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:I.1:Introduction

Of the various properties of surfaces, chemical composition is perhaps

one of the most important that must be known in order to determine any other

surface phenomena.

Only recently, through the application of Aﬁger electron

' spectroecopy; has it been possible to analyze the chemical composition of -

the top-most layer at the surface in vacuum or at the solid gas interface.

This non-destructive technique can.prOVide‘qualitative and quantitative

surface chemicai analysis with a sensitivity of about 1% of a monolayer,

(about 1'0-'13 atoms/cmz), and it is now possible to compare the composition

of the surface with the known bulk‘composition{

Simple'thermodynamic aiguments’oan convinoingly'demonstrate that the

surface:compositﬂnnmay be very different_fromﬁthe composition in the bulk

for most mylti- cgmponent systems. ) (‘rea'r'inn nf' 8 qu.faée renui?‘es work

and it is always accompanied by a positive free energy change. Thus, in

-

order to minimize the positive surface free energy, the surface will be

enriched by;thehconstituent which has the lowestjsurface free energy.

This resﬁlts,'for many mﬁlti?COmponent systems, in gross imbalance between

the surface composition in'the”topfmost layef;and_in the bulk. Even for

- monatomic solids, this surface thermodynamic driving force is the cause

of the segregation of impurities at the surface that lowers the total -

surface free energy.

In many important‘surface phenomena, such as heterogeneous catalyéis

or passivation of the surface by\SUitabie protective.coatings, the chemical

composition of the top-most 1ayer controls the surface properties and not

the composition in the bulk, ,It is therefore»necessary to develop

4(\
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thermodynémic models that pérmit preAiction-of SUffacé compbsition of

| muiti—éompohéﬁt systems.as-a function of_bulk‘c;mposiﬁxnland as a function

of temperature. Thué, we wéuld like to determine Fhe surface phase diagram.
In this paper-wé review the varibus‘thermodynamic models that pernit

pradticai determinatioﬁ of the;surfaée cqmposition of ideal or reéulé?

solid1soiutions. | We.shéil summarize the expefimentai surface tension.

‘détalavailable'for meta1§, oxides, carbides? éﬁd qrganic éolids éna we

.wili point out the embiricél.correlations,if'aﬁ&,to dther'thermodynamic

parametérs_thét permitiestimation of thesé iﬁportant'parameters'when its

‘dixécf ex;e;imental determination is difficult.:‘ | o

| V”Finally;,we‘shall feviéw.all of the‘expérimentai infofmatiqn availab1e'

On.the sﬁfface'éOmpositioﬁ of élloyé and using the models'devéloped-compute

the surface rhase 23 pprams for a few prototype svstens.
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II. Thermodynamic Models for’Prcdicting_Surface Compositions
With the aid of simplified.models; it has been possihle to predict
the.chemical comnosition in the first few.layers5at the surface‘of a
homogeneous'binary solidvsolution. lheSe_theories may be applied to
predict the.surface composition of_alloys or.the segregation of impurities_
on an otherwise nearly-pure crystal. *'ferhaps'the‘most.widely known is
. the monolayer modell in which the topemost surface layer is treated as
distinct from all the other layers. All the inner layers are assumed
to have the bulk comp031tion., An expression.is then written for'the ‘
_chemical potentials of the surface and bulk phases, and these chemical
‘potentials are then equated ‘to give an expression for the surface composition.
Utili7ing this model the surface 1ayer and the bulk ‘may be tieated as
ideal or as reﬁula . solutione, |
In the multi—layer model, the tWo—componentvcrystal is treated.as
h an‘infinite set'of layers'of atOms éorvmolecules) and each layer’is ]
treated as having a possibly different ccmp051t10n ratio. An expression
is then written for the free energy of the system with the atom fractions
of each 1ayer inserted as variable parameters which are varied to obtain
the minimum free energy for the whole system.. For ease of computation,
the process may be truncated below ‘a set number of 1ayers, with all deeper
lying layers then assumed to have the bulk composition. _Again,'each of .
the layers may:he,treated as part of an ideal_or regular solution. ~ These
models have heen‘applied to.liquid alloy solutions,2 and to solid-liquid and
'vapor-liquid‘interfaces.3'4 5 but may also be expected to yield the surface
' composition of solid binaxy solutions at a solid~vapor or solid—vacuun

_‘_interface.6
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As an example, we shall outline here a derivation of the surface
composi.tion of.an‘ideal solution in the monolayef:model approximation.
The ‘solution is treated as having two phasés, a surface monolayer phase s,

and -a bulk phase,b.f: The bulk’phase hés_a known atom fraction x? of

-component one, and XE =_(1'—'xg) for component two. We define the free

énergy functions for the bulk and surface'phasesvas follows:

¥

. 5§ _ 55 _ s s _ S S
6 ° = 5% -1s® 4 pv® Zt“ini.JrOA'
C ' i=1
o ' gg
¢° = 5% -1+ pv® - on = o ufal¥
' ' v ' . ‘ i=1 v
6° = 6® = £® - 1s? 4+ pyP = 2111.’:11?
- _ _ g iH

. Here all symbols have their usual meaning. O is the surface tension, _
‘A’is the surface area. Then the chemical potential of the surface phase

is

S I 1 ' | '._=-‘B(G,b+cs)' o 36
o Grg 8,8 ,Bni S, 8 Bni S, 8
v;vT;P,nj¢ni,Gl- S T,P?nj¢ni,0 , i,P,nj#ni,o
I T(chtx-' N1 I R el B -~ oa
207 T,P S¢.S o ar Bni T,P,n #ns,0 : '
SR LA R M L S -
* : where a, = . JLA _ :
- i an.s_ g, 8
. ) i ,T,P,‘.nj#ni,o
Similarly for the bulk’
RS izl a0 g
i ’ b - b, b « b b, b b b
,Bni ~{T,P, ~nj#ni Bni T,P, n.n; v.Bni T,P,nj¢n
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but G }E:ui i so that for an ideal so]ution

b b & b,0,b b
G :E: 1“ -553 1(“ + Rllnx,)

, : i=1
where the property of ideal solutlon that “i = ug b + RTlnx: has been used,

where ug b is the chemlcal.potentlal'of pure i in its standard state. Let
us assume that by analogy
s & 0,s | |
G .= :E: ni( i + RTlnx )
i=1 '

where xi is thefatom»fraction of 1 in'the'surface phase.,  Then

S_ ) o - oca, = uO,s + RTlnxS - 0Oa
‘o, g s, s _ i RERREE
i T,P{nj¢ni,0
The condition for équilibrium is that ui =.ug,tSQ that

P 'g'tu9’b»+ RTInx) = uQ’S + RTInx. - oOa,
i SR i i i i i
For the case in which xz ?-x: = 1 we have
0,s 0,b
i

. where o is:the surface tension of pure i. Using this in the preceding
equation,“ahdvif‘we assume that al'= a, = a, then for a two-component system,

- we have the eduétions,

lo -

0; = Gla_ + .RTlnxl f R.Tlml
_ : .S b
| | = 'Oza o+ _RTlnxz " R'I.‘lnx2 :
This can be re-written as -
) X () —opal) =~
s = b exp : ' . (1)
i D S RT B ‘

~ and this 1is the final result for the monolayer ideal solution model.



| Equatiéﬁ_(i) is médified'by‘treafiﬁg_the two component system as a
) reguiar sclutiori._7’8 .Thé regﬁiar SOlufion moholayer model is derived
by calculating thé_tbtal bonding energy. of a.given'composition with a
..surfaqe afog.fpacfipﬁ xf and‘ig' and‘the_bglk atom fraction.  The
bOnaaenergies between the atoms are Eilé Eéz; and Elz-where‘Ell is the
bond“energy per mdle for bonds between atoms of type one, etc. The
expression for the‘bénding énergy is uséd to find an expression fOI_tHe

chemical poteﬁtial for the surface layer, which is equated to the chemical

potential for the bulk., The resulting equation'isl

X Xg - .<°vl":-0‘2)a - 5(1 +.m)- b, 2 by 2| '91'-vs' ;1 |
= expg RT }exp- RT (xl) - (xz) +~EE'(x29._ (xfﬁ (2)
1L | . , e o

vhere 1 1s tﬁe fraétioﬁ of nearest neighﬁors to an atom‘iﬁ the plane. and
ﬁ is the.ffaction.df nearest néighﬁors‘below the_léyer containing the’
atom. For example, for an atom“with z_='12lnearest neighbors - threé
aboVe,'thrbe below, aﬁd'sii in the same flane ~ then 1 = 6/12 = 0.5 and
m= 3/12 = .25, (This-isvthe configufatibn»foﬁ.the (lil) face of an fcc soiid.)
Q is the regular5soiﬁtion parameter,fénd is given by
P .z'<E B - Ezz')
- 12 . B 2 .
The multilayer model described eaflier has'a rather complicated

form and‘will'not‘be given‘ﬁere. The interested readef.is referred
to the réferénces.méﬁtidned earlier, 3242216 |

F'Inball of fhg modélé présented above, it is assumed that tﬁe binarxy
éolid is hoﬁogéneoﬁs. " If there are'large.differences in interaction

enérgieé Elz.aﬁa the_energies Ell and E22’ that ils, 1if the regular solution :

' paiéméter'islﬁéty iarge, ghen it may be expected that there will be
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either phase separation or there will be orderiig. In either of these

~two cases;“these models are not directly applicable. In the case of

phase separation, 1if the resulting phases are homogeneous, eaCh,phase

mayVStill independently obey'one'6f_the‘above'modéls. These considerations

indicate that in order to determine a surface phase diagram of a solid
éblution, thé,buik phase diagram should aIready be known.

IIi, Surface Tensioné.gg.Solids and Liggids:

Review_gg}Experimental Data and Methods of Estimation

"One_bf the major diffiéulties in applying the abové models to

' comfute the surface compoéition of mﬁlti‘comp@nenf systems is the laék

of availability'df‘reiiablé surface tension data fbf solids. The

sﬁrfaceAgenSion c.is theﬁreversible work required'td créeate a unit area

cfAsurf%ce at.cQﬁstant tempexafure, Volume,-ahd chemical poﬁenﬁiél. ‘The

surface-aréa may‘be.increééed by adding mdré atoms (or molecules) to

the surface,»or b& stfeéching the existihg‘surfaée. Dépending on the

experimentgl céndifibnsrduring a éurface_tensioﬁ experimént,'one may

measure é'combinatioﬁvof'Surféce stress and surface tension of the

solid surféce. The difficﬁlty in distinguishing Eetwéen'surface

‘stress aqusprface tensioﬁ»eXpe;imentallyAis remoﬁgd for liquids becauéev

~ the diffuéion:of a#§ms iﬁ fhe-liquid is fasf enqugh to remove the stress.

.Also; since adsorﬁed'impuritieé will alt;r the sqrfade tension, marke&

surface éieanliﬁess:is a véry.importahtvfactorliﬁ these experiments.
r Anothef problem in utiliZing the experimentally detérmined surface

fenéion data'for_solids.is fhe 1ack.of data as a function of temperature;

Most.availabié véluesbarg fofAfather‘highvtemperatufes; for T/Tﬁ > 0:7,

.where T 1s the melting péihtvbf thé solid.9 ' The température‘dependence

of the surface tension may beisignificant over large temperature ranges
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and it 1s usually unknown. ° Empirical expressions for the temperature
dependence of surface tension have;been_formulated in Eotvos' Law 10
and its modified versions by Ramsey and Shields11 and of.Katayama,12 and

13

these rules have beeh applied to solids. Guggenheimlhas also derived

an equaﬁioh fhag.giVes the functional behaviour of ¢ with T.14

The sufface‘tension of the Solid surfacés will, in general, depend
.on the Crystallbgréphié orientation.i_ This‘cbupled with the effect of
vcrystallite size,.(that is,.the infiuence 6f ¢urvature on surface tension);'
further increaseé the difficﬁlty of obtaining reliable surﬁace tension
data. |

‘We have reviewed the surface free energies that were reported for

over twenty liquid and solid metals and have féund a useful correlation

the well-known heats ‘of vaporization and sublimation. This correlation
can then be used to estimate unknown surface free energies and to predict
the surface cbmpositions of several solid solutionsAthat are commonly

utilized or to calculate other thermodynamic parameters of the studied systems.

A. The Surface Tension of Liquid Metals
The surface tension of many liquid metals has.been measufed over the

15,16,17 ‘The surface tension waslfrequently determined as a

past deéade.
functidn of'temﬁeratﬁre in a finite temperature'range.' .The surface tension
of_1iqqid metals debréasgs»with.inCreasing teﬁperatﬁre, and of course it_must
Yahish at the.critiqal‘poiﬁt{ Tc.> Oﬁe-equafioﬁ used to6 describe thié

, . . 4 o ‘
behaviour is the Guggeénheim equationl’ which is based on the corresponding

states principle:-

N S S -
g = 00_(} - -E:) _ L | 3)
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where do, -R,"-and,Tc are parameters adjusted - to give the best fit to
the experimental data. R is usually taken as R = 2/9. Another equation

frequently_employed, especially to_detérmine interfaciél tension, assumes

linéar:temperature dependence:

S A
o = 0'0. - ( 3[') T S : (4)
This equatioﬁﬁderives from theAexpressiOn of,the Gibbs specific éurfage

S

freE‘energy,,GS(T) = H - TSS,.since.for the one-component system

:G(T) = GS(T)s s¥ = —(do[af)fuand ob - Hz. For the case when H° and'Ss
_are independeﬁt of_temperagﬁrg, it is-possiﬁle-to obtain Both fUnctioﬁs :
~ from the temperature dependencé oflq. The interceépt of the straight line
,(‘Q}xs, T) at absqlute zerq, Ub, ﬁieldé a spedific'surface enthalpy,Aand'
tbe slope.(dcde)P, is the épecific sufface.enfropy, : .
 The firSt:fhree columns of Taﬁle I hhow‘ﬁhe valﬁes of the parameters
véf_the,Guggenheim equatidn‘(co, Tc’ I+R) thét‘give- tﬁe best léast squares
fit to_the'experimén£é1 sﬁrféce-tenéion.values:for,15 different metals.
The last three columns of Table I éiVe the Qalueé of:the parameters 00
and(%%)%iﬁ“equatioh'(ﬁ) thag‘give the bes&vfit to the same.daté.: The
refgfenies_identify sources of expérimental.ﬁata. Thé_cb values that
were determined fféﬁ fittiﬁg_fhe experimentaifvaluesfto‘both equations
are almost identicél.: Tﬁus, one ha$ no feaSOn to prefer one equation
over the other’oﬁ'this.baéis; . The.two equationé give different results
iﬁ'their §rediction'6f.thé.criticai temberature. "This is due to the
different_funétiépéi;depehdencc of 0onT ahd tﬁe_long extrapolation
required ﬁo rgach the°point‘wherevthé SurfaCe_ténsion is. zero. The

\
\

linear and Guggenheim relations are equally accurate in the region where
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 Table I
Values of the parameters for equations 3 and 4 that give‘the

best least-squares fit to the experimental surface tension

data for several liquid metals.

Metel CorresPOQding States . o Linear
| oy TEE ek 1R o, 4, T K © Ref.
cm - . cm T -

AL 943.85 14481 1.22 943.17  0.0782 12061 a,b
Sb  403.17 12834  1.22 402,78  0,0375 10741 a,b
Bi 416,44 7719 1.25  415.54 . 0.0656 6334 a,b
cd 700.54 6736 1.22 699.35 = 0.1238 5649 a,b
Cs 86.78 1958 1.19 '85.57  0.0491 2087 . a,c,d
Cu 1291.81 © 63540  1.21 1291.46  0.0244 52927 a,b
Pb 489,06 9106  1.27 488.15  0.0663 7363 a,b
Li. 483.27 - 3316 .1.23 475.88  0,1640 2902 ¢
‘Mg 656.34 - 6350 1.22 . 654,09  0.1217 5375 a,b
K 144,06 3126 1,03 138,52 0.0739 1898 c,d
Rb 105,52 2185 1.33 103.56  0.0573. 1807 c,d
Ag  1277.11 5333 1.22 1262.43  0.2729 4626 a,b,e
‘Na 252,51 2452 1.22 249,73 - 0.1161 2151  a,b,c
Sn 578.30 11876 1,22 577.93 . 0.0585 9879 - a;b,e

Zn 832.74 9703 1.25 830.89  0.1037 8012 a,b

"Handbook of. Chemistry and Physics s 53rd Edltion, Chemical Rubber Publ:shing
Co., Cleveland (1972)

b V. K. Sementchenko, "Surface Phenomena in Metals and Alloy , Pergamon Press,

New York (1962). y

€. Bohdansky and H. E. J. Schins, J. Inorg Nucl Chem., 29 2173 (1967)

d Yu. P. Osminim, Zh. Fl?. Khim,, 44, 1177 (1970)

"International Clitical Tables K McGraw—Hill Book Co., Inc., New York (1928)
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data are available, but they,begin to ‘deviate at about 1000-3000°K,
depending:on'the metal.

Although the temperature dependence of the surface tensions of

liquid metals are cettainly net negligible; inspectidn of the < gg >é
values listed in Table I feveals that most surface tensions change by

no more than 5% in a ]00° temperature interval ThiS‘yeriation is not
greater than Lhe uncertainty of most surface tension experiments. Thus,
the surface tension mey be taken as.constant in most cases, as long as
the temperatnre range of experimental interest is limited.

There:are anomalies reported in,measurements of the temperature
dependenee of~6.thet indicate deviations from the straight line Oigg. T -
behaviour, A changevof slope of the ¢ ys. T curve indicates a ehange
okt surrace entropy that may 51gn11:y orderlng on the surtace. '.L.'l’le

con31deration of these anomalies is ouLside the scope of this paper.

:B., Correlatnon Between Surfaco Tension of anuid Metals and Their

Heats of Vaporizat:on

The-specifie surface free energy for an unstrained phase is equal to
the increase of the total’free’energy of the system per unit increase of

the'surface area: = (BG/BA Thus, creation of more surface always

T P’
increases the toLal free energy of the systemn, Since atomic bonds must be
broken to create_surfeces,'it is expected thatlthe specific surface free

. energy bekfelated'to the heat of vaporization; which reflects the energy.
input necessafy to hreak all'the bonds of atoms in the condensed phase.
_The heat . of vaporization is a molar quantiLy (energy/g—atom), while the

-specific surfaca free energy 1s defined as energy per unit area (energy/cm ).

. In order'to‘compare the two values, we must convert the specific surface

e
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free energy to mblar.surfacé:fxée enexrgy (energy/g—atom).18 Because of
differencesvin,thé densities‘ of variéus'materials; theyvﬁill have

differing nuﬁbers of'atoms:occupying a unit érea;v Let us define an

area, A, as the aréa occupied by Avogadro's number of atoms, N.. The '
atoﬁic volume Va is_givén by. |

: vV o . -

I S S o
whexe.vm is.the molax volumé, p is the density, and M the atomic weight.
Thus the area per atom Aa is given by18

o o 2/3 - _

S 2/3 " _ M. .
; Aa = f(Va) = f (N ) (6)

vhere f is a structure factor that corrects for the assumption that the

© surtace is ‘the (lUU)race o:'a simple cubic lattice as was implicitly

2/3

assumed in using V'~ as the surface area.’ (Following McLachan;;g the

area of an atom is expected to be proportional to the square of some dimension

-of'the-atom and the volume propbrtional to its cube: A = BDz; V= cD3.,

Thué A =.b/c2/3V2/3. ‘For the (100) face of a simple cubig structure b = ¢ = 1,
so £ =‘1‘asiexpected. ;FérAthe (111) face of an fcc métal,‘b:='y§74 and

¢ = 1/4,.w£ich yield;'f ='1.09.) The value of f is 1,09 for melts of fcc
solids,_l;lz for melts of ﬁcc_éolids, and 1.14‘fdr-molteani, Sn, and Sb
(orthorhbmbic in thé solid state).18 -'The‘molar sufface_area is then given by.

o = e/ MY .
A =M, = N (p) P D

and the molar surface tension or molar surface free enérgy.of the liquid

is defined as

A A:6£m(T) f' Ao, (T) ) ‘ | (8)
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Now_we»can.proceed to COmpare_dﬁm directly to the heat of vapofization
since both quantities are known from experiments for the 22 liquid metals
that-are listed in Table II. The plot-Ozm at the melting point for each
mefal_zg; their héats:of vaporization is shown in Figure 1. A least-

squares fit yields thevrelationship

O = 0.1; AHvap‘ o _' . (9
All of the experimental data fit this equatioh with a standard deviation

of 8%.

- C. Correlation Between the Surface Temsion of Solids and Their Heats of
" Sublimation ' A

For monatomic solids surface tension determination is more difficult

and the available experiﬁénﬁal data ave searce and often determined only
20 . | |

at one temperature. Nevertheless, we have collected most of the
available data, which are tabislated in Table III. ~In Figure 2 the molar
surface-tensions.of the solids; Gsm’ are plotted against the heats of

sublimation, AH for various metals. A least-squares fit yields the

sub’
relationship

- Q. = 0,16 AHSU (10)

sm b*
fhé.tempéfature_de?endence of.dsm Was'disfegarded in.the ﬁorrelation as
discdssed eatliexlb Tﬁe yéiidity of'this:épérdximatidn can be seen by
examining;the data foticopper_an&AnickeL: the correctich for the teﬁpératﬁre
dependenée ié well_ﬁithin the_experimental-er#OI. There.is'excellent:
:agreement>£efWeenﬂfhe-experimental vélues.and those calculable from Eq.'(lO)l
éndjthe standard deviétion is 8%Z. ~Thus it appears that'a£ 1ééét for

monatomic solids the surface tension may be estimated when direct experimental

determination 1is difficdlt-éf lacking.
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Table II

The densities, ﬁolar'surface areas, heats of vaporization, and calculated
and exPerimental vdlues of Op for several liquid metals.
ze"l’G‘%s‘)
cm

Metal gj e A §EEBSE g calcfSEES o]
_ ce mole / - vap\mole L cm2 .
. ' - ~ This Others
- jude . Others
Al 2,29 helx 108 2.90x 10 937 s70  914P,825%,8602, 865
b - 6.13 6.67 x 10° 2,00 x 102 447 369 3837
C B 9.5 0 7.13 x 100 175 x 1070 366 380 378%,376°
Cs 1.57 16.8 x 10°  0.69 x 10%? 61 58 60% o
Cu . 7.70 3.68 x 10°  3.11 x 1072 1259 1258  1270%1300%122051350°
Ir 20,0 4.16 x 10°  s5.86 x 102 2113 2250°
Pb - 6.80  6.63 x 10° 1.82 x 10 509 448 4517
Li . 10.16 5.3 x 108 139 x 1012 301 400
Mo 9.33 4.4 x10° 6:26 x 1002 - 2081 2250%2080°
N 7.8 3.56 x 10 3.79 x 10?2 1606 1780%1725%17209
O A V2 e wnrad :
R 74053 4,50 4 10 0455 4 v . Zilo : 1500
} g 12 o a
Pd 10.7° 4.26 x 10° . 3.74 X 10 1317 » 1500
Pt 19.7  4.25x 10°  s.12x 10%2 1807  1500%699%865%1 7408
X 0.72 12.4 x 10° 0.81 x 10™ 97 114 114°
Rh 11 4,08 x 105 5.33 x 10% 1960 - 2000¢
Rb - 1.45 14.1 x 10 0.78 x 10™? 82 - 86 76%92°
S 78 - o )
Ag 9,00 4.74 x 108 2.59 % 10M? 814 926.  785%,930
Na  0.74 7.77% 105 1.00 x 10 192 207 206%2203101°
a  15.0 4,97 x 10°  7.34x 10M 2215 -~ 2150%236092020%
sn - 6.29 G.2ax 108 2.35x 1082 ser . 549 5267550°
W 17.6 453 x 105 7.84x 107 2506 2500
8 W g 12 - d

v . 5.55  4.15 % '4.82 X 10~ 1742 - ' 1950

a “Handbook of Chgmlstry and Physlcs," 53rd Edltion, Chemlcal Rubber Publishing
Co., Cleveland (1972). .

b V. K. Sementchenko, "Su1face Phenomena “in MetaJs and Alloys," Pergamon Press,

New York (196?) .

® A. Bondi, Chen. Revs;,gg, 417 (1953).

.
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fable II cdntd.

B. C. Allen, Trams. Met. Soc. AIME,227, 1175 (1963).
® Yu. P. Osminin, zh. Fiz. Khim.,44, 1177 (1970).

A, W. Adamson, "The Physical Chemistry of.Sufface,"}Intetscience
Publishers, Inc., New York (1960).
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Table III
The densities, molar surface areas, heats of sublimation,

“-and calculated and experimental values of O for several
metallic solids. ' .

- pH; | |
Metal (CC) (;n—oie) ) '(iﬂOlG) . < > ) . < P ) OS (exp)
. . Cm cm
» .. - ; 8 4 1sxial2 N . 1nnnC
Al 2,70 4.24¢10°  3.14X10 1198 1140200 450
Cu 8.96 3.7 x10° 3.39x10"% 1484 “1670° 1320
1710° 1273
1750° 1173
| 8 jeax10'2 1343 1400658
Au 19.3  4.44%10° 3.68¥107° 1343 +6 1315,1290
1370£150% 1313
| 1108 1300
Ni 8.90 - 3.22x10° 3.39x102 1706 . 1850° 1523
1860%200° 1493
b 8.60  4.56x10°  7.2010"% 2557 2100¢100%°7 - 2523
o 25502550 1773
| Y e an8 12 . C anmsannd
Pt 21,45 4.06<10°  5.56<10%% 2219 - 23008000 1310
| 23509 1311
: . 8 11 ronm,d
Ag 105 4.3%x10°  2.85<10"" 1064 114090 1203,1180
Ta 16.6  4.64<10°  7.78x10"% 2713 2680%500° 1773
sn 5.76  6.89x10%  2.30x10™t 541 ' 600£75" 488
4.5 4.47%10° 120 3912 1700° 1873

Ti 4,73%10

"InLexnational Critlcal Tables,' McGraw-Hill Book Co.; Inc., New. York (1928)..

b
A. N. Nesmeyanov, "'Vapor- Pressure of the Chemical Dlements," Elsevier

Pub]lshlng Co., New York (1963).

R, E. Smallman, K. H., Westmacott, and P. S. Dobson, Metal Sci. Jeos 2,
177 (1968). ' ’

d . e e PR
J. M. Blakeley and P. S. Maiya, in "Surfaces and Interfaces," J. J. Burke

et al., eds. Syracuse University Press,'Syracuse (1967),
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Table IIT contd.

E.'

"H.

H.

. V.

M,

 Udin, A. J. Schaler, and J. Wulff, Trans. AIME,185, 186 (1949).

Hoage, U. S. Atomic Energy Cowm. Répoft_HW—78l32,(1963);

Buttner, H, Udin, and J. Wulff, Trans. AIME,191, 1209 (1951).
Hondros and R. Gladman, Surfacé’ggi.,_g, 471 (1968).
Blakely and P. S. Maiya, J. Appl. Phys., 38, 698 (1967).

Radcliff,nﬁ, Less-Common Metals, 3, 360 (1961).

Hodkin, M. C. Nicholas, and D. M. Poole, J. Less—Common Metals,

20 93 (1970)

E;

V.

R.

I.

J. M Blakeley and H. Mykura, Aota Met R 10 565 (1962)

Funk, H. Udin, and J Wulff, Trans. AIML 191 1206 (1951)

E. D. Greenhill and S. R. McDonald, Nature, 171, 37 (1953)

Kostikov A. V. Lhar:tonov and V. Z. Savenko, Phys. Met Mettall.,

26, 181 (1968).
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D. Surface Tension Data for Organic Liquids, Oxides and Carbides

The cdrrélation (0 vs. AH) that holds so well'for metais does not
hold for organic.lidﬁids of various tybes. This must be due to the
diverse Bonding Eharacteristiésvand pécking of thesé liquids. The first
three colﬁﬁns'of Table IV give the Vélues of the parameters O;ch and
1 + R of the Guggenheim équation that give the ﬁest least-squares fit to
the experimental surface tension values for 25 organic liquids.‘ The
last’ three célumns of Table IV show the values'of-the parametefs of
eqpation (4)]r(;0-and'f<%§>P> Fhat give the best fit to the same dat;.

In Table V we list the surface free energieé of sevefal oxides and
.soﬁe carbides. TFor these solids there was no goda correlation between
thé surface tgnsion and the'ﬁeat of‘vaporizatién.. Finaliy, the interested
reader is referred to extensive collected surface tension dafa for

'moltén saltS.ZI‘

B, - fhysical Basis for Surface Tension gorrelations

.The‘surface free eﬁerg&*is defined as the increase of the total free
énergy of Ehe system per unit increase Qf‘the.surfacé area. . For’metals;
the creatién?of mofé surface_requires'the breaking of chemical bonds
thch is accompanied by charge xedistfibﬁtion of the eléétron gas;
Theoretical computatipns-of the surface tgnSion:ofvmétéls have been
pérformed by cénsidériﬁg these contrigutiOns.separately; :
| The mbdelAwhich.takés into account only the breaking of chemical
boﬁds correiates the surface‘tensioﬁ‘with the heat ofvvaporization or.
heat of sublimation, Skapsk118 and McLachaﬂl9 considered the breaking
qf'only fhé ﬁeargst neighbor.Bonds 1ﬁ the condensed phase: For a close~

packed plane of é'sdlid72 an atom in the surface has nine bonds to the -
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Table IV

"Valuesfof'paraméters forfcquationéuBaud 4 that give the best
Jeast-squares fit to the experimental surface tension data for
- several organic liquids. : ’ ' '

Compoﬁnda’bz _ Correépbnding_states | '. ' Linear
G o B ST S o T A
CoH,  73.38 287 1.22  G64.64 0.2380 272
CH,0CH; 61,81 - 397  1.22 ... 56.64- 0.1530 370
CH,CH,0  76.86 480  1:22 .~ 72.54 [0.1646 ~ 441
(CH,),NE  44.52 522 - 1.22  42.87 0.0910 471
(CH;),N  48.37 472 1.22  46.13 0.107% - 430
C,HgNH, 51.86 563 1,34 49.02 0.1019 461
co 20,57 131 1.75 27.22 0.2266 120
CHCL, 72.00 = 523 1,18 67.47 0.1373 491
HCN  59.97 466 1.22.  54.95 0.1266 434
Cmeoom 7191 711 1.22 - 69.17 0.1077  Gh2
CH;COOH ' 58.17 593 1,08 - 35.90 0.0962 581
| CpHsCOOH  57.24 631 1.22 53.75 0.0925 581
CCH,CHO 64,67 467 1.13 61.22 0.1366 448
CH,COCH; ©  63.99  ° 507  1.15  60.46 0.1254 482
C,H0, - 77.35 889  1.2L -75.55 0,0952 794
HCOOC,Mg - 66.03 508 1.200  57.67 0.,1168 " 494
cH,co0CH,  70.71 . 507 1.22  60.48 0.1230 482
n-C,H,, . 51.97 49 1.5 49.02 0.1041 470
n-Cl, - 53.75 . 561 1.22 50.69 0.0985 ~ 515
Col,N 86,40 598 1,22 - B8L.17 0.1476 550
CeMNO, 82,60 775 1.33 77.23 0.1140 678
CeHO 79070 704 1.1 - 72,75 0.1086 670
CollgNii, . 80.38 729 1.22 . 76.68 0.1153 665
CgliClo 76,80 709 - 1.22 7422 0.1167 636

ClgCly 62,20 606 1.21 58.65 0.1048 560
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- Table IV contd.
a<"Handbdok of Chgmistry-and-rhysicg,“ 53rd_Editibn, Chemical Rubber
" Publishing Co., Cleveland (1972).

b "International Critical Tables," McGraw-Hill Book Co., Inc., New York,
- (1928). ’ - |
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B,O

2°3

Ba0

fBi 0

Cz20

cdo

273

Table V

EXPERTMENTAL SURFACE FREE ENERGIES OF OXIDES AND CARBIDES

.G(Qrgs/cmz)

650
600 -

CT°K

2.28-188.1 1ogP(0,)*80 1205

2050-1.71 (T-273)

690
690£20 .

680
680
650
- 700
905:20%
840
‘892 - 0.12 T
925

96

© 83+0.055(T-1273)

75.9+0.0026(T-1073)
87.4+0.004(T-1213)

290
307

209.7

232.3-0.027(1-273)

820

500

2323
2323

2323 .
2323
2323
2353
2123

2143

973-1473

1073-1673

- 1223-2223

1373

2073

- 1097

1103-1173

298

623~1073 "

—

Method

sessile and
pendant dxep -

shape of drop

waight of drop

.

cylinder-drag
‘cylinder—-drag

maximem bubble"”

pressure

2 mm 0

'Cémments

2

Ag,0 _ o
0;%~0.0001 atm O

160 mm 09y

 liquid
He atmosphere

5 XlO—S torr

- liquid
5 x10™2 torr

liquid .
solid
solid
(0o001) .
99.8%

solid

solid
liquid.

Reference

2 N

25

22
22
23

24 .

25

26

27

28
27

29
30 -

31
32

33

34

26

35 -

36 .
29
25

37
37

38

' '..{73....
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d‘(ergs/cmz)

Cu - 1370 .

1270
1235
625
670
1 625

530

FeO - 590
585

725

680-700

- 732
630:2%

7362-3.44T
692+0.54T

. 1050

1055
.Fe,0 - 400
374 - 400,

360

GeOy ~ 250+0.055(T-1423)7%

In 652

'80-500

MgO 1200
1000

1150+80

11100

MnO, =~ 6202%
653

1693

Method
resting drop
H 1"

n 1t
Hi n
1} - 11

" 111

1" I

1573-1673

1573-1673

1373-1673

o
O\ O
OO

o NN
~ WO WO ~}
O 0 W~y

=4

2123

stationary drop

ghape of drop

veight of drop

.
Ty
=

s
ad

le ard
t drop

o
o M
pop

re

‘sessile drop
sessile drop

cleavage

AH soln.
cleavage

steticnary drop

CoO00OO0OO0O

. 1ltoxrr O

Comments

.00 wt %05
.04 wt 70,
.08 wt ZOZ
.28 wt 70,
.33 wt %02
.63 wt 709

‘solid

- 107370,
0.25%0,
liquid
liquid

He atmosphere

6
10" torr 0,
2

limited number of expts. 48

99.2% pure

.88 wt %0,

References

39
39
39
39
-39
39

34
40
41
42
43
44
45 -
45
46
43

28
27
27

26

47
47

48
48
33

44
49

-§g-
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. - 2
glergs/em™)

" Mo03 50
65

70

Na 186-0.1(T-371)
190.8-0.1(T-371)+1.5%
202-0.1(T-371)

0s0, 49;24—0,15(T—361)~

P405 o 6040.033(T—373}i72

PO . - 132
C134
153

32.2
+2.3%10->(T-574.5)

605
- 390%2% |
307+0. 631(T-2073) "

Tan03 . 280
- 360

| Ta,0 280

Ti0, 355-0.174(T-2125)+6%
280
360
380

371-453
371-723
371-493

361

373773

1173)

1273
1273

504
603-797

298
- 2063

' Method

shase of drop
we:izht .of dxop

verticazl plate

maximum bubble pres.

drop volunme
sessile and
pendant drop

arcior ring

~

maximum bubble

Ppressure

czpilliary rise

stationary drop

1273-1573 sessile drop

m.p.

- m.P.

m.p.

~ shane of drop

weight of drop

2125-2600 cylinder-drag

m.p.

shape of drop
weight of drop

Comments

11-20 x 1074 torr 0,

no oxide
no oxide’

He atmosphere

solid "

in He atmosphere

99.5% pure
5x%x107? torr

S5 X10'5 torr

References

27 -

27
28

50

51

52

53

26

54

54
55

56 -

57

25

44

26

27

27 .

28

58.

27
27
28

_9.’6'_
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.43ergs/cm2) A T°K Method . Comments References

' UOé - .754x150 ' 1773 sessile drop in 99.9995% Ar atm. 59
' . 600+ 50 . 973 - ' U/O 2, Ar and 0y atm. 60
626 - stoichiometric seclid 61
310 ' 1323 sessile drop . 62
vos 8 1273 - s
A o0 . m.p. o - - : C.o 28
) 30 . , - shape of drop . S 27
o $5 - . weight of drop = ' : 27
w03 © 100 | © m.p. - - .28
WOZ A . 100 - B shape .of drop - - . , 27

. e o weight of dxop o - 27

Zn0 20 ' :uptuie- seems to low - 63

Zr02. ’ 1130 ' ' <1423 . thase change - ‘monoclinic solid 64
' 770 : 1423-2573 oo tetragonal solid 65
<770 . >2573 - o "™ cubic solid 65
800 : 1870 ‘ 92,.57% pure 33
520+20% . 2123 . sessile drop  He atmosphere’ - 30

HEC 1825:150 1773 - nultiphase S 66
: - ' 2quilibrium s
we 2540 1423 - sessile drop ‘ under 107> torr 67
- '~ 2300x30- - .- . 1823 multiphase - ' -~ 66
' 2quilibrium

TaC 1804706 . solid _ 68
’ 2690 1423 sessile drop - under 10 ~ torr: 67
1290+390 1 1373 sessile drop ' 69

TiC | ll90i350 | : 1373 - zessile drop - _ 69
: : 2135%150 A 1723 rmultiphase ' 66

eguilibrium
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- uc

"VC”

WC .

‘ ZrC;,

_' o(ergs/cmz)'

728-0.01(T-1598) +41

1000£300

12200%200.
3150300
2850300
1677
1675500
2310+150 -

262030

310
800%250

T°K.

1598-1993

LJ/3

29

206

296
1423

- 1373

1723

1223

L2
37

bt
w W

Yethod

sessile drop

sessile dircp

cleavage
cleavage
cieavage
s2ssile drop
sessile drop
multiphase

" equilibrium

s2ssile drop

sessile drop

© sessile drop

c/v

Comments

“Ax atmosphefe

c/V = 0.88
- C/V =0.84
= 0.76

under 10~° torr

Under_lof torr.

_ under 10 ° torr

References: .

70
69
71
71 .
71
67
69
66

67

67
69

~-8¢-
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intéfiorxbf the SOiid; thﬁs;'the heat of sublimation correspondé to the
enérgy ﬁecessary to_Break‘18 ﬁalfnbohds; The‘éurface free energy is
approximétély equal to the energy_of‘ﬁreaking the bon&s‘by transfgrring
a bulk atom to the surface; since this is a closé—packed solid (12 nearest
neighbors in total), tﬂere will be 3.half—bonaé per atom directed oﬁt of
fhé plane at'the‘intefface. Thus the rétio of_csm to AHSub should be
3:18 or 1/6, which;is app;oximateiy the same as the empirically determined
vaiue tﬂét is given in Eq. (10); Such'a.simple‘ﬁodel does not gxplain the
surface féﬁsion of organic sﬁbstances as these simple;assumptions'are no
longer valid. | More detailed calcﬁlations should také'inﬁo account lbnger
range interactions; feiaxation of thélhewly créated surface atomé into
fheir néw equilibrium positibﬁs, aﬁd~the excess of binding energy the
surtacelétoms may havé as.éompared'té those in the bulk due to the
availability-of éurpius_Bondingorbita;s.73 rsuch a model, when develoned,
would include both fhé bond<breaking»and the,chargg reaistribution that
take place on creating new sutfaces. |

The simplest-version of the free electron gas model used to calculaté
the chargé redistribution that takes place at the freshly made surface is
the particle in é Box, with'the surfaces of the metal corfesponding td '

74

the walls of the box, which contains a uniform density of electrons.

This model was imprOVed by various workefs/5’76.but until Hohenburg, Kohn,

77,78

and Sham devised a more general formalism,which can treat inhomogeneous

" electron distributions, thé change'of electron density at the surface of a

'

metal was ignored. Using this new model Lang and Kohnygpredicted metal

surface free energieS'Within”about 257 of the experimental values. More

3

‘recently‘schmidt and Lucas8 proposed that the surface free energies of
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metals are ﬁainly due to the change‘ihiplasmon.density caused by the
introductlon-of a'new'anrface; Theix computed surface free energies
falivwithlﬁ-BOZ of the ﬁeasured_values aad there‘is no attempt to fit the
experimcntal.data. | | |
These dlfferent typeé of calculatdons of the surface tensions of
metals prov1de the physrcal basrs of the observed correlatron between
surface tension and the heat -of vaporizatlon or heat of subllmation.
| It appears that Eqgs. (9) and (10) can be~usedZWith.confidence to estimate
surface teneions and utilize them in eﬁaluating'many imoortant properties
".of'surfaces; their comPOSition, adhesion or'otﬁer surface thermodynamic -

parameters.,

IV. - Predicted Surface Compositions

AL alr wnd T bt Taauen L AavenT minm A

. - - 3N v
iavVE Biuidwihi Sols X YAl I O R N S L Y1 [PEetersy uwv\—.n.ur\.u

- [ o I WUt i TT o
dli WCL LAV La WS

(]
P

to predict surface‘compositions. .The.most important'parameter in these -
models was the difference in surface tenulons of the two components. Having
obtained thls quantlty by independcnt meaourements, and the molar surlace
area, wh1ch can be calculated from well-known den31ty data (oee Equation 7);
it is easy to calcclate tbe surface composition predicted by the monolayer
ideal:solutiou model;’ .(As.stated'earlicr, in the derivation of the mono-
.layer models,'it »isfassumed that the:sgrface areas of both pure components
are equal. 'Calculatihg'theee.surface areas from density data also assumes
that there is no surface reconstruction.) In addition,_if'the solution
under study is believed to behave more like-a regular solution (lf the'
‘heat of mlxlnw is not zero), tten only the regular solutlon parameter and
‘knowledge of crystal packing are neceqsary to calculate the surface

‘composition predicted by the~monolayer~regular solution model. = The packing
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information is obtained from the crystal structure and the crystallographic
face which is being studied. The regular solution parameter, , can be

obtéined from heats of mixing Since7

1

A
mixing
X1 " ¥

for binary metallic alloy'systems these heats of mixing are tabluated.

k
82
In the following, we will present calcuiations of surface composition
of]modei systems. = The parameters involved_will be veried in order to
yield a more‘thorough understanding.acd a quelitative feeling for the model
pfedictions. - Following this, in Section V,'results for Systems whichi
have been studied osing Auger electron spectroscopy.will be ‘presented and
these resolté compared with the predicted valcee for the surface compositions.
Tue wost Spoliant parameter ip the_models i; AV surface_tension ox
sﬁrface free energy difference. In Figore 3,.the eﬁtichﬁént of the
surface monolayer;'that is;the quantity. xi‘4 xi, where x stands for.atom
fraction, is celcﬁleted as a function_of.the bulk composition of the
system, Hereithe.sﬁbscript 1 is assigned‘to the component with the lowest
-surface energy;. The enrichment was calculéted‘using the monolayervmodel.
and aesoming that the .solution is ideal (R = 0). fhe area and the
temﬁerature were fixed at 4{4JX 108 cm /mole and 1000°K respectively |
It can be seen tcat for a.surface energy dlfference of 150 c1gs/cm2, the
surface excess 1s ZOA_for the component with the_lowest.surface freé
.enefgy (for:a.solution Qith an overall bulk composition of 407 of the low

surface energy c0mponent)s b.In.metal alldys, surface'energy differences
2
as_great as 150 ergs/cm and even 1arger is in fact quite common. It is

.this large effect Lhar creatns a sitvation in which the surface composition
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0.5 —T
Ao =350 ergs/cm?

ot

| ~ XBL. 744-6201.

"_Figure 3
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may be very diffgrént froh the bulk composition. invaddition, the
effect is im?ortant throughqﬁt a 1argevbuik éompbsitionvrange.
In thésé,calculations the temperature wés fiﬁed at 1000°K. It 1s

interesting however tovseevhow the résuits vary with temperature. - In
Figure 4, tﬁe surfaée enérgy difference was fixed at a value of 56 ergs/cmz.
This calculation is agéin for the monolayer model,.and.aésumes thAt.the
solutions aré ideal; The surface érea remainéd fiked»at 4,4 x 108cm2/mole.'
It‘ié immediately apparent that the surface enrichment is of greatest
magnitude at low temperatures,ﬂand that the enrichment is strongly temperature
dépendenf. Halviﬁg the fempgrature causes the surface enrichment to
épproiimately double. Thué tﬁe surface effect is of greatest importance
at temperatures where typical>catalytic'teactions are run, One experimental
checlk of .th.e .mon‘n]»ayer n.\.nde] ﬁzmt].d he fn nmn,r-:;nm the ‘temper'ature dependence 6f ‘the
surface compositidnvqf an-alloy.  From tﬁe form bflﬁquétioﬁ (1) it caﬁ
veasiiy be seén that if the surfa@é enefgy is either indepeﬁdent of temperature
or vafies»linearly with tempefature, then-a plot of 1n(ﬁz/xi} zg..l/T chould
be linear. (ASsuming area 1s not a functién.of_T.) Experimentally
determinéd temperaturé dependence’ofrthis'type;thgn is experimental evidehce
supporﬁing the moﬁ;layér~ideal solution.model.

::'All the qalculations.that were discussed above weré for ideal solutionms,
-For‘régular'sdiuﬁions, the'expression‘ déécribiﬁg the concentrations of
the surface monoléyer-is,mdre_complicatéd, and the.results‘are less obvious
from the equation (Equation'Z). To clarify, the composition ofithe
'sufface»layer is.caléplaped for positiﬁe (endothermic) and negative (ekothermic)
values of tﬁe regulax'solufion'parameter and 15 06mpared with ﬁhé ideal solution

‘xesult. This is shown in Figure 5. In this calculation, the system was
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"assumed to be face-centered cldse~packed,_and the surface enexrgy difference

'waS'fixed‘af 50 efgs/cmz.. The area and the temperature were again fixed
at 4.4 X'losémzfﬁqle and 10005K respéﬁfively: " The regulaf solution
. parameterAa%fects the magnitude of the enrichment; espe¢ially‘for pbsitive.
values of 9, The valué of 1500 cal/mole for 9 is actuaiiy a bit large
for that éxpected for a homogeneous solid solution, For most alloys,
phase separation'may be éxpected if_fhe‘magnitude-of Q is much lafger:
For this;value,:however,.iflis seen'thét there is an appfeciable departure
frbm the predictioné pf the ideal solution model.

| it is likely that if such.strong'surface en;ichmenﬁ takes place in
the surfaée monolayer, some'alterétiog éf'the adjééent inner layers wili
also occur. An imfroved modei is the ﬁultilaygr mo&el5 and to demonstrate
reoults of mulil layer éalculaticns wc.rcprcdu;; h;r: SomE calc#latidns
made by Williéﬁs;6‘i.1n this wérk, vaiues fofvheats of éublimatibn are
uSed diréctly in the éalculétiqns,-instead‘of éxperimenfal surface tension
daté) We_havé alfeady showﬁ thé validityrof'this appf&ach; " The factors
which relate ﬁhe sﬁrface énergy to the heats of subliﬁatiOn were obtained
from bondiné-conéidefations; in which the humbex of_effective bonds that
a;e brokénvwhen an.’ atom escapes frbmba surface are countéd; This number
.and'the ﬁétél number éf_bonds fbr each #tom withip the solid are used to
convert thelheat‘of'sublimqtion intérsurféce eﬁergy{.4
WilliamslusedAé four'layér mbdel, in_conjUnction with.ideal'and regular
soiufion médelg, 1Wé show in Fig, 6. the calculated concentratioﬁ profile
for a sysfem with‘é particular-bulk concéntration énd particular relativé
values of-ﬁhé surface energy differenée_énd.rggular solution parameter.

"The first‘féature-that'is observed is that the'fourth~layer has ﬁearly the

same
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concentration as the'bulk;‘eVQn forlthis case in which the surface energy
diffefence gives a tery large sﬁrface effect.- The second observation is
,thetgthe'sign of.the regular solutien'éerameter is very iméortant in
preAieting the eoecentratioﬁ'of the second andfthird lajers: For a
poSitive regular solution parameter; all layers are‘eeriched with the
coﬁponent that has the smallest surface energy;: For a negative regulare
solution palameter, however, there is .a depletion in the second layer of
the component which is present in excess_in-thevfirst'layer. {This
effect is vety'important to the intetpretation'en Auger fesultS; If the
regular solution patameter is zero,‘theﬁ the four Layer model reduces to
the monolayer modei._v |

In all of these modele,'it was:éseumed that there were no impurities

present on’ thn eurfahe. The medels ac
vacuum interfaco, or to a surfece in equillbrlum WJLh its owm vapor and
neglected the p0031b1e ex1stence of a. tthd gaseous phase. In any real.‘

"vacuun' ‘1ntarface there is lnGV1tab;y an ambient, however low the‘preesure,
‘which is a source of»impurities such as CO and. H,0, wﬁich may chemisorb
on‘the sutfaee. nUnder these conditions, the binary solidtsystem becomes
' aetﬁally a ternary‘system. The bondiné‘charaeteristies‘Qf this'third_
component altere tﬁe surfaee forces and thus comnletely changes the
equilibrium configuratlonof the sur face even though the third component.
may be of a negligible amount or abseﬁt in;the_bulk. - The chemisorbed
species may form strong bondslwithgone of the components and ﬁay net’bqnd
at all with'the other'components. | In such.citcum stances, the energy
could be lowered by a segregation of the bonding component to the surface.

"AThus,such a pseudo-binary system would have a surfacefcomposition that may
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be tétally different from the same system witho;t’the chenisorbed im?urity.
Such effects cén-be very large in some cases, and‘in‘fadt enrichnents
“due. to cheﬁiéorption have:beeh ohserved experimentally; as wili be geen later,
kThis theﬁ underscores the importance gf having a clean.surface when making
studies Qf.binary‘systems.

In additioﬁ,vimpurities dissolved in the Bulk may also segregate
out at fhe surface. ‘This éccurs, if fof ho other reason, because of
th; temperature dependence of their solubility in the solid solution.
Thé surface tension may change markedl& in the presence of a monolayer
of carbon,for example,that induces rediétribution of surface atoms which
leads tovdrastié éhanges ih;surface compdsition, >Again,'in the presénce
of segrepated surface-impurities that emanate from the-bdlk, the binary
system ié convérte& to a ternary system._v Since carbon and sulfur are
the must_cbmmuﬁ iﬁpugiLies-im meials Lhat_aré likely to segregate at

surfacés,'their effects on the surface composition should be explored.

V.  Summary of Experimental Determination of Surface Composition by

Auger }Jeétron Spectroscoﬁy

With the advent of Auger electron spectroscopy (AES) it has Pecome
bossible‘to determine not only the'typg df atoﬁs on é‘surface, but also to
. carry out semi~quantitativé déferminationslof the relative atom concentrations
in the first few 1ayers,‘ As a result, several laboratories are now engaged
in measuriﬁg»the‘surface cémpbsitions of varipus-bingry ailoy systems.
In this éeétion we éhéll firét:veryvbriefly review the techniques of AES
and disé;sélits c#péﬁilities and limitations. Next we will discuss how‘
tﬁe techhiqﬁe has been appiied:to detenmined,surface phasevdiagrams of

binéfy allby surfaces and the results of thesevinvestigations.
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When an energetic_beah of electrpns or.x~rays (1000-5000 eV) strikes.
the atoms of a materlal,-electrons which'haye.binding'energies less than
the incident beam energy may‘be ejected-frem the inner etomlc levelsf By
this procees a singly‘icnized ercited etom is created. The electron
»vecancy thde formed is filled by - de—excltation of electrons from higher
electron encrgy states that fall 1nto the vacancy. The energy released
1n the resultlng electronic transitlon can, by electrostatic interactlon,
be transferred to stlll another.electron,(ln the same atom or in a different
‘atom). If this electron has a binding.energy that‘is less than the
derexcitationenergy transferred to it,'it will tnen be ejected into vacuum,
leavlng'behind a donbly ionlzed.atomt' The electron‘that is .ejected as
»a'reeult'of this de~excitation nrocess~is called en Auger electron and

its epevpy ‘is '.pr-inj,ar.'ily 2 fimetion of the energy_ level separations in the
atom.§3’84 ‘The electrons that are emitted are therefore characteristic
of the types of atoms from whlch they ere omltted and ener gy analysis of
these clectrons'therc£010 can givc qualltaLJve JnformatLon of the surface

2

‘of the "Olld 3

Solids havelquite large inelastic and elastic electron scattering
cross~sectione. It is.the‘high scétteriug'cross—section of these fairly
lnw—energy electrone that makes AES a surface sensitive'technique; only
electrons emitted within e'fewfmonolayerscf thensurface“will escape without
energy 1@55. 'Howener? emitted along-with‘the Anger electrons there will
be a=broed backéround'cf‘secondary electron emiseion~and energy loss peaks.
It was this large backg:ound that hindered the us e:of AES as a surface

84 '

»analysis technlque for many years. However in 1968 Harris applied a

:method of electronic differentiation to the previously recorded N(E) curves.

.
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This differentiation served to greatly enhance the sensitivity., As an
examplé, in Fig. 7 We1have shown exanples of typical differentiated and

undifferentiated spéctré. The peak lébelé usea are the standard x-ray

23

peak, which is on a steep background in the N(E) curve, is greatly enhanced

notations,s6 with V fepresénting the valence band. the that the M \4%

in the dN(E)/dE curve. Since the development of_this méthod; the use of
_AES_for'deferﬁining suxfa6¢ compositions has grown exponentially. Mahy
workefs:are using:Aﬁs routinely in combination with other surface sensitive
techniques and review papers.have beeﬁ ﬁritfén on this 31.1bject.84-"87

One of the chéllenges~that‘face workers in the field today, is that

IOf making AES into a quantitative teéhﬁiqpe. " The number of Auger electrons
emitted at‘a certain energy is'diractly proportional to the number of the
.typé of atém eﬁitting at that'energy. The intensiﬁy IA of Augexr electrons

actually collected at a certain energy is given by

.IA' = V(SIP)‘f T . csc(éé)
where Ip'is the intensif& of the prima;y electronvbeah (which is the method
commonly used to excite Augér tfansitions),}¢§ is'thé'éngle of ‘incidence

of the primary'béam ‘measured from the normal, s is the probability of
stiﬁulating‘énvAuger electron and having it éséape'from the solid, and
T'fhe transmission éf the détéctor is the probability that an electron

. ' ' 88
emitted from the solid will be collected and "counted".

The factor s, which contains all the information about the system,gg’go_
éan be written as
s = O(EP) . ;l ”w)ELsNiai
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where QCEP) is'the'iohization crosstegtion which is a function of the

ené:gy of the primary electrouvbeam,glv’92 (1L ~w) is the Auger transition

v probability,SB.and the summation is over theatomic layers of the solid;

. the ith layer containing Ni atoms of the emitting type; The: terms a; are

attenuation factbrs for eicctrons escaping from the ith'layer.. .These
factors are dependent upon the depth of the 1ayer; and upoun the composition
of the surrounding layers due to backscattefing and scréening éffects.>

From the above expréssidn; there emerge three basic.difficulties in
usingAuger_intensifies to obtain a quantitafive chemical analysis of the
surface of a solid solution. - Ve shali éketch these three problems and
list some oﬁvthe techniques'that ére Being used or that'might be used to
ovefcome thé’difficulties.

'l‘h(;. ‘F’!rsr prob’lén‘w ig that of the nctita;li t~.._31'i1.wr-z.h‘r.>n. The F-i?st astep
in the célibrationAié to reamove allsobviousbihstrumental féctdrs from.

consideration. The spectra should all be run with similar cperating

conditions. ~(This includes factors such as the modulating voltage

amplitude'used in'obéaining thé differentiafed sigﬁal,vmbdulation
frequency, e;c.)1:, - The électron current tb the érysfal can generally
be measured_and the measured peak to peak amplitude (or whaicver other
quantity is used. for‘;he'aﬁélyéisj can Bé normalized to some particular
inqident ¢urr¢ﬁt;ii Next,:sinée the probaﬁility-of ékciﬁing a barticular

Auger transition varies jin an (as yet) unpredictable manner, some standards

must be utilized fbricomparison. This is generélly'done;by measuring the

Auger spectra of the pure components. Peak intensities are measured for

each of thglAuger'trahsitions that are to be used in the analysis. The

sintensities are normalized and are then believed to give the surface
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compositionofv801id solution hy 1inear_interpolation. . This linear

interpolation assumes that the factors a;

and the'Auger transition probabilities
’are independent of matrix effects. | |
.The second:problem that’arises is that ofewhich feature.of the'spectra

to use as a measure of the-Auger intensity. As stated‘earlier; the spectra
that is generally mea3ured_is.the AN(E) /4L curve, from which the actual

Auger intensity can he»obtained.only bj integration. '_The quantit& that

is generally used is the peak to peak intensity of the dN(E)/dE curve,93
or the amplltude of one of the peaks. : Howevel, the difflculty is that if the
slope of the background changes or iﬁ the ehape of‘the Auger peahs'change
_due-to any concentration or chemical effect, then the_peak to peak herght.
cannot be expected to be ailinear measure of composition.gsfga’gs The
problem hae been COnsi.deredv-_.theoreticall‘y96 and.the resultlng suggested'
integrationvtechniquec have beenAapplied’97 if the shape of the

dN(E)/db curve (and therefore the N(E) curvc) are shown not to change with
composition, the peak tovpeakhheightais a valid measure_of surface composition.93 !

The third problem.that.is encountered and perhaps the nost difficult

to overcome is the ‘depth dlstrlbutlon problem which arises from the term
:E;:Nlal given in the expression for the Auger Jntensity. The problem
aiiees from the fact that the Auger elechons penetlate one to several
monolayels and are attenuated by the compllcated aJ factors. So. if two
Auger transitlons of dlfferent energies are used for the ana1y51 of the

two.components, then the sampllng depth, or the "detected volume , will be

different for the two energies. Thus the Auger peak will be a weighted -

average over more than one'layer. This effect will tend to attenuate

)

surface enrichment effects,_such as those discussed earlier. One way this -
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‘problem can be attacked 1s to alter the sampiing depth in some manner.
'This may be done by comparing intensities for Auger peaké of various energies

from each compdnent.‘f'Another way in which the-sampling‘depth'may be altered

is by varying'the angle of incidence 6f,the expiting electrons, or by
covering the surface with a layer of ﬁon~interacting and non--diffusing atomé.
An\approéch similar to this has been taken to obtain Auger escape depths

98 Another idea which has been used theoietically,»

for samples of Mo 6n.w.
is'fo compare plasmon satellite intensities with Auger peak intensities as
é fuﬁctiOn of the electron exit angle. | This méthod gives a depth profile
of adatom céncéntratioﬁ.gg A gréat'déal more work still needs to be done,

however, before it will become possible to measure composition profiles

accurately.

. . o a

Antensity analysis, we will summarize some of the work that has been carried

out to meésure_the surface composition of alloys."
e o et e 4L that af _ 100
Oneé system which has been studied is that of the molten Pb-In.
This study was done using AES, and a melten system was chosen so that

temperature dependence could be studied, - The "surface compositions"

" found are shown in Figure 8 along with values predicted assuming, the solution

is ideal ‘and values predicted assuming thesolution is regular, both in the

monolayer apprbxiﬁation. Tor both molten Pb and molten_In the surface
| | 101

¥

tension is 'known as a function of temperature to be

. o 2
Op1, 460.—_0.12(T—Tf) ergs/cm _

o
In

'

| 559.2‘~;0.089(T—Tf) ergs/cm2

where Tf

is the meiting point,of thé.metal. ~ The regular solution parameter
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used:was 0= 910'cal/mole'aéioﬁtainéd fromvﬁeat.df mixing data.82 _ As
'éredlcted by the theory, the surface proved to be enriched with lead.

However, it was,fOundithat ﬁhe "surface concentration' was even greater

in lead than pfedicted by the mbnolayer mddels; | It shoﬁld be borne in

miﬁd that the '°urface compovatlons are obtained flom Auger pcak intensity,
and thus it is ‘subject to all the difficultles 1nvolved in relating surface
concentrations'to_Auge? intensity data. This extra Pb concentratlon
cannot-be attributed to sampling depth préblems, bécausé'éampling’greater
.fhan one monolayef would serve to 1oﬁef'th¢ me&égred‘concentration of Pb
(except in the unlikely evént that the flrst few gnderlying 1ayers,ha§e

a very lafge énrichment~in Pb). The-température dependence of the

’ intensity ratios was determined and it'was fouhd‘that lﬁtIPb/IIn) varied
'linearlvaith l/T;lwhere'I is‘the Auger peak iﬁtensity. The ratio
,IPb/IIn‘shouldnbe proportional to the ratio_ggb/xin. This then is th~

result p:edicted by tﬁé'monolayef ideal solution model.: Thuc; this

system acts as if it were 1deal but w1Lh a surface energy . d1f£01ence

greater than that thalned fgom surface tension data. (Figure 8) The
Ni-Au binéfjAsystem*haé been studied,6 and an‘enriéhment of the surface

with Au was found. . lTﬁe liﬁitéd‘aata was found to fo]]bw, ﬁithin experimental
error, the predlcted values calculated by the 4—1ayer model In addition;
it was found that chemisorptlon had an effect in alterlng the surface composition.
.Oxygen and hydrogen:both were'found‘to enrich thé surface with Ni as predicted

. from the gréater stability of_Ni—O and Ni-H bonds than Au~-0 and Au-H bonds.
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In a study of'Cu—Al;lQZ‘an enxichﬁént of>Fhe_surfaoé,with.Al was

found, as'ekpected from the heats of sublimation and from surface tension
data. Iﬁ this.work Ax sputtefing Qaé?used as a means of calibrating and
cleaning the sample. The surface was bombérded uhtilvit was assumed that
the.resu1tihg unequilibratod_surfaceumust have the samo composition'aS'theb
knowo bulk composition. {This assumotion nay be made’only with great care,
bowever in view of the evidence for highly selective sputterlng in many
systems. 103 104 In this partlcular case, Al and Cu have very similar heats
of Subliﬁation, so their sputtering may be.ﬁoarlyvequol at the energies
used. This must, hoﬁever, be checked carcfully.

| A system thét has-beenistudiedvekhausfively is the Cu-Ni system.
Interesting because.of ito catélytic‘properties,‘the éy stem was ufudied
ﬁy work functieon mezsuremonte by qgohfier_nnﬂlnn*3n1in in 10493105 . Theen
workerS‘found»that there isrphase separation. at the.ﬁompcfatures they used,
and'that the = Curich phase onvelopedbthe Ni-rich phéso, a condition which
devoloped because of the relafive diffusion rates of tho two components and
‘due to the.lower'surface'tension of Copﬁer. After the development of AES
the system waé stodiedvby HérrisSS and later by,Quinto.and workers.106
They found tbere to be no indication_théf the surface composition was
differentifrom the bulk comﬁoéition, \»The Auger transitions used in this
analysis vere rafher hiéh_enérgy,.?lS'eV:for*Ni‘énd 920 eV for 'Cu and two
intermedlate energles which wele overlapping and unreuolved Cu and Ni peaks.
Electrons of these energies.may be expected to'sample more'than one monolayef.

These oeemingly oonfliotiﬁg reoults can be reasonably expiaioed by

'considerlng the alloy preparation procedure used by the two groupq. The

- ' £f1lms prepared by ‘Sachtler were s:nterpd at . 10W‘Lemperatures, whereas'
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Quinto used high temperature anneals for their bulk alloys, followed by

rapid quenching. Thus phase fransfo:mation at some intermediate temperature
would explain the results of.both,experimenté. This.situation calls
attention to the importance of'kﬁowing the pﬁaSe diagram for'the:bulk

., Sample,‘wheﬁvtrying to understand the_surfacé pﬁase diégfams. In addition
to the eqﬁilibrated surface of Cu/Ni, the sputtered surfa¢é has also been

studied using AESlOB’ 107

and the catalytic égtivity has been studied for .
~ the system characterized in'this wa&.

The fact that. the Auger intensity ratios for the Cu-Ni system were
the éame as predi¢ted from the bulk cqmpositions.dqes‘not necessarily.indicate’
tﬁat_thefe'wés no excess of éiﬁher éompbngnt at tﬁe surface. Because of the
rather 1argé-penetration depthé-expectgd for:electroﬁs §f the epergies used
in the analysis, surriace effects may have been.attenuated. However, the
. fact phatftﬁeth to Ni intensity ratioé did not change with the angle of_
incidence of thé exciting electton beam, -as found by Eftl and Kﬁppers,lo9
does séem tb-bg é&idence against surface segrqgation; A grazing incideﬁce
beam willisample less deepiy than a normal incidence beam. Thus, if there
is a concentration profile_oVer the sampled’ﬁepfh, then fhe Auger intensity
ratios will vary ﬁithvangle}of incidence. A simiiar.study was made of the
Ag—Pd system apd heré‘élso no éﬁrface‘segreggtion effects were observed
for the clean ané hombgenéoué éryStailiﬁe.fiiﬁs.;;o

A study of the Ag+Au's§stémlll fduﬁd there #o bé-no evidenée,of
segfegation of Ag to the éﬁrféce as exPeéted frém its loﬁer heat of
sublimatioﬁ. _In,tﬁis'work, the Augef.Sﬁectrum was recorded from an épitaxial
aiioy filﬁ gfdwn on'a_mica,SQbstratc." The peak.ﬁo peak>h¢ight for three

‘different gold peaks’of widely varying energieé (72, 239, and 2024 eV) were‘



ﬁeasured and:fhis.vaiue/divided by ﬁhe peak:to peak'height of the.corresponding
Auger signal from pure gold. The.approximaté escapevdepths for these

enefgies wés estimated to bé 4, 8, and 30 & respeétivély. The resulting
ratios were found fo be approkimately edual, indicatihg ﬁo.composition |
gradient over the depths samplcd.~ A silver bvérlayef (approximately two
anolayeré) was fhen evaporated onto the alloy, and it was found to diffuse
into thé‘bulk upon annealipg.at 300°C to the extent that within an hour the

-

gold Auger peaks returned to nearly their former intensity.

‘'The systém Pt-Sn has also been studied using AES.112

A study.was

made of the inte?metallic compounds Pthn and PtSn. " The Auger tfansitions
uéed in the analysis were the Pt péaks at l69ve€ and 236 éV and a Sn peak at
428 eV. An‘enrichment of Sn was found on the sﬁrface_for both compounds,

a resuit expected Irom the iower heat of;subiimation or Snv(and thereiore
lower éurfade free energy). In addition. tﬁeyféund tbéﬁ chemisorption of
] ;tendéd.to incréase'the surface concentration of Sn as expected becéuse
of the higher stability of tin:oxidé.,'bsimilarly Hy was foﬁnd to bringth
to the surface. 'The_transitions used in this study are expected to be more
surface sénsitive than'tﬁosevused in the CuQNi studies, ésﬁecially with

the glanéing_iﬁcidencc gun thatvwasjﬁsed;- 'Saﬁpliﬁg depth was estimated

at one tb'threg ﬁonoiayers, but no attémpf was made to_soft out the
concentration-pf&fiie; Later, however, the work was extended by adding
higher energy transitions in an x—raf-pﬁotoeﬁission experiment, to get

at the compoéition ptofile; .It was found that there was an enrichment of
Sﬁ on thc-top‘monbiayer_and that there.was a cérrespondiug depletion of Sn
'in.tﬁe undérlying'layef.ll3 | |

From studies of just a few systems, it is already clear that AES is



s
e fowerful technidue-to‘study:the surface pﬁase diagram'of multi-component
systems. It appears that the surface thermodynamics of these important
- systems cen now be explored. | As a result it is likely that new surface
phases will be foqnd;that exist when there 1is no corresponding phase existing
in the bu}k phase diagram and that the surface.composition will be.markedly f
different'fromvthe bulk compesition for most systems; The determinatien |
of surface phase diagrams will be an importent new research area of surface

‘science.
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Fipure Captions

Molar surface energy of liquid metals, Tp 25 2 function of their

heats of'vaporization;

Molar surface energy of several solid metals as a function of

their heats of sublimation.

Surface enrichment for various valves of Ao = 02'—‘01 at T = 1000°K;

in the ideal solution monolayer model approximation.
Surface enrichment at selected tempefatures'of a system with
727 %

approximation.

= 50 ergs/cmzlin the ideal solution monolayer model

Surface enrichment for an fcc(lll) surface of a system with

0, = 0y = 50’ergs/cm2 at 1000°K and different values of the
regular solution parameter in the monolayer rodel approximation.
Concentration profile of a fec(1lll) face for a regular solution

as célCulated by Williams (ref. 6). In this calculation

v . ap
AR = 10RT (which is equivalent to AC =-i§2) and = £ 0.1 RT

sub

The N(E) and dN(E)/dEVAuger spectra of a vahadium metal (100)

su?face» ‘(From'Ph.D.fthesisﬁlF. J. Szalkowski, U. C., Berkeley,
1973). |

Surféce enfichmentvih Pb-In as.prediCtéd by the ideal solution and
tﬁe reggiar ;blﬁéion7m0nolayer ﬁodels a£'506°C. The dashed line
is.for,aﬁ ideal solution withrtﬁe same surface aréa'as Pb-In at
500°C, but with Ac = 160 ergs/cﬁz; 'The‘points are experimenﬁal

values of Beigludd and Somorjai.100
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