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It is well established that the surface composition of a metal alloy may differ markedly from 
that of the bulk. Theoretical treatments of this phenomenon have been mostly based on models 
for regular or related solutions. Experimentalists have reported a large body of surface com- 
position data, mostly from the electron spectroscopies. Comparison of these results with the 
predictions of the models is appropriate to indicate potentially fruitful directions for future 
work. Though general agreement between theory and experiment is good, quantitative cor- 
relation has been hampered by inadequate model calculations, clouded experimentation, and 
difficult-to-interpret experimental results. Extension of the quasichemical model and inclusion 
of strain effects improves correlations with previously reported data. Comparing the results of 
such improved calculations with the sampling capability of surface elemental analysis tech- 
niques shows that the relationship between the two is not simple and can be fully elucidated 
only in some instances. 

Metal alloys have long been of interest 
to catalyst researchers; they are the subject 
of many experimental studies and a recent 
review (1). Practical catalyst users have 
also been interested in them as a routme to 
more effective catalysts and a way to 
anticipate the effect of inevitable metma 
feedstock impurities. TradiConal alloy 
studies have used chemisorption and chem- 
ical react’ions; these have been strongly 
supplemented in t’he last decade by a variety 
of direct surface analytical techniques to 
produce an extensive literature. Theoretical 
models have been proposed to account for 
the relat’ionship between surface and bulk 
composition and st#ructure in met’al alloys. 
These treatments have shed some light 
on earlier observations of catalytic activity, 
but are themselves the subject of consider- 
able cont’roversy. Our purpose here is to 
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examine these treatments, to propose 
remedies for some of the problems which 
have been uncovered, and to speculate 
about our future progress as it may be 
useful to catalysis by alloys. 

Let us begin by examining how the 
various models treat the surface segregation 
problem and testing their validity where 
possible. At the concept,ual level, the 
surface segregation problem is not hard. 
Atoms at’ the surface of a metal are missing 
the bonds t.hat would connect them to the 
next layer of atoms above if they were in 
t>he bulk. We may imagine that this surface 
was created by breaking the bonds across 
a plane in a metal crystal, so that the 
surface free energy consists of t,he energy 
to break the bonds and the entropy gained 
by the surface atoms. In an alloy crystal 
with atoms of two different elements, 
putt’ing the atoms with the weaker bonds 
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at the surface reduces the energy required 
to form it, creating a driving force for 
segregation. This saving is partly offset by 
the decreased randomness of the crystal 

when the atoms of one component are 
localized on the surface, and may be 

decreased further or increased by the 
concomitant change in the number of 

bonds between like and unlike atoms. 
Finally, atoms of different elements are 

usually not the same size so that strain 
energy may make a significant contribution 
as well. Thus the contributions to be 

considered include surface free energy 
(GJ, mixing enthalpy (H,), mixing entropy 
(X,), and st’rain energy (A’,). The models 
(Z-8, 62-66) differ in their treatment of 
these contributions to obtain a free energy 

for the system and thereby calculate the 
surface composition. 

The surface enthalpy contribution to 
segregation is obtained (3, 7) as the 
difference enthalpies of t,he segret,ated and 

random surfaces. These in turn are obtained 
by simply summing the contributions from 
the atoms of each element on the surface ; 
i.e., assuming that surface enthalpies mix 
ideally. Thus 

AH, = 0.25(HatAX, + H,tB (1 - 2,)) 

-0.25(HatAz,, + H.,“(l - zb)) 

= 0.25(H,tA - Hats) (X, - X,) 

= AHat (X, - xb> (2) 

where X, and Xh are the segregated surface 
and bulk atom fractions respectively of 
element A and Ha, the atomization 
enthalpy. 

1. SURFACE ENERGY 

The simplest model for a free surface 
is a crystal in which atoms are bonded to 
nearest neighbors only, so that the surface 

consists of a layer of atoms from which 
the neighbors have been removed on one 
side. Then in the fee structure with 12 
nearest neighbors, the energy needed to 
remove three of them to create a (111) 
surface is one-fourth of the energy to 

break all the bonds: 

H, = 0.25Hat (1) 

where Hat is the atomization enthalpy. 
Table 1 shows values for surface enthalpy 
estimated this way agree wiell wit’h experi- 
mental values for Group IB metals. 

The bond breaking models offer no 
assessment of surface entropy and simply 
set t.he surface free energy change accom- 

panying segregation equal to the surface 

enthalpy change given by Eq. (2). This 
is equivalent to assuming the surface 

entropies of metals of interest are all 
equal conditions of interest so that there 
is no significant change accompanying 
segregation. If the change in vibrational 
modes dominates the entropy change upon 
moving an atom to the surface, then the 
vibrational part of the specific heat should 

be nearly the same if the surface entropies 
are the same. This is indeed approximately 
true for copper and the precious metals 
(Sl), suggesting that ignoring the entropy 

is not unreasonable. 

Table 2 present.s values of the atomiza- 

tion enthalpy difference for several alloy 

Element 

TABLE 1 

Surface Thermodynamic Valuesa 

H, (Calc)cl) H, (Exptl) G, (Exptl) H,/G, (Exptl) Reference 

cu 
& 
Au 

a ergs/cm2. 

2471 2350 1650 0.70 (14) 
1631 1678 1140 0.68 (15) 
2122 2006 1400 0.70 (16) 
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Alloy system 

TABLE 2 

Vaporization Enthalpy Differencesa 

Ag-Au Ag-Pd Au-G Au-Ni Cu-Ni Cu-Pd Cu-Iv Xi-Pd Ni-Pt 

Hultgren et al. 
(1973) (12) 

Hultgren et al. 
et al. (1963) (18) 

Brewer (1965) (19) 
Smithells (1962) (20) 
Smithells (1967, 1976) 

(21.22) 
Kubaohewski et al. 

(1967) (Iv) 
Wagman et al. 

(1969) (24) 

a Cal/g-atom. 

20,100 22,100 7,500 

19,200 16,230 6,440 

18,900 22,600 6,200 
24,900 - 9,000 

24,900 24,500 9,000 

22,600 22,100 9,800 

19,500 22,200 G,GOO 

syst,ems taken from seven different compila- 
tions. Although agreement is excellent for 
Cu-Ni, discrepancies of the order of 25$$ 
are not uncommon. Such uncert,ainties 
t,ranslate int,o uncertainties in the calculated 
surface compositjion at a worse than linear 
rate. 

Alternatively the surface free energy can 
be approached through the surface tension; 
an element which would reduce the surface 
tension would be expected to segregate to 
the surface (9). Direct measurements of the 
surface t,ension of solids are notoriously 
difficult, so that it is attractive to obt,ain 
values from some other quant,ity which is 
more accessible to experiment. Such a 
relationship has been proposed (4, 17) bc- 
twecn surface tclnsion and atomization 
ent halpy : 

u ill = O.lGH,t 0) 

where surface energy g,,, is expressed on a 

molar, rather than area, basis. The surface 
entropy is included in bhe surface tension, 
but not in t,he atomizat,ion enthalpy, as 
noted earlier. Comparing Eqs. (1) and (:3) 
and noting that G, = g,,, shows that this 
is equivalent to approximating the surface 
entropy by 0.09 H,,/T. For this t,o be 
valid 11,/G, should be about 0.64 ; Table 1 
shows that this is indeed true for the IB 
metals within the claimed S% cert’ainty. 
However, it suggest>s that the surface 

14,800 21,940 9,140 54,140 12,800 32,200 

15,370 21,810 3,470 54,110 18,340 32,300 
15soo 21,700 9,900 54,100 11,800 32,400 

- - - 53,100 - - 

12,000 21,100 8,600 51,500 12,500 30,400 

12,100 21,900 9,400 49,500 12,500 27,GOO 

15,200 21,800 9,500 54,200 12,300 32,400 

tension might, have a strong temperat’ure 
dependence, which is not in fact reported 
(4). 

The surface tension of the alloy in its 
random and segregated st(ates is obtained 
by assuming that t,he contribut#ion of each 
element can be summed according to ideal 
mixing. Though reasonable for liquids, few 
experiment’al data are available to t’est this 
proposal for solid metal alloys. Further, 
if the element,s comprising the alloy have 
appreciably different sizes, they will occupy 
different areas on the surface so that the 
total area of the alloy surface will be a 
fun&on of composit,ion and a strain t)erm 
may appear in the surface tensions. Strain 
effect’s have not been treated in the 

TABLE 3 
Comparison of Mixing and Surface 

Contributionsa,b 
-__.____ 

System 3H,,, AH 

4 -i- 

Ag-Au 2353 5025 
Ag-Pd 4624 X25 
Au-Cu 2217 1875 
Au-Ni 4623 3700 
CupNi 14Y4 5485 
Cu-Pd 6099 2353 
Cu-Pt 5133 1X3.5 
Ni-Ptl 745 3200 

0 Cal/g-atom. 
b Data from Refs. (12) and (13). 
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context of surface tension, but rather as a 
separate elastic problem discussed below. 

Overall, the surface tension approach 
suffers from a lack of good experimental 
data and the difficulty of generating it, 
especially for alloys. Where the surface 
tension is estimated from the atomization 
enthalpy, it differs from the bond-breaking 
approach in how the surface entropy is 
estimated. Given these uncertainties, it 
seems reasonable to use the bond-breaking 
model [Eq. (a)] to treat the surface energy 
contribution and add an entropy term if 
needed. 

10 

2. MIXING ENERGY 

Mixing effects have been treated by 
regular solution theory, or directly by a 
Monte Carlo calculation. The simplest 
solution shows no heat of mixing since the 
ideal solution has no mixing enthalpy, 
where the energy of bonds between unlike 
atoms is just the average of the bond 
energy between like atoms. A real alloy 
can therefore be treated as ideal even 
when the mixing enthalpy is not zero if it 
is small compared to the bond-breaking 
cont’ribution. To compare the two, imagine 
a dilute solution in which randomly 

Cu-Pd 0 1350 K 

Ni- Pt 0 

cu-Pto 

Au-N1 0 

Au -Pd v 
Au - Cu b 

Ag-Auo 

Ag- PdO 1150 K 
Cu - Ni D 91j K 

Ni Pd 0 1273 K 

I I I I I I I I I 

.l .5 0.9 

x5 
ATOk: FRACTION B 

lb25 K 

135~ K 

1150 K 

2% K 
BW K 

600 K 

FIG. 1. Composition dependence of regular solution parameters. 
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distributed solute atoms are moved from 
t#he bulk to form a complete monolayer 
surface. Again considering the (111) surface 
of an fee cry&al, the atoms now in the 
surface have only three out of their 
original twelve unlike atom bonds remain- 
ing. Mixing enthalpy has been lost equal 
t,o three-fourths of the molar heat of 
mixing at the bulk concentrat,ion, while 
surface energy given by Eq. (2) has been 
gained. Table 3 compares these quantities 
for several alloy systems having complete 
solid solubility and shows that none of 
them can be treated as ideal. 

Instead, the models treat the met)al alloy 
as a regular solution characterized by three 
bond energies, one for each of the like atom 
pairs and one for the unlike. The like atom 

bond energies are obtained from the 
atomization enthalpy of the pure elements ; 
the energy for the unlike atom bond is 
calculated from the experiment’al mixing 
enthalpy, H,,, from Ref. (12). 

H, 
!A = y--g- = HAB - +(HAA + HBd (4) 

A B 

For a regular solution the bond energies 
are not) a function of composition so that the 
quantit’y Q should also be composition 
independent. Figure 1 shows the actual 
variation of a with composition for the alloy 
syst,ems discussed earlier. Clearly only 
Ag-Au is close to regular. Evidently then 
a regular solution treatment cannot be 
expected to be successful for these alloy 

/ I I I I , 

&. A” @j(1 K -- .--.. --.. 

A9. p(j ,200 K ------------ 
Au -Cu 800 K __-__- 

A" NI 1150 K - -. 
Cu NI 970 K - -.--. 

Cu Pd lj50"K -____. 
Cu PI 135U"K 
Ni Pd 1273°K 
N, Pt lb25"K - - -'- -' 
Ideal 

FIG. 2. Composition dependence of mixing entropy. 



118 MICHAEL KELLEY 

systems, nor can any other treatment (11) 
which assumes similarly derived constant 
bond energies. The most reasonable alter- 
native seems to be using the experimentally 
determined dependence of the mixing 
enthalpy on composition. 

The mixing entropy for both the ideal 
and regular solutions is treated as simple 
configurational; the familiar result is : 

x, = R(XA h XA f XB h XB). (5) 

Figure 2 compares the mixing entropy so 
calcuIated with experimental vaIues (12) 
for the previously discussed alloy systems. 
Clearly the regular and ideal solution 
treatment of mixing entropy does not fit 
most of the alloy systems very well. A 
Monte Carlo treatment (11, 62) which 
can treat each alloy system individually or a 
still more sophisticated Kikuchi treatment 
(64, 6’5) is expected to agree better with 
experiment, if appropriate bond energies 
are used. The choice of bond energies is 
not clear for nonregular alloys and it seems 
more reasonable, therefore, to use the 
experimental values, where these are avail- 
able, as with the mixing enthalpy. 

3. SIZE EFFECTS 

When an alloy is made from elements 
having different sized atoms, energy is 
required to change the size of a site in the 
solute lattice to accommodate a solvent 
atom in the bulk. But at the surface, a 
misfitting atom might be imagined to move 
outward to reduce lattice strain energy. 
It has been proposed (25) that the elastic 
energy expended to place a solute atom in 
the solvent lattice is entirely recovered if 
the solute atom is moved to the surface. 
This contribution can be quite large, 
amounting to nearly three times the 
atomization enthalpy difference contribu- 
tion for the Au-Ni system (25). The 
strain energy can be calculated from either 
the radius misfit (26) or the volume misfit 
(27) between the solvent and solute 

elements. The first gives : 

24 
7r 

K.G 
1 m 

r2 (Ti ,- rm)2 

ri 
E, = -- 

3Ki + 4Gm 
(6) 

where E, is the energy required per atom to 
force a solute atom of radius Ti and bulk 
modulus Ki into a cavity of initial radius 
rm in a crystal with shear modulus G,. 
The radius r of the cavity after the solute 
atom is put in must be measured or 
obt.ained by some other calculation. 

The second treatment uses the volumes 
of the elements in their own pure form 
instead of a final radius and is therefore 
somewhat more convenient : 

E,L 
GmKi (Vi - Vm)’ 

3 3Ki + 4Gm 
___-- (7) 

Vm 

where V, and Vi are the atomic volume 
of the solvent and solute, respectively. 
A similar expression can be derived for 
atomic radii (69). 

These elastic strain models (60) should be 
used cautiously, however, since they assume 
a dilute solution so that solute-solute 
effects can be neglected. While the bulk 
metal in a segregation experiment may 
indeed be described as a dilute solution, a 
surface which is almost fully covered by 
solute clearly cannot. Further, keeping 
lattice registry with the bulk requires that 
the solute atoms be strained to the same 
size as the solute and/or a defect structure 
be introduced near the surface to accom- 
modate the misfit. While such an analysis 
is beyond the present scope, it is evident 
that the strain energy released for a 
concentrated surface will be less than what 
is estimated from these simple elastic 
calculations. Thus the elastic calculations 
give an upper bound on the magnitude of 
the strain contribution. 

Inspect,ion of Eq. (7) shows that elastic 
strain contribution is not affected by the 
sign of the misfit-whether the solute 
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TABLE 4 

Strain Contribution to Segregation Energy 
Calculated from Eq. (7)a 

System E, AH - 
4 

Ag-Au 0.5 5025 
Ag-Pd <396 5323 
Au-Cu 1570 1873 
Au-Ni 10900 3700 
Cu-Ni 236 :3485 
Cu-Pd <612 23.53 
Cu-Pt <529 13535 
Ni-Pd < 1030 3200 
Ni-Pt < 1220 8050 

a Cal/g-atom. 

element is larger or smaller than the 
solvent. Thus this contribution can be 
expected to always favor segregation of the 
minority element in a binary alloy, oppos- 
ing the bond-breaking contribution at one 
end of the phase diagram and reinforcing it 
at t’he other. Such a reversal of segregation 
has been observed experimentally in the 
strain-dominat’ed Au-xi system (61). 

Table 4 compares st’rain energy per 
mole of solute calculated by Eq. (7) with 
data from Ref. (18) to the atomization 
ent,halpy contribution for several systems. 
Sufficient elastic constant data were not 
available from some systems and values 
were calculated assuming that the non- 
volume factors in Eq. (7) have a value less 
than 10” dyn/cm2; they are shown as 
‘Lless t’han” in Table 4. It appears that, t,he 
strain contribution may be significant, for 
Au-Cu, Au-N, and Ni-Pd. It is not, clear 
how t’o incorporate this cont’ribution when 
a substantial concentration of the solute 
is expected at the surface, especially when 
it acts opposite to atomization enthalpy 
(e.g., Au-Cu). A more sophisticated 
approach (28, 29) considers the strain- 
induced change of int,eratomic pot,ent,ials 
near the surface, but still does not address 
the problem of large-scale misfit on t,hr: 
surface. 

Alternatively, the free energy problem 
can be solved (57) by considering d-electron 
interaction energies between the alloy 
elements. However, only nearest-neighbor 
interact’ions and ideal mixing entropy have 
been used (57). It is not easy to see how 
this approach voids the difficulties en- 
countered by other similar atomistic models 
(2, 7) discussed above. 

Using Gibbs’ original concept of a divid- 
ing plane between two phases averts the 
problems of 6he atomistic models (63). 
This calculated surface concentration does 
not necessarily refer to the first monolayer 
of atoms, but rather to the total accumula- 
tion of solute in the region altered by t,he 
presence of the other phase nearby. It is 
therefore difficult to know how to compare 
it to first monolayer calculations from 
other models without assuming, say, that 
segregation is limited t’o the first monolayer. 

The free energy problem may be avoided 
entirely by simply attempting to correlat,e 
observations of surface segregation with 
some other more readily observed phenom- 
enon, such as melting behavior (58, 68). 
Such correlations are interesting, but 
unsatisfying in that they at best predict the 
direction but not the extent of segregat,ion. 

It seems then that a reasonable model to 

calculat#e surface segregat#ion to a perfect 
(111) vacuum surface of an n-layer alloy 
slab can be based on competition between 
enthalpy gain at the surface and mixing 
energy change in the interior by maximizing 

AG = F Nmix(Xai) - TSmix(Xai) 

- TSmix(Xb)) + !bT!Z Xb (8) 
4 

where X,i = aXi- + +X, + tX;+l to carry 
through the assumption of nearest-neighbor 
bonding. Xi is the concentration of the 
element, having the lower atomization 
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enthalpy in the ith layer. The entropy and 
enthalpy of mixing must be taken from 
experimental data obtained in the phase 
regime(s) which will actually appear during 
the course of segregation. Note that Eq. (8) 
contains no adjustable parameters. This 
“experimental” model, like all the others, 
suffers from disagreements in the experi- 
mental data used for the calculation and 
offers no way to deal with the strain 
problem described above. The results of 
the different models and comparison with 
observations are presented later. 

A real catalyst is, of course, still more 
complex. A small met’al alloy particle has 
sites at edges and corners where atoms are 
missing still more of their bonds than their 
neighbors on a flat surface. This increased 
loss of coordination can form the basis for 
quantitative treatment (2, 3, 7) of segrega- 
tion to these sites based on the bond-break- 
ing model, which shows that an atom 
expected to segregate to a flat surface is 
expected to segregate still more strongly 
to any site of still lower coordination. 
All the difficulties noted earlier for treating 
flat surfaces complicate this analysis as 
well. Similarly a small metal particle may 
not contain enough solute to reach the same 
surface concentration that would be found 
on a large slab. All models are able to deal 
with the effect of finite particle size by 
applying a conservation of mass constraint 
to solutions of the free energy problem. 

The bonds of surface atoms, represented 
above as fully served in a vacuum environ- 
ment, can take part in chemisorption if a 
gas is present. The bond-breaking models 
(3, 7) add the energy of this bond to the 
energy balance, its strength being deduced 
from the heat of adsorption. Strong chemi- 
sorption to one component of an alloy has 
in fact been shown (65, 59) to reverse the 
direction of surface segregation from that 
expected in vacuum. A similar effect can 
be anticipated for supported catalysts, 
where one component of the alloy may 
segregate to the interface and become 

effectively a “glue” attaching the part’icle 
to the support. Analysis of the particle- 
support interface may be further com- 
plicated by lattice mismatch between the 
metal particle and, typically, oxide support. 

If the problems of constructing adequate 
models and obtaining sufficiently accurate 
thermochemical data can be overcome, 
we then need to measure surface composi- 
tions. Many investigators have used Auger 
electron spectroscopy (AES) and there are 
now over 100 such reports in the literature. 
The usual approach has measured the 
peak height of a low- and high-energy 
emission for each of the two elements in a 
segregated and unsegregated condition. 
The energy dependence of t,he electron 
escape depth is then used to obtain a value 
for surface composition. 

The accuracy of the values depends on 
the accuracy of the escape depth. Compila- 
tions (31,32) have presented data obtained 
mostly by the overlayer method. Recent 
improved measurements (33) using a 
continuous synchrotron radiation source 
report an accuracy of f50y0 of their 
measured value. Since this uncertainty 
translates into an equivalent uncertainty 
in surface composition, it is difficult to see 
how AES can give sufficiently accurate 
values t.o test the predictions of theory. 

Work function measurements have been 
used to characterize surface composition 
(34, SS), but the variation of work function 
with composition is not simple so t.hat 
precise values for surface composition are 
difficult to obtain. The results of more 
recent efforts (36-38) to quantify this 
relationship seem encouraging, though they 
are limited to evaporated films. 

Low-energy ion-scattering spectroscopy 
(ISS) is, in principle, sensitive to t.he first 
monolayer only (41, 42, 70-72). lt has been 
applied to sputtered Cu-Ni surfaces (40) to 
show that the bulk and surface composi- 
tions are closely identical after such a treat- 
ment. It has also been applied to Ag-Au 
(39) and t.o Cu-Ni (56,70) to show segrega- 
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FIG. 3. Surface segregation in the copper-nickel system. 

tion of Ag and Cu, respectively, to the sur- 
face. A first monolayer measurement by ISS 
can be used as an internal calibration for 
AES (67) to obtain depth profile informa- 
tion. 

Figure 3 shows the result,s of several 
recent experimental st’udies (30, Q-45, &?, 
70) and calculations for Cu-Ni alloys. 
Several earlier studies (46-49) using higher 
energy Auger lines are omitt,ed, since they 
are expected to be less surface sensit>ive. 
These latter studies found little evidence 
for any difference between t.he bulk and 
surface compositions. Figure 3 shows 
reasonable agreement between recent’, more 
surface-sensitive findings and theoretical 
calculat’ions. The agreement owes at least 
part,ly to the relatively small heat of mixing 
and strain effects (Tables 1 and 4) in the 
Cu-Ni system. The contrary finding by 
work function (44) might be due to the 
lower annealing temperature limit,ing the 
extent of surface equilibraGon. 

Figure 4 shows results for t#he Ag-Au 

system. Clearly the encouraging signs of 
agreement found in the Cu-Ni system are 
absent here. The increased departure of the 
Ag-Au (‘bond” and the entropy of mixing 
from their ideal solut’ion values (Table 3, 
Fig. 2) relat,ive to Cu-Ni are incorporated 
differently by the various theories so that 
the surface compositions predicted for a 
given bulk composition range more widely. 
It can therefore be hoped that the Au-Ag 
system will provide a bet,ter test of the 
models. 

The thin film studies (38, 44) show no 
segregation for either this system or Cu-Ni. 
It is tempting to speculate that the silver 
segregated t’o some internal defect structure 
left from the deposition, but not removed 
by the 4OOG450°C annealing. Experiments 
where films were annealed to higher temper- 
atures or examined by high-resolution 
transmission electron microscopy could 
explore this further. 

The bulk alloy study (50, 51) reports 
i?~ situ slow strain rate fracture of the 
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38 F~lmr, W”C AES No Segregation 

50 Bulk. 050°C AES NO Sqrqatlon 

a 39 Bulk. 40°C ISS 

10, 52 Bulk. 4xi c AES ‘Ierr than Calrulaled” 

I3 IO, 52 Regular solutmn + data lrom Ref. 12, surface tension 

* 50 Regular dution + data from Ref. 12. bond energies 

v Ideal solution + data from Ref. 12 at 525 C 

D Ex,xr~mental model + data lrom Ref. 12, 13 at 525 C 

FIG. 4. Surface segregation in the silver-gold system. 

alloy rods to give a “transgranular” frac- 
ture surface which was then examined. Such 
a fracture morphology is in contrast with 
most metallurgical experience (537, in which 
high-purity precious metals strained under 
these conditions fail by necking to chisel 
point with 100% reduction in area. If 
“transgranular” fracture implies faceting, 
it is a surprising result indeed. Strong 
ordering could impede slip and so promote 
a cleavage failure, but such ordering is not 
reported in the Au-Ag system (54). Alter- 
natively, the alloy rods may have failed 
by reduction to a chisel point as described 
above and the extensive deformation in- 
volved would have given the sides of the 
rod a roughened appearance, possibly 
resembling facets. Since this area was the 
side of the original rod, any segregation 
would already have taken place when the 
rod was cooled from the melt so that no 
change would be expect,ed during sub- 
sequent annealing. Thus this experiment 

may in fact provide evidence for surface 
segregation in the Ag-Au system, rather 
than against it. Clearly more experimental 
work is needed. 

Variation of composition with depth 
beneath the surface further complicates 
experimental measurement of surface segre- 
gat’ion. Auger measurements sum the 
contribution of several layers so that some 
assumption must be made about layer-to- 
layer variation. Commonly segregation is 
assumed limited to the first layer with the 
second and all succeeding layers having 
the same composition as the bulk (2, 10, 
25, 59). 

Model treatments of multilayer cryst,als, 
however, predict (3, ?‘) a large depth 
variation. Applying Eq. (8) to the (111) 
face of a lo-layer plus bulk Ag-Au crystal 
gives the result shown in Fig. 5. Though 
some of the detailed features in Fig. 5 
may be consequences of the truncation 
procedure, depth variation is clearly signif- 



icant and must be ac’countcd for in esperi- 
mental studies. Efforts to do this (30) 
have improved agreement between theory 
and experiment. The experimental model 
[F,q. (S)] predicts similar behavior for 
the Cu-T\‘i system, in contrast with the 
results (62) of Monte Carlo calculations. 
An UPS study (73) using variable photon 
energy to probe a range of near-surface 
dept,hs found evidence for composition 
oscillations, supporting t,he use of Eq. (8). 

Lastly, the rate of approach to equi- 
librium segregation needs to be considered. 
The invest,igat#ors above who used bulk 
samples have sought t80 anneal at, sufficient 
time and temperature for diffusion to 
attain an equilibrium dist’ribut,ion of solute. 
They have observed AES signals at high 
and low energy and taken const8ancy of 
the ratio as an indicator of this equilibrium. 
Whether this indeed represents true equi- 
librium or a kinetic limitat,ion deserves 
some furt,her exploration. A recent study 
(55) of diffusion from the surface in 
aluminum-rich aluminum-nickel alloys 
showed that diffusion is substantially 
impeded when the composition reaches a 
value corresponding to a specific ordered 
structure. Of course interaction energies in 
the Cu-Ni and Ag-Au systems are much 
less and int,ermetallic compounds are not 
found, but the force driving the segregation 
is less also. Short-range order may provide 
significant impediment to diffusion. Segre- 
gation experiments at temperatures high 
enough to ensure a subst,antial population 
of defects, even compositions correspond- 
ing favorable short-range ordering are 
desirable. 

To summarize, we have examined the 
various theories of surface segregation. 
The bulk mixing part of the problem is not 
adequately t’reated by regular solution 
theory, but this difficulty is overcome by 
use of experiment,al mixing data. The 
surface part of the problem is reasonably 
treated as complete severing of one-quarter 
of the surface atom bonds. The treatments 

x 
Ag 

05. 

0. en’ 

FIG. 5. Depth variation of segregation in the 
silver-gold system. 

proposed for significant strain effects do 
not seem adequate, but it is possible to 
identify systems in which strain effects can 
be ignored. 

We have reviewed t’he thermodynamic 
data used in the various calculations and 
found major disagreements for some sys- 
t,ems. The uncertainties arising from these 
disagreements are at least as great as the 
uncert,ainties arising from differences among 
the t’heories. The dat,a of Refs. (1.2) and 
(13) seem best, but there is no assurance 
that they are free from error. 

We have examined some of the major 
feat,ures of experimental measurement,s of 
surface segregation. There are large un- 
certainties inherent in t,he electron spectros- 
copies and the need for progress in 
measuring important electron spect’roscopic 
parameters such as escape depth is evident. 
Other techniques just now being applied 
t,o surface segregation, such as ISS and work 
function, seem to hold promise for circum- 
venting the problems of the electron 
spectroscopies. Further experience with 
t’hem is needed to show how reliably t,hey 
will be able to det,ermine first monolayer 
compositions. 

Finally we have noted that, as always, 
t’he most difficult part of the problem is 
good experimental work. Even with such 
simple-appearing systems as Cu-Ni and 
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&Au there is no abundance of reliable 
data to test theoretical predictions. It is 
always easier to make mathemat’ical models 
and write computer programs than it is 
to get unambiguous results in the labora- 
tory. Without significant additional experi- 
mental information, it is unlikely that we 
will make much more progress toward 
understanding surface segregation behavior 
or designing catalyst alloys with specific 
surface compositions. 
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