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The broadeningof atomic levels near thin metallic films is studied theoretically within the fixed-atom
approximationFirst-orderlevel widths arecalculatedoy usinga Jennings-typgellium potentialto describethe
electronicstatesof the film, andhydrogenicwave functionsin parabolic(Stark representatioffior the atomic
orbitals.In the parabolicrepresentatiorhybridizationeffectsdueto the long-rangeimage-chargénteractions
aretakeninto account.Size quantizationin the growth direction of the film givesrise to characteristicstruc-
turesin level widths, atomic occupationprobabilities,and transitiondistancesas a function of the film thick-
ness Detailsof this structuredependon the orientationof the Starkorbitalswith respecto thefilm andcanbe
relatedto the dependencef transitionmatrix elementon the activeelectron’swavevectorcomponenparallel
to the surfacefor the caseof a semi-infinite metal. The large variation of the calculatedtransitiondistances
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with the film thicknessmay resultin observableeffectsin atomicinteractionswith thin films.

I. INTRODUCTION

Over the past decadesgelectronic processeghat occur
whenslowly moving atomsandions interactwith solid sur-
faceshavebeena subjectof intensestudy.A largenumberof
investigationshave dealt with the interactionof neutral at-
omsandof ionsin low chargestateswith cleansurfacesof
semi-infinitemetaltargets.In recentyears,the scopeof ion-
surfacestudieshasbeenconsiderablyextendedthroughthe
useof multiply chargedprojectileions (seeRef. 1 andrefer-
encescited therein, in conjunctionwith metallic targetsas
well aswith semi-conductingand insulatingtargets>® Fur-
ther, the effect of adsorbateandthin dielectricfilms cover-
ing metal surfaceshasbeenexamined°

The use of thin metallic films, insteadof semi-infinite
metal targets,in the study of electronic processesn ion-
surfaceinteractionshasbeensuggestedecentlyby Borisov
andWinter”® A thin metallic film may be formedby depos-
iting a metaloverlayeron a dielectricsubstratevith the band
gapextendingover the conductionbandof the metal.In this
kind of structure the electronicmotion in the growth direc-
tion (z axig is confinedbetweenthe metal-substraténter-
face and the metal-vacuuminterface, whereasthe two-
dimensionaimotionin the film planeis supposedo be free.
The confinementin z direction gives rise to quantization
(“size quantization’), with discreteeigenvalue®f the asso-
ciatedenergy.The similarity of this situationto thatencoun-
teredin two-dimensionabuantumwell structureformedby
semiconductor®f different chemicalcompositiofl is obvi-
ous.

The size quantization in thin-metallic films allows,
through the variation of the film thickness,the density of
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metal statesto be varied and hencethe transition ratesfor

electrontransferout of, andinto, the metalto beinfluenced.
Details of the discreteenergyspectrumof the film are ex-
pectedto give rise to specificresonanceand thresholdphe-
nomenaln principle, studiesinvolving thin films maythere-
fore yield insight into structuralpropertiesof the films and
may furnish a more sensitivetestof the ion-surfaceinterac-
tion thando studieswith semi-infinitetargets.Up to now, the
details of electronicprocessesn ion interactionswith thin

metallicfilms havebeentreatedonly theoretically 8 (seealso
Ref. 10), and sizeabledeviationsfrom calculationsfor the
semi-infinite case were obtained for the neutralizationof

Na' ionsandfor the formationof H™ ionsnearthin Al (111)

films. We mentionthat the grazing-incidenceon scattering
techniquehasrecentlybeenapplied®*?to studyexperimen-
tally the growth andmorphologyof thin Mn films (thickness
<12 monolayer$ on Fe100) substratesWhile ion scatter-
ing is usedhere as an analytic tool, a detailedtheoretical
understandingf the basicelectronicprocesse®ccurringin

ion-film interactionswill be importantalsoin this case.

In the presentpaper,we study the broadeningof hydro-
genic levelsnearthin-metallicfilms by evaluatingfirst-order
level widths (or, equivalently,transition ratesfor resonant
transferof electronsor holesbetweermtomandfilm), atomic
occupationprobabilities, and transition distancesfor reso-
nanceionization of atomsand resonanceneutralizationof
ions. The caseof hydrogenidevelsis of particularinterestas
it constitutesthe prototypecasefor the treatmentof the in-
teractionof highly chargedonsandRydbergatomswith thin
films. The self-energymethod?® that has beensuccessfully
applied in the nonperturbative calculation of shifts and
widths of hydrogeniclevelsfor semi-infinitetargetd*!® ap-
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pearsto be equally well suitedfor the caseof thin-metallic
films. However,it becomesapparenfrom our resultsbelow
thatin thethin-film casealreadythe first-orderwidths, which
are essentiallyequalto the imaginary partsof the diagonal
elementsf the self-energymatrix, displaya variety of novel
featureswhosethoroughanalysisis advisable,if not indis-
pensablepeforea full self-energycalculationis performed.

In the next section,we outline the theoreticalframework
for our calculations.Sectionlll containsa heuristicdiscus-
sion of qualitativefeaturesof the level widths, followed by
the presentationof numerically calculatedwidths. Atomic
occupation probabilities and transition distancesare pre-
sentedn Sec.lV. A comprehensivediscussiorof our results,
including a brief examinationof the possibility to observe

—Vo/{AexdB(|z|-L/2)]+1},
—{1—exd — 7(|z| —L/I2)T}/[4(|z| - L/2)],

Viim(2) =

(A=4Vy/n—1, B=2Vy/A). In our calculations,we use
parametenvaluesappropriateto the descriptionof Al(111):
V,=0.58581a.u., »=1 a.u.Note that for |z| -, the Jen-
ningspotentialmergesn the classicalself-imagepotentialof
the electron(the imagereferenceplaneis assumedo coin-
cide with the jellium edgedgz|=L/2).

The potential(1) is symmetricwith respectto coordinate
inversion, Vym(—2)=Vsim(z), so that the asymmetry
causedyy the presencef a substrateon onesideof the film
cannotbe takeninto accountin our calculations.However,
exceptfor very small film thickness,the substrateshould
havevery little effecton the atomiclevel widths, which are
mainly determinedby the overlapof film wavefunctionand
atomicwavefunctionin the spatialregionbetweerfilm and
atom. Owing to the symmetryof Vg(z), the bound-state
eigenfunctionsp;(z) (with labelsi=1,2 ... arrangedn or-
der of increasingenergyeigenvaluee;) of the z-dependent
part of the film Hamiltonianare simultaneouslyeigenfunc-
tions of the parity operator,with eigenvalue(—1)' 1. The

total film wavefunctions¢,;"i(F) arewritten as

i (F)=explik|-r)) i(2), )

where E\I and FH are the componentsof wave vector and
position vector, respectively,in the film plane. Assuming
unit normalizationfor the discretestates¢;, the orthonor-
mality relationfor the states¢,;Hi reads

(il bigin)=(2m)2 82k =K[) 3y ®

andthe densityof states(for fixed projectionof the electron

spin) associatedvith the motionin the film plane,p(E”), is
accordinglyequalto (27) ~2. The energiesassociatedvith
the states¢>,;”i are

1 2
ek"i = Ek” + €; (4)
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featuresrevealedby our calculationsin suitably devisedex-
periments,is given in Sec.V. Finally, Sec.VI containsa
summaryof the paperaswell as someconcludingremarks.

I[I. THEORY

We adoptthe jellium modelfor the metallicfilm of thick-
nessL and constructthe unperturbedelectronic potential
Vium(z) by using the analytic electron-surfacepotential of
Jenning=t al.!® (with oneandthe samesetof parametersto
describethe interfaceson eitherside of the film.”® The Jen-
nings potential constitutesan analytic fit to the results of
densityfunctionalcalculationsTakingz= 0 to correspondo
the midpoint of the film, we have

|z|<L/2

|z|>L/2 @

(we useatomic units throughout.

For the purposeof illustration, we show in Fig. 1 the
potential (1) for z=0 for an Al film of thicknessL
=20 a.u., togetherwith the energiese; of the lowest 13
boundstates plotted againstthe indexi. Also shownarethe
(normalized wave functions ¢;(z) for i=1,...,4 and i
=10, ...,13 in the rangez=0 [for z<0, the functionsare
obtainedby symmetricor asymmetriccontinuation,depend-
ing on whetherthe parity (—1)' ! is equalto +1 or —1).
The spectrumof the eigenvaluese; is characterizedy an
accumulationpoint at zero energy,which is relatedto the
long-rangebehaviorof the electronicself-imagepotentialin-
cludedin the potential(1) (seealsoFig. 2 andthe discussion
below). Correspondinglythe wave functionsfor the highest
eigenvaluesextend far beyond the jellium edgeinto the
vacuum.

For the hydrogenicwave functions of the unperturbed
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FIG. 1. ThepotentialVg,(2) [cf. Eqg. ()] for anAl(111) film of
thicknessL =20 a.u., its lowestenergylevelse; (plottedversusthe
index i), and selected(normalized bound-statewave functions
#;i(z). Potentialandwavefunctionsin therangez<0 areobtained
by symmetricor antisymmetriccontinuation(seetext).
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FIG. 2. Energylevels ¢; of an Al(11)) film describedby the
potential (1), plotted as a function of film thicknessL. The dotted
horizontal lines indicate the unperturbedlevels of the hydrogen
atomfor n=1,2,3 Theheavysolid linesemphasizehosepiecesof
thefilm level curvesthatbelongto thefirst film level below a given
hydrogenlevel.

atomicsystemwe adoptthe parabolic(Stark representation

Yakm(T), With principalquantumnumbem, “electric” quan-
tum numberk, and magneticquantumnumberm. Using this
representationye takeinto accountto someextent,the hy-
bridization of the atomic orbitalsinducedby the long-range
image chargeinteractionsin the atom-metalsystem’ For
the semi-infinitecase first-orderwidths havebeencalculated
for hydrogeniclevelsin parabolicrepresentatiomithout ex-
plicit inclusion of the image charge interactions. These
widths were found to be in good overall agreementwith
widths obtainedfrom calculationswithin the nonperturbative
coupled-angular-modenethod'®*° in which both the elec-
tronic self-imagepotential and the image potentialinduced
by the atomic corewere explicitly included.

In fixed-atom approximation, the first-order width
I'nkm(D) of a hydrogenic level with quantum numbers
n,k,m, associatedavith anatomlocatedat a distanceD from
the adjacentellium edgeof the metallic film, is given by

Lnkm(D)= 2772 f dKyp(Kj) Wi &1 (D)|*8( €0 i),
(5)

wheree,= — Z?/2n? (Z=effectivecorecharge is the unper-
turbed energyof the hydrogeniclevel. Note that we disre-
gardthe atomiclevel shift which, to lowestorder,is givenby

(2Z—1)/4D. For atom-film distancescloseto, or beyond,
the classicalthresholddistance)evel widths areonly weakly

affectedby the rathersmall level shifts. At the low perpen-
dicular velocities typical for current grazing-incidenceex-

perimentswith Rydbergatomsand highly chargedions as
projectiles and semi-infinite targets, transitions are most
likely to occurin this rangeof distancesTherefore the in-

clusionof thelevel shift would tendto slightly shift andblur

the calculatedstructurein the L dependencef the transition
distancegcf. Sec.lV) but would not alter our conclusions
(cf. Sec.V).

Thetransition-matrixelement\/v,,km,,;ui(D) is written as

whereV is the Coulombpotentialof the atomic core,and
0(z) istheunit stepfunction (the z axisis directedfrom the
midpoint of the film towardsthe atom). The coreimage po-
tential hasbeenneglectedn the potentialsdefining the un-
perturbedatomicandfilm statesandin the perturbingpoten-
tial (7).142° However, its effect on level hybridization is
partly takeninto accountin the atomicstateghroughthe use
of hydrogenicwave functionsin parabolicrepresentatiof’
The explicit inclusionof the full coreimagepotentialin our
calculationswould entail a greatly increasednumerical ef-
fort. The self-imagepotential of the electron,on the other
hand,is includedin the unperturbedfilm potential. There-
fore, whenusingthe parabolicrepresentatiofior the hydro-
genic wave functions, parts of the self-imagepotential are
takeninto accounttwice. Without exhaustiveanalysis,it ap-
pearshardto decidewhetherit is moreaccuratdn generato
countpartsof the self-imagepotentialtwice or to disregard
certainpartsof it. However,in the specificresultspresented
below, the explicit inclusion of the self-imagepotentialin
Vim(2) is foundto havelittle effect.

The specificform of the potential(7) reflectsour assump-
tion thatthe core potentialis completelyscreenednside the
film andthe substrate Furthermoreour choicefor the per-
turbing potentialin Eq. (6) correspondso the “post form”
of thetransition-matrixelementwhich represent®neof two
admissiblealternatives(strictly equivalentin the resonant
case for writing the matrix element®2! Assumingthe un-
derlying total electronicpotentialV in the atom-film system
to havethe form V=Vy,+ V¢ , one obtainsthe perturbing
potentialV e of the “post” form by subtractingVy, from
V, Vper= V= Vgim = V¢ . We choosethe “post” form of the
transitionmatrix elementsinceit is slightly easierto handle
in the numericalcalculations.

Resolvingthe § function in Eqg. (5) and exploiting the

azimuthal symmetry of the transition-matrixelementin k
spacewe canexpresghe level width as

Coien(D)= 2 [Warma (D)0 (€n =€), (®)
where
k{"=V2(ea—e) 9

(whenusedasa labelin Wnkm,kﬁi)1 kﬁ‘) is assumedo referto

the dependencef the matrix elementon the wave function
¢;). Thewidth thusappearssa sumovera finite numberof
termscorrespondingo transitionsof electronsor holes(de-
pendingon the positionof the atomiclevel ¢, relativeto the
Fermilevel eg of the film; note that ez dependon the film
thicknessL®) into film stateswith energy €j<e, in the
growth direction and (rea) wave vectork{" of the free in-
planemotion, suchthatthe resonanceonditionfor the total
energy, ey = €n, is fulfilled.

For thegeneralresonanbr nonresonantcasethe evalu-
ation of the transition-matrixelementsW,,km,,;”i is easilyac-
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complishedby expressinghemin termsof the matrix ele-

mentszm,,;Hi correspondingo the sphericalrepresentation
of the hydrogenicwave functions (I is the orbital angular
momentun),®?

n—1
Wnkm,EHi :!;m CQTWnIm,EHi s (10
where
(n—21)/2 (n—1)/2|1
Chk= (11
: (m+k)/2 (m—Kk)/2/m

is a Clebsch-Gordancoefficient. In the matrix elements
Wmm,E”i , the two-dimensionalintegration over the coordi-

natesin the film plane can be performedin closedform,
using the technique of Ref. 23. In the remaining one-
dimensionalintegral, the film wave function is folded with
anatomicform factorAn,m,,;H thatcompriseghe propertiesof

the atomic wave function and of the perturbing Coulomb
potential(seeAppendix A for detailg. Exploiting symmetry
propertiesof the form factor, we canwrite

Wain (D)= [ BE{a(+ )+ (~1)! Ry~ +8)

X®(_§+D)}Anlmﬁ”(§),

where {=z—A and A=L/2+D; the step function ®(—¢
+ D) reflectsthe cutoff in the potential(7). A simpleanalytic
expressiorfor Amm,,;” existsfor arbitrary guantumnumbers

n,I,m. The numerical effort required to evaluate the
transition-matrixelementshus consists(i) in generatinghe
wave functions ¢;(z) for the potential (1), and (ii) in per-
forming the {-integrationin the integral (12).

Assumingthe atomto approacltthethin film alonga clas-
sical trajectory,we can use the widths calculatedfrom Eq.
(8) to evaluateoccupationprobabilities for atomic states
within therateequationrmethod As we disregardevel shifts,
a given atomic level is aboveor below the Fermi level e
throughout.For an electronor hole occupyingat D=« the
atomic state i, ,, With unit probability, the probability to
occupythis stateat distanceD is thengiven by?*

12

zJD

P 1 * ! ’
nkm(D) = ex _U_f dD'Tm(D") ¢, (13

provided the atom moves with constantvelocity along a
straight-linetrajectory (v, is the absolutemagnitudeof the
zZ-componentof the velocity). If the probabilities P (D)
dropfrom unity to zeroin a sufficiently narrowD range,one
may determinetransitiondistanced ., (i.e., distancedor
resonancéonizationor neutralizationdependingon whether
€,>€r Or €,<e€p) by solving the equation P, m(Dpm)
=0.5.

We note that the inclusion of atomic level shifts would
entail distance-dependefermifactorsin the rate equations
for the occupationprobabilities.In Sec.V, we discussquali-
tatively the interactionof very low-velocity Rydbergatoms
and highly chargedions with thin films. For highly charged
ions, electronictransitionsinto Rydberglevelsoccurat very

U. THUMM, P.KURPICK, AND U. WILLE

PRB 61

large atom-film distancesFor both highly chargedions and
Rydbergatoms,the large transitiondistancegesultin small
level shifts and relevant Fermi factors that are essentially
equalto unity. Therefore for the purposeof our discussion,
Eq. (13) appeardo be a sufficiently good approximation.

1. ATOMIC LEVEL WIDTHS

As the thicknessL is the principal parametercharacteriz-
ing thefilm propertieswe confineourselvesn this sectionto
the study of the L dependencef the level widths at fixed
atom-film distanceD. The D dependencef the widths at
fixed L will be consideredn Sec.lV in conjunctionwith the
calculationof atomic occupationprobabilitiesand transition
distancesBefore turning to the numericalcalculations,we
discussthe L dependencef the level widths in a heuristic
way in orderto facilitate the qualitativeunderstandingf the
complexfeaturesobservedn the numericalresults.

A. Heuristic discussion

From Eq. (8), it is evidentthat the L dependencef the
widths is decisivelyinfluencedby the L dependencef the
energiese; . In Fig. 2, we showthe latter dependencéor a
thin Al(111) film over an L rangeextendingapproximately
from 2 to 14 monolayergbasedon the bulk lattice constant
a=7.7 a.u., the spacingbetweenmonolayers,i.e. the dis-
tancebetween(111) planesin Al (111), isa/\/3=4.4a.u.].
Also shownare horizontal lines indicating the unperturbed
energiesof the hydrogenatom (Z=1) for n=1,2,3 The
film levels decreasemonotonicallywith increasingL. With
decreasingenergy,i.e., asthe levels move towardsthe bot-
tom of the film potentialwell, the effect of the self-image
potentialis found to die away rapidly. Its inclusionis ex-
pectedto be irrelevant for the film statessampledin the
presentstudy, which is confinedto hydrogenlevels with n
<3 andhenceto film levelsbelowthen=3 level.

Accordingto Eq. (8), the point of intersectiorL; of a film
level curve €;(L) with the horizontalline for a given atomic
level e, definesthe thresholdfor transitionsinto the film
statelabeledi. WhenL increasedrom L;, the resonantin-
planewavevectorkﬁ') risesfrom zeroupwardscf. Eq. (9)],
while the wave vectorsk{' ~ k{'"?, ... associatedwith
the levels € _1(L),€ _»(L), ... rise from progressively
larger (positive valuesat L;. A continuousvariation of L
thus induces, via the variation of the energies
€(L),€ 1(L),€ (L), ..., acontinuousvariationof k in
the correspondingesonanttransition matrix elementscon-
tributing to thelevel width I, for a thin film. By compari-
son, in the caseof resonanttransitionsinto a semi-infinite
metal, a continuousvariation of k;=y2(e,— €,) canbe di-
rectly induced by varying the energy associatedwith the
electronicmotion in z direction, €,, which is a continuous
eigenvalue Hence,providedthe L dependencef the ener-
gies ¢; is sufficiently smooth(cf. Fig. 2), the L-dependence
of the transition-matrixelementsand level widths for thin
films is expectedo imagethe k| dependencef thetransition
matrix elementdor the semi-infinitecase For exhibiting the
latter dependencewe have calculatedresonanttransition-
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FIG. 3. Squaredesonantransitionmatrix elementdor a hydro-
genatomin front of a semi-infiniteAl(111) target(Ref. 23) plotted
asa function of the wave vector component parallelto the sur-
face,for the indicatedvaluesof the quantumnumbersn,k,m. The
distance are equalto the classicalthresholddistanceD ,= 2n?
for the superpositiorof a steplikejellium potentialandthe potential
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matrix elementdor a steplikejellium potentialandthe per-
turbing potential(7).2% In Fig. 3, matrix elementsare shown
for them=0 levelsof then=1,2,3 manifoldsof a hydrogen
atomlocatedrespectivelyat the distanceD ,=2n? in front of
an Al(111) surface.The classicalthresholddistanceD,, are
obtainedfor the superpositionof the step potentialand the
potential (7) and correspondto ion-surface distancesat
which electronictransitionsare mostlikely to occur?®?®
The curvesin Fig. 3 for the maximumvalueky,,=n—1
of the electricquantumnumberk within eachn manifold are
seento decreasenonotonicallywith k. For thesecasesthe
L dependencef the level widths for the thin film is thus
expectedo displaya discontinuousise at the thresholdd.;
andamonotonicdecreaséetweerL; andL, . 1, independent
of thevalueof i. Moreover,the dominantcontributionto the
atomic level width will arisefrom the first film level below
the atomiclevel. The qualitativebehaviorof the level widths
asa function of L shouldresemblethe saw-toothpatternin
the level diagramof Fig. 2, which has been obtained by
emphasizingfor eachn, thosepiecesof the level curvesthat
belongto thefirst film level below a given atomiclevel.
The structurein the curvesof Fig. 3 for electricquantum
numbersk<k,., suggesta morecomplexL dependencef
the correspondindevel widths. Considering,e.qg., the case
(n,k,m)=(3,—2,0), we expectthe zeroatk =0 of the ma-
trix elementfor the semi-infinitecaseto find its counterpart
in azeroatL; of the matrix elementinvolving the first film
level below the n=3 level. The secondfilm level at L;,
however,correspondgo k~0.25...0 .4 a.u.whenL; is in
the L-rangeplottedin Fig. 2. In this k; range,the curvein
Fig. 3 exhibits a broad maximum. Thus the atomic level
width at L; will receiveits dominantcontributionfrom the
secondfilm level. WhenL variesbetweenL; andL;,,, de-
tailed structureresultingfrom the superpositiorof contribu-
tions of thefirst, second andpossiblythird film level below
the atomiclevel may be anticipated A weak dependencef
the detailed structure on the location of the interval
[L;,L;;4] shouldarisefrom the changeof the slopeof the
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film level curveswith L. Disregardingthis dependencethe
patternof the detailedstructurefor a given atomiclevel will
be periodically repeatedwith the periodAL=L;,;—L; be-
ing virtually independenbf i (cf. Fig. 2).

B. Numerical results

Having developeda qualitativeideaof how the L depen-
denceof the atomiclevel widths looks like, we now turn to
the explicit calculation of level widths for the hydrogen
atom. In view of the expectedfeatures,it is appropriateto
evaluatethe periodic “gross structure” of the L-dependence
overthe full L rangeof Fig. 2 andrestrictthe calculationof
the detailed structure to selected periodicity intervals
[Li ’Li +1:| .

In order to exhibit the grossstructureof the L depen-
dence,we have calculatedlevel widths for the distances
D, (n=1,2,3 of Fig. 3 at the positionsL; —\ andL;+ \ for
all L;, i.e., in the vicinity of all discontinuitiesin the saw-
tooth patternof Fig. 2, in the interval 10 a.u. <L<60 a.u.
(the value of the parametemn is of the order of 0.01 a.u).
The curvesresultingfrom smoothlyinterpolatingthe widths
(in alog-lin plot) betweenL;+ X\ andL;,,;—\ areshownin
Fig. 4. The detailed structure for the hydrogenn=1,2,3
manifolds,obtainedfrom calculationson a very densel grid
coveringthe periodicity intervals

I,=[17.8 a.u., 25.4 a.uj,

I,=[21.5 a.u., 24.8 a.ul, (14

I;=[21.5 a.u., 24.5 a.uj,

respectively,is displayedin Fig. 5. In additionto the total
level widths, the contributionsarising from different film
statesare shownin this figure. The resultsof Fig. 5 fully
confirm the qualitative picture developedn Sec.lll A. This
pertains,n particular,to the numberandrelative position of
the extremain the curvesfor electric quantumnumbersk
<Kkmax- Combiningtheresultsof Figs.4 and5, thefollowing
picture emergesfor the L-dependencef the atomic level
widths.

If k=k,,. the curvesfor the level widths in Fig. 5 ex-
hibit near-exponentidbehaviorin the selectedntervals(14).
The interpolatedcurvesof Fig. 4 thusprovidea goodrepre-
sentationof the detailedshapethat would be revealedby a
calculationon a very densegrid over the full L range.If k
<Kmax, Modulationsshow up in the curvesof Fig. 5, with
the maximum(minimum) in generalnot coincidingwith L;.
In this case,the interpolatedcurvesof Fig. 4 may be inter-
pretedasaveragecurves.If we would replacethetrue curves
in Fig. 5 with exponentialditted to the true curves,e.g.,at
L;, in sucha way that the integral over true and fit curve
agree the slopesof the exponentialsvould in generaldevi-
ate from thoseof the correspondingexponentialsn Fig. 4.
However,from the examplesshown,it appearghat the dis-
crepanciesarefairly small.
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According to Eq. (13), the occupation probabilities
P.m(D) are essentially determined by the integral

JpdD'T (D).

Hence, a brief discussion of the

D-dependencef the level widths T',,,, is appropriatehere.
As mentionedearlierandasmandatedy the Pauliexclusion
principle, the following resultsfor n=1 relateto the decay

of a hydrogenK-shell hole into the film, whereasfor n=2

all occupationprobabilitiesand transitiondistanceslescribe
the transferof a hydrogenelectron into the film.
In Fig. 6, the D dependencef I',,, is shown for the

hydrogenn=1,2,3 manifoldswith m=0 for selectedL val-

uesinsidetheintervals(14) and,in addition,for oneL-value
just below eachinterval. Therefore,when going from the
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FIG. 4. Grossstructureof the
L dependencef the level widths
I pim [cf. Eq. (8)] for a hydrogen
atom locatedat the distancesD,,
=2n? in front of an Al(111) film,
for m=0 andtheindicatedvalues
of the quantumnumbersn,k. For
further explanation seetext.

smallestl to the secondsmallest,one crosseghe thresholds
associatedwvith the points of intersectionof the film level
curveswith the atomiclevels (cf. Fig. 2). Drastic threshold
effects are observedin the curvesof Fig. 6 for k=Kkyay.
Independenbf D, the widths increaseby one orderof mag-
nitude (n=1) to four ordersof magnitude(n=3) [except
for the small-D rangefor (n,k)=(3,2)] whenthethresholds
are crossed.Above the thresholds,a rapid monotonic (D
independentdecreaseof the widths with L is found. Note
that in the plots (a), (c), and (f) of Fig. 5, theseeffectsare
exhibitedfor the specificdistanced =D, . With decreasing
electricquantumnumberk, the thresholdeffectsin the width
curvesof Fig. 6 becomeprogressivelyblurred.

The D dependenceof the occupation probabilities

Ppkm (n=1,2,3m=0)
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is shown in Fig. 7 for

Uz

FIG. 5. Detailed structure of
the L dependenceof the level
widths for the case of Fig. 4,
evaluatedover the periodicity in-
tervalsl,, definedin Eq.(14). Also
shownarethe contributionsto the
widths from the film stateslying
energetically closest below the
atomiclevel (cf. Fig. 2).
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FIG. 6. Dependenceof the
level widths Ty, on the atom-
film distanceD for a hydrogen
atomin front of an Al(111) film,
for the quantumnumbersn,k,m
of Fig. 4 andselected. valuesbe-
low andinsidetheintervalsI, de-
finedin Eq. (14).

=10 2 a.u.andin Fig. 8 for v,=10"* a.u. The valuescho-
senfor the film thicknessL arethe sameasthosein Fig. 6.

With decreasingD, all curvesin Figs. 7 and 8 (except
thosein plot (a) of Fig. 7; seebelow) dropfrom unity to zero
in a fairly narrow D interval, so that it is meaningful to
associatdransitiondistancesD ., (cf. end of Sec.ll) with
the different curves.The thresholdeffectsobservedn the L
dependencef the level widths of Fig. 6 for k=k,.x are
reflecteddirectly in the behaviorof the transitiondistancesn
Figs. 7 and8: therapidrise of the level widths acrossthe L
thresholdscorrespondgo a drasticreductionof the time as-
sociatedwith the electronictransition,and henceto a much
largertransitiondistance.

The transitiondistancesn Figs. 7 and 8 exhibit a weak

v,=0.01 a.u.

(near-logarithmit dependenceon the velocity component
v,, Which reflectsthe near-exponentidbehaviorof the level
widthsasa functionof D. Thevelocityv,=10 2 a.u.chosen
for the calculationsof Fig. 7 appeargo bea “high” velocity
as the correspondingransition distancesare [exceptfor a
few L-valuesat (n,k)=(2,1) and(3,2)] smallerthanthe re-
spectiveclassicathresholddistancedor the superpositiorof
the Jenningspotential (1), the core image potentialand the
potential(7) [thesedistancesrelargerthanthe distanced,,
introducedaboveby a factor 1.5]. In otherwords, the time
elapsinguntil the atom reacheshe classicalthresholddis-
tanceis too shortfor (classicallyforbidden tunnelingtran-
sitionsto occur. Thedepartureof two of the curvesin plot (f)
of Fig. 7 from thesimple" " shapecanalsobe ascribedto
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the high (nonadiabatig velocity: within the transitiontime,
the atom entersa region closeto the film wherethe D de-
pendencef thelevel widthsdisplaysstructurelcf. plot (f) of
Fig. 6]. The velocity v,=10"* a.u. chosenfor the calcula-
tions of Fig. 8, on the otherhand,is low enoughso thatin
most casesthe transitionstake place beyondthe classical
threshold distance, i.e., in the tunneling regime, and
‘" §' ' -shapedcurvesare found throughoutfor the D depen-
denceof the probabilities.

The detailed L dependenceof the transition distances
D pm for the hydrogenn=1,2,3 manifoldswith m=0, cal-
culated in the intervals (14) for v,=10 2 a.u. and v,
=10 *a.u.,is shownin Fig. 9 in alinearplot. The shape®f
the curvesbear a close resemblancedo the shapesof the

correspondingurvesin thelog-lin plotsof theL dependence
of the level widthsin Fig. 5, in particularwith regardto the
pronouncedhresholdeffectsin the casek=kp,,,. The rea-
son behindthis resemblancés that the level widths behave
nearexponentiallyin the D rangesprobed,with slopesde-
pendingonly weakly on the film thicknessL. For the ex-
amplesof Fig. 9, the absolutemagnitudeof the threshold
discontinuityin the transitiondistancedor k= k., is found
to scaleapproximatelywith n?, i.e., it scalesn the sameway
as the atomic orbital radius and the classicalthresholddis-
tance(the discontinuitieseadfrom Fig. 9 arein fact closeto
the absolutevaluesof the thresholddistanceD,, for the step-
like jellium potentia). When averagedover the periodicity
intervalsof Fig. 9, thetransitiondistancedor fixed n exhibit

)

(n,k) = (1,0} k=21 nk)=(2,1
(a) 38 4 42444648 5 525456ML (b) 48 5 52 54 ML (C) 48 5 52 54 ML
5 12 25
j\/\' — v,=0.000! a.u.
- ~10 ~20
= =S 3
= S N
84 38 — v,=0.0001 a.0. g1s
g § """" v,=0.01 a.u. §
s B 6ln S 10 FIG. 9. Dependenceof the
v,=0.0001 a.u. H . .
J i transition distancesD,,, on the
3 4 5 . .
17 18 19 20 21 22 23 24 25 26 22 23 24 25 22 23 24 25 film thICkneSSL for a hydr(?gen
L (au.) L (au) L (au.) atomin front of an Al(111) film,
(d (k) =(3,-2) Q) (nk) = (3,0 ® (k) =(3,2) evaluatecbvertheintervalsl,, de-
204.8 5 52 54 ML 0 4.8 5 52 54 ML 4.8 5 52 54 ML ﬁned in Eq (14)’ fOr the quantum
N numbersn,k,m of Fig. 4 andv,
- ~25 =102 a.u.and10 * a.u.
& N
8 — ,=0.0001 a.. 520
8 ol v;=001 au. <§,
B B s
10

22 24 25

23
L (auw)




PRB 61

a changewith the electricquantumnumberk thatis equalto
the changein the electric dipole momentd=3nk of the
Stark orbitals (note that we use atomic units). This feature
appeardo reflecta“scaling” for thewidthsof Starkorbitals
in termsof the effective atom-surfacalistanceD®=D —d,
similar to the scalingobservedor the caseof a semi-infinite
metaltarget?®

The abruptthresholddiscontinuitiesin the L dependence
of the level widths calculatedirom Eq. (8), as well asin the
transition distancesderived therefrom, will clearly become
somewhatshifted and blurred if the atomic level shift is
takeninto accountin Eq. (8), i.e., if theenergye, is replaced
with a D-dependenperturbedenergy.However,for the ex-
amplesto be discussedn Sec.V, the effectof the level shift
on the discontinuitiesis expectedo be smallandhencecan
be disregardedn a qualitativediscussion.

V. DISCUSSION

We now discusssome generaltrends exhibited by the
resultsof Secs.lll and IV and examinethe possibility that
featuresrevealedby theseresultsmay be observedin suit-
ably devisedexperiments.

The overall magnitudeof the level widths resultingfrom
averagingover the saw-toothstructuresn Fig. 4 dependn
the electric quantumnumberk in a way that reflects the
orientationof the parabolicatomic orbitals with respectto
the film plane:orbitals with maximum (minimum) k within
an n manifold are preferentially oriented towards (away
from) thefilm andhencehavemaximum(minimum) overlap
with the film statesand maximum(minimum) width. Owing
to theincreaseof the densityof film stateswith increasing.,
the averagedevel widths rise monotonicallywith L.

The grossstructureof the L dependencef the widthsin
Fig. 4 is characterizedy the periodsand amplitudesof the
saw-toothpatterns.The periodsfor the different atomiclev-
elsaredeterminedsolely by detailsof thefilm level diagram
shownin Fig. 2 and are approximatelyproportionalto the
inverseof thelevel densityandof the magnitudeof the slope
of the energycurves.In the examplesof Fig. 4, thelengthof
the periodsincreasedrom ~3 a.u.for n=3 to ~8 a.u.for
n=1, i.e.,theperiodsareassociatedvith changesn thefilm
thicknesshetweenoneandtwo monolayersfor Al(111). The
amplitudesdependon detailsof the film level curvesaswell
ason theatomicquantumnumbersa andk. For k= kg, the
amplitudesin Fig. 4 reflect, accordingto the discussionin
Sec. lll B, the true variation of the level width over one
period.The rapidincreaseof this variationwith increasingn
canbetracedto the behaviorof the correspondingransition-
matrix elementsas a function of k (cf. Fig. 3). For electric
quantumnumbersk<kpnax, the curvesin Fig. 4 areto be
interpretedasaveragesver the detailedstructurein one pe-
riod. With this reservationwe concludefrom Fig. 4 thatfor
fixed n, the amplitudesdecreaseaapidly with decreasingk.
Stateddifferently, the grossstructurein the L dependencef
the level widths becomesmore and more pronouncedvhen
the overlap of the parabolic orbitals with film statesgets
larger.

The rapid modulationsin the detailedstructureof the L
dependencef the level widths shownin Fig. 5 are associ-
ated(exactlyasthosein the k|-dependencef the transition-
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matrix elementsfor the semi-infinite caseshownin Fig. 3)
with the nodal structureof the atomic wave functions. The
characteristidength of the modulationsis of the orderof 1
a.u. for the examplesof Fig. 5 andis expectedto be even
smaller for larger n. It thus correspondg¢o changesin the
film thicknesson a submonolayescalefor Al(111).

The D dependencef thelevel widths at fixed L asshown
in Fig. 6 exhibits featuressimilar to thoseobservedin the
caseof a semi-infinite metal target!’*8 with detailsassoci-
atedwith the nodal structureof the atomic wave functions.
Notably, with respecto its dependencen the electricquan-
tum numberk, the qualitativebehaviorof the detailedstruc-
turein the D dependencef thewidthsis reciprocalto thatof
the structurein the L dependencadithin then=3 manifold,
in particular,the numberof extremain the D dependencés
seento increasewith increasingvalueof k (cf. Fig. 6), while
the oppositeis true for the L-dependencécf. Fig. 5). This
behaviorappeargo be relatedto the fact thatthe D depen-
denceof the widths essentiallysamplespropertiesof the
atomic statesin coordinatespace,while the L-dependence
samplesmomentumspaceproperties.The reciprocalbehav-
ior may also be inferred from a detailedanalysisof the k|
and D dependenceof the transition-matrix element
Wn,my,;Hi(D) [cf. Eq. (12)], exploitingthe explicit dependence
of theatomicform factorA,,,r,L,;|| onk; andz asgivenby Eqg.
(A4).

As for the level widths, the grossstructureof the calcu-
lated L dependenceof the transition distancesfor the n
=1,2,3m=0 manifoldsof hydrogenatomsinteractingwith
an Al(112) film is characterizedy periodsin the rangeof
oneto two monolayerswhile the modulationsn the detailed
structure are on the submonolayerscale. These features,
alongwith thelargethresholddiscontinuitiesn thetransition
distancedor the statesorientedtowardsthe film, areto be
consideredvhenthe possibility of an experimentalerifica-
tion of our resultsis discussed.

In principle, distancesof individual electronictransitions
taking placewhen an atom approaches metallic targetcan
be determinedby studying resonanceonization of excited
atoms (with the active electronoccupyingan atomic level
lying abovethe Fermilevel of themeta). For Rydbergatoms
interactingwith a semi-infinitemetal,it hasbeensuggestet?
that ionization distancesmay be inferred by measuringthe
ion yield as function of an applied external electric field,
which servegto removethe ions from the interactionregion.
In orderto obtain “unperturbed” ionization distancesrom
the ion yields, a fairly complextheoreticalanalysiscorrect-
ing for the effectof the externalffield is necessary’~? Initial
experimentsusing the technique of Ref. 26 have been
deemed inconclusive?’” However, experimental efforts
continue®® Regardingthe interactionof atomswith thin me-
tallic films, the use of Rydbergatomsmay be particularly
temptingin view of the hugevariationof the ionizationdis-
tanceswith the film thicknesswhich are anticipatedby ex-
trapolatingour resultsto large atomic quantumnumbers.

Another promisingway to observefeaturesrevealedby
our calculationsappeardo bethe studyof resonanceeutral-
ization of highly charged ions. When a highly chargedion
approachesa metal surface, electronsinitially occupying
metalstatescloseto the Fermilevel aretransferredo theion
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in a sequencef individual resonantiransitionsat different
distancesnto ionic stateswith different principal quantum
numberdcorrespondingo differenteffectivecorechargeof
the ion), leadingultimately to the formation of a highly ex-
cited, “hollow” atom?3! The set of individual transition
distancegletermineghekinetic energygain of theion dueto
the image chargeinteraction®?® which can be measuredn
grazing-incidencescatteringexperiments.As for surfaces,
for thin metallic films electronsare resonantlytransferredo
theion from initial statescloseto the Fermilevel,i.e., trans-
ferredto ionic statesat a fixed energy.As a functionof L, the
Eermilevel variesonly weakly? over oneperiodof the gross
structure.The positionof the thresholdsn the L dependence
of the transition distancesare thus expectedto be largely
independenif the specific transition (cf. Fig. 2). Loosely
speaking the different distanceghenvary “in-phase” asa
function of L. As L increasesthe transitiondistancesorre-
spondingto ionic orbitals with the maximumelectric quan-
tum numberk,,.x, Which arethelargestdistancesvithin ann
manifold (cf. Fig. 9), will collectively rise whena threshold
is passedwith a subsequentollective decreaseThis may
give rise to substantialariationsin the effect of the image
chargeinteractionandin the associatekinetic-energygain
of theion.

For the actualobservatiorof effectsof the kind revealed
by our calculations,it is prerequisite,of course,that thin
metallic films can be grown with sufficient control of the
thickness For grossstructureeffectsto becomediscernible,
control at the one-monolayetevel is required.For the de-
scriptionof variationsof film propertiesat the submonolayer
level, the useof a potentialthatis translationallyinvariantin
the film planeis questionableThe direct experimentalob-
servationof the detailedstructurefound in our calculations
may not be possible However,experimentakvidenceor the
calculateddetailed structurein the L dependenceamay be
found indirectly due to the fact that the L-periodicity inter-
vals do not coincidewith the spacingbetweenfilm layers.

VI. SUMMARY AND CONCLUSIONS

We have theoretically studiedthe broadeningof atomic
levels nearthin-metallic films. Adopting the fixed-atomap-
proximation and employing hydrogenicstatesin parabolic
representationye haveevaluatedirst-orderlevel widths for
then=1,2,3m=0 manifoldsof a hydrogenatominteracting
with an Al(112) film. The calculationswere facilitated by
using an efficient expressionfor the relevant transition-
matrix elementsin termsof analytically given atomic form
factors.Pronouncedtructureis found in the dependencen
the film thicknessof the widths, as well as of the atomic
occupation probabilities and transition distancesderived
therefrom.The grossfeaturesof this (near-periodig structure
essentiallyimagethe quantizedenergylevel spectrunarising
from the electronconfinemenin the growth directionof the
film. Finer detailsof the structurecanbe understoody dis-
closing analogiesbetweenthe thicknessdependencef the
level widths for thin films and the dependenceof the
transition-matrix elementson the wave vector component
parallelto the surfacefor semi-infinitemetaltargets.

The variationsof the calculatedtransitiondistanceswith
film thicknessare so large that experimentallyobservable
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effectsareconceivableAmongthe possiblewaystowardsan
experimentalerificationof our resultsresonanceeutraliza-
tion of highly chargedions nearthin-metallic flms appears
to be promising.We havearguedthatin resonanceneutral-
ization, the different transition distancescorrespondingto
different effective chargesof the ion may vary “in-phase”
as a function of the film thickness.This may give rise to
sizeablevariationsin the energygain of the ions causedby
the imagechargeinteraction.

In future investigationswe planto calculatethe full elec-
tronic selfenergyof hydrogenicatomsinteractingwith thin
metallic films. As in our study of the self energyfor semi-
infinite metals'* we may considerseparatelythe contribu-
tions of the variouscouplingsamongthe atomic basisstates
andanalyze,in particular,the interplay betweendirect cou-
plings and indirect couplings via metal states.Adiabatic
resonancetateggeneratedrom the self-energyfor thin films
may serveas basisstatesin time-dependentlose-coupling
calculationsfor the electronicdynamicsin atom-film inter-
actions,in close analogyto the semi-infinite case?® The
extensionof the presentcalculationsto the caseof layered
structurescomposedf arbitrary sequencesf metals,semi-
conductorsandinsulators,andinvolving arbitraryz-profiles,
is straightforward.Possibleapplicationsof calculationsof
this kind maybefound,e.g.,in the analysisof electrontrans-
fer in ion desorptionprocessed**® Theseprocessesave
considerablgracticalrelevancan surfaceandthin-film ana-
Iytical methods.
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APPENDIX A: MATRIX ELEMENTSIN TERMS
OF ATOMIC FORM FACTORS

We considermatrix elementsof the generalform

MU= [ a7 ganPIf Dok P g (A

with hydrogenicwave functions z/;,,,m(F) in sphericalrepre-
sentation.Thefunctionfj(F) is eitherunity (j=1), or equal

to the Coulomb potential VC(F) defining the hydrogenic
functions(j=2), and g(z) is an arbitraryfunction (notethat
z=0 is choserhereto correspondo the atomiccentej. The
classof matrix elementgAl) comprisesall individual matrix
elementf theinitial-channelperturbationlassuminga one-
dimensionalapproximationto the core image potentia) as
well asthe overlapmatrix elementsappearingn the full self
energyof a hydrogenicatomic systemin front of a jellium

metalsurfacé” or alayeredstructure(in particular,thin film)

with arbitrary z profile.
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Introducingthe momentumspacerepresentatioF (). (q)
of the productf;(F) um(F),*® we canimmediatelyperform
theintegrationover r | andwrite the matrix elementgAl) as

MGi= | deg@al, ;@ (A2)

wherethe function

A @)= | daFRE sa)exaiog) (A9

is referredto asthe “atomic form factor.” Theintegralover
g, is closelyrelatedto integralsappearingn Ref. 23 andcan
be evaluatedn closedform by usingcomplexcontourinte-
gration.(Notethatin Ref. 23, the g, integrationis performed
after the z integrationover the wavefunctionsfor a steplike
jellium potential and has beendone analytically. The inte-
grandsin the g,-integralsof Ref. 23 thereforecontain, in

comparisorwith the presentcase,an additionalpole term))

Explicitly, we have

exp—k.2)
> 2T DT 1
211 _y+2k+(ﬂ jr1u+

A(J‘) . (Z)Z(—l)’+m(277)3/2

nlm,k”

xS (p—j+1k, ;2), (A4)
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for z=0, and

A(J) ‘(_Z):(_l)’+mAf;J|)rn,E||(z) (AS)

nIm,kH

In Eq. (A4), the parameterk, is defined as k, = (kf
+(z/n)»)*2, andS{" T2 (n—j+ 1k, ;z) is a polynomial
of degreen—j+ 1 in z whoseexplicit form is givenin Ref.
23 (notethatthe dependencef S on the quantumnumberd
andm is not explicitly indicated.

By meansof the symmetryproperty (A5) for the atomic
form factor, the integral (A2) canbe rewrittenas

M= | “dzta@+ (-1 mg(- 1A%, (2.
(A6)

Specializingto the caseof interestfor the presentwork, we
retrievefrom Eq. (A6) the form (12) for thetransitionmatrix
elements\Nmm,,;Hi by settingj=2 andg(z)=0(z+D) ¢i(z
+A), whereA=L/2+D, and by changingthe integration
variablefrom z to { [notethatthe superscripj =2 is omitted
in the form factorin Eq. (12)].

*Presentaddress:SAP, Neurottstr. 16, D-69190 Walldorf, Ger-
many.
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