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THE INTERACTION OF RAREGASESWITH METALS
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Interactionpotentialsof rare gaseswithmetal surfacesare calculatedand
comparedwith experimentaldata.A local dielectricfunction formalism
and thedensityfunctionalmethodare usedin the calculationof the
attractiveand repulsiveenergiesrespectively.Depthandcurvaturevari-
ationsof thepotentialssuggesta classificationinto light (He, Ne) and
heavyraregases.Sensitivityof the resultsto the modeldescriptionof the
metalsurfaceelectronicdensityis examined.

KNOWLEDGEof theweak forcesof interactionof an or otherchemicaltransformation.Thetotal interaction
atomor a moleculewitha surfaceis fundamentalto the energyU(d), of anatomseparatedfrom a surfaceby a
understandingof physiorptionphenomena1’2(distin- distanced, is written as a sumof anattraction(Vander
guishedfrom chemisorptionon the basisof binding Waals)energyEvw(d),anda repulsionenergyE

1~(d),
energymagnitudes;on theorderof mV for the former Ud~= — E ~ + E d
andeV for the latter),to theevaluationof cross- ‘ ‘ Vw’~ I R

sectionsandscatteringcharacteristicsof elasticand in- TheVan derWaalsenergy,which containsexchange,
elasticatomic collisionswith surfaces,

3’4to thecalcu- correlationandelectrostaticcontributions,9originates
lationsof thermodynamicpropertiesof adsorptionsys- from theresponseof the atomto therandomfluctu-
temsexpressesasstatisticalmechanicsintegralsof ationsof theelectromagneticfield in thesolid.Thesolid
functionsof the gas—solidpotential for isolatedatoms5 is consideredhereasa uniform continuousmediumdue
andto studiesof critical phenomenain physisorption to thelongwavelengthsof the field fluctuations.In
systems.3’6 previousstudies7~0we emphasizedthe importanceof

In a seriesof recentpublications71°we discussed an accuratedescriptionof the atomicfrequencyres-
local andnon-localtheoriesof physisorptionandcalcu- ponsein the evaluationof theinteraction.While such
latedinteractionpotentialsfor He on a varietyof metals. informationis relativelyeasyto obtain for He, it is more
In this paperwe extendthe theoryfor theevaluationof difficult for theotherrare gases.Consequently,in
interactionenergiesof otherrare gaseswith metal sur- the following calculationswehaveusedanapproximate
faces.The resultsof our calculationssuggesta classifi- expressionfor theattractiveinteraction.In the local di-
cationof the rare gases,following their interaction electricfunction formulationtheVander Waalsenergy
characteristics(depthandcurvatureof the interaction canbewritten as
potential),into light (He,Ne)andheavy(Ar, Kr, Xe)
rare gases.Examinationof availablescatteringandad- Evw(d) = W~/\/2JdEfiE~EE(E+ w~/~/2)]~,(2a)
sorptiondataandpreliminarycalculationsemploying 8d
our potentialsindicatethatsucha classificationmay
apply to a largenumberof propertiesof raregas—metal f(E) ~ f~(E— ~) + f~(E), (2b)
surfacesystems.

Physisorptionis consideredasa weak-coupling wherew~,is theplasmafrequencyof the metalsub-
interactionwhich doesnot involve chargerearrangment strate,w~andf

1are discreteatomictransitionfrequen-
ciesandoscillatorstrengthsrespectively,andf~is the

* Presentaddress:Instituto de Fisica,UniversidadNacio- oscillator strengthof transitionto the continuum.
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Fig. 1. Modified Thomas—Fermiradialdistributionfunc- - I 6

tionsfor Ne, Ar, Kr, andXe. I I
5 6 7 8 9 10

= (ZefSa)L12,wherea is thestaticpolarizabiity and d (a
Zeft thenumberof valenceelectronsfor which the Fig. 2. Interactionpotentialsof raregaseswith Be
f-sum rule is essentiallyexhausted(Zeff = 2 for He and6 ~ = 19 eV). TheHe resultswere obtainedasdes-
for the otherraregases’~),a goodapproximation~to cribedin reference9. Valuesof thestatic atomicpolar-
the integralinequation(2) is given by izabilitiesusedin the calculations:2.6424,10.9875,

16.6161,and27.0306(ag) for Ne, Ar, Kr, andXe res-
Zeff(WpI\/2) pectively. An approximatemodel2’ of the metal elec-

Evw(d) = 8d3 WZ(WZ + ~pI’sJ2)~ (3) tronic densitywasusedwith $3 = 1.26a.u:’ Notevari-
ationsin characteristicsof the potentialsbetweenHe,

Therepulsionenergyis given in ourmodelby the Ne andAr, Kr andXe.
changein theelectronickinetic energyof the combined
systemuponthe approachof the atom to thesurface. I definedin equation(5) are: 1.726,2.094,2.494and
Usingthe energyexpressionof the densityfunctional 2.694a.u.,respectively).
formalism,expandedto first-orderin a seriesof density The electrondensityat the surfaceregionof a
gradients,’4yieldsanexpressionfor the repulsionenergy metaldecreasesrapidly oscillatinginsidethesolid
in termsof the electrondensitiesof the isolatedatom (Friedeloscillations)andspreadinginto thevacuum,de-
andmetalsurface.In theevaluationof the atomic charge cayingto zero over a distanceof atomicdimension.17
density~A, we haveusedtheThomas—Fermipotential Recentstudieshavedemonstratedthe sensitivity of
function proposedby Latter15with the modification surfaceproperties(workfunction andsurfaceenergy17’18
dueto March16 to includeexchange.Theatomic charge andsurfaceplasmons19’~),to theelectrondensitypro-
densityis given as file at the suraceregion. In our previouscalculationswe

haveusedanapproximateform2’ (extendedThomas—
flA(X) = XnATF(x), (4) Fermimethod)for theelectrondensity,[seeequation

wherex = r/~.z,p = 0.8853Z~3andZis theatomic num- ‘ (3.15)in reference9]. As discussedby Lang18this
ber. Xis a variationalparameter[seeequation(5.14)in . approximationis expectedto apply betterto quantities
reference16] and~A,TF is givenby whosevaluesare obtainedby an integrationover the

entiresurface-regionelectrondistribution.At distances
flA,TF(X) = 9.553x l02(Z/ji)312[~(x)/x]312 typical to physisorption(-‘- 5 a.u.)the atom-surface

for Z4(x)> i repulsionis expectedto be sensitivemostly to detailsof
the“vacuum tail” of themetalelectrondensity.

= 0 otherwise (5) Comparisonsof calculatedbindingenergiesandequilib-

where~(x) is a universalfunctionof x [seereference~ rium distances(seeTable1), wherewehaveusedthe
equation(5)]. Theradialchargedistributions[D(r) = approximateanda self-consistent17electrondensities
4lrr2nA(r)] obtainedfrom theaboveexpressions,for Ne, demonstratethe sensitivity of our resultsto the des-
Ar, Kr andXe are shownin Fig. 1, (thecut-off radii cription of the electrondistribution at the surface

region.
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Table1. Bindingenergiesandequilibriumdistancesfor rare gaseson metals

System* — Ue~p Ref. — U (sc) deq — U (nsc) deq
(lO3Hartree) (lO3Hartree) (a.u~) (l03Hartree) (a.u.)

Ne/Pt 0.526 26 0.398 6.0 0.287 6.9
Ne/Ag 0.351 33 0.462 5.4 0.392 6.0
Ar/Cu 3.332 26 1.863 4.7 1.303 5.7
Ar/Zn 2.503 26 2.984 3.0 1.710 5.2
Ar/Ni 1.103 34 1.830 5.1 1.194 6.2
Ar/W 2.869 28a 1.713 5.3 1.092 6.4
Ar/Pt 2.105 26 1.857 5.2 1.223 6.1
Kr/Ag 2.232 31 2.490 4.8 1.964 5.6
Kr/Pt 3.364 26 1.960 5.7 1.378 6.6

* Polarizabiitiesof the rare gasesasin captionto Fig. 2. Valuesof themetalplasmafrequencies(wy) and the

variationalparameters($3) asgiven in TableI of reference9.

Finally, anticipatingthefollowing discussionof our obtainedfrom theexperimentaldata,23correlatewith
calculations,weshouldnotethatwhile qualitative our results.Thedifferencesin theinteractioncharacter-
characteristicsand trendsare predictedby our theory istics of atomsin the two classesare reflectedalsoin the
for the interactionwithmetalsurfacesfor atomsin the eigenstatespectraderivedfrom our calculatedpotentials.

seriesHe to Xe, we found it of quantitativevaluefor the The abovesuggestthepossibilityof observing“bound
interactionof He, Ne andAr andin somecasesKr. The stateresortances”(selectiveadsorption24)in theelastic
chemicalnatureof Xe is well known.22Consideringthe scatteringintensityof raregasesfrom metals.Since the
largepolarizabilitiesandchargedistributionsof Xe and increasein thenumberof boundstatesand their den-
Kr it is expectedthat theywill participatein an inter- sity in theseriesHe to Xe, is accompaniedby an increase
actionof chemicalnaturewith a metalsubstrate.Under in the probabilityof inelasticprocesses,theneedfor
thesecircumstances,weak couplingapproximationsare efficient velocity selectorsin atom-surfacescatteringex-
inadequateanda self-consistenttreatment(or a variant perimentsisemphasized.25Finally,we observethat
thereof)of the combinedatom-surfacesystemis re- contraryto the“sum-of-radii” rule, the atom-surface
quired. equilibriumdistancedecreasesin the seriesHe, Ne, Ar

followedby a slight increasefor Kr andXe, andis larger
RESULTSAND DISCUSSION thanthe sumof radii of the gasandmetal atoms.Note,

that in the jellium constructionthesurfaceplaneisThemethoddescribedabovewas usedby us to
locatedhalf aninterplanarspacingin front of the outer-

calculatethe interactionpotentialsbetweenrare gases
most lattice plane,18(seealsodiscussionin reference9).

anda varietyof metals.Theresultsshown in Fig. 2 serve In Table 1 we displayresultsof our calculations,
to illustratesomegeneralcharacteristicsof our results,
(to facilitatecomparisonwith our previousresultsfor employingtwo modelsfor themetalsurfaceelectronic

density[non self-consistent2’(nsc),andself-consistent’7
Hephysisorption,weuseda nonself-consistentmetal (sc)] In comparingour resultsto availableexperimental
electronicdensity).Evidentfrom theresultsarethe datawe shouldnote that themostdirect way of measur-
markeddifferencesin magnitudeandcurvatureof the
potentialsfor HeandNe andthosefor Ar, Kr andXe, in physisorptionbindingenergiesis the calorimetric

method,butevenherea largeestimatederror of —~40%
which leadto their classificationas light andheavyrare is stated.26Theotherexperimentalapproacheswhich
gases,respectively.The curvatureof the potentialsex-

include: studiesin field emission,27’28atomicscatter-
hibits anincreasein “stiffness” (aconsequenceof the ing4’25 anddesorption,29determinationof equationof
repulsion)for theheavygasescomparedto the light statevia work function andLEED intensitymeasure-
ones.Theseresultsindicatethat the normalcomponent ments,30isothermsderivedfrom ellipsometrydata3’and
of the potential-surfacefor the motionof anatominci-
dent on a metalis rathershallow for the light gases, time of flight measurements,32all providean indirect

measureof thebindingenergies,yielding resultswhich
turningprogressivelydeeperfor the heavygases.The
classificationof raregasscatteringfrom metalsinto a are susceptibleto largeerrors.Finally,we remarkon the
quasielastic,inelasticandtrappingdominatedregimes sensitivity of the calculationsto the model descriptionof

the metalsurfaceandthe overallgood agreementbe-and thetrendsin the estimatedtrappingprobabilities
tweenthe theoreticalvaluesobtainedby employingaself-
consistentelectronicdensityandthe experimentaldata.
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