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Abstract .  Atomistic simulations of segregation to (100) free surface in Ag-Au, Au-Pd, and Cu-Ni alloy 
systems have been performed for a wide range of temperatures and compositions within the solid 
solution region of these alloy phase diagrams. In addition to the surface segregation profiles, surface 
free energies, enthalpies, and entropies were determined. These simulations were performed within 
the framework of the free energy simulation method, in which an approximate free energy functional 
is minimized with respect to atomic coordinates and atomic site occupation. The effects of the 
relaxation with respect to either the atomic positions or the atomic concentrations are discussed. For 
all alloy bulk compositions (0.05 < C < 0.95) and temperatures (400 < T(K) < 1,100) examined, Ag, 
Au, and Cu segregates to the surface in the Ag-Au, Au-Pd, and Cu-Ni alloy systems, respectively. The 
present results are compared with several theories for segregation. The resultant segregation profiles 
in Au-Pd and Ag-Au alloys are shown to be in good agreement with an empirical segregation theory, 
while in Cu-Ni alloys the disagreement in Ni-rich alloys is substantial. The width of the segregation 
profile is limited to approximately three to four atomic planes. The surface thermodynamic properties 
depend sensitively on the magnitude of the surface segregation, and some of them are shown to vary 
linearly with the magnitude of the surface segregation. 

1. I n t r o d u c t i o n  

Alloying elements and impurities often segregate 
to the surface or near-surface region of a solid. 
Since many material properties depend on sur- 
face properties, segregation plays an important 
role in such diverse phenomena as: catalysis, 
chemisorption, corrosion, thermionic emission, 
crystal growth, etc. Therefore, an understanding 
of these surface phenomena requires a knowl- 
edge of not only the structure of the surface, 
but also of the surface composition. The sur- 
face composition, in turn, depends on the surface 
segregation thermodynamics. The focus of the 

present work is the application of the recently 
introduced, free-energy simulation method [1-4] 
to the determination of the equilibrium struc- 
ture, composition, and thermodynamics of alloy 
surfaces. In particular, the present paper exam- 
ines (100) surfaces in Ag-Au, Au-Pd, and Cu-Ni 
alloys. The segregation profiles and the related 
thermodynamic properties in these three alloy 
systems are determined, and the agreement be- 
tween the present results and several segregation 
theories are discussed. 

A century ago, Gibbs [5] predicted that one 
of the components of an alloy will segregate 
to a surface if the surface tension decreases 
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when the surface concentration of that com- 
ponent increases. Unfortunately, very little is 
known about the composition dependence of 
the surface energy. Therefore, many alterna- 
tive approaches for predicting surface segrega- 
tion have been suggested [6-8]. Thirty-five years 
ago, McLean [9] proposed a segregation model 
which is a variant of Langmuir's classical sur- 
face adsorption isotherm and is valid for both 
segregation to grain boundaries and free sur- 
faces. This model reduces to the following pre- 
diction: 

C 1 -  CB ( AG ) 
1 - C1 1 --6'B exp - - -~-  (1) 

where C1 is the interracial concentration of the 
impurity or solute; CB is the bulk solute con- 
centration; and AG is the partial atomic excess 
free energy of segregation or the heat of seg- 
regation, and is taken as a constant. This ex- 
pression ignores all interactions between impu- 
rity atoms, and limits the interracial segregation 
to a single atomic plane consisting of equiva- 
lent atomic sites. These restrictions suggest that 
equation (1) is only approximate and is most 
appropriate for dilute interracial and bulk con- 
centrations. 

McLean further estimated the driving force 
for adsorption as the strain energy of the solute 
in the bulk. This assumes that the strain energy 
induced by the size difference between solute 
and solvent would be eliminated completely by 
the exchange of a solute atom in the bulk with 
a solvent atom at the surface. With such an 
assumption, solute segregation to the surface 
will always occur. This, of course, cannot explain 
several experimental observations in which the 
surface becomes enriched in solvent atoms. 

In contrast to the McLean approach, Delay 
[10] estimated the heat of segregation (initially 
for surface segregation of liquid solution, but 
also valid for solid solutions) by evaluating the 
change in the number of nearest neighbor bonds 
that occurs when an atom of the segregating 
species, located in the bulk, exchanges positions 
with an atom of the other species, located at the 
surface. This method (known as a regular so- 
lution, lattice gas, or bond-breaking model) was 
later extended to include four distinct surface 
layers by Williams and Nason [11]. For a mono- 

layer surface model, this leads to the following 
heat of segregation: 

AG = ~ A H ,  ub 

( 1) 
+ 2~o z c B  - z~c~ - z ~ c B  - g z ~  (2) 

where AH, ub is related to the difference be- 
tween the sublimation energies of A and B 
atoms: w is the regular solution parameter de- 
fined as CAB -- 0.5(~AA + EBB); CAB, 8AA, EBB are 
the nearest neighbor interaction energies be- 
tween A - B, A - A, and B - B nearest neigh- 
bor bonds, respectively; Z~, Zv, and Z are the 
number of lateral surface bonds, vertical surface 
bonds (i.e., bonds broken when the surface is 
formed), and perfect crystal nearest neighbors 
bonds, respectively. Although the equivalent 
bond treatment for the bulk and the surface 
makes the model simple to apply, it unfortu- 
nately overestimates the degree of segregation 
[11-14]. In a further extension, an empirical pa- 
rameter 6d is introduced, which accounts for the 
change in bond energy due to surface relaxation. 
This leads to 

zIG= [Z~H~b [Z~ - (Z~ + Z~)~] 
Z 

+ 2w(ZCB - (1 + 6)(Z1Ca + Z, CB) 

+ =zl + z~ (3) 

It was shown that when 6 is chosen optimally, 
equation (3) leads to accurate segregation pre- 
dictions [12, 14, 15]. Unfortunately, 6 can only 
be obtained by fitting to experiment data. Ac- 
cording to the bond-breaking models, the com- 
ponent having the lower heat of sublimation will 
always segregate to the surface, which contra- 
dicts experimental observation of segregation of 
minority species with higher binding energies in 
very dilute alloys. 

Wynblatt and Ku [16] replaced the sublimation 
energy term in equation (2) with the difference 
of surface energy of the two elements (solute 
and solvent), and calculated the regular solution 
parameter from the heat of mixing. In this 
model, the heat of segregation is given as 
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zaa-- za(-ya) 

+ 2w z C B  - z x C l  - Z ~ C B  - ~ z ~  (4) 

where ~, and ~ are the surface energy and surface 
area per atom in the pure systems. Surface re- 
laxation is automatically taken account of in the 
surface free energy difference term in equation 
(4). In light of the deficiencies of both the strain 
energy and the bond-breaking models, Wynblatt 
and Ku [16] argued that the total system free en- 
ergy should include the contributions from both 
bond and strain energies and combined them 
as the sum of two independent terms. They 
determined the bond-energy contribution from 
equation (4) and the strain-energy contribution 
from Friedel's elastic misfit analysis [17] 

Eel = 24PKAGBrArB(rA -- rB) 2 (5) 
3KArA + 4GBrB 

where KA is the bulk modulus of pure A (A is 
the solute); GB is the shear modulus of pure B; 
and r A and rB are the atomic radii of pure A 
and pure B, respectively. Although, this model 
works reasonably well for dilute cases and can 
be modified to describe ordered binary alloy 
surfaces [18], the validity of the assumptions of 
linear elasticity and the complete release of the 
strain energy on segregation may be question- 
able. 

Abraham et al. [19-21] used Lennard-Jones 
pair potentials and Monte Carlo simulations to 
determine the heat of segregation. They de- 
fined the boundary separating the solute and sol- 
vent segregation regions in the e*--a* and ,y*--a* 
spaces by determining the value e*, "r*, and tr* at 
the zero segregation heat, where e*, 7', and a* 
are the bond-strength ratio, surface-energy ratio, 
and the atomic-size ratio, respectively. The ef- 
fects of bond strength and atomic size difference 
were automatically included, and these authors 
demonstrated that the linear elastic treatment 
of the strain energy overestimates the strain- 
energy decrease (especially for the case where 
the solute atom has a smaller size than the sol- 
vent atom). They also found that large solute 
atoms had greater tendencies to segregate than 
did small atoms, since the lattice distortion was 
more pronounced for oversized atoms. Although 

the theory, which they derived based upon the 
simulation results, successfully predicted which 
element would segregate in about 85% of the 
cases examined, it was not designed to quantita- 
tively evaluate the magnitude of the segregation 
and is only applicable in dilute cases. 

An alternative approach for determining which 
element will segregate was suggested by Burton 
and Machlin [22]. Observing that a solid surface 
differs from the bulk in characteristics similar 
to those of a liquid (such as lower symmetry, 
lower coordination, and no elastic strain), they 
suggested that the solute should segregate if the 
solid-liquid equilibrium is such that the liquid is 
richer in solute and the separation between the 
solidus and the liquidus is large. They were able 
to show that most of the experiment results could 
be rationalized with this concept. Unfortunately, 
this type of criterion is not able to predict the 
degree of surface segregation, and it does not 
specify how large the separation between the 
solidus and the liquidus must be in order for a 
segregation to occur. 

A different approach for predicting segrega- 
tion behavior was developed by Strohl and King 
[23, 24] who derived a multilayer and multi com- 
ponent surface segregation model based upon a 
rigorous thermodynamic approach. The con- 
centration of species i at layer number n is 
given as 

C~= zlq'~+ ~rr i +~ri )J Z I ' -  n - 1  _ n + l x  

x exp ~, ~R'T ] (6) 

where a~ is the activity of i in the bulk; 7~, 7~ -1, 
and 7~ +1 are the activity coefficients of i asso- 
ciated with layer n, n -  1, and n + 1; ~ i  and 
A~ are the partial molar area of i in layer n 
and the molar area of pure i in layer n; and 
a" and a~ are the surface free energy associ- 
ated with layer n and the surface free energy of 
pure i in layer n. The surface relaxation is par- 
tially accounted for in the surface energy terms, 
and unlike the other regular solution models, 
the mixing behavior can be nonregular such that 
short range order may be included. Compar- 
ison of these results with Monte Carlo data 
[23, 24] show good agreement, however, this 



10 Wang, Najafabadi, Srolovitz, and LeSar 

model does not explicitly include strain-energy 
effects. 

Recent advances in Monte Carlo atomistic 
simulation methods [25-29] have enabled this 
simulation approach to be extended to alloy sys- 
tems where the local composition can change 
during the course of the simulation. This has 
led to truly atomistic studies of equilibrium seg- 
regation to interfaces that do not rely on the 
classical theories. Although this method does 
yield equilibrium interracial structure and com- 
position, it has never been successfully used 
to obtain information about such basic segre- 
gation thermodynamic properties as the free 
energy of segregation. In addition, these cal- 
culations require very substantial computational 
resources. 

The recently introduced free energy minimiza- 
tion method [1-4], on the other hand, is compu- 
tationally efficient, and yields segregation results 
that are in excellent agreement with Monte Carlo 
data. Although this approach is inherently less 
accurate than the Monte Carlo method, its effi- 
ciency allows systematic evaluations of trends in 
interracial and segregation thermodynamics as 
a function of experimental parameters such as 
temperature and bulk composition. The most 
important feature of this method is that it yields 
a simple expression for the finite-temperature 
free energy of the system. Minimizing the free 
energy with respect to the positions and concen- 
trations of the atomic sites yields equilibrium 
segregation profiles, atomic structures, and free 
energies, from which all other thermodynamic 
quantities may be derived. 

The present paper focuses on the application 
of this free energy simulation method to (100) 
surface segregation in three alloy systems: Ag- 
Au, Au-Pd, and Cu-Ni. These three systems 
were chosen because they represent cases where 
the atomic size mismatch and sublimation ener- 
gies vary over an appreciable range. The degree 
of segregation and the segregation thermody- 
namics are predicted over a wide range of tem- 
perature and alloy compositions. The present 
results are compared with several theories for 
segregation. 

2. Method 

In this section, we briefly outline the free energy 
simulation method, which we employ to deter- 
mine the equilibrium structure, composition and 
thermodynamics of surfaces in alloys. A more 
complete description may be found elsewhere 
[1-4]. We construct an approximate free energy 
functior/al for a multicomponent atomic system 
and then minimize it with respect to the atomic 
coordinates and the compositional profile in the 
material. The free energy of a multicomponent 
system consists of several distinguishable parts, 
including atomic bonding, atomic vibrations and 
configurational entropy (i.e., the entropy associ- 
ated with the relative spatial distribution of the 
atomic species). For the metallic systems exam- 
ined in the present study, we describe the atomic 
interactions within the framework of the embed- 
ded atom method (EAM) [30-32]. The effects of 
atomic vibrations are included within the frame- 
work of the local harmonic (LH) model [33] 

A ~ = k B T E E l n  \ 2~rkBT ] 
i=1 /3=1 

(7) 

where Av is the vibrational contribution to the 
free energy; kBT is the thermal energy; h is 
Planck's constant; N is the total number of 
atoms in the system; and wil, wi2, and wi3 are 
the three vibrational eigenfrequencies of atom i. 
These frequencies may be determined in terms 
of the local dynamical matrix of each atom 
Diab = (02E/OxiaOXib), where E is the potential 
energy determined from the interatomic poten- 
tial, and Zib corresponds to atomic displacements 
of atom i in the b direction. Diagonalization of 
this 3 x 3 matrix yields the three force constants 
kib for atom i. The vibrational frequencies are 
then determined as Wib = (kib/m) 1/2, where m 
is the effective atomic mass. We have demon- 
strated that the approximations inherent in the 
LH model lead to errors in the free energy of 
perfect close-packed metal crystals of the order 
of 1% at the melting temperature and much less 
at lower temperatures [33, 34]. 

Configurational entropy Sc is described on the 
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basis of a point approximation: 

N 

Sc = --kB ~. ,  {c~(i)ln[c~(i)] + cb(i)ln[cb(i)]} 

~=' (8) 
where ca(i) is the concentration of a atoms and 
cb(i) is the concentration of b atoms on site i. 
Since we are interested in equilibrium proper- 
ties, these concentrations may be viewed as the 
time-averaged composition of each atomic site 
in a system where the atoms are free to dif- 
fuse. In this sense, the atoms are "effective" 
or "mean-field" atoms. Since we replace real 
atoms by effective atoms, the internal energy 
E, which is defined in terms of the interatomic 
potential, must also be suitably averaged over 
the composition of each atom and its interact- 
ing neighbors. A method for performing these 
averages for the EAM potentials is described 
[1-4]. The point approximation for the config- 
urational entropy and the mean-field treatment 
for each atomic site, like the regular solution 
models described above, do not accurately ac- 
count for short-range order effects. However, 
it was demonstrated by Kumar [13, 14] that the 
effect of short-range order is not important in 
determining the degree of segregation. 

The present simulations were performed 
within a reduced grand canonical ensemble, 
where the total number of atoms remains fixed 
but the relative quantities of each atomic species 
varies. The appropriate thermodynamic poten- 
tial for this type of ensemble is the grand po- 
tential and is given by [35] 

N 

I2 = E + av - TSc - A# Z ca(i) (9) 
i=1  

where A# is the difference in chemical potential 
between the a and b atoms and E is the static 
lattice energy. 

The equilibrium surface segregation profile is 
determined in several steps. First, the properties 
of the perfect, uniform composition crystal are 
determined (see the Appendix). This is done 
by choosing a composition and then minimiz- 
ing the Gibbs free energy, at the temperature 
and pressure of interest, with respect to the lat- 
tice parameter. Differentiating this equilibrium 
free energy with respect to composition gives 

the chemical potential difference Zl#. Since, at 
equilibrium, the chemical potential of a compo- 
nent is everywhere constant, we fix the chemical 
potential differences at their bulk values, intro- 
duce the appropriate surface, and minimize the 
grand potential with respect to the concentration 
and position of each atomic site. 

Although the free energy functional that we 
employ is approximate, it has been shown to 
produce results that are in good agreement with 
Monte Carlo data obtained using the same po- 
tential [1]. Nonetheless, these approximations 
can lead to significant errors near critical points 
in the phase diagram. Therefore, this approach 
should be applied with caution in these regions 
of the phase diagram. The results presented in 
this study were all performed under conditions 
far from the critical points. 

The geometry of the cell used in the surface 
simulations is divided into two regions: I and II. 
The surface is located in the region I and the 
atoms in region I are completely free to move in 
response to the forces due to other atoms, and 
the concentration at each site is allowed to vary. 
The atoms in region II, however, are constrained 
such that region II is a perfect crystal with the 
lattice constant and average concentration on 
each site appropriate to the simulation temper- 
ature, pressure, and bulk concentration. The 
equilibrium atomic configuration and the con- 
centration of each effective atom are obtained 
by minimizing equation (9) with respect to the 
atomic coordinates and the site concentrations 
(4N variables, where N is the number of atoms 
in the system). In the direction of the surface 
normal (i.e., the z-direction), there are no con- 
straints imposed on the particles, such that the 
traction in z-direction is guaranteed zero. The 
simulations were performed with a total of 20 
atoms in each of the (002) planes in the sim- 
ulation cell. Typically, eight (002) planes were 
required in order to obtain surface energies that 
were invariant with respect to increasing the 
number of planes in the simulation cell. The 
conjugate gradient method [36] is used to min- 
imize the grand potential, and the procedure 
is stopped when the magnitude of the gradient 
of the grand potential is less than lO-4eV/~, 
(typically 10-SeV//~). 
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3. Results 

Simulations based upon the free energy simula- 
tion method were performed on (100) surfaces 
in Ag-Au, Au-Pd, and Cu-Ni alloys for tem- 
peratures between 400 and 1,100 K. At each 
temperature, between 13 and 19 different bulk 
compositions were examined. The temperatures 
and compositions examined in this study are all 
within the continuous solid solution region of 
the phase diagrams of the three alloys, as de- 
termined from perfect crystal free energy sim- 
ulation results using the same EAM potentials 
[32]. We note that the EAM potentials used in 
the present study are different than the EAM 
potentials [25] we used in our previous study 
of interfacial segregation in Cu-Ni system [1]. 
This leads to some differences in the computed 
segregation profile. 

The thermodynamic properties of the surfaces 
are distinguished from the bulk properties by 
the subscripts B or s, where B represents bulk, 
(solid solution) crystal properties; and z refers to 
surface properties. The surface properties are 
defined as the difference between the property 
of the system containing the surface and that of 
a solid solution crystal with the same number of 
atoms at the same bulk composition and tem- 
perature X, = [X(surface)-  XB]/A, where X 
is the thermodynamic property of interest (e.g., 
free energy, enthalpy, etc.), and the surface prop- 
erties have been normalized by the surface area 
A. The surface properties may be calculated in 
two limits. The first is the unsegregated limit, as 
may be found by rapidly quenching the sample 
from very high temperature (where segregation 
is negligible) to the temperature of interest, and 
its properties are denoted by X,,~. The second 
limit corresponds to equilibrium segregation at 
the temperature of interest and is denoted by 
X~,,. The change in the thermodynamic proper- 
ties that may be associated with the segregation 
is given by the difference between these two 
values, i.e., AX, = X,, a - X,, u. 

The dimensionless concentrations (or fractions 
of (002) monolayers) on the (002) planes par- 
allel to the surface are given by Cn, where the 
subscript n denotes the plane number (e.g., Ca 
is the concentration on the third (002) plane 
from the surface). Throughout this paper, all 

concentrations 0 < C < 1 will refer to the Ag 
concentration for Ag-Au alloys, Au for Au-Pd, 
and Cu for Cu-Ni alloys; the concentrations for 
the other components of these binary alloys are 
given simply by 1 -  C. The degree of seg- 
regation, or excess concentration, is defined as 
the difference between the concentration on the 
plane and the bulk concentration and is de- 
noted Cn,~, = C n  - C B .  The net, or total excess 
segregation is the sum of C,,,~, over all (002) 
planes and is referred to as CT,~, = ~,~1Cn,~,.  
CT,~, is nonzero here, since the present simu- 
lations were performed in the grand canonical 
ensemble, while in either the canonical or mi- 
crocanonical ensemble CT,~s = O. 

3.1. Segregation Profiles 

The concentration profiles in the vicinity of the 
(100) surface for Ag-Au, Au-Pd, and Cu-Ni al- 
loys are shown in figure 1 at T = 600 K and dif- 
ferent bulk concentrations GB. When the bulk 
concentration CB is varied from 20% to 80% 
Cu in the Cu-Ni system, the Cu concentration 
at the surface (n = 1) varies over a small range 
(82% to 97%). The second (002) plane from 
the surface (n = 2) exhibits Ni segregation and 
the magnitude of the Ni segregation is much less 
than the Cu segregation to the first (002) plane. 
The third (002) plane also shows Ni segregation 
of even smaller magnitude. By the fourth (002) 
plane from the surface, the Cu concentration is 
nearly equal to the bulk concentration. These 
segregation profiles indicate that the effective 
width of the free surface segregation profile is 
approximately three (002) planes, and that the 
total excess concentration CT,~a for GB less than 
about 0.5 is dominated by Cl,~a. When CB is 
larger than 0.5, however, the contribution from 
the second layer is quite significant. 

In the Au-Pd alloys (Fig. l(b)), the concentra- 
tion profile exhibits a different form than that 
seen in the Cu-Ni alloys. When the bulk con- 
centration of Au increases from 20% to 80%, 
the first two (002) planes are enriched in Au, 
although the second plane shows a much smaller 
degree of Au segregation. On the third plane, 
however, the Pd concentration is enriched, but 
by the fourth plane the Au concentration is en- 
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Fig. L Concentrat ion C .  (002) planes parallel to the surface versus layer number n where n = 1 corresponds to the (002) 
plane adjacent to the surface with (a) for the Cu-Ni; (b) for Au-Pd; and (c) for Ag-Au alloys. The temperature  is 600 K. 
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riched again. The effective width of the surface 
segregation profile is somewhat larger than in 
the Cu-Ni system (about 4 (002) planes). The 
main difference between the shape of the con- 
centration profiles in Cu-Ni and Au-Pd alloys 
is that the change in segregant occurs at the 
second layer in Cu-Ni alloys and not until the 
third layer in Au-Pd alloys. In the Ag-Au system 
(Fig. l(c)), the segregation pattern is similar to 
that of Cu-Ni alloys: the oscillation occurs at 
the second layer, however, the magnitude of the 
segregation and the decay length of the con- 
centration profile are smaller in Ag-Au than in 
Cu-Ni alloys. 

The effects of temperature and bulk concen- 
tration on the first-layer segregation may be seen 
more clearly in figure 2, where we plot 6'1 as a 
function of the bulk concentration for different 
temperatures. In this type of plot, the straight 
line 6"1 = 6"B corresponds to zero segregation. 
Clearly, 6'1 = 0 in the limit that 6"B goes to zero 
and 6"1 must go to unity as 6"/~ approaches one 
since in these limits no solute is present. In 
all three systems, the same element segregates 
for all T and 6"B examined (Cu in Cu-Ni, Au 
in Au-Pd, and Ag in Ag-Au). Cu-Ni alloys ex- 
hibit stronger segregation than Au-Pd, and both 
show stronger segregation than occurs in Ag-Au 
alloys. The main effect of increasing tempera- 
ture is simply to reduce the magnitude of the 
segregation. 

The magnitude of the segregation in the three 
alloy systems may be seen more clearly in fig- 
ure 3 where we plot the excess concentration 
of the surface plane as a function of the bulk 
concentration at T = 600 K. In this kind of 
plot, C~,x, must go to zero as the bulk con- 
centration goes to zero or one. The maximum 
degree of Cu segregation in Cu-Ni is ,,~ 0.6 at 
6"B = 0.16, ~ 0.5 at 6"B = 0.3 for Au in Au- 
Pd, and ~ 0.4 at CB = 0.4 for Ag in Ag-Au. 
We see that as the maximum degree of segrega- 
tion decreases, the bulk concentration at which 
the surface concentration maximum occurs ap- 
proaches 0.5. This is undoubtedly associated 
with the increased importance of the configura- 
tional entropy (which favor 50% composition) 
as the strength of the other terms in the free 
energy, which favor segregation decrease. 

3.2. Surface Free Energy 

All of the surface thermodynamic properties are 
defined as the difference between those proper- 
ties in the system with the surface and that of 
the bulk (see Appendix) and normalized by the 
area of the surface, as described above. The 
surface free energy in the grand canonical en- 
semble, is denoted as G, = (08 - 0)/,4, where 
O, is the grand potential of the system with the 
surface, O is the grand potential for the per- 
fect crystal, and A is the area of the surface. 
G, is plotted as a function of bulk concentra- 
tion CB in figure 4 both with (solid curves) and 
without (dotted curves) segregation. When seg- 
regation is allowed to occur, the grand potential 
is minimized with respect to the position and 
the concentration of each site, while for the 
unsegregated surface, the compositions of each 
site are fixed at CB and the grand potential 
is minimized only with respect to the atomic 
coordinates. In all three alloy systems, the un- 
segregated surface free energy G,,u varies in a 
nearly linear manner with the bulk concentration 
CB. The Gs, u versus CB are well approximated 
by linear interpolations between the G, values 
of the two pure elements in the alloys and the 
effect of increasing temperature is simply to shift 
these curves to lower values of Gs. This tem- 
perature dependence implies a positive surface 
entropy. 

The G, versus CB curves for the segregated 
surfaces are much more complicated than in 
the unsegregated case. The complexity is in- 
troduced by the competition between the vari- 
ous terms that make up the free energy: en- 
thalpy, entropy, and chemical potential. The 
lower the temperature, the smaller the entropic 
contribution to the free energy, such that G,,, is 
larger. However, since segregation is more pro- 
nounced at lower temperatures, the larger the 
contribution from the energy that drives segre- 
gation, and, hence, the smaller the magnitude 
of G .... 

For bulk Cu concentrations less than approx- 
imately 0.5 in the Cu-Ni alloys (Fig. 4(a)), G,., 
is smallest at the lowest temperature studied 
(T = 400~ For CB > 0.5, the smallest surface 

f ree  energy is found at the highest temperature 
studied (T = 1,000~ These results may be 
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understood by considering the effects of bulk 
concentration and temperature on the segrega- 
tion behavior (see figure 2). The degree of Cu 
segregation is greatest at low temperatures and 
for bulk concentrations on the Ni-rich side of 
the phase diagram. In this regime (low T, small 
CB), where the degree of segregation is a max- 
imum, G~.s is a minimum. On the other hand, 
at high T and large Cm the degree of segre- 
gation is small. In this regime, the ordering 
of the different temperature curves in the G,,~ 
versus CB plot are as they are in the absence of 
segregation. 

In Au-Pd and Ag-Au alloys (Fig. 4(b) and (c)), 
the segregation is not as strong as that in the 
Cu-Ni alloys, implying that the segregated sur- 
face free energy curves will vary simply with CB 
and T as in the unsegregated case. Although 
the decrease in the surface free energy curves 
from the unsegregated Gs, u to segregated G,,s 
cases varies with temperature, the ordering of 
the G~,u curves with temperature are still re- 
tained upon segregation. This suggests that in 
all three cases, the shape of the free energy 
curves are dominated by the internal energy. 

4. Discussion 

In the previous section, we reported results on 
segregation to the (100) free surface in Ag-Au, 
Au-Pd, and Cu-Ni alloys as a function of both 
temperature and composition. We noted that 
there is a correlation between the excess con- 
centration and the change of the surface free 
energy from segregated surfaces to unsegregated 
surfaces. To investigate the nature of the corre- 
lations between segregation and surface proper- 
ties, we focus on that part of the thermodynamic 
properties that depends on the segregation per 
se; that is, the difference between the thermody- 
namic properties with and without segregation. 
It is important to focus on this difference so as 
not to bias the results with intrinsic properties 
of the surface (e.g., the surface vibrational en- 
tropy varies as CB goes from zero to one even 
without segregation). We begin by examining 
these excess properties as a function of the total 
excess concentration. 

For Cu-Ni alloys, figure 5(a) shows the ex- 
cess vibrational entropy, ASs,~, as a function 
of the total excess concentration CT,~s. Sim- 
ilarly, Fig. 5(b) and Fig. 5(c) show the excess 
enthalpy AH, and the change in separation be- 
tween the first two (002) planes upon segre- 
gation Adl,2 as a function of CT,~. These 
plots consist of data taken over the entire 
range of temperature and concentration reported 
in the previous section. In all three cases, 
we find that there is a linear relationship be- 
tween these surface thermodynamic properties 
and the total excess concentration. Linear nu- 
merical fits to this data yield AX, = mCT,~ 
with the slope m = 0.190 4-0.002 mJ/m2K for 
AS,,~, m = 1956 4- 14 mJ/m 2 for AH~, and 
m = 0.0367 + 0.0004 A for Adl,2. The con- 
figurational contribution to the excess surface 
entropy AS~,c does not exhibit a linear depen- 
dence on CT.~, due to the explicitly prescribed 
nature of the configurational entropy (Eq. 8). 
The excess surface grand potential AG, is an ap- 
proximately linear function of CT,~s. However, 
due to the presence of the A8~.~ term, there is 
considerably more scatter than for AS,,v, AH,, 
and Adl,2. 

For Au-Pd alloys, the excess vibrational en- 
tropy, AS,,~, the excess separation between the 
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first two planes Adl, 2, and the excess enthalpy, 
AH~ are plotted as functions of the total ex- 
cess concentration CT,~, in figure 6. As in 
the Cu-Ni alloy system, the excess vibrational 
entropy and change in the separation between 
the first two planes upon segregation are lin- 
ear functions of the total excess concentra- 
tion for all CB and T. If we fit these data 
to a linear equation ZlXg~ =mCT,  x,, we find 
m = 0.201 4-0.002 mJ/m2K for (A)DS~,,, and 
m = 0.124 4- 0.001 /~ for (A)Ddl,2. Because Au 
has a larger (100) surface entropy and atomic 
size than that for Pd, the values of AS,,. and 
Adx,2 are positive when Au segregates. The ex- 
cess enthalpy data shows a much wider scatter 
band than was observed in Cu-Ni. The main 
effect may be attributed to the pronounced non- 
linear relationship in the Au-Pd enthalpy versus 
bulk composition plot (Fig. A3(b) as compared 
with the linear relationship between H and CB 
for Cu-Ni crystals. This implies that the interac- 
tion between Au and Pd atoms is quite different 
from that between Cu and Ni atoms. This is 
consistent with the fact that Au-Pd exhibits a 
regular solution parameter w which is of largest 
magnitude among the three alloys systems exam- 
ined here (0.)Au-Pd ---- -0.01, aJCu.Ni = 0 . 0 0 5 ,  and 
wag-Au = --0.009-- see below). Therefore, Cu-Ni 
and Ag-Au alloys should be expected to show 
a better linear dependence between the excess 
enthalpy and the excess concentration than Au- 
Pd alloys, as borne out in figures 5(b), 6(c) and 
7(@ 

The excess enthalpy AH~, and the change in 
separation between the first two planes upon 
segregation Adl, 2, are plotted as functions of the 
total excess concentration CT, x,, in figure 7(a) 
and 7 (b) for Ag-Au alloys. As mentioned above, 
AH~ exhibits a good linear correlation with the 
excess concentration. Although the data for 
Adl, 2 shows some scatter, Adl, 2 may reasonably 
be described as varying linearly with CT,~. If 
we fit these data to a linear equation, AX.0b = 
mCr,~,, we find m = 1887 + 7.28 mJ/m 2 for 
AH, and 0.138 + 0.002 A for Adl,2. 

As described above, all of the equilibrium 
surfaces were obtained by minimizing the grand 
potential ~2 (Eq. (9)) with respect to the position 
and the concentration of each site in the system. 
Taking the derivative of the equilibrium grand 

potential, S?, with respect to the concentration 
of plane n, yields an analytical expression for 
determining the concentration on plane n: 

c.  CB 
1 - C ,  = I - C B  

x exp [ (  ~  OC, :--~-~B) /kT ] (10) 

where F is the free energy of the system exclud- 
ing the configurational entropy 

F = E + A, (11) 

All of the regular solution based models of seg- 
regation are based upon approximations to the 
heat of segregation Q, (=  OF/OC,- OF/OCB). 
For example, the Langmuir, McLean formula is 
derived on the basis of first-layer segregation, 
with noninteracting segregants and equivalent 
segregation sites, i.e., the heat of segregation Q1 
is a constant. Our results for Q1 (evaluated as 
OF/OC1 -OF/OCB) at T = 600 K are plotted as 
a function of the bulk concentration, CB, in fig- 
ure 8 (solid lines). In all the three alloy systems, 
we find that Q1 is not constant. This suggests 
that the Langmuir, McLean formula is not a very 
good approximation to the surface segregation 
results obtained in the present study. 

However, the heat of segregation determined 
using equation (4) yields reasonable agreement 
with our results (see the dotted lines in Fig. 8). 
To determine the heat of segregation using equa- 
tion (4), two parameters must be determined: 
the regular solution parameter w and the dif- 
ference between the surface energies in the 
pure systems. The surface energy difference 
was determined by performing simulations in 
the pure systems. The regular solution parame- 
ter is somewhat more complicated, and is eval- 
uated by replacing one atom of a perfect A 
crystal with a B atom and then calculating the 
difference of the energy between these two crys- 
tals. If the atoms interact with nearest neigh- 
bor pair interactions, that difference is roughly 
equal to 12@AB- eAA). Similarly, by replac- 
ing one atom of the perfect crystal B with an 
A atom we obtain 12(CAB- eBB). The addi- 
tion of these two differences divided by 24 is 
an estimate of w. Using this approach with the 
EAM potentials employed in the present study, 
we find, at T = 0 K, A(ya) = --0.0825 eV/atom 
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and w = 0.0046 eV for Cu-Ni alloys, A(-ya) = 
-0.167 eV/atom and r = -0.0102 eV for Au- 
Pd alloys, and A(-~a) = 0.11 eV/atom and 700 
r = -0.0087 eV for Au-Ag alloys. The largest 
discrepancy between our simulation results and 

600 
equation (4) occurs in the Cu-Ni system. This 
difference between our Cu-Ni Q1 versus CB 

5O0 
curve and that obtained using equation (4) is ~.,,~ 
nearly constant over the entire concentration 

400 region. Equation (4) under estimates the mag- ~-n 
nitude of the heat of segregation by 30-40%. 

300 In Ag-Au alloys, the agreement between our 
simulation and equation (4) is very good in Au- 
rich alloys; errors of up to ,~ 20% are found 200 
in Ag-rich alloys. The best agreement between 
simulation and equation (4) is obtained in the J00 
Au-Pd alloy system. 

The excess concentration on the (100) surface 0 
0.00 

produced by the heat of segregation from our 
simulation results (solid line) is plotted as a 
function of the bulk concentration at T = 600 K 
in figure 9 along with that determined using 
equations (4) (dotted line). Not surprisingly, the 
agreement between simulation and equation (4) 
is excellent in the Au-Pd and Ag-Au systems with 
substantial disagreement in the Cu-Ni system, 0.050 
especially in the Ni-rich alloys. 

The elastic energy associated with differences 
0.040 in atomic size is not explicitly included in equa- 

tion (4). However, in these three alloy systems, <I~ 
the elastic energy caused by distortion may not ~0.030 
be very large, since the difference in atomic size 
between the two elements in each binary al- <1 
loy system are small (Au-Pd shows the largest 0.020 
difference ~ 4%). 

The bond-breaking models represented by 0.010 
equations (2)-(4), suggests that the element with 
the lower sublimation energy will segregate to 

0.000 
the surface. This is consistent with our obser- 0.00 
vations for Cu-Ni and Ag-Au alloys. However, 
in Au-Pd alloys, the sublimation energy of Pd is 
slightly smaller than that of Au, but Au segre- 
gates to the (100) surface. The major difference 
between equation (4) and equations (2) and (3) 
is that equation (4) employs the surface energy 
difference rather than the sublimation energy 
difference, as in equation (2) and (3). The 
surface energy accounts for surface relaxation, 
interactions beyond the first nearest neighbors, 
many body effects, and some atomic size effects. 
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This is consistent with the discussion of Abra- 
ham et al. [20-21], who noted that atoms with 
the lowest bond energy and the largest atomic 
surface area are more favorable to occupying 
surface positions. In Au-Pd alloys, Au has a 
slightly larger sublimation energy than Pd, but 
Au has a larger atomic size. This compensates 
for Au's larger sublimation energy producing a 
smaller surface energy for Au than Pd, which in 
turn favors Au segregation, as per equation (4). 

In order to evaluate the degree to which re- 
laxation, with respect to atomic position and 
concentration affect the heat of segregation, we 
calculated the heat of segregation in three dif- 
ferent limits: (1) both the atomic concentrations 
and positions are relaxed; (2) only the atomic 
positions are relaxed; and (3) neither the atomic 
concentrations nor positions are relaxed. The 
heat of segregation in Cu-Ni alloys is plotted as 
a function of the bulk concentration in all three 
limits in figure 10(a). The three values are very 
close to each other, implying the relaxation with 
respect to atomic position and concentration is 

relatively unimportant. However, for Au-Pd and 
Ag-Au alloys (Fig.10(b)(c), the three values are 
quite different. This implies that relaxations are 
very important in these two alloys. For both 
Au-Pd and Ag-Au alloys, the relaxations reduce 
the magnitude of the heat of segregation. The 
heat of segregation of the compositionally un- 
relaxed surface lies between the values of QI 
determined in the other two limits. Although in 
some cases, such as the (100) surface in Cu-Ni al- 
loys, relaxation is not very important, in general, 
minimization of the free energy with respective 
to both the position and the concentration is 
necessary. 

Several authors [11, 37-39] pointed out that 
when the regular solution parameter w is posi- 
tive, the binary alloy system has the properties 
representative of a miscibility gap, and that this 
may lead to a form of clustering, in which the 
concentration profile exhibits a monotonic decay 
into the bulk. One the other hand, when w is 
negative, the system may tend to order, such 
that a change a segregant occurs at the second 
layer. In our simulations, only Ag-Au alloys 



Interfacial Segregation in Ag-Au, Au-Pd, and Cu-Ni Alloys: L (I00) Surfaces 23 

-0.10 

-0.11 

-0.12 

-0.13 

-0.14 

-0.15 

-0.16 
0.00 

r , , , . , , , , , , ' ,  , , , , , , , , 

, , , I  . . . .  I . . . .  I . . . .  I . . . .  
0.20 0,40 0.60 0.80 !,00 

C. 
(~) 

-0.10 

-0.15 

;> 
-0.20 

CY 

-0.25 

-0.30 L, 

0.00 

�9 , , , , , , , , , , , , , , , , , , 

, I  . . . .  I . . . .  I . . . .  I . . . .  

0.20 0.40 0.60 0.80 1.00 

(b) 

:> 

-0.05 

-0.I0 

-0.15 

-0.20 
0.00 

. . . .  I . . . .  I . . . .  I . . . . . . .  1 

.... I .... I .... I .... I .... 

0.20 0.40 0.60 0.80 .00 

C. 
(c) 

Fig. 10. The heat of surface segregation QI(= OF/OC1 -OF~OCt) for the segregated surface (diamond), the unsegregated 
surface (triangle), and the unrelaxed surface (circle) versus the bulk concentration Ca with (a), (b), and (c) for Cu-Ni, Au-Pd, 
and Ag-Au alloys, respectively. 



24 Wang, Najafabadi, Srolovitz, and LeSar 

exhibit both a negative w and a change in segre- 
gant at the second layer. Au-Pd alloys also have 
a negative w, but the change in segregant does 
not occur until the third layer. Further, Cu-Ni 
alloys have a positive w, such that a second layer 
change in segregant should not occur, but indeed 
show such a second layer change in segregant, 
in agreement with experimental results [40]. Ng 
attributes the presence of this change in segre- 
gant to surface relaxation [40] based upon his 
modeling results using the four-layer segregation 
model of Williams and Nason [11]. 

In figure 11, the heat of segregation for the 
second (002) layer Q2 is plotted as a function 
of the bulk concentration based upon the re- 
laxed (solid lines) and unrelaxed (dotted lines) 
surfaces. The data obtained based upon the 
unrelaxed surface agrees poorly with the more 
accurate data obtained from the relaxed surface. 
The heat of segregation of the second layer does 
not vary monotonically as the bulk composition 
is varied. This suggests that the variations of 
the composition of the second (002) layer with 
changes in the bulk composition will be complex. 
In fact, in the Ag-Au system, the second layer 
segregant will change from Ag near pure Au 
compositions to Au as the bulk Ag composition 
is increased. Since these data were obtained for 
the relaxed surface, these data suggests that nei- 
ther the presence to surface relaxations or the 
value of w are sufficient to predict the qualitative 
form of the segregation profile. 

5. Conclusions 

Atomistic simulations of segregation to (100) 
free surface in Ag-Au, Au-Pd, and Cu-Ni al- 
loy systems have been performed for a wide 
range of temperatures and compositions within 
the solid solution region of these alloy phase 
diagrams. In addition to the surface segrega- 
tion profiles, surface free energies, enthalpies, 
and entropies were determined. These simula- 
tions were performed within the framework of 
the free energy simulation method, in which an 
approximate free energy functional is minimized 
with respect to atomic coordinates and atomic 
site occupation. The effects of the relaxation 
with respect to either the atomic positions or 
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the atomic concentrations are discussed. For 
all alloy bulk compositions (0.05 < C < 0.95) 
and temperatures (400 < T (K) < 1,100) exam- 
ined, Ag, Au, and Cu segregate to the surface 
in the Ag-Au, Au-Pd, and Cu-Ni alloy systems, 
respectively. The present results are compared 
with several theories for segregation. The re- 
sultant segregation profiles in Au-Pd and Ag-Au 
alloys are shown to be in good agreement with 
an empirical segregation theory, while in Cu-Ni 
alloys the disagreement in Ni-rich alloys is sub- 
stantial. The width of the segregation profile 
is limited to approximately three to four atomic 
planes. The surface thermodynamic properties 
depend sensitively on the magnitude of the sur- 
face segregation, and some of them are shown to 
vary linearly with the magnitude of the surface 
segregation. 
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A p p e n d i x  

Before the structure, segregation and properties 
of surfaces in Ag-Au, Au-Pd, and Cu-Ni alloys 
can be examined, it is first necessary to deter- 
mine the properties of perfect crystals in these 
alloy systems. We determined the structure and 
properties of perfect solid solution Ag-Au, Au- 
Pd, and Cu-Ni crystals by minimizing the grand 
potential at fixed values of temperature, concen- 
tration and pressure. In the present calculations, 
we fixed the external pressure at zero. The 
composition was fixed in terms of the chemical 
potential difference between the elements in the 
alloys. Since the only crystalline structure that 
occurs in the Ag-Au, Au-Pd, and Cu-Ni phase 
is the face center cubic structure, the grand po- 
tential minimization was performed with respect 
to the single lattice parameter. 

All the thermodynamic properties are plot- 

ted as functions of Cu, Au, or Ag concentra- 
tion, depending on whether the alloys is Cu- 
Ni, Au-Pd, or Ag-Au, respectively. The Gibbs 
free energy G of four different temperatures are 
plotted in Fig. A1. The free energy of Cu-Ni 
alloys (Fig. Al(a)  and Ag-Au alloys (Fig. Al(c)  
are monotonically increasing with increasing Cu 
and Ag concentration, respectively; for Au-Pd 
(Fig. Al(b), the free energy has a minimum. For 
all the three alloys, the free energy increases with 
decreasing temperature. Concentration is var- 
ied in these simulations by changing the chem- 
ical potential difference A# = --OG/OCB. The 
relationship between concentration and A# is 
nonlinear, as shown in figure A2. The slopes of 
the curves in these plots increase with increasing 
temperature and become horizontal in the limit 
that T goes to zero due to the requisite zero 
solubility at zero temperature. 

The enthalpy H is plotted as a function of bulk 
concentration in figure A3. The enthalpy H is 
equal to the total internal energy, since the sim- 
ulations were performed at zero pressure, and 
is equal to the potential energy plus 3kBT. The 
3kBT comes from the vibrational energy within 
the classical approximation. The enthalpy varies 
in a nearly linear manner as the concentration 
is changed from pure Ni to pure Cu for the 
Cu-Ni alloys (Fig. A3(a) and from pure Au to 
pure Ag for the Ag-Au alloys (Fig. A3(c)). For 
Au-Pd alloys, again the enthalpy has a minimum, 
and the curves have a relatively higher curvature 
than that of Cu-Ni and Ag-Au alloys. For all 
the three cases, increasing temperature simply 
shifts the enthalpy versus C'B curves to higher 
enthalpy. 

The entropy consists of two parts: vibrational 
and configurational. The vibrational entropy S. 
is plotted against the bulk concentration CB in 
figure A4. The vibrational entropy varies with 
increasing CB in a nearly linear manner, and in- 
creasing temperature simply shifts these curves 
to higher entropy. The concentration depen- 
dence of the configurational entropy Sc is shown 
in figure A5. Within the simple-point approxi- 
mation employed within the present simulations, 
Sc is simply a function of concentration, and is 
independent of atom type or temperature. 
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