
atomic or molecular layers of a solution to 
differ in composition from the bulk. The 
logical limit to the regular solution surface 
segregation model for binary systems com- 
posed of molecules of equal surface areas 
was reached by Ono and co-workers (17). 
They used a statistical thermodynamic ap- 
proach to derive a model that contains an 
infinite number of layers in the surface re- 
gion and that is consistent with the Gibbs 
adsorption isotherm. A semiclassical ther- 
modynamic technique was used by Mezey 
and Giber (18) in developing a multilayer 
surface segregation model. They derived an 
equilibrium criterion by performing a con- 
strained minimization on an expression for 
total Gibbs energy. An expression for the 
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chemical potential of the surface region was 
then postulated. 

Numerous techniques, in addition to 
those described above, have been proposed 
(19-33) for predicting surface segregation 
in binary systems. Despite the relatively 
great number of methods that have been 
used to predict surface segregation, there is 
still a need for a rigorous model general 
enough to account for segregation behavior 
in multilayer systems containing three or 
more constituents and to account for any 
size differences between components in a 
rigorous fashion. Ternary and higher alloys 
have received little attention in spite of 
their increased use as catalysts. A model 
that utilizes surface free energy data to ac- 
count for bonding energy differences be- 
tween surface and bulk components is also 
needed. For example, some of the so-called 
broken-bond models (Ref. (20)) use only 
bulk data to figure the differences between 
bulk and surface bond strengths. In this pa- 
per we present such a multilayer, multi- 
component model and demonstrate how it 
can be used to predict surface segregation 
in alloy systems of catalytic importance. 

assumes that nearest-neighbor interactions 
are important, the mole numbers of compo- 
nents in the layers adjacent to the layer 1 are 
included in Eq. (4). Using the method of 
Legendre transforms (34), one may express 
the total differential of (4) at constant tem- 
perature and pressure as 

+ c (-$jTpA,N+N,-, dW I I ..-I, / 
+ T (jj$$jT,p,4,,N,+Nl+~ dNf+‘, (5) I 

where 

T,P,Ni 
and 

/J = (“) 
&jl( 7.P..#,N,#N;f 

Writing dA_’ in terms of partial molar areas 
(AI) gives 

dA’ = 2 x;dN(. 
I 

Substituting (6) into (5) and rearranging 
THEORY yields 

The derivation of the multilayer, multi- 
component surface segregation model be- 
gins by assuming a semi-infinite solid with a 

d_G’ = ,Z$ (UK + &)dNi 

planar surface comprising a series of atomic 
layers 1 numbered in ascending order in the + T (~j,,,;,;,.-1 de’ I %S-., I 
direction from the outer surface towards 
the bulk region. The fundamental equation 
for layer 1 in a system composed of m dis- + 7 (~jT,p,,.,,v,+N~+~ dN:+‘* (7) I 
tinct chemical species can then be written 
as 

From (7) one can immediately write 

G“ = .f(T, P, A’, N’I, N;, . . . , N!,, 

N’,-’ N(-’ N/k1 1 i 1 . f . 3 ,n , 
/+ I NI /+I 3 Nz , . . . , N!,:‘), (4) u . smg Eq. (8) to define a surface chemical 

where G’ is the total Gibbs energy of layer 1, potential 8: in a form analogous to that of 
4’ is the total area of layer 1, and the Ni, bulk chemical potential allows one to write 
Nf-‘, Nf” terms represent the mole num- 
bers of component i in layer I,1 - 1, and I+ 
1, respectively. Since the model developed = Sl = Sp.’ + RTln ai, (9) 
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where af is the surface activity of compo- 
nent i in layer 1 and 8OJ is the pure compo- 
nent surface chemical potential of i in layer 
1. Because under equilibrium conditions the 
chemical potential of component i in the 
bulk region must be equal to the chemical 
potential in layer 1, 

~f=~~=~~@+RTlna~ 
(equilibrium), (10) 

where the p superscripts indicate the bulk 
region and &‘,p is the pure component bulk 
chemical potential of i. Substituting (9) and 
(10) into (8) yields 

Because the above equation must hold for 
all compositions, for pure i the relation in 
(11) becomes 

@I - p;,P = &! I, (12) 

where Af is the molar area of pure compo- 
nent i in layer 1 and similarly of is the sur- 
face free energy of pure component i in 
layer 1. Substituting (12) into (11) and rear- 
ranging give 

(13) 

In general, for a system containing m 
chemical species, m equations of the form 
given in (13) may be written for a given 
atomic layer. Eliminating the common vari- 
able (+I results in a set of m - 1 independent 
equations per layer. If one desires to calcu- 
late composition profiles from these equa- 
tions, it is necessary to express the un- 
known variables in terms of the constituent 
mole fractions present in each layer. Thus, 
for a system comprising 1 atomic or molecu- 
lar layers, the net result is a system of l(m 
- 1) independent, nonlinear equations with 
l(m - 1) unknowns (the independent mole 
fractions of the species in the different lay- 
ers). The equilibrium composition profile is 
therefore determined by the set of mole 
fractions satisfying this system of equa- 

tions. If one starts with Eq. (13) and makes 
the appropriate assumptions (monolayer 
surface region, ideal solution behavior, 
equal and constant molar areas), the result 
for a binary system is the same as given in 
Eq. (3). 

Two terms that must be expressed in 
terms of composition in (13) are the partial 
molar area term Ai and the surface activity 
term a!. The partial molar areas may be 
stated in terms of mole fractions either by 
proposing a functional relation or by obtain- 
ing actual atomic area versus composition 
data and differentiating. In order to express 
the nonlinear term containing the surface 
activity in terms of mole fractions, it is first 
necessary to make several assumptions. If 
one assumes that the energy of an alloy 
crystal can be modeled by the atoms in the 
crystal being connected to each other by 
chemical bonds that are characteristic of 
the two atoms participating in the bond, 
and if one assumes that the energetic state 
of a given atom can be described by only 
taking into account nearest-neighbor inter- 
actions, then the activity of a species in an 
atomic layer must be a function of the com- 
position in that layer and in the two adja- 
cent layers. Note that Swalin (35) refers to 
this description as a quasi-chemical model. 
However, Guggenheim (38) and subse- 
quently others have used the term quasi- 
chemical to mean a specific, nonrandom 
mixing model. To avoid confusion we will 
use the term chemical model to refer to the 
bond model described above. Mathemati- 
cally, this may be stated as 

aI = f[<x:, xi, . . . , xfn-J, 
I-I (xi-‘, x2 ) . . . ) Xk!‘), 

1+1 (x, ) x:+‘, . . . ) xf,+l,)], (14) 

where terms of the form x!“’ represent the 
mole fractions of species i in layer k. Equa- 
tion (14) thus serves as a means of coupling 
the equations given in (13). The assump- 
tions regarding nearest-neighbor-only inter- 
actions have been shown by the use of 
various potential models (36, 37) to be rea- 
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sonable for FCC systems. In the case of an 
A-B binary alloy system where random- 
mixing, regular solution behavior is as- 
sumed, it can be shown that 

RT In(aL) 
= (N@AB/Z){ZL(X!‘J2 + z,[(x!‘p)2 

+ (~a”)~]} + RT In, (15) 

where NO is Avogadro’s number and Z, ZL, 
and Z, are the total, lateral, and vertical 
coordination numbers, respectively (see 
Appendix for derivation). The term wAB in 
(15) is the “regular solution parameter” 
and is defined by the relation 

WAB G Z[~AB - %UAA + ~BB)I, (16) 

where UAA, UBB, and UA~ are bulk bond 
energies. In practice, values for wAB may be 
calculated from excess free energy of mix- 
ing data (34) by using the relation 

N~wAB = AGeX/x~x~. (17) 

As noted in the Appendix, Eq. (15) is an 
approximation that allows one to write the 
surface activity concisely without introduc- 
ing significant error. Surface region models 
that suggest an activity expression different 
from that given above have been previously 
postulated (18, 19). 

In a fashion similar to that of the two- 
component case, the surface activity for a 
multicomponent, regular solution system 
can be written as 

RT In of = N/Z [ZL [(l - xf) 2 OijXf - C C Wjkxjx&] 
I j k 

(1 - x;+t> 2 wijxj+’ - 2 c tijkx~ilx~ml]} + RT In xf . (18) 
J j k 

One can take two approaches to extend the 
binary and ternary activity models to more 
realistic mixtures. The detailed, micro- 
scopic models used to derive Eqs. (15) and 
(18) can be made more complex so that 
nonrandom mixing (3.5, 38) is described. In 
addition, the pairwise-interaction method 
can be abandoned in favor of a model incor- 
porating three-center or four-center bond- 
ing groups (38). With these approaches the 
complexity of the models quickly escalates, 
yet they are often still deficient in their abil- 
ity to describe the mixing behavior of real 
systems. 

Another approach is to recognize that 
various terms in Eqs. (15) and (18) are de- 
fined as activity coefficients of individual 
layers. One can then generalize from an 
activity coefficient for a regular solution 
model to one for a general, empirical 

model. For example, the term NOOAB(X~)~ is 
a portion of the activity coefficient of A in 
layer 1 when a regular solution model is as- 
sumed. If we assume that the form of Eq. 
(15) holds for an arbitrary, real mixture we 
can write the general form of the activity of 
species i in a binary as 

RT In (af) 
= RT ln{llZIZLyf + Z,(yf-’ + yf”)l} 

+ RT ln(xf), (19) 

where the terms ri, rim’, and #’ represent 
the activity coefficients of component i as- 
sociated with the I, 1 - 1, and 1 + 1 layers, 
respectively. By making this generalization 
of the activity coefficients from the ran- 
dom, regular solution model to the empiri- 
cal case, we are taking the same approach 
as is often used in bulk solution thermody- 
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namics. It allows the use of experimental 
values or empirical models of activity coeffi- 
cients. Consequently, nonrandom, nonreg- 
ular solutions can be modeled if the mixing 
properties of the alloy are known. 

The activity models derived above are 
different from the model proposed by Me- 
zey and Giber (18) in which the authors 
multiply the bulk-type activity contribu- 
tions of the adjacent layers by a factor CY 
instead of the ratio of vertical bonds to total 
bonds. In analogous fashion, Mezey and 
Giber assign the coefficient (1 - 2a) to the 
lateral component of the surface activity in- 
stead of the ratio of lateral to total coordi- 
nation. The factor (Y is an empirically deter- 
mined parameter that in essence attempts 
to account for long-range atomic interac- 
tions and subtleties involving the nature of 
metal-to-metal bonding. Mezey and Giber 
treat (Y as a constant for a given alloy sys- 
tem (a is set equal to the arithmetic average 
of the pure-component (Y terms) and use it 
in ail the surface activity expressions, re- 
gardless of the atomic layer. Such a usage is 
inappropriate, however, because in calcu- 
lating (Y, pure component data for CT are 
used: 

In the above expression &’ is the value of CY 
for pure i, o:Ay the pure component prod- 
uct of v and molar area, and AC:,: the mo- 
lar Gibbs energy of atomization. Note, 
however, that the differences between bond 
energies of fully coordinated atoms and at- 
oms with less than full coordination par- 
tially comprise the cry term. Since bond en- 
ergies vary with coordination, the use of (Y 
for layers whose atoms are all fully coordi- 
nated (i.e., atoms in all atomic layers but 
the first) is not appropriate. Another point 
of confusion arising from the Mezey and 
Giber model results from their definition of 
a surface excess chemical potential /..L?‘. 
This term is not an excess quantity in the 
usual sense; it does not equal zero for an 
ideal solution because it contains the prod- 

uct of pure component surface free energy 
and pure component molar area: 

p;.’ E RT In -y! + afAif . C-21) 

On the other hand, the bulk excess chemi- 
cal potential defined by the authors does 
equal zero for an ideal solution. These defi- 
nitions necessarily force all contributions of 
the surface free energy of the pure compo- 
nent contributions to the first layer. Al- 
though this approximation is a reasonable 
one, these definitions of excess chemical 
potential result in the inappropriate use of (Y 
to describe interlayer interactions other 
than the first. 

SOLUTION OF THE MULTILAYER, 
MULTICOMPONENT EQUATIONS 

The algorithm used to solve the set of 
equations of the form given in (13) is essen- 
tially one of multivariable successive sub- 
stitution. Initially, all the layers in the sur- 
face region (arbitrarily chosen to be 20 
layers deep for the results shown below) 
are assumed to be of the same composition 
as the bulk region. Beginning with the out- 
ermost layer, values of o are computed in 
reference to each component present in the 
system. A weighted average value of the 
layer surface tension &-’ is then determined 
by the expression 

where & is the value calculated for each 
species i with the current values of the vari- 
ables on the right-hand side of Eq. (13). 
New values of xf are then generated by re- 
placing VI in (13) by &-’ and solving for xf: 

Xf = a? 

l/Z[&y; + z&p + yf”)] 

CW 

Note that the right-hand side in the above 
expression is still determined by use of the 
previous compositions. The term (+f in (23) 
and (13) is taken to be equal to the pure 
component surface free energy for the out- 



ermost layer and zero elsewhere. This ap- (18)) or the empirical (nonrandom) three- 
proximation is in keeping with the nearest- suffix Margules model given by 
neighbor-interaction philosophy of the 
activity model. 

RT In yI = (A + 3B)(x# - 4B(x:)j 

After all of the mole fractions in a given RT In yZ = (A - 3B)(x,)’ + 4B(x,)‘, (24) 

layer have been updated, the above process where the constants A and B are deter- 
of revising composition is repeated for the mined from activity data at infinite dilution. 
next deeper layer. After the deepest layer Atomic areas were obtained from lattice 
is reached, the convergence criterion is constants by use of the relations 
checked; if it is not found to be satisfactory, 
the entire procedure is repeated starting A,(K) = ~$2; A,,, = a;ti/4, (25) 

from the first layer. The convergence crite- where a0 is the lattice constant and Aloo and 
rion requires that the updated values for AIll are the pure-component atomic areas 
mole fractions differ negligibly from the old for the (100) and (111) surfaces, respec- 
values. When the criterion is met, the equi- tively. Data for lattice constants were taken 
librium conditions expressed by (13) are from Ref. (39). Unless otherwise noted, 
satisfied, and the final values of the mole lattice constants were assumed to be linear 
fractions of all the layers constitute the functions of composition, a common obser- 
equilibrium composition profile. The main vation for many alloy systems (39). Lattice 
advantages of this algorithm are that it cor- spacing relaxation at the surface is ignored. 
rectly incorporates surface free energy data This is a good approximation for a (111) or 
(which in effect allows the bond energies of (100) orientation but may be incorrect for 
the surface atoms to differ from bond ener- other orientations. Surface free energy data 
gies in the bulk state), it allows for great for all the elements studied were obtained 
flexibility in choosing an activity model, it from Refs. (40) and (41), while data used in 
permits multicomponent alloys to be mod- calculating regular solution parameters and 
eled, and it directly accounts for size differ- Margules constants were taken from Hult- 
ences between components. It does not al- gren et al. (42). Examples of some of the 
low the mixing properties in the surface values of the parameters used in the com- 
region (i.e., W& to differ from the bulk putations are listed in Table 1. 
mixing properties. This is a limitation due The surface segregation model described 
to lack of empirical data rather than due to in the above paragraphs requires data for 
the model itself. the surface free energy, heat of mixing, and 

The above model and algorithm can also molar area of the pure component. Of 
be applied to liquid mixtures as well if one these, the most difficult to obtain experi- 
assumes a quasi-crystalline structure (38). mentally are surface free energy data for 
After calculating the liquid surface compo- 
sition by using the above technique, one 
can calculate the mixture surface tension TABLE I 
directly from the set of equations given by 
(13). Molar Areas and Surface Free Energies 

__.~ 

RESULTS AND DISCUSSION 
Element A (X IO x cm’imole)” u (X IO‘ calicm’) 

Results of calculations using the above & 5.04 3.07 (550 K) 

algorithm are presented for Ag-Au, Cu- Au 5.01 3.61 (550 K) 

Ni, and Au-Ni binary systems and for the CU 3.95 3.86 (I 100 K) 

Cu-Ni-Pt ternary system. Activity coeffi- 
Ni 3.73 5.03 (I 100 K) 
Pt 4.63 

cients were determined by use of either the 
6.14 (I100 K) 

regular solution model (see Eqs. (15) and (/ (100) surface, 29X K. 
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solid metals. Therefore, it may be neces- 
sary in some cases to resort to methods of 
estimating the surface free energy of a pure, 
solid metal. One such method is the corre- 
lation for cubic metals given by Murr (41), 

uT = 1.2~~~ + 0.45(T,,, - T), (26) 

where or is the surface free energy of the 
solid (in ergs/cm2) at temperature T and arm 
is the surface tension of the liquid metal at 
the melting temperature T,,,. Data for (Tr, 
have been compiled for virtually all metals 
of catalytic importance and are readily 
available (41). Another correlation, given 
by Tyson (40), makes use of heat of subli- 
mation data: 

uTA = kAHpb - RT. (27) 

In the above expression, A represents the 
pure component molar area at temperature 
T, and AHpb represents the heat of subli- 
mation of the metal at 0 K. The heat of 
sublimation data may be obtained from 
such references as Hultgren et al. (43) or 
Kittel (44). The parameter k is empirically 
determined; for the (111) and (100) surfaces 
of an FCC metal, typical values of k are 
0.17 and 0.20, respectively. 

If heat of mixing data for a metallic sys- 
tem cannot be obtained from a published 
source containing experimentally deter- 
mined values (e.g., Hultgren et al. (42)), 
one must turn to sources that use theoreti- 
cal techniques to predict such values. One 
such source is the paper by Miedema (4.5) 

BULK MOLE FXACTION Ag * 0.5 
T - 550 K. (1001 SURFACE 

FIG. 1. Surface region composition depth profile for 
the Ag-Au system. 

--- MOOlFIEO WILtlAMS L NASON PO, 
- THIS WORK 
--o- WILLIAMS L NASON WY 
--- MONTE CARLO W, 
- IDEAL SOLN MONOLAYER 
-o- AES DATA W, 

FIG. 2. Comparison of other predictions for the sur- 
face segregation of silver in the Ag-Au system with 
this work and AES data. 

that outlines an electronic model for the 
prediction of heats of formation for alloys. 
A useful table summarizing the heats of for- 
mation for all possible (binary) 1 : 1 transi- 
tion metal alloys is presented in this refer- 
ence. 

Ag-Au System 

The Ag-Au system was chosen to illus- 
trate the surface behavior of an exothermic 
alloy and to serve as a comparison to pre- 
vious models and to experimental results. 
A typical composition depth profile for the 
Ag-Au alloy is shown in Fig. 1. The 
“damped oscillatory” behavior of Ag com- 
position seen in this figure has been noted 
before (30) and is due to the exothermic 
heat of mixing exhibited by this system; 
since unlike atoms prefer to be adjacent to 
one another in an exothermic system, the 
relative abundance of Ag in the first layer 
results in a relative abundance of Au in the 
second atomic layer. Table 2 is a compari- 
son of a composition depth profile for the 
Ag-Au alloy determined with the methods 
described in this paper with profiles com- 
puted with the Monte Carlo simulation 
technique and Auger electron spectroscopy 
data (30, 46). Note that although the Monte 
Carlo technique is completely different 
from the multilayer model described here, 
the agreement between the results is very 
good. Figure 2 is a comparison of predicted 
first-layer silver composition of the Ag-Au 
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TABLE 2 

Comparision of Ag-Au Depth Profiles from this 
Work to Profiles Computed by Use of the Monte 
Carlo Simulation Technique (30) and to AES Data 
(46) Where Available 

X,, (bulk) Layer This work Monte Carlo 
& technique 

X.4, 

AES 
X.4, 

0.3 
T= 550 K : 

3 
4 
5 
6 

0.3 I 
T = 650 K 2 

: 
5 
6 

0.3 
T= 750K ; 

3 
4 
5 
6 

0.5 I 
T = 500 K 2 

3 

i 
6 

0.7 1 
T = 550 K 2 

3 
4 
5 
6 

0.67 0.68 
0.19 0.21 
0.34 0.39 
0.29 0.29 
0.30 0.30 
0.30 0.30 
0.62 0.64 
0.21 0.22 
0.33 0.34 
0.29 0.30 
0.30 0.30 
0.30 0.30 
0.59 0.61 
0.23 0.25 
0.32 0.31 
0.30 0.30 
0.30 0.30 
0.30 0.30 
0.88 0.88 
0.36 0.36 
0.56 0.56 
0.48 0.48 
0.51 0.51 
0.50 0.50 
0.97 0.97 
0.61 0.58 
0.73 0.73 
0.69 0.67 
0.70 0.70 
0.70 0.70 

0.72 2 0.06 
0.20 k 0.10 

0.60 k 0.07 
0.24 k 0.11 

0.61 2 0.10 
0.26 + 0.15 

system as calculated by several methods 
and Auger data. The modified Williams and 
Nason model in the legend refers to a Wil- 
liams and Nason broken-bond model (20) 
but modified in such a way to account for 
the fact that the bond energy of the surface 
atoms is different from bulk atom bond en- 
ergies. Agreement of the multilayer model 
presented in this paper with the Auger data 
and other models is excellent. 

Cu-Ni System 

A good example of an alloy that exhibits 
endothermic mixing behavior is the Cu-Ni 
system. A graph of layer one versus bulk 
Cu composition is shown in Fig. 3 for the 
(111) surface, again assuming a regular so- 
lution activity model. Note that in this alloy 

FIG. 3. First layer surface segregation of copper in 
the Cu-Ni system, T = 773 K, (111) surface. 

the Cu is the segregating component. A typ- 
ical composition depth profile for the Cu- 
Ni system is shown in Fig. 4. In contrast to 
the profile for Ag-Au, the endothermic 
mixing nature of the Cu-Ni system results 
in a profile that exhibits a monotonic de- 
crease in Cu content as one gets further 
away from the surface. These results agree 
with previous predictions for this system 
obtained by using a different model (31). 

Since the Cu-Ni alloy exhibits an asym- 
metric free energy of mixing curve, it is in- 
structive to compare the results of surface 
segregation predictions by using the regular 
solution activity model (which assumes the 
free energy of mixing curve to be symmet- 
ric) with predictions using a three-suffix 
Margules model. The results of the surface 
segregation computations using the two dif- 
ferent activity models are shown in Table 3 
where they are compared with LEIS results 

ATOMIC LAYER 

FIG. 4. Surface region composition depth profile for 
the Cu-Ni system. 
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TABLE 3 

Comparison of Regular Solution and Margules 
Activity Models with LEIS and FIM Data 

Cu-Ni(III). T = 773 K 

6 
Bulk 

Cu-Nt(III), T= 773 K 

Bulk 

Cu-Ni(III). T = 773 K 

Bulk 

Cu-Ni(III), T = 823 K 

4 
Bulk 

Cu-Nit I I I ), T = 870 K 

4 
Bulk 

Cu-Ni(III), T = 870 K 

Bulk 

Cu-Ni(III). T = 870 K 

4 

6 
Bulk 

o Polycrystalline sample 

Mole fraction Ni 

Regular Margules 

solution 

0.07 0.10 
0.30 0.38 
0.39 0.44 
0.44 0.47 
0.46 0.47 
0.47 0.48 
0.4R 0.4x 

0.12 0.13 
0.58 0.53 
0.75 0.68 
0.79 0.75 
0.80 0.78 
0.80 0.79 
0.80 0.80 

0.22 0.19 
0.78 0.73 
0.88 0.X6 
0.89 O.XX 
0.89 0.89 
0.89 0.89 
0.89 0.R9 

0.5X 
0.93 
0.95 
0.9s 
0.95 

0.45 
0.91 
0.95 
0.95 
0.95 

0.935 0.924 
0.990 0.989 
0.994 0.990 
0.990 0.990 
0.990 0.990 

0.585 0.463 
0.917 0.892 
0.937 0.934 
0.938 0.938 
0.938 0.93x 
0.938 0.938 
0.938 0.938 

0.21 0. I9 
0.66 0.61 
0.77 0.74 
0.80 0.78 
0.80 0.79 
0.80 0.80 
0.80 0.80 

LElS (47)” 

0.04 

0.48 

0.12 

0.80 

0.21 

0.89 

FIM (4x1 

0.46 

0.95 

FIM (49) 

0.51 I f 0.075 

0.990 

0.236 + 0.09 

0.938 

0. I5 2 0.05 

0.80 

of Brongersma et al. (47) and FIM data 
from Ng and McLane (48) and Sakurai et 
al. (49). Both the regular solution and 
Margules activity models agree well with 
the LEIS data; however, the Margules 
model shows better agreement with the 
FIM data than does the regular solution 
model. 

Au-Ni System 

The Au-Ni alloy was studied in order to 
gain insight into the effect of constituent 
size differences on surface segregation be- 
cause these elements have significantly dif- 
ferent lattice constants (3.52 A for Ni and 
4.08 w for Au at 298 K). Surface segrega- 
tion calculations were performed on a 
nickel-rich Au-Ni system by first assuming 
that the elements had equal lattice con- 
stants (equal to that of nickel) and then by 
allowing the lattice constants to differ. A 
regular solution model was assumed and no 
energetic variation in the mixing parameter 
was used; one could argue that the latter is 
a larger effect. The results of these calcula- 
tions are given in Table 4 where compari- 
son is made with Auger results from Wil- 
liams and Boudart (50) and ISS results from 
Kelley et al. (51). One can see that the pre- 
dicted surface segregation for Au is signifi- 
cantly higher at very dilute concentration 
when the size difference between the two 
elements is accounted for. Although there 
is significant disagreement between experi- 
ment and theory at a bulk gold mole frac- 
tion of 0.004, the experimental value of a 
first-layer gold concentration of 50% (at 
1300 K) seems excessively high given such 
a low bulk content. The effect of size ob- 
served in this study is qualitatively what 
one would expect from strain energy con- 
siderations (24, 52) since, all else being 
equal, the strain energy will be lowered 
slightly if the larger solute atoms predomi- 
nate at the surface. 

Cu-Ni-Pt System 
An example of predicted surface segrega- 

tion behavior in a ternary alloy system may 
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TABLE 4 

Predicted First Layer Compositions 
for the Au-Ni System 

Au-Nit I I I). 7 = Ii(X) K 

4 
I3olk 

Au-Nil I I I). T = 13Gl) K 

4 

Hulk 

Au-Ni(lll). 7 = l3oCl K 

4 

HUIh 

0.05? 
O.ol)4 
n.nm 
0.niM 
0.004 

O.Y2 
0 44 
0 ?X 
Il.?4 

il.23 
0.23 

AwN,( I I I ,_ T = 921 K 
I 0 hl 

0 02 
3 0.01 
4 0.01 
ISulk 0.01 

o.nY3 
0.004 
O.(W)4 
O.(M)4 
l~.nn4 

0.70 
0.066 
0.036 

0.035 
0.03? 
(I.035 

O.Y4 
0.47 
0.29 
O.ZJ 

0.23 
0.3 

0 x7 
0 03 
0.01 
I).01 
0.01 

I).50 

o.ou4 

0 70 

0 03s 

O.Xh 

0.27 

ISS (.5/l’, 

o.xx 

0.01 

be seen in Figs. 5 and 6. In Fig. 5 the sur- 
face composition of Ni is plotted versus 
bulk Ni composition. Note that with no Cu 
present, Ni segregates to the surface in the 
Ni-Pt alloy. However, as soon as Cu is 
added to the alloy, the surface becomes rel- 
atively depleted in Ni (due mainly to the 
comparatively low surface free energy of 
Cu). As more Cu is added, the relative sur- 
face depletion of Ni becomes greater. An 
example of a composition depth profile for 
the Cu-Ni-Pt system is given in Fig. 6. The 
fact that Cu-Pt and Ni-Pt interactions are 
exothermic in nature while Cu-Ni interac- 
tions are endothermic accounts for the 
rather complex behavior shown in this pro- 
file. 

FIG. 5. First layer surface segregation of nickel in 
the Cu-Ni-Pt system, T = 1100 K, (100) surface. 

The results presented in Fig. 6 suggest 
that subsurface composition variation may 
be quite complex in ternary alloys. The ef- 
fect of subsurface composition on catalytic 
behavior of alloys is not yet known, but 
some possibilities may be suggested on the 
basis of the recent observations of subsur- 
face adsorption sites. Reider and Stocker 
(10) have reported evidence for subsurface 
atomic hydrogen adsorption states on 
Cu( 110) surfaces. Similar observations 
have been noted for hydrogen on Pd(l10) 
(7,8) and Nb( Ill). In addition, Lagos et ul. 
(11) have suggested that subsurface adsorp- 
tion states exist on platinum surfaces and 
that these weakly bonded, subsurface spe- 
cies play a role in Hz0 formation and per- 
haps other hydrogenation reactions. The 
surface described by Fig. 6 has a first layer 

” 4L C” = 0.2, Nl = 0.2. Pt - 0.6 "I_ 

0.1 

0.0 
1 2 3 4 5 6 7 8 9 10 

ATOMIC LAYER 

FIG. 6. Surface region composition depth profile for 
the Cu-Ni-Pt system, T = I100 K, (100) surface. 
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that is nearly all copper and a second layer 
that is mostly platinum. If subsurface ad- 
sorption sites exist and if they play a signifi- 
cant role in catalysis one would expect that 
the ternary system would exhibit a catalytic 
behavior quite different from the analogous 
pure metal catalysts. Studies of multimetal- 
lit systems may allow parametric investiga- 
tion of subsurface adsorption sites and 
other effects if the composition in the sur- 
face and near-surface region is known. 

SUMMARY AND CONCLUSIONS 

A model and computer algorithm for the 
prediction of surface segregation behavior 
in alloy systems has been developed in this 
work. The axioms of classical thermody- 
namics were used in the development of 
this model; indeed, the basis equation (Eq. 
(13)) of this model is thermodynamically 
rigorous. All major simplifying assumptions 
are based on nearest-neighbor-only interac- 
tions, which are quite reasonable for the 
systems studied. The chief advantages of 
this model and computer algorithm in com- 
parison to previous models and methods 
are as follows: 

l The variation of bond strength with co- 
ordination is automatically accounted for 
by surface free energy data that are incor- 
porated into the model. 

l The computer program allows for the 
incorporation of virtually any activity 
model. 

l Size differences between elements are 
intrinsically accounted for. 

l Systems with more than two compo- 
nents may be modeled. 

l No adjustable parameters are needed. 

Due to limitations in experimental data the 
model assumes that the mixing behavior is 
the same in the surface and bulk. 

If properly used, the multilayer, multi- 
component surface segregation model de- 
scribed in this paper can provide useful in- 
sights not only in the field of catalysis but 
also in other areas where knowledge of sur- 

face composition and behavior is impor- 
tant. 

APPENDIX: DERIVATION OF EQ. (15) IN TEXT 

Consider three atomic layers in the sur- 
face region labeled 1, 1 + 1, and 1 - 1. 

The expression for the surface activity 
may be derived by use of the following 
three-step procedure that parallels the one 
given in Ref. (53, pp. 173-175, 182-183): 

1. Using simple bond-counting formulas, 
one can determine the configurational en- 
ergy of layers 1, 1 - 1, and 1 + 1. 

2. Using the results from step 1, one can 
obtain an expression for the free energy of 
layer 1. 

3. Differentiating the free energy from 
step 2 with respect to component mole 
numbers, one can generate the expression 
for the surface chemical potential. 

Step 1. The configurational energy due to 
interactions between layer 1 and 1 - 1 is 
given by 

_u&+-,) = N~nZ,[x~x~‘u.&* + X~XaJBB 
+ (xixk’ + x’Bx~‘)U,d (Al) 

where n is the number of gram atoms 
present in a monolayer. Similarly, the con- 
figurational energy arising from interlayer 
interactions between layer 1 and 1 + 1 is 
given by 

_u;k+/+I) = N"nZ,[x~xa+'U*A + XIgXIg+'cJBB 

+ (x;x’Bi’ + x’Bxa+‘)U,d (A2) 

The configurational energy due to intra- 
layer interactions is 

_u&+l) = 2NlnzLKxtd2U‘4A 
+ (x’B)~& + 2x~x’BUAd. (A3) 

Configurational energy attributable to 
layer 1 - 1 arising from interactions be- 
tween this layer and layer 1 - 2 (if present) 
is given by 

J&&+-2, 

= fN~nZ"[x~'x~2U*~ + XpX;2UBB 

+ (xyxp+ xf;'x~2)u**l* 
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However, if one makes the assumption that 
x’-* = ~l-~, the above expression reduces to 

This assumption introduces very little error 
in determining the total configurational en- 
ergy due to layers 1, i - 1, and 1 + 1. For 
example, in typical binary alloy systems 
such as Ag-Au and Cu-Ni, this error is less 
than one percent. If we use a similar argu- 
ment, the analogous term for layer I + 1 is 

_u?/+le1+2) = wonz”w32U*A 

+ (x’B+‘)WBB + 2xa+‘x’B+‘U.& (A5) 

The lateral contributions from layers 1 - 1 
and 1 + 1 to the total configurational energy 
are, respectively, 

_v:, I++ I) = tNo~zL[(xa-‘>2UAA 

+ (xk’)2uRB + 2xa lx’,-‘UABI (A6) 

_uf~+l-I+l, = BN,n.&[(x~‘)2u&4 

+ (~;‘)~&a + 2~a+‘x;~U,,]. (A7) 

Adding expressions (Al) through (A?‘) 
and rearranging give the total configura- 
tional energy of the three layers: 

&,ta]) = $N,)nz[&‘U,&, + &‘ljB’j] + nqxA XB ‘-I ‘-I + $N()nZ(xy’U** + .u’B+‘U’& 
+ nqxat’xk+’ + gNonZ(x~u** + XleURB) + npqx;x’B 

+ nuq(x;x;’ + x;xk’ + x;x’B” + x;xa” - I-’ ‘-I - xa”x’B”), (A8) XA XB 

where q = NoZ[ UAB - $( UAA + UBB)], p = 
ZLIZ, and u = Z,lZ. 

Step 2. Since the configurational energy 
for a bulk system with n total moles of com- 
ponents A and B is given by 

one can see that the first two terms on the 
right-hand side of Eq. (A8) represent the 
configurational energy of layer I - 1 if that 
layer is assumed to be in the bulk. Simi- 
larly, the next two terms represent the bulk 
configurational energy of layer 1 + 1. Thus, 
the contribution of layer 1 to the configura- 
tional energy is 

u;o = fN@z(X&, + X’BU,B> + npqxax; 
+ nuq(x;xp + xbxk’ + xax’B+’ 

/ /+1 
+ XBXA 

/-I I-1 
- XA XB - xa”x;‘). (A9) 

The terms in Eq. (A9) which originate 
from mixing effects are those terms con- 
taining q. Knowing this, one can immedi- 
ately write the mixing energy component 
EM, 

_EM = qpnxf4xb + nuq(xf4xb’ + x;xk’ 
+ x;x’B’l + x’Bxa” _ 1-I I-l _ xa”x~‘)~ 

XA XB 

The above expression can be rearranged to 
yield 

EM = naq(xb)2 + niq(xQ2 
+ npq[(xb - x:1)2 + (xi - x’B+‘)*l, (AIO) 

where na and nL represent the number of 
moles of components A and B in layer 1. 

Writing the Helmholz free energy of 
layer I as the sum of ideal and mixing parts 
gives 

_FI = nk(p%’ + RT In xi) 
+ n’B(p%’ + RT In xi) + EM. (Al 1) 

Substituting for EM, using Eq. (AlO), and 
rearranging lead to the expression 

_F/ = na[pL()i’ + RT In xi + am] 
+ n:[p$’ + RT In x/B + q(xa)2] 

+ nuq[(xL - XL’)? + (xi - xE’)~]. (Al2) 

Step 3. Differentiating Eq. (A12) with re- 
spect to n’ and rearranging give 
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- /..@ = qp(x# 
13. 

+ qu[(xk’)* + (xlg+‘)*]. (A13) 
14. 

But since 
15. 

16. 

- ,ul' = RT In ua (A14) 17. 

one can substitute (A14) into (A13) to get 

RT In aa = q&h)* 18. 
+ qu[(xk’)* + (x’B”)*]. (AlS) 

Substituting NooABZ back in for q yields 
the desired expression 19. 

20. 

RTlnaa = 
21. 

+ z [<XL’)2 + (x’B”)*l}. (A16) ” 22. 
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