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ABSTRACT

Regular solution models predict surface segregation of the constituent
of lowest surface free energy in homogeneous multicomponent systems,
Analysis of the Auger clectron emission intensities from alloys yield the
surface composition and the depth distribution of the composition near the
surface. Auger Electron Spectroscopy (AES) studies of the surface composition
of the Ag-Au and Pb-In systems have been carried cut as a function c¢f bulk
composition and temperature. Although these alloys have very different
regular solution parameters their surface compositions are predictable by

the regular solution models,
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1) INTRODUCTION

The composition of multicomponent systems at the topmost surface layer
datermines to & large extent their resistance to external chemical attack
and their catalytic activity in surface reactions. Simple thermodynamic
arguments.i indicate that the surface composition of alloys should be different
from their composition in the bulk. In order to minimize the positive total
surface free energy of the multicomponent system, the constituent of 1owe;t
surface free energy will accumulate in the topmost surface 1ayer.2

It has been possible only recently with the advent of Auger electron
spectroscopy (AES)3’4 and other surface sensitive techniques (ESCA, ISS, etc.)
to analyze the composition of the surface layer of alloys. Thus, we can now
verify, by experiment, the thermodynamic relationships that govern the surface
composition of these systems. If we can employ a thermodynamic model, such
as the regular solution model for example, to compute the composition of an
alloy surface, we may use this model with confidence to predict the surface
composition of at least one class of alloys for a wide range of bulk
compositions and temperature.

This paper reports on AES experiments aimed at determining the surface
composition of howogeneous binary alloys as a function of bulk composition
and temperature. It appears that the experimental data for the Pb-In and
Ag-Au systems are in good agreement with the surface compositions predicted
by a regular solution model. Thus, for this class of systems, i.e.,
homogeneous binary alloys, the surface composition way be calculated w.*h

some degree of confidence.
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2) THERIODYHAMIC MODELS TO PREDICT THE SURFACE COMPOSITION OF HOMOGENEOUS
BINARY SOLUTICHS

The ideal solution theory assumes that the heat of mixing, AHm of
campenent A with component 8 is zero while the entropy of mixing is calculated
assuming that the constituents are distributed randomly throughcut the
solution.5 The surface s assumed to be composed of the topmost layer only
(ronolayer) although in some cases this approximation is re]axed.6 Using
this idzal solution monolayer model, the surface composition of the binary

mixture can be expressed as

Xé Xe ( UB- uA)a
- =~ e (2.1)
XS Xb RT

vihere Xi and XE are the atom fractions of tie two componcnis 2t the surfaces
Xt and XE are the atom fractions of the two compoments in the bulk (below
the topmost layer); UA and UB are the surface free energies (surface tensions)
of the pure components A and B; and a is the average molar surface area.

T is the absolute temperature and R is tha gas constant. This model predicts
that the constitucn® with the Tower surface free energy accumulates on the
surface, and that the surface composition of the mixture depends exponentially
on the surface tension difference. In addition, this model predicts also

that unlike the bulk composition, the surface comrosition is strongly
dependent on temperature. The surface composition aporoaches the bulk coa-
position exponentially with increasing temperature, The regular solution
model takes into account the finite value of the heat of mixing, AHm, that

is given by

E., +E
B = At (1K) = 1 [E,m - iz—“—] %, (1-X,) (2.2)
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vhere Q {s the regular soluticn parameter which can be expressed in terms of
the bond energies Eij‘ Avogadrg's number N and the bulk coordination number z.
For example, both Pb-In and Ag-Au systems are fairly regular, their heat of
mixing is expressed as7

s, % 3850 (7 (1-10) Joules/mole  (2,3)
o, = -(20,300-3350 xM) K (1xM) joutessmore  (2,0)

For the ?b-In system AHm and, thus, 2 are positive and relatively small
while for the Ag-Au system AHm is exothermic (2 is negative) and fairly
large. The surface composition in the reqular solution monolayer approxi-

"
mation is given by”

xA XA 8 . A
5 -0 ew [———(° uﬁ] e""{i—l’ em) 1812, (4f)2) +&[(x§)2-(xg)1}
XS Xb RT RT RT

(2.5)

The packing parameter L gives the fraction of nearest neighbors in the
same plane while m is the fraction of nearest neighbors that are in an
adjacent plane. For a face centered cubic lattice, a bulk atom has 12
nearest neighbors. Thus, for an atom in the (111) crystal face, there are
6 neighbors in the surface plane (& = 6/12) and three nearest neighbors in
the plane below the surface, (m = 3/12). In this approximation, the surface
compasition becomes a fairly strong function of the heat of mixing, its
sign, and magnitude in addition to tha exponential dependence on the surface
tension difference and temperature.

H'lll'lams6 has extended the monolayer regular solution modet by allowing
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the first four layers from the surface layer inward to have variable con-

centrations, but a1l layers deeper than the fourth are constrained to have
the bulk composition. Assuming again that the solution is regular allows

him o da=ive four coupled equations involving the atom fractiens at each

layer and the Lulk atom fractions. The eguations are

1-%.)
571 R -
—)j £ 20 (X -1y gaenty) = 0 (2.6a)
) (xb-:xz-mx1-mx3) =0 (2.6b)
x3(1-xb)1
RT zn + 22 (X -2Xj~mX, -mX,) = 0 (2.6¢)
X Q-x )J [ I Mt a4
bt "3
X (1-%)
tn r—"—ll + 23 {X-2XemKgnK ) = 0 {2.6d)
xbn-x4)

here X] refers to the atom fraction of component A in the first layer, X2 is
the atom fraction of the same componert in the second layer, etc. A1l other
syrbols are definad earlier.

It should be roted that equation 2.6a becomes the same as equation 2.5
when the second, tnird, and fourth layer compositions are set equal to Xb’
that is, these equations raduce to the munolayer mndel as they should. This
process is completely general and in fact similar expressions can be derived
involving any number of layers of variable composition obtaining on2 equation
for each layer. Solving equation 2.6 gives the atom fractions of both

 components in eacn atomic layer of the solid, This way, we can determine

the depths profile or as we will refer to it, the equilibrium Jepth distribution

(of composition). These calculations have heen performed for a (111) face
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using the surface free energy values given in the Titerature for Pb, In, Ag
and AuB‘]O and the results of these are plotted in Figures 1, 2, and.3.

Daz to the lower surface free cnergy of Pb, the monolayer model and the
multilayer model sensibly predict a considerable enrichmant of Pb in the
top layer. For Pb-In %he ragular solution parareter is positive which means
that Pb~"> and In-in Sends are stronger than Pb-In bonds, This results in
“clustering” of 7 near the surfoce. Thus the sultilayer model predicts
also an enrichmert in Pb in the 2nd, 3rd, end 4th layers, the ragnitude of
the enrichment grcreasing rapidly towerd the bulk,

The calculations give somewhat different results for the Ag-Au system.
In this case both models predict zn enrichment in Ag in the top layer as
before. However, since for Ag-Au th2 regular solutien parameter is negative
(Ag-Rg 2nd Au-Ru bands zra not es strong zs Rg-Au bonds), layering is
obtained from the {-layer model. The first layer is enriched in Ag at the
expense of the secend layer which is enriched in Au. The third layer then
is enriched in Ag. The magnitude of tnis enrichment and depleticn dacreases

rapidly toward the bulk, Thus, these calculaticns indicate that due to the

large attractive intecraction

[

atwoan fu and Ag, the regular solution model
may not 23ply accurz-ely and the A3 zorichront at the surface ~ight well be
accompanied by Au enrichment ir the second layer. [t should he nated that

the surface corpositicor is also stronaly temperature desendent, Mith

increasing temperature, the surfare pxcess concentration dinminishes rapidly.
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where AE is the attenuation depth of the observed electrons of energy £
defined in terms of a Beer’s Law type attenuation. Consequently, for a pure

solid the Auger poak intensity IE at energy E can be written as

IE = J;(E,...) exp (-z/kE) dz (3.2)

2
there k{Z,...) is a complicated function involving properties of the solid,
the electron scattering within it, and all experimental parameters. This
expression serves to break the Auger intensity into contributions from
verious depths 2 ard to sun them. For a pure solid, using the assumption
given above, integration of equation 3.2 yields
Tg = klEened g (3.3)

In orger t

(<)

mzasuire Auger peak intensities &s & funciion of depih for
an alloy, two further assumptions wili bs made. The first is that the
presence of neighboring atoms does not effect the Auger yields. That is,
there are no matrix effects., Therefore, the Auger intensity arising from
a particular depth will depend only on the number of emitters.

The second assumpticn is that the escape depths of an electron does
not depend .non the medium, but only upon the energy. This was shown
experimentally to be approximately correct and many “universal® curves of

escape depth versus cnergy have been pubh‘shed.9 These assumptions lead

te the equation
o0
I = ic(E,...)fx(z) exp (-z/AE) dz (3,4)
o

that X{z) is the atom fraction of the emitting species at the depth z [the
depth distribution).
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For a pure solid exhibiting two Auger peaks at energies £ and E* the

.
ratio RE,E‘ becomes

ks

and this ratio is casily rmeasured. The superscript zero is used to denote
intensities and ratios from pure metals. For an alloy the corresponding
ratios ars
o
I k(E,.aa) J}(:) oxp (—z/XE) dz

Recv = —= = ¥ (3-5)
Eas IE. k({E',...) bfi'l(z) exp (-2/2g) dz

can also be easily mcasured, Therefo-e,

-]
RE £ lE‘ Jk(z) exn (—z/),E

RE,E' A j&(z) exp (~:/1E.) dz

Y dz

(3.7)

depends only upon the depth distribution and escape depths which in many cases
are known or may b2 estimated. The right-hand side of 3.7 can therefore be
calculated for various theoretical depth distributions. 1t shcould be noted
that if there is no depth distribution, then ¥(z) = X, end it follows from
.equation 3.7 that HE,E' = R%,E" Therefore, a change in the ratios of two
Auger peaks arising from the same compenant in an alloy would be indicative
of surface segregation of sowe sort. This same procedure can also be used
for comparing Aujer peak intensities of the two alloy components such as the
ratio of intensity of an Au Auger peak with that of an Ag Auger peak,

In order to reveal surface segregation, if present, or compare the

experimantally datected intensity ratios with those predicted by the various
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madels, the Auger peck intensity data that is obtained for the different
alloy compositions can be plotted variosus ways.

2) One wmay plst the intensity ratios of two Auger peaks, one for each

nnent of Tn, = . -y -
component of the alloy, HE.E.( IR( 'a\loy/ Za(: 2 ]0,) divided by the
intensity ratios of the sam2 ter Auger peaks of the pure ~2tals, Rg EI(= Z;
, |
y : 7 unction of thz
(E’purc/ ! HE’E N ?— s function of thz bulk

alloy having no surface sagrezatien would 7ail on a line eith slop2 equal
to one, If one componsnt is accunwlated at the surface and there is a
ceptin distribution of corpnsition near the surface that is different from
the bulk compos’tion, the experimental datia will lie zbove or below this
"bulk ratio" line,

b) Another way of displaying tna exparimental Auger peak intansity data
to reveal surface sagregation is by piatting the ratin of intensities of

two Auger peoaks of the same componert in the same alloy (IA (£) alloy/ la

a

(E') alloy) as a function of the bulk atca fraction., If the « -

composition changes the same way as the bulk composition coes, this ratio

would be - astant. Surface seqgregation would e indicated by ur2 systematic

variation of this intensity ratio with alloy composition in @ nonlineas manner.
c) A third mcthod to identify surface segregation is by the summation

of the intensity ratios

IA(E) alloy 13(5') alley

IA(E) aure IB(E') pure

Since the two Aucar peaks are at different electron energies E and E',
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they sample the composition gver different depths in the alloy. Thus df
the sample is homogeneous, in tha absence of surface segregation, these
intensity ratios will reflect precisely the bulk composition and their sums

should be unity. owever, if there is surface segregation then the intensity

ratios w not reflact the bulk ratios and their sum may be greater or less
than unity.

In addi%ion to these types of data analysis the presence of temperature
depandance of the Augar intensity ratios is an indication of chianges in the

surface coms

4) RESULVC AND DISCUSSION

Ye have studied the Pb-In and Ag-iu systems by AES in some detail. The
Pb-In system was studiad in the 1iquid state to assure equilibration of the
bulk and the surface phasas. The Ag-Au alioy samples had to be heated to
300°C for nver 30 minutes or to above this temperature for shorter times,
after suitable cleaning of the surface of imourities (carbon, sulfur and
chlorine) by ion sputtering, before equilibration of the surface phase and
the bulk phase was achieved. The datails of the AES experimznts for both
of these systems are described e]sewhere.]a’Il In Figure 4 thz Pb-In Auger
poak intensity ratios arc plottsd as a function of the bulk atom fraction

ratio on & 195-leg

[ta}

raph according to the first method of data analysis
that was described above. A1l of the experimental points fall below the
bulk ratio 1in2 indicating surface segreqgation of Pb as predicted by the
regular solution modeis. In addition, the surface segregation decreases
With 1ncreasing temperature as shown by the data points in Figure 4, as

predicted by the regular solution models for this system,
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The same plot of normalized Au-Ag Auger peak intensity ratios as a
function of their atom fraction ratios are shown in Figures 5 and 6 for two
diffarent Auger peaks of gold. The solid lines indicate the trend as pre-
dicted for the various thermodynamic models. The 4-layer
and the monolayer regular solution rodels give very similar pradicted values
and thg experimental data appears to fit closely to the regular solution
model. Unfortunately, the temperature required for achieving surface-bulk
equlibration was too high (300°C) to allow a reliable study of the temperature
dependence of the surface composition as was carried out for the Pb-In system.

To demonstrate our second method of analysis, i.e. plotting the ratio
of two Auger peak intensities of the same component in the same alloy versus
bulk composition, the values predicted by regular solution theory fer such
a ratic are given in Figure 7. Thus the presence of surface segregation
in a binary alloy should show up as a deviation in ratios of this type. The
third method of analysis 1isted above is demonstrated in Figure 8. This
figure i1lustrates that the sum of normalized intensities from both components
would not sum to unity for a system obeying the regular solution model. By
normalized intensity is meant the intensity obtained from an alloy divided
by the intensity fiom a pure reference. .
’ Detailed studies of the :H-Au.|2 and (:u-A1.|3 systems of Auger electron spectro-

scopy clearly demonstrate the segragation of one of the alloy constituants, gold

and aluminum, raspectively, in the topmost surface layer. These systems obey

the regular solution model of surface compcsition. There are several contra-

dictory reports on the surface composition in the Cu-Ni system. According to the
" regular solution models, enrichment of the surface in copper is expected. Copoper

enrichment was indeed reported by Sachtler et 51]4’]5’]6 Helms, Yee and Spicer.l7
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and Burton et a1.‘8 Takasu and Shimizulg found cepper enrichment at the
surface of nickel-rich alloys while copper-rich allcys had excess nickel
at the surface., Ertl and Ku;perszo and Quinto et 0121 found the surface
composition the sama as the bulk. It appears that sample preparation must
have had a controlling influence on the equilioration of the two co&ponents,
copper and nickel, in this system, It is possible that tha contradictory
results are dec to the phase segrogation reported by Sachtler,]4 that would
not permit the applicatieon of the regular solution mocei to this binary altoy.

There are many exgerimental parameters that may make studies of surface
phase diagrams of alloys difficult., Adsorption of gases from the ambient
or segregation of impurities by diffusion from the bulk to the surface can
markedly change the surface composition. If any of the impurities form
stronger bonds with one component 2s comparad tc the other, the strongly
bound component. will he nulled to the surface by the impurity segresated
there. On removal of the impurity, the surface composition may change again
indicating the re—equi1ibrétion of the purc surface phase with that of the
bulk. For the sm111 crystallites present in the allay thin-films the surface
composition can be influenced by the particle size. In the limit of small
particie size the surface composition must approach thz bulk composition
since most of the atosns must then residz on the surface. As we have pointed
out above, a large exothermic hi2at of mixing would indicate the tendency for
layering or ordering near the surface that would disallow the use of the
regular solution rodal,

It would, of course, be of great importance to study the surface
corposition of alloy systems with complex phase diagrams wherc ordering and
corpound formation occurs, Although there have been attempts to describe

.
the surface composition of these complex alley SyStETS,]H’ZZ axperimental
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data have been scarce, The surface composition of a wide variety of complex
alloy systems must be studied before realistic thermodynamic models of their
behavior can be developed.

It appears that for homogeneous binary systems with relatively small
regular solution parameters, the surface phase diagram can be described
adequately with 2 regular solution model of the monolayer type. Thus, one
miy use the monclayer regular solution model to predict the surface
composition of homegeneous binary alloys.
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Figure 1. Surface enrichment for a (111) face in the Au-Ag system at 300%
as predicted by the monolayer regular and by the &~layer regular solution
models. The enrichment is plotted as a function of the bulk composition.

In the 4-layer model, the enrichment in each layer is shown,
Figure 2. Same as Figure 1 except at 9007k,

Figure 3. The surface enrichment for a (111) face in the Pb-In system at
600%K as predicted by the monolayer regular and the 4-layer regular solution
models. The enrichment is plotted against the alloy bulk composition, In
the 4-layer model, the enrichment in each layer is shown. The surface
composition predicted by the monalayer model is very similar ta that pre-

dicted for the first layer of the 4-layer model.

Figurz 4, Ratios of the In(403eV) to the Pb(92eV} intensities, The ratios
are all divided by this ratio obtained from pure Pb and In. The multicle
puints for one alloy demonstrate the temperature dependence of this ratio,
The dotted line gives the values expected for a surface with the same

composition as tnat in the bulk.

Figure 5. Intensity ratio of the Au(72eV) to the Ag{356eV) peak. The ratios
are all divided by the same ratio for pure Ag and Au and plotted as a function
of the bulk composition ratios. The solid lines are predicted for a 4-layer
regular solution model, The monolayer regular solution model gives essentially
identical values. The dotted lines gives the values expected for a surface

with the same composition as tnat in the bulk,

Figure 6. Same as F'gure 5 except using the Au{231eV) peak and the Ag(356eV)
peak.
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Figure 7. The ratio of the Au(72eV) as predicted by the monolayer and :he
4-layer regular solution models, The ratios are divided by the ratio obtained
from pure Au, The dotted line is the value exnected when the surface com-

position is identical to that in the bulk.

figure 3. The sun of the normalized intansity ratios as predicted from the
monolayer and the 4-layer regular solution models for the Ag-Au system, At
909°% the monolayer and 4-layer models give essentially identical results,

The dotted line gives the value expected and the surface composition is the

same as that in the bulk,
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