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A very simple theory has been developed to explain experimental data on surface 
enrichment in PtSn. The computed surface enrichment is in accord with experi- 
mental findings. The theory predicts that in the PtrSn system enrichment occurs by 
interchange of atoms of the element with the lower heat of sublimation from the 
layer just below the surface with atoms of the other element in the surface. Argu- 
ments are presented why an experiment performed on Au-Cu alloys should be cap- 
able of verifying an assumption basic to the theory. 

I. INTRODUCTION 

In the past few years evidence has been 
obtained indicating that the surface com- 
position of a binary alloy can differ from 
its bulk composition ; this holds for both 
disordered solid-solution alloys such as 
Ag-Pd (1) and ordered alloys such as 
Pt,Sn (6). The enrichment with one alloy 
partner is believed to be essential to the 
typical catalytic properties of alloy 
surfaces. 

The few data available seem to support 
the rule that the surface becomes enriched 
in the component having the lower sub- 
limation energy. The theory outlined here 
contains this as an essential result. The 
basic assumption underlying it is that 
strain or other size effects can be ignored. 
Also presented are some arguments which 
illustrate why an experiment performed on 
Au,Cu or Cu,Au alloys should be capable 
of showing whether our theory is valid or 
whether the strain effects mentioned should 
be taken into account as well. 

The experimental evidence of surface 
enrichment in Pt,Sn stems partly from 
Auger spectroscopy. As this technique 
scans not only the atoms of the surface 
layer but also those at a few lower-lying 
levels, it may give some idea of how the 

composition varies over these layers. This 
is of interest, because surface titration 
gives qualitatively the same results as 
Auger spectroscopy (3), but quantitatively 
it yields much higher values of surface 
enrichment. 

The very simple theory presented here 
assumes only nearest-neighbour interac- 
tions, an approximation commonly used in 
order-disorder theories of alloys (4). The 
approximations made are rather crude, but 
we hope that this theory may at least 
qualitatively explain the experimentally 
found behaviour. 

II. BASIC FEATURES OF THE THEORY 

If E,, and E,, are the nearest-neighbour 
bond energies of components 1 and 2 in 
their pure metals, and E,, is the bond en- 
ergy between the two components in the 
alloy, then we can define an important 
parameter for a binary alloy, viz., 

Q = El2 - f (&I + Es?). (1) 

The E’s are negative quantities, so if 
N < 0, alloy formation is an exothermic 
process and there is a critical temperature 
T, below which the alloy is ordered and 
above which it is disordered. In the Pt,Sn 
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alloy ,(Y < 0, T, can be roughly estimated in the quasi-chemical approximation if 
by means of the Bragg-Williams approxi- long-range order has disappeared (7). Its 
mation (4) : effect should be appreciable if T z T,. 

with 

kT, = ~XAXHW, (2) 

w = -m, (3 

where X, and Xg are the concentrations of 
elements A and B, respectively, and z is 
the number of nearest neighbours. If ‘(Y > 0 
the heat of formation is positive. Now 
there is a critical temperature below which 
demixing occurs and above which the alloy 
forms a solid solution. An example of such 
an alloy is Cu-Ni. Surface enrichment in 
this type of system has already been dealt 
with extensively by Sachtler et al. (5). 

The consideration presented supposes 
that T, is finite for a one-dimensional sys- 
tem. If the system were truly one-dimen- 
sional T, would equal zero. However, as 
there are more than two neighbouring 
atoms in three dimensions, we can assume 
T, to be finite. 

III. CRYSTAL STRCCTURE OF Pt,Sn 

Surface enrichment takes place if a 
lowering of surface free energy is involved, 
according to the rule of Gibbs (6). The 
phenomena described here are most easily 
explained by means of a one-dimensional 
chain with equal concentrations of the ele- 
ments. The statements are verified for the 
three-dimensional system in a later section. 

If the one-dimensional system is ordered, 
i.e., for T < T,, one finds surface enrich- 
ment by component 2 to occur if: 

f (En - Ez,) < a (4) 

Formula (4) shows that surface enrichment 
occurs in the component with the lower 
heat of sublimation. This effect can, how- 
ever, be counterbalanced if (Y is highly 
negative. Formula (4) applies if one in- 
verts two neighbouring atoms at the end of 
the chain. If non-neighbouring atoms are 
interchanged, the energy is increased by 
-201. Therefore the former process is 
favoured. At T > T,, that is if disordering 
takes place, both processes become energet- 
ically favourable. Surface enrichment now 
always takes place in the component with 
the lower heat of sublimation. Upon ne- 
glecting the entropy of demixing, which 
should be small if the system is disordered, 
inversion is favoured over interchange of 
non-nearest-neighbours by the Boltzmann 
equilibrium constant 4e-za/kT. This is the 
very factor that governs short-range order 

Pt,Sn has the AuCu, L12 structure (8), 
with a = 4.01 a. At the corners of the unit 
cell (see Fig. 1) tin atoms are situated, 
with platinum atoms at the centre of each 
face. The shortest Pt-Sn distance is 2.81 A. 
There are important differences between 
the planes. The (111) plane is the most 
densely packed; it coutains three platinum 
atoms for every tin atom, and hence has 
a composition identical with that of the 
bulk. Each atom has nine nearest neigh- 
bours. In the (100) plane, however, there 
are equal numbers of the two types of 
atom and each has eight nearest neigh- 
bours. In the (200) plane there are only 
platinum atoms, each with eight nearest 
neighbours. We shall consider only surface 
enrichment of the (1111 and (100) planes. 
Whereas in most surfaces atoms of incom- 
plete coordination are encountered not only 
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FIG. 1. The unit cell of Pt,Sn, a cutx with 
a = 4.01 A. (0) Sn atoms; (0) Pt atoms. 
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in the surface plane, (111) and (100) are 
the only faces for which all atoms below 
the plane are fully coordinated. 

We shall assume that only nearest- 
neighbour interactions are important and 
that they arc additive. We neglect all 
changes in distance at the surface and as- 
sume t,hat strain and other size effects are 
insignificant. The parameters c11 = E,,-pt, 
eZ2 = Es,,+,, and cl2 = Es,-,,t can be derived 
from the pure metals and from the heat of 
formation of Pt,Sn, respectively. Platinum 
has a f.c.c. structure; a is 3.92 K and the 
shortest Pt-Pt distance is 2.76& less than 
in Pt,Sn. The heat of sublimation of plati- 
num is 563.2 kJ/g. at. (9), so a crude ap- 
proximation of C,~ for Pt,Sn is 

Cl1 = ‘F kJ/g.at. = 93.9 kJ/g.at. (5) 

For tin the situation is more dubious. In 
Pt,Sn each tin atom has twelve nearest 
neighbours, whereas in gray tin it has four 
and in white tin six. The distances, how- 
ever, between the tin atoms in Sn and PtaSn 
do not differ much. The heat of sublimation 
of tin is 280.0 kJ/g.at. (9), thus 

280 
622 = 6 kJ/g.at. = 46.7 kJ/g.at. (6) 

The heat of formation of PtSn is un- 
known, but that of Pd,Sn, which has the 
same structure as Pt,Sn, has been found 

and from it two parameters, S and u, ap- 
pear to be very useful in describing the 
phenomenon. The first is the long-range 
order parameter S, whose value is put 
equal to 1 for complete order and equal to 
0 for complete disorder. For PtSn this 
parameter becomes zero at T,. If I\: de- 
notes the chance of finding a plat’inum 
atom in a platinum position in the com- 
pletely ordered system it depends on S ac- 
cording to 

x=;+;s. 
The second parameter, the short-range 
parameter (T, does not in general vanish at 
the critical temperature T,. Let p,\, denote 
the correlation probability by which, in 
the Bragg-Williams approximation, the ex- 
pression for the number of AB pairs, ni\B, 
has to be multiplied in order to give the 
exact expression. If S = 0, u is given by 

u = S(p*, - 1). (9) 

The derivation can be found in the Ap- 
pendix. It is seen that u vanishes in the 
Bragg-Williams approximation, because 
PAS = 1. The reason why (T does not vanish 
if S is zero is that (T denotes the probability 
that formation of the pair AB is favoured 
over that of AA or BB. Introducing: 

to be -58.6 kJJg.at. (10). The formation 
of Pd,Sn is accompanied by a large nega- 

we have the following relation between u 

tive entropy change (-32.9 J/g.at. de- 
and K if S = 0 (see Appendix) : 

gree), which is mainly due to a decrease in [(u + 3)2 - 16u]K = 4(u + 3)2. (11) 
vibrational entropy. Employing these fig- 
ures, we find: 

The parameter u has been plotted as a 
function of K in Fig. 2. It is immediately 

cy = - i (58.6 - T . 32.9 X 10m3) kJ/g.at. 
seen that (T = 0, if K = 4. This is the value 
of K in the Bragg-Williams approximation. 

(7) In the quasi-chemical approximation 

Since the free energy of formation of PtBSn K = &+dkT (159 
is not known and platinum and palladium 
show only some small differences, we shall 

As is illustrated by Fig. 2, if kT + - 2cr, u 

use the above value for 01 in our calcu- 
becomes 0.36, so appreciably different from 

lations. 
zero. 

We will now present the energy expres- 

IV. THE ORDER-DISORDER PARAMETERS 
sions required for computing the surface 
energies. There are various expressions, 

There is a rich literature in order-dis- depending on the value of S. Whether sur- 
order transitions (4, 7) in binary alloys face enrichment is achieved by interchange 
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LI 

070 r 
r(110) = 7(220) 

= 6[(-4x2 + 6z)a - 3cz + 6221, 

2 1/2a2 

c13c, 

The y’s show the correct dependence upon 
plane. The surface energy equals the sur- 
face free energy if we neglect the differ- 
ences in entropy between the atoms at the 
surface and those in the bulk. At complete 
order x = 1, and at complete disorder x: = 
sj, so WC see that the surface energy de- 
creases with increasing disorder. We may, 
therefore, expect a rapid change if T ,- T,. 
Numerical values of the y’s derived from 
our choice of parameters are presented in 
Table 1. 

If we allow for interchanges between 
atoms from the surface with bulk atoms, 
the following energies have to be added to 
Eq. (13) per exchange of a surface atom. 

“EW,” = ~%(EII - 4 
,’ 

+ (- 19 + 6%~ - 56?)a, (14a) 

“WW!’ = - ~%(CII - 4 
,’ 

+ (- 103 + 26Sz - 16Sr2)a, (l-lb) 

FIG. 2. 0 as a function of K, if S = 0. 

with the atoms next to the surface or with 
atoms from the bulk depends on the value 
of (T. 

V. THE ENERGY EXPRESSIONS 

The simplest way of evaluating the sur- 
face energy as a function of temperature is 
to assume that X does not change on the 
formation of a surface. This, of course, is 
not correct because the energy of the sur- 
face atoms is different from that of the 
bulk atoms, but it will only enhance the 
effects to be discussed here. The surface 
energies, y, are thus: 

r(ll1) = 
3[( -4X2 + 65)a - 3~ + c22] 

-\/3n2 ’ 
(134 

r(lO0) = r(200) 

= 4[(-4x2 + 6:; - 3~ + CC], (13b) 

+ (-6 + 32~ - 32x2)0(, (15a) 

“$1~0) = -2(t,, - ~22) 
--* 

+ (-9s + 256~ - 16O~~)(-u, (15b) 

AE (111) denotes the energy needed to re- 
rt+sn 

place a platinum atom at the (111) surface 

TABLE 1 
CALCIJLATKD SURF.ACIG ENRIIGIK+ (J/m%. XOO”KY 

Pt 3.5 4.0 4.x 1.X 2.3 
P t,$n 3.1 3.6 3.7 

(S = 1) 
PtsSn 3.1-0.05 3.6-0.06 3.7-0.06 

(S = 0) 
Au&p 2.5 2.8 3.0 
Au&u 2.3 2.6 2.8 
Au 2.2 2.5 2.6 1.2 
cu 2.5 2.9 3.0 1.3 

a Parameters of the Au-Cu alloys: BA- = -63.1 kJ/g.at., aAu = 4.07 A; tcu = -56.8 kJ/g.at., ac” = 
3.61 A; aA,su = -1.3 kJ/g.at., a*uacu = 3.95 A; acud” = -2.3 kJ/g.at., acul~” = 3.71 A. The values of 
a have been computed with the aid of Vbgard’s rule. 
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by a tin atom. The other AE’s have an 
analogous meaning. Expressions (14) and 
(15) have been evaluated by interchanging 
adjacent platinum and tin atoms. For in- 
terchanges other than those between next 
neighbours we have to add -~CX to all ex- 
pressions. For values of x # 1, the expres- 
sions for energy change in (200) and (100) 
planes have been averaged over the con- 
tribution of the complementary plane. It is 
seen that the energy changes decrease if x 
decreases. 

VI. SURFACE-ENRICHMENT PROBABILITIES 

The degree of surface enrichment can be 
derived by subtracting from the change in 
energy the change in entropy of mixing 
and by minimizing this expression (11) . 
This is basically the procedure we follow. 
There is, however, an essential difference 
between the entropy expression we use and 
the one found in the theory of surface ten- 
sion of liquids (II). This is because in our 
treatment the entropy of the surface is not 
independent of the entropy in the layer 
next to it. We consider surface enrichment 
to take place by interchange between near- 
est neighbours, a concept which in the case 
of liquids makes no sense. We have already 
not’ed that the extra energy needed to inter- 
change non-nearest neighbours is -2a per 
surface atom exchanged. This is precisely 
the energy that governs short-range order 
Wq. WI. S o, as long as short-range order 
is appreciable, the interchange between 
non-nearest neighbours is negligible. It is 
within this approximation that our results 
are valid. As the entropy gain is much 
larger when interchange between non- 
nearest neighbour pairs becomes important 
our results present a lower limit if short- 
range order is much less than one. 

If ra and rb are the overall relative con- 
centrations of tin and platinum, respec- 
tively, then the entropy of mixing as a 
function of S for the (111) plane is 

Here Z, is the change in the percentage 
composition of those atoms which have the 
lower concentration (prior to changing 
plane). The factor of 3 originates from the 
three possibilities of enrichment in the other 
plane. L\’ is the number of surface atoms. 
If S = 1, we have the following equation 
for surface enrichment: 

(17) 

If S = 0, we find for surface enrichment 
probability : 

ilS) 

The corresponding equations for (100) and 
(200, pl anes arc 

and Eq. (18) if S = 0. 

VII. RESULTS AND DISCUSSION 

Table I lists the calculated surface en- 
ergies of the (ill), (loo), and (110) faces 
of Pt, Pt,Sn, AuCu,, Au&u, Au, and Cu. 
We find that the computed values of y are 
higher than those measured. This is partly 
due to the fact that the measured values 
refer to the liquid metals. We believe that 
the basic reason for the discrepancy which 
remains is the neglect of the delocalized 
nature of the electrons in a metal. PreIimi- 
nary results of quantum mechanical cal- 
culations (16) lead to values more in agree- 
ment with the experimental data for the 
energies involved, while the qualitative 
features of the model are not changed. 
The values for AI&& and Au,Cu are in- 
cluded because they show an interesting 
phenomenon. 

We see that jcAul> IQ/ (9) but find that 
ycu > yAllCu, > yAuaCu > YAu. SO the Surface 
energy in these systems is not determined 
by a difference in sublimation energy, but 
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by the difference in atomic radii. The 
density in the surface decreases from 
copper to gold. If our theory is valid and 
if enrichment occurs in the Au&u or the 
Cu,Au systems, then we expect the enrich- 
ment to be in copper. Howevc‘r, the large 
difference in radii can make stfrain effects 
important and these should favour enrich- 
ment of gold atoms. So an experiment per- 
formed on this system should be capable 
of indicating whether or not the theory 
presented is valid. 

The Au,Cu and Cu,Au systems are also 
of interest for a different reason. The T, 
of AuJZu is approximately 210°C and that 
of Cu,Au 390°C (8). Effects due to a 
difference in ordering of the sample should 
therefore be present and cxpcrimentally 
measurable. 

Table 2 lists the numerical values of the 
energy involved in interchanging t’wo 
atoms in the outer layers; the values are 
derived from formulae (14) and (15). The 
table clearly shows the difference in 
energy between an ordered (S = 1) and 
a disordered (S = 0) system. Substitution 
of these values into Eqs. (17). (IS), and 
(19) yields the surface enrichment. The 
equations for x, are 

(111) plane: 

1 3e-4ElkT 

.ra=- t 
4 1 + 3e-4E’kT 

(S = 1) (2Oa) 

both planes: 

3 e-IB/kT 

xa = 3 1 + &-A”‘kT ~ (S = 0) (2;b) 

(100-200) plane: 

e-AEIkT 

‘a = 1 + &-U’/kT (S = 1) WC) 

Of course, if aE > 0, we find an increase 
in concentration change of the surface with 
increasing temperature. Table 3 gives the 
values of T for which half of the atoms 
with lowest concentration have inter- 
changed and AE > 0. 

Table 4 lists the values of 5, computed 
for the interchanges wit’h AE < 0. For 
Pt$Sn they arc computed at 7’ = 800”K, 
and for Au,Cu and Cu,?Au at T = 500°K 
in order to compare our predictions with 
experiment. M7c find that the surface is 
enriched wit’11 the element having the lower 
heat of sublimation and that this enrich- 
ment is quite pronounced. In the (100) 
direction, there is no change in surface 
enrichment between the ordered and the 
disordered system. In both cases all the 
tin atoms in the layer next to the surface 
layer arc replaced by platinum atoms. 
Thercforc, surface enrichment is predicted 
to be 50% in the (200) plane in the 
ordered system and 25% in the (200) and 
(100) planes in the disordered systems. 
The overall enrichment along the (100) 
direction both in the ordcrcd and the dis- 
ordered system is therefore 25%. 

In the most densely packed plane, the 
(111) plane, no surface enrichment occurs 
at very low temperature for Pt:,Sn. At 
872”K, lion-cvcr, we find an enrichment of 
12.5%, as is seen in Table 3. For a dis- 
ordered cryst’al wp have at this tempera- 

kJ/g.at. 

AE(111) 
S=l +‘%o +99.2 +24.4 -2.5 +14.1 -0.04 
R=O -72.4 +29.6 +4.0 -10.5 +x.7 -10.0 

23(100) 

S=l -25.2 +110.3 +25.5 -12.1 +15.2 -4.5 
s=o -9.4 +46.6 +12.5 -21.7 +11.4 -12.5 

* AE,,, denotes the energy needed to replace an z atom at the surface by a y atom from a layer below 
it. 
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K” 

TABLE 3 
THE VALUES OF 2' FOR WHICH za Is HALF OF ITS MAXIMUM VALUE 

PbSn CUaAU Au&u 

Pt --+ Sn Sn --b Pt CU-t AU AU--+& CU-+AU Au+CIl 

I 
(111) s = 1 872 10,000 2,662 1,539 - 
(111) s = 0 3,237 443 - 954 - 

T 
(loo)S=l 12,055 2,785 1,662 
(100) s = 0 - 5,096 1,370 1,242 - 

ture an enrichment by 25%. So the be- mented in the literature (11, 12) and a 
haviour of the (111) plane is different from recent application of them to disordered 
that of the (100) and (200) planes. alloys is given by Ollis (1.3). 

In C&Au and AL&U there is also less 
enrichment in the (111) plane for both 
ordered and disordered systems, but the 
differences are smaller. In the ordered sys- 
tem we find 215% and IS%, respectively, 
and in the disordered system 25% in both 
cases. 

VIII. CONCLUSION 

On the basis of our theory we predict 
that in syst,ems with a negative heat of 
formation surface enrichment takes place 
such that atoms with the higher heat of 
sublimation on the surface interchange 
with atoms with the lower heat of sub- 
limation in the layer just below the sur- 
face. This goes for both ordered and dis- 
ordered systems as long as kT < 12al. 

We predict that surface enrichment in 
the (111) plane is in general less than in 
the (100) plane, a result also reported by 
Ollis (13). In practice we find only a small 
difference for the ordered system. Surface 
enrichment in the ordered (111) surfaces 
is less than in the disordered ones, So the 
best check on our theory is an experiment 
performed on the (111) surface of a single 
crystal. A sharp increase in surface enrich- 
ment should then be observed at the criti- 
cal temperature. In polycrystalline matter 
this increase will depend on the contribu- 
tion of (111) planes relative to that of the 
other planes. 

APPENDIX 

The theory presented does not hold if 
kT 2 12011, because then a different expres- 
sion for the entropy of mixing has to be 
used. The pertinent theories are well docu- 

The Short-Range Parameter u 

In the Bragg-Williams approximation 
the expressions for nan, nnn, and nAR are 

nAA = ; zNrA’( 1 - s*), (Ala) 

TABLE 4 
VALUES OF 5. FOR E < oa 

Pt$n Cu3Au AL&U 

Pt+Sn 811 + Pt Cu + Au Au -+ Cu Cu-+Au Au-Cu 

xw 
(111) s = 1 0.21 0.18 
(111) S = 0 0.26 0.25 0.25 

JLi 
(200) s = 1 0.50 0.50 0.50 
(100) As = 0 0.25 - 0.25 0.25 

u The notation x + y means ihat an x at’om at’ the surface is replaced by a y atom from the layer below it. 
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1 
?lIjfj = - zN(rB2 - TA2S2), 

2 @lb) 

%AB = i zN(2rArB + 2r,42s2), (Ah) 

where z is the number of nearest neigh- 
bours, ?-A the percentage of sites A, TV the 
percentage of sites B and N the total 
number of sites, with 

*A < ‘i”B. (A21 

In order to make the above expressions 
exact we multiply the expression for YLAA, 
%B, and nAB by PAA, PBB, and PAB, respec- 

tively. The functions p describe the corre- 
lation between the probabilities of finding 
particles A and B next to one another. 
Using the relations 

and 

‘2 1 
nA = j nAA + 5 nAB (A34 

we can express PAA and PB, in PA, and find 

BAA = 1, .ZN[TA - TA(TH + rAS2)pAB], (A4:t) 

nBB = ;~N[*B - ~A(TB + ~AS~)PAHI, (AJb) 

'I1AH = ZN~A(G + rAS')PAB (A4c) 

These relations enable us to express the 
equilibrium constant K defined in Eq. (10) 
in PA, and S: 

CT = *< (PAB - 1). LW 

Putting rB equal to 3/4 and TA equal to 1/4 
we find Eq. (9) of the main text: 

(T = 3(p,, - 1). LW 

Solving Eq. (A9) for PAB, using the values 
of r,j and ?-A, and substituting this into 
(A6) we obtain Eq. (11) : 

[(u + 3)* - 16o]K = 4(u + 3)2. (AlO) 

The parameter u has been plotted as func- 
tion of K in Fig. 2. 
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