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Inorganic Materials Research Division, Lawrence Berkeley Laboratory,
Berkeley, California 94720

Abstract

The Auger spectra of lead-indium alloys (4.53, 9.08, 28.63, LL.62
and 60.49 atom% lead) and of pure lead and indiﬁm were monitored in the
liquid and solid states. The relative intensitiés of the lead 92 eV and
‘the indium h63 eV Auger peaks were used to determine the surface cbmposi-
tidn. The peak intensity ratio proved to be a sensitive detector of the
change.of surface composition with respect to temperature and bulk compo-
sition. The surface layers of the alloys were ficher in lead than the
bulk, and the surface composition exhibits a temperature dependence similar
to that éredicted by the ideal monolayer model. However, the surface lead
excess was smaller and thé temperature dependence Qf the surface coméosi—
tion weaker-than‘predicted. This can best be exﬁlained'by the preSence
of a concentration gradient extending over one of.more eatomic layers
between the bulk and the surface layer. Ox&éen decreased while carbon
increased the surface excess lead concentration. Ion bombardment at 300°K
caused appreciable solid state diffusion. This effect was considerably
reduced by lowering the temperature to'78°K§howeVer, selective removal of
Pf then took place. Auger.electron speétroscopy, when coupled with suit-
able calibration of the peak intensitiés, should be an excellent technique

3

to study the surface thermodynomics of multicomponent systems.

. %0n leave from the Department of Inorganic and Physiéal Chemistry, University
of Stockholm. : v l
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Introduction

The_appiication of surface thermodynamic principles to multi-campbneﬁt
systems readily shows that, in equiiibrium, the‘surfgce composition may be
markedly different from the buik composition. Assuﬁing that the surface-
consists_of only the topmost atomic layerl (monoléyer model ), the surface
composiiion_of an ideal binary solution is reiated to the bulk composition

according to .the equation2
s, s _ ;. b, b s
xl/x2 = (xl/xz)gxp (v, -7 )a/kT (1)

where xl, xs and x?, xg are the surface and bulk atom fractions, respec-
tively, for the two constituents 1 and 2, Yy and Y2'are the surface ten-

siéns of the pure components, a is the average éurface area occupied per atom,
and the ofher symbols have their usual meanings.  According to Equation 1,
. the component that has the smaller surface tension will accumulate on the
surface. The exponential dependencevof_the surface atom fraction ratio on
the surface tension differencé ensures that, if this model‘has any validity,
the surfécé composifion will aiwéys be quite differehﬁ from fhe bulk compo-
sifion. The‘surface tepsions of most'liquid metals.are in the range 0.5

to 1.2 Nmbl.. Assuming a surface tension differehce as small as 0.05 Nm-l

one obfains(at'looo°x and a mean surface ares of lO'--19

n° per atom) x, /x's =
(xllx )*1.b4, a con51derable surface excess of component 1, whlch was assumed
to have the lower surface tension. However, for most real systems, it is

more reasonable to expect a concentration gradient between the surface



-2~

monolayer that is enriched in one of the constitﬁents of a binary system
and the buik phase. This gradient may extend o#ér.several atomic layers.3 -
Augcr éiectron spectroscopy (AES) provides‘a means to measure directly
the surface_composition by experiment. This nondestructive technique‘
detECts'the:Auger elcctrons emitted from atoms of the condensed phase -
(1iquid orvéolid). As long as low energy Auger peaks are studied, the
Ayger clectrons dctected are emitted.primarily by the atoms of the top- -
most atomic layer. It has been shownu that the Agger peak heights are
proportional to the concentrations of the corresponding atomic species;
»Auger spectfcscopy thus offers a means to analyze this layer with respect.
to all its constituents. |
The purpose of this work was to determine the surface composition of
a binary system that is fairly ideal (i.e., shows ccmplete.miscibility
and has a iow-heat of mixing) as a function of bulk composition, temperature
and surféce contaminants. In this type of work,.it:is of course imperative,'
that equilibrium be established between the surfacc and the bulk. Since
this is often difficult to achieve in the solid state, it was decided
to work with liquid samples. The lead-indium system:melts at a low
”temperature-and‘has vapor pressufes that ﬁre ncgligibly low bclow 800K.

The surface composition can thus. be monitored by'AES in ultra-high vacuum.

Selected Properties of the Lead-Indium System ‘ T

The phase diagram5 of the Pb-In system is shown in Figure 1. 1In the

“.1iquid state, there is complete miscibility and ideal behavior, except near

A




¥
.
.
o,
-
o
A
LS
-
Coowdd
=
v
“
€
1%

-3-

the indium-rich end of the diagram. The vapor préséure of lead is less than
10.-8 torr at its melting point (600°K), that of indium less than 10~ 3%
torr at its melting point (h25dK).6 A great deal of surface tension data
is available 5oth on the pure liquid metals énd-on the'binary system.

The most reliable determination of the surface ténsions of the pure metals

appears to be that by Lazarev,7 who obtained -

_1)

YIn(Nm 0.5592.- 8.9(tftf) 10

5

-1y = 0.4603 - 12(t-£f)-1o’ -

Ypy (N
The expérimental results of Pokrovski et ai.8 agree well with those of
Lazarev. The surface tension of the pure components as well as that of

9 Using the

various Pb-In alloys has been measured by Hoar and Melford.
surface tensions of Lazarev and the monolayer model,.we have calculated
fhe surface indium atom fraction as a‘function'of-fhe bulk atom fraction
at 773°K..vTh¢ results are displayed in Figufe 2. The stréight line
ihdicates the bulklcompositioh. The surface indium-étémvfréction is
markedlyvlbwér than in the bulk. (In evaluating‘the'surface atom ffactions,
we have estimated the atomic areas from the known depsities, using the
formula a = 1;09V2/3Nf2/3, where V is the molarifdiume and N is Avogadro's
numbef. ‘The average value for the Pb-In system ié 1:0 x 10'19 m2.)

In Tab;e‘I, the surface to bulk atqm fréct;on ratio (x;b/xin)/(xgb/x?n)

is given at various temperatures. It can be seen that the predicted

‘enrichment of 1ead is very large.' The surface atom fraction ratio is
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50 times the bulk value at T73°K and increases with decreasing temperature.
The values-of Table I can be directly compared with'thgse obtained in our

experimeﬁtal‘work and discussed below.

- Experimental

A. Apparatus

‘The Auger eléctron spectroscopy studies were carried out in a 15 liter

stainless steel vacuum chamber pumped by means of a water-cooled tifénium_r;

sublimation pump and & 6-in. 0il diffusion pump filled with silicon fluid
(Dow-Corning 704). The system was protected againét ‘pump vapor backflow
by an efficient liquid-N, cooled trap. After bakeout at 200°C, the ambient

9

pressure in the vacuum chamber was of the order of 10 ° torr. The chamber

wasiseparated'frcm'thé diffusion pump by a gate valve. The pressure was
measured ﬁy ah ionizatiqnvgaﬁge. A leak valve permitted ﬁhe admission of
géses at low pressures in a controlled maﬁner. There was‘aiso an iom
bombardméﬁf gun for sputter cleaning the sample Sﬁiface.

'Thefsaﬁples were supported'égainst gravity by a taﬁtalum spoon mpunﬁed
' on a manipulator equippéd‘with linear and rotary'motioﬁ controls and with
a liquid—Né cooiiﬁg system. The spoon was‘indiréctly heated py.meaps of
a tungsten-filament mount ed just»below it, the.power.being supplied by a
SCR controller that provided highly filtered DC current. The sample
temperatu;e was monitored by a Chromei-alumel thermocouple spot-welded

to the spoon; the constancy and reproducibility were better than 1°.

The’electron'optics were of the four grid retarding potential LEFD
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type. Additibnal screening was providéd to prevent stray electron pickup.
The first and fourth grids were grounded, the second and third being strapped
togethér and swept with a ramp voltage. The sweep voltage was modulated

with a 450 Hz 4V emplitude AC signal. The collector plate was held

at +90V, being connected to a battery through a 2 megohm resistor. The

AC Auger:signal waé detectedbby means of a PAR HR—8 1ock-in amplifier
connected'acrbss the lafter. To reduce the noisé le&el, the preamplifier
plug-in moduie was removed from the amplifiér and.mounted‘on the optics
flange. Thé working principles and the electronics of the retarding field
‘gneféy analyzér'in AES ha&e been described in detéil elsewhere.

| ‘ Thé‘secohd derivative technique yields a dQI/dV2 vs. V plot, where

I is the collector current at the retarding grid.voltage V. The output

was recorded.gn an X~Y recorder. To permit glancing angle electron bombard-

ment of a horiiontal sample surface, the whole chamber was tilted in such

a way that the axis of the optics was 22° angle off vertical. ‘The electron
beam was provided by a CRT type electron gun (Supéribr electronics type'3WP)
mounted in such a way as to give a bombardment angle of 11° with respect

to the horizontal.
B. vSamplesfand Sample Cleaning Procedures

The starting materials were lead metal and indium metal, both 99.999%
purity from Cominco Products, Inc. Five alloy samples were prepared by

meltingfweighed amounts of the two metals in a pyrex test tube. Since

‘oxide layers were already present on the metals, no particulér precautions
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were taken ﬁc avoid'oxioation; which was quite insigoificant in.all cases.
:After-thoroﬁéh:miXing, the melt was poﬁréd‘ontofe‘cold glass surfece; - v -
;produciog a‘eample’of silver-like eppeerance. The major contamlnants as
:.'indicated by the Auger spectra were carbon and sulfur In no case were
sillcon peaks observed, 1nd1cat1ng that pump fluld contamination was
negllglble.' With a new sample holder 1ncreased carbon and espec1ally
sulfur 1e&el§ were obtained on heating to temperatgres around 800°K indi- :
cating diffusion of these eiements from the»sample holder (tantalum) to

the sample eorface. However? after cleanup es described below, these
effecte were no longer observed, and-contamioanfe’preseﬁt on tﬁe'surface.
probably originated in tﬁe bulk of the sample (wiﬁh'fhevpossible exception
of some carbon formed by thermal- cracklng of amblent hydrocarbons at
'temperatures above 800°K).

 Attempts were madevto clean'theASample by vaporization in vacuum.

However. although at 973°K there was an apprec1able rate of evaporatlon

of the sample (as 1nd1cated by metal fllms formed on the v1ew1ng ports

of the vacuum chamber) the carbon and sulfur concentratlonsyat the surfaee i
. remained cohstant or eVeo increased.' Ion bomberdﬁeﬁt Was an efficient
.way to remove‘sulfur indicatlng that this contamlnant was. conflned to

“the surface by surface segregatlon. The ion bombardment was carrled out
©in situ wlth 3OOV Ar 1ons (5-10 uA for 30 min or longer) Generally, mostv
'.ofnthe carbon also disappeared during ion bombardment; but, on meiting ﬁhe .
sample, the carbon.peak reeppeared due fo diffusion froo the bulk. Ion

.bombardment of the liqﬁid sample gradually removed all the carbon, but

e s+




-T=

on melting the sample, the carbon peék reappeared due to diffusion from

the bulk. Ion bombardment of the liquid sample gfadually femoved all

the carbon, but this cleaniﬁg.procedure was inconveniently slow. The

most efficient sample cleaning procedure proved to be oxygen treatment.

The stgndard procedure adopted was a 24 ~hour heat treatﬁent in 02¢of
pressure 2 x lO-T torr at 773°K, which removed all, or almost all, of

the carbon. lIf needed, raising the temperature or pressure would.bring

about a further reduction of the carbon concentration. Temperatures above
873°K wéré avoided, since vaporization of lead might change the sample
composition. The efficiency of carbon removal was strongly»dependent

on the‘sample composition, éamples high in lead being far more difficult

to clean, pdssibly because lead oxide formation competed with carbon removal.
(Judginé from thermodynamic data, PbO is far more likely to form than

vI'n

203') .

C. Measurement Technique

The sample was centered by shining a light beam along the central
axis of the optics where the LEED gun woﬁld normally have been located;
creatiﬁg avlight spot in the middle of the well-centered Sample. The
eleétron beam was centered by eleétrostatic focusing. This can be readily
monitéred since there is ﬁppreciable fluorescence Qf the sample on electron
impact. A properly focused beam had a diameter of about 1 mm, but the
glahcing angle gepmetry made it difficult to keep all of the electrons

in the beam on the sample. The beam sometimés had to be repositioned
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'~ because strong tantalum peaks from'the'sampde hOlder appeared in the
spectrun' It was found that the Auger 51gnal amplltude was.con51derably
1ncreased by tilting “the sample holder sllghtly toward the gun; then
increasing the angle of 1ncrdence.v Since the sample surface was-curvedv,
because of the.snrface*tensiOn of the liquid‘ the angle variedisonewhat,
the average value being about 20° ' The energy dlstrlbutlon spectra
(dI/dV vs. V), as obtained by tunlng the 10ck-1n ampllfier to the modula-'
tion frequency,w proved too 1ndlst1nct for quantltatlve work. Instead
the differentiated spectra (d I/dV vs. V) were obtalned by tunlng to the.
second harmonic, 2w using a frequency doubler for the reference frequency.

| The. excitatlon voltage was 1200V at a total beam current of about 1 mA.
The. sweep range was 0 to 600 eV and the sweep speed was 50 V/mln at a time

'constant of 1s. On'a few occas1ons, high n01se-levels forced high time
constants;rtne sweep/speed being lowered in proportion;' For.each sample,
Auger spectra were recorded over a rangevof temperatnres fron 298°K to

TT3°K.
Results

A. " Auger Spectra

The speCtra of the pure elements, lead and indium were first examined.

. and are shown in Flgures 3a and 3b. These studieS’#ere aimed at 1ocating |
the strongest Auger peaks that could be readily monitored in the alloy
systems rather than at a quantitative investigation of the complete spectra

i

deta. In the indium spectrum (Figure 3a) the most prominent peaks are

St Pl
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those involving excitations from the Mg level, the MM N, ¢ (293 eV),
) . : ’ ’
, _ S ., 10
‘the M5N2,3ﬁh,5 (340 eV) and the MSNh,SNk,S (§93 ev). The Auger spectrum

of In was found to be independent of temperature ana did not change upbn
solidification or on mélting. In thevAuger spectrum'of liquid lead
(Figuré 3b), the only strong peak was at 92 eV, ﬁhich can be associated
with an NOO Auger transition. Thus, it was decided to ménitor the
peak?tOQPeak‘intensity of the lead 92 eV and the indium L0o3 ev transitiohs
and to use changes in the intensity ratios to detect variation of alloy
vsurface-composition. The relative intensities of the Pb-92 eV and In-h03 eV
peaks for thevpure_liquid samples undgr similar_experimental conditions |
was 2;5:1, which may be taken as a rough estimate of the factor to be
used in comparing the intensiﬁy ratios with Pb:In atomic retios.

In the Auger spectrumvof solid lead, however, several Auger peaks
appear in fhe region below 100 eV that are not present in the spectrum
of molten lead. Just below the melting point ( 593°K) a-broad peak
appears in the 36-55 eV range and another pesk at 7éreV, both several
orders of magnitude stronger than the 92 eV peak, the only one present
from liquid lead. At 473°K the 92 eV peak became strong again, about 1/2
of the intensity of a single broad pesk in the,h5-75_¢v rang (the two
Auger béaks previously present at higher temperatures having merged into
'one). While segrégation_of impurities upoh solidification might seem
a reaéonabieveiplanation ﬁo fit these data, no plausible combination of
impurities vill fit the observed Auger spectra. It is also unlikely that

the same impurities that would cause the appearance of the extra features

Fim
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' in the'Aﬁger.spectrum below the melting point wouldibe.entirely absent

-on the liQuid lead éurface or d¢Creased in surface concentration as the
temperaturefis lowered to' 200°C or'ﬁelow. On the othefvhand,'themcalcu-‘
lated lead spectfumlojcontains séveral clésely épaced peaks in the 36—52 eV,
58-65.5 eV and 70;5 eV rangeéi Thué, it would $éém likely that the.chénge
in the Augef spectrum fefleqts structural changeé aséociated‘with'the
liquidésolid transition. Thi$ phepoﬁenon requirés further scrutiny that
will be attempted in the_fﬁture; These observatiohé are surprising in

view of the behavior of the In Auger spectrum which did not show changes
upon melting or solidification. ' .

The Aﬁger spegtravof five beInvalloyS'Vere then examined. These
semples contained 4.53, 9.08, 28.63, 4k.52, and 60.49 atom% lead. It
should be meﬁtidned that due to the experimental difficultiés encounterea
with the sampie with the lowest leéd concéntration, only‘the last fbur
samples yielded useful and reliablé;data. A typicél;Augér'spectrum of
& liquid Pb-AI‘n.va_,lloy t_:a;ken at. 773°K (the lih-;sa étoxﬁ V%.lead sémi:le) 1s shown
in Figuré-h;_ In addition to the prominént léad and indium Auger peaks, .
-there isJa peak due to carbbn at 270 eV_indigating that the sufface was
not yet.fu;ly cleaned;. The set bf'peaks at 160-170 eV is duefto the tan-:
~talum.holdef and the oxygen Auger peaks around 500'éV are caused by the
oxide layer on the tantalum metal (on account of ﬁher#ygen treatmeht of
the samples to remove carbon). The 9.80, 28.63 étom% lead and the 60.49
v atom% lead samples yield Auger épectra very éimila}'té thatvshown in Figure

4, but with'different Pb:In_Augef peak intensity ratios. It was more
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‘@ifficult to remove the carbon from the 9.0 and 60.49 atom? lead alloy
samples than'from the others; and therefofe the inténsity data -showed more
scafter:than in'the case of the other two saﬁples; The ratio of the
peakfto—peék intensitiés of the lead 92 eV and In 403 erAuger transifions
‘és-ﬁeasuréd from the molten alloy samples at TT3§K’in vacuum is plotted

as a function of the bulk lead:indium atom‘ratiO'iniFigure 5 for the
Various.élloy samples. The experimental points can be fitted to a stfaight
line with é slope of 12.

| _Perhaés a more sensitive probe of the concgntration changes:in the
véurface'phaSe is the measurement of the_temperature dependence of the

Auger peak intensities. In the bulk phase the composition remains unchanged

as a function of temperature, for a given sample; in the surface phase,

"however, the composition should change as a function of temperature as

indicated by Equation 1. Substituting the lead and indium éurface tension

valﬁes into_Equation 1l and plotting the logarithm of the atom fraction
ratio ééainst the reciprocal temperature, log X;B/Xin vs.'l/T yieldsva
straight line with positive slope of 965. We have plotted the logarithm
.of the Pb:In Aﬁger peak intensity ratio as a funcinn of the reciprocal

. temperature for the 28.63 atbm% lead sample in Figure 6. The data fall

on a s‘traight line with a positive slope of 330. In Figure 7 the logarithm
of thevszlﬁ.Auger peék intensity rétio is plotted as.a function of ot
for the Lh.6é atom% lead‘sémple."For this sample,'data were also taken -
T

in the presence of various partial pressures of co and 2 x 10~ ' torr oxygen.

 The experimental points follow straight lines with-a'positive slope of 300.
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While the presence Qf CQ,has n§ affect on the ;ead:indium"Auger'peak-
intensity ratios, the presence of oxygen reduces the ratio appreciablyg

Tracés of carbon, as indicated by the Auger spectra, had.little affedt

énvthe Pb:Ih'intensity-ratio. Héwever,.the massive éarbon cohtaminaﬁion
that was detectable in the 60.49 atém%'lead samﬁle'markedly increased-u
'thg lead coﬁéentra#ion at.the surface. Thé'presénéé'of carbon in this

' saméle'bfbdﬁced changes in_the iead to indium intensity ratio of a factor
of 2-5.: Upon purging the sample of carbon by the oxygen heat treatment,
the Pb!Iﬁ ratio_returned to its_expected iower v#lue.

_v The h;53,at§m%.lead.sample exhibited:Auger.spéctrum changes very
diffefent frpm the samples richer in lead. _No iééa‘was detected on its
surface abéve 493°K. Below 493°K phe spectrum changed drastically, the
previously featureless 0~-100 eV region being filled.vith strongly tempér—
ature dépendent structures resembliﬁgvthose that.appeared Just belowvthe
meltingvpoint of pure ;ead. The transitidn was very sharp as a function
of temperature, and:réproduciblé{ There waévﬁo change in.fhg visual

v‘appeara.nc‘e of the sample &t tLhis tra;nsiti;n that was .de’cect‘ed in the

Auger spectra. As the temperature was lowered further the Spectrum

became simplér, exhibiting a broad peak at 80 eV. This spectrum remained

unchanged uhtil_the melting point (433°K) was reached. " Below the melting

' point the 80'eV peak shiftgd to a higher energy with.decreasing temperature
and reached 110 eV at 25°C, while a new peak appeared at 43 eV. The series
of indium peaks that was observed on all of the samples remained atLapprox— .

imately constant intensities throughout the entire temperature range



e

S T B SR A S T o -
. ! :" b “ J ‘} L"j 7 [ !r} i

-

-13-

(773—298°K) which indicates that the spectral changes did not originate

in drastic surface composition.changes.
B. Effedt of Ion Bombardﬁent on the Surface Ccmposition

The'effect'of ion bomﬁéfdment 6n-the surface compositibn of alloy
samples was étudied'at various temperatures. Our purpose was fo establish
é surface compositibh identical to the bulk composition and to use the”
Auger spectra of the ion bomﬁarded samples as a reference to study subse-
quent variations of the surface composition. The h.53.and 28.63 atom% samples

-1 at 300V) after being cooled to temperatures

were Ar ion bombarded (0.1 Am
near the boiling point of liquid nitrogen (78°K) to minimize the possibility
of surface1coﬁposition changes by diffusion. For.bbfh samples, Auger
specfra identical to that of pﬁre In were obtained after 5-16 hours of
bombardment. On heating the samples, the previdusly described structures
reappeared in the Auger spectrum of the 4. 53 atom% sample at around 393°K,
while lead was detected on the surface of the 28. 63 atom% sample only

above thevmeltlng point. The same samples were also ion bombarded at room
'temperature.j In this case, the features associated.with lead in the Auger

~ spectra of‘bcth'samples.were considerably moie prominent than when the
samples.had mérély beéﬁ cooied frbm témperafurés ébove the melting.point.
Thus, neithervcondition ofiiOn bombardment yields a surface.with a compo-

sition identical to that of the bulk.
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Discussion

Unliké most previous work in this field, thi$ is a‘study of the
surface‘cémposition_in équilibrium between bulk éﬁd surface. For this
reason we foéused our éttgntion on liquid alloy sﬁrfaces, since it is
expected that equiiibration between bulk and surféée occurs readily in
fhe liquid phase, and far more so than inithe soiid state. This has.been
confirmed by'our results; A coﬁplefe quanfitative interpretation of the
Pb-In alloy Auger spectra in terms of surfacé concentrations would require.
knowledge of the ejection depth dis£ribution of thévdetected Auger elec-
trons. This'implies data on the mean free paths of both the electrons
bf the incidént beam and the Auger electrons and also on the cross sections
of the Auger process for both elements and of all compétiné processes,
all QS'a’function of engrgy. However, theory hﬁs not yet reached a stage
where this complex problem'éan be»handled, and expefimental_data is not.
available. Thus, one has to depend on fairiy rough éstimates of the surface
compositions using the'Auger_peak inténsiﬁies. Judging.frdm the inéléétic;
damping of eiéctroﬁs in LEED studies, the lead g2 eV Aﬁger electronsvafe
likely to ofiginate in the first two atomic layers of fhe.surfaéé, while

‘the indium 403 eV Auger electrons would be expected to come from the first -
4-6 layers. These valﬁeé are applicable in a situation where the incident

beam penetrates so»deeply that the escape probabilitieé of theMAuger o _ B
Uélectrons are the only factors that determine the escape depth distributions.

This; howgver, is probably not the gasé in a glanéing angle geometry iike

* the one used in the present work. An indication that most of the In L03 eV
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electrons are backscattered from the surface layer can be found in the
relative peak heights of the three indium peaks. - If these peaks originate

at different depths, one might expect their intensities to change differ-

" ently as mbre lead is added to the surface, replacing indium atoms that

contribute more to a low than to a high energy peak. However, the relative
peak heights have been found to be the same for all samples.

A rough value of the conversion factor to be used when calculating
atomic ratios from intensity ratios can be obtainéd from the spectra of
the pure metals. Under similar conditions, the intensity of the 92 eV
lead'peak.was 2.5 times that of the 403 eV indiuﬁ peak. Applying this
to the slope of the straight line in Figure 5, the Pb:In ratio on the
surface is found to be about five times that in the bulk. Even though
the calibration is not very accurate, it is appérent that the surface is
considerably richer in lead than the bulk but nét as ricﬁ as expected from
the mono~-layer model {which indicates a factor of 50).

Further proof that the surface is enrichéd in lead comes from the
temperature dependence of inténsity ratios as shown in Figures 6 and 7.

Since thié temperature dependence is independent of calibration, it has

_ more quantitative significance than the estimate of the absolute atomic

ratio. There is a strong temperature dependence of the type expected

from the monolayer model,_the lead excess increasing with decreasing
temperature. The slopes of the two curves are less»steep than those
predicted by the monolayer model. (When extfapolated tovinfinite temperature,

where surface and bulk should have the same composition, the two straight -



-1 6'_

' lines give iptensity ratio to atomic ratio converéiOn factors of 2.8 and
4.5, réspeétively, in reaséngblé agreement with thét‘previously obtained.)
What are the reasons for the discrepancies between the experimental

values ana the monolayer modelf First of all, thevsﬁrface as defined by
Aunger spectroscopy is not a monolayer but includes éontributiéns from lower
layers. 'Sihce these (in the monolayer approximation) are bulk material,
both the lead excess and its temperature dependénce will be less than
predicted. In fact, if the bulk contribution to the Auger spectrum is
téo large, the temperature dependence of the inﬁensity ratio will disappear.
Unfortunateiy, there is no way to find the depth distribution of the excess
lead in the "Auger surface" from availablé data, but any simple multilayer
modelv(for example, one layer of lead concentration intermediate between .
surface and bulk) will more closely predict the experimenﬁal values. Also,
the monélayer model is primarily concerned with activities rather than
concentrations. A Gibbs law treatment of available surface tension data
indicates that the total adsorbed lead is insufficient to form the almosf
complete»lead mcnolayer ;equired by the-ménola&er mode;.' Tﬂe surface phase
“would thus appear to be quite non-ideal.

The effect of oxygen in lowering the Pb:In ratio was striking. This
observation.can be readily explainéd sinée the vapor pressure 6f PbO.isL
sufficiently high that the samples could be depleted of lead By‘selective
vaporization. The effect of carbon in increasing the Pb:In ratio is eqﬁally
marked. While traces of carbon that were detectable in many Auger spectra
seem to have little effect, carbon peaks comparable to the In peak intensi-
ties had the effect of increasing the Pb:In ratio by a fagtor of 2-5. It

appears that the strong Pb-C bond provides a driving force for bringing
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more lead to the surface. The wetting angles of lead and indium on

graphite at L00°C are ePb-C = 138° and eIn;C = 1&2?. If the surface

tension ié replaced by an intérfacial tension, the ideal monolayer model,

the Pb:In atomic ratio woul& be increased by a factor of 1.2:. The obsefved

increase in the Pb:In Auger pesk inténsity ratio was much larger, however.

The Pb—C'interaction must be stronger then as indicated by the wetting angle.
It is apparent that gas molecules adsorbéd on the surface or dissolved

impurities that show partial segregation on the surface in certain temper-

ature rangeé, are additional components of the multi-component surface

phase'compbnents that can drastically.change the sufface composifioﬁ. It

has been shown by Bouwman and Sachtler13

that the surface of a gold—platiﬁum;_ ﬁ
alloy becomes enriched in platinum and the surface of a'silverfpallédium |
alloy‘bécomes enriched in palladium in the presencé of CO. The formation
of the étrong carbonyl bonds with platinum and palladiﬁm provides the
driving force for the migration of these metal atoms.to the surface and
changes of the surface composition. The nickel-copper alloy system has

14,15,16,1
6T

é:?;;; of the researchers find the surface composition rich in nickel

been studied by many.

as expected from its lower surface fension, while.others find the surface
composition'identiéal to the bulk composition. Cbristmann and Ertll8 find
the silver-palladium alloy system surface composition the same as the bulk
compositioﬁ, although the enrichmeht of the surface layervin silver would

be expected. Some of the causes of the discrepancies between the various

studies can be assigned to the absence of equilibration between the surface
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| and the bulk phases (solld and not liquids were used) or to the analy51s

| of high energy Auger. tran51tions to obtain the data that are only margln—
ally sensitlve to changes of surface compos1t10n hav1ng large bulk atom
contrlbutions. ‘However, not all of the observatlons can be explalned
thiS'way.r ?he presence of an unwanted third*component may stabilize the
surface“composition in a wa& very different from.uhat is expected from
the two-component systems. Minute amounts of carbon may enrich the
surface of a‘silver-palladium alloy with palladium, thus counteracting
the expected silver enrichment for the surface phase of the two-component

';.system,' The.formation of a surface compound of weli—defined stoichiometry

‘which is the same as the stoichiometryAin the bulk may.also "£ix" the
surface comp051tlon and thus render any 1deal solutlon model 1napp11cab1e.

We have hoped that ion bombardment at low temperatures will: permlt the

determination of the bulk comp051t10n which can 1n turn be used as a'

reference to determlne the change of concentratlon in the surface phase

Ebwever, we have found some experlmental ev1dence for the selective removal

of one component (lead) durlng low temperature sputterlng. Although.this
_technlque may not be used with confldence for determlnlng the bulk compo—
sitlon, the effect of selectlve sputterlng is an 1nterest1ng phenomenon
~itself one that should be explored in the- future.: In the solld state,
atomlc dlffu51on to the surface was detected only near the meltlng point.
However, dlffu51on would be 1nduced by 1on bombardment at con51derably

lower temperatures (25°C). This is not surprising since the ion energies

- used for'sputtering'(300 eV) are many times the activation energy of a
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diffusion'process. However, the fact that the surface had a composition
further from that 5f the bulk after ion bombardment than before is some~
iwhatvunexpecfed. In shorf, our data indicate thﬁt results obtained from
ioh'bombarded alloy surfaces should be treatedeith‘caution. |

The 4.53 atom%vPb alloy sample behaved differehﬁly from the other four
SQmples that wére richer in lead. The lead disappeared from‘the surface
at about h93°K altogether, for example. Although the differences are not
easy to reconcile, it should be noted that the'phase diagram of the légd-
~indium system, although it exhibits idea; behavior on the lead-rich side,
vbécomes rather non-ideal on.the indium—rich side;v It may well be that
the chﬁnges'in the bulk phese diagram at this surface composition are the
reagéns for the strange variations of the surface composition as a function
of temperaturebfor this indium~rich. sample.

It appears that Auger electron spectroscopy is an excellent techniéue

19 With improve-

to_studyvsurface equilibria.of mnlti-component systems.
ments in the calibratioh procedures, Auger electron spectroscopy should
become an important tool in surface thermodynamics. This field of surface.
thermodynwmics although its great importance is well recbgnized;'has not
been déyeldped as rapidly gs many other fields 6f‘modern surface science.
Augef ele¢tron spectroscopy should énable one to determine surface phase

diagrams of multi-component systems to uncover new surface phases and

compounds that exist only in the surface environment. -
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Table I

Surface to bulk Pb-In atom fraction ratios as a
function of temperature predicted by the monolayer model.

Temperature 0°c | 200°c | 300°c | lkoo°c | s00°c | 600°c
S S .

— 9kT0 309 125 17 50 36
Pb' "In
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Figure Captions

'Phase diagram of the Pb~In system.

Surface atom fraction of indium as a function of the bulk

atom fraction at TT73°K.

(2) The Auger spectrum of indium.

" (b)  The Auger spectra of molten lead.

Typical Auger spectrum of a molten Pb-In alloy taken at

500°C (44.62 atom % lead sample is.shown)._

The ratio of the Pb:In Aﬁger peak intensities as a function

of the bulk Pb:In atom ratio for the 28.63 atom % lead sample.

' The logarithm of the Pb:In Auger peak intensity ratio as a

function of the reciprocal temperature for the 28.63 atom %

lead sample. -

.The logarithm of the Pb:In Auger peak intensity ratio as a .

. function of the reciprocal temperature of the LL.62 atom %

lead(sample'in thevpresence of (a)vcarbon monoxide and
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