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The
�

broadeningof atomic levels near thin metallic films is studied theoreticallywithin the fixed-atom
approximation.� First-orderlevel widthsarecalculatedby usinga Jennings-typejellium potentialto describethe
electronic� statesof the film, andhydrogenicwavefunctionsin parabolic 	 Stark
 representationfor the atomic
orbitals.� In the parabolicrepresentation,hybridizationeffectsdueto the long-rangeimage-chargeinteractions
are� takeninto account.Sizequantizationin the growth directionof the film givesrise to characteristicstruc-
tures
�

in level widths,atomicoccupationprobabilities,andtransitiondistancesasa function of the film thick-
ness.Detailsof this structuredependon theorientationof theStarkorbitalswith respectto thefilm andcanbe
relatedto thedependenceof transitionmatrix elementson theactiveelectron’swavevectorcomponentparallel
to
�

the surfacefor the caseof a semi-infinitemetal.The large variation of the calculatedtransitiondistances
with the film thicknessmay result in observableeffectsin atomic interactionswith thin films.

I. INTRODUCTION

Over
�

the past decades,electronic processesthat occur
when� slowly moving atomsandions interactwith solid sur-
faceshavebeena subjectof intensestudy.A largenumberof
investigationshavedealt with the interactionof neutralat-
oms� andof ions in low chargestateswith cleansurfacesof
semi-infinite� metaltargets.In recentyears,the scopeof ion-
surface� studieshasbeenconsiderablyextendedthroughthe
use� of multiply chargedprojectileions � see� Ref. 1 andrefer-
ences� cited therein� ,� in conjunctionwith metallic targetsas
well� as with semi-conductingand insulatingtargets.2,3 Fur-

�
ther,
�

the effect of adsorbatesandthin dielectricfilms cover-
ing metalsurfaceshasbeenexamined.4–6

�
The
�

use of thin metallic films, insteadof semi-infinite
metal� targets,in the study of electronic processesin ion-
surface� interactionshasbeensuggestedrecentlyby Borisov
and� Winter.7,8

�
A thin metallicfilm maybeformedby depos-

iting
�

a metaloverlayeron a dielectricsubstratewith theband
gap� extendingover theconductionbandof themetal.In this
kind of structure,the electronicmotion in the growth direc-
tion
�

(z axis� ! is
�

confinedbetweenthe metal-substrateinter-
face and the metal-vacuuminterface, whereas the two-
dimensional
"

motion in the film planeis supposedto be free.
The
�

confinementin z direction
"

gives rise to quantization#
‘‘size quantization’’$ ,� with discreteeigenvaluesof theasso-

ciated% energy.Thesimilarity of this situationto thatencoun-
tered
�

in two-dimensionalquantumwell structuresformedby
semiconductors� of different chemicalcomposition9

&
is
�

obvi-
ous.�

The size quantization in thin-metallic films allows,
through
�

the variation of the film thickness,the density of

metal statesto be varied and hencethe transition ratesfor
electron� transferout of, andinto, the metalto be influenced.
Details
'

of the discreteenergyspectrumof the film are ex-
pected( to give rise to specificresonanceand thresholdphe-
nomena.In principle,studiesinvolving thin films maythere-
fore yield insight into structuralpropertiesof the films and
may� furnish a moresensitivetestof the ion-surfaceinterac-
tion
�

thando studieswith semi-infinitetargets.Up to now, the
details
"

of electronicprocessesin ion interactionswith thin
metallicfilms havebeentreatedonly theoretically7,8

�*)
see� also

Ref.
+

10, ,� and sizeabledeviationsfrom calculationsfor the
semi-infinite� case were obtained for the neutralizationof
Na
-/.

ions
�

andfor theformationof H 0 ions
�

nearthin Al 1 1112
films.
3

We mentionthat the grazing-incidenceion scattering
technique
�

hasrecentlybeenapplied11,12 to
�

studyexperimen-
tally
�

thegrowthandmorphologyof thin Mn films 4 thickness
�5

12 monolayers6 on� Fe7 1008 substrates.� While ion scatter-
ing is usedhere as an analytic tool, a detailed theoretical
understanding� of the basicelectronicprocessesoccurringin
ion-film
�

interactionswill be importantalso in this case.
In
9

the presentpaper,we study the broadeningof hydro-
:

genic; levelsnearthin-metallicfilms by evaluatingfirst-order
level widths < or,� equivalently,transition rates for resonant
transfer
�

of electronsor holesbetweenatomandfilm = ,� atomic
occupation� probabilities,and transition distancesfor reso-
nanceionization of atomsand resonanceneutralizationof
ions.Thecaseof hydrogeniclevelsis of particularinterestas
it
�

constitutesthe prototypecasefor the treatmentof the in-
teraction
�

of highly chargedionsandRydbergatomswith thin
films. The self-energymethod13 that

�
has beensuccessfully

applied� in the nonperturbative> calculation% of shifts and
widths� of hydrogeniclevels for semi-infinitetargets14,15 ap-�
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pears( to be equally well suitedfor the caseof thin-metallic
films. However,it becomesapparentfrom our resultsbelow
that
�

in thethin-film casealreadythefirst-orderwidths,which
are� essentiallyequal to the imaginarypartsof the diagonal
elements� of theself-energymatrix, displaya varietyof novel
featureswhosethoroughanalysisis advisable,if not indis-
pensable,( beforea full self-energycalculationis performed.

In
9

the next section,we outline the theoreticalframework
for our calculations.SectionIII containsa heuristicdiscus-
sion� of qualitativefeaturesof the level widths, followed by
the
�

presentationof numerically calculatedwidths. Atomic
occupation� probabilities and transition distancesare pre-
sented� in Sec.IV. A comprehensivediscussionof our results,
including
�

a brief examinationof the possibility to observe

featuresrevealedby our calculationsin suitablydevisedex-
periments,( is given in Sec. V. Finally, Sec. VI containsa
summary� of the paperaswell assomeconcludingremarks.

II. THEORY

We
E

adoptthe jellium modelfor themetallicfilm of thick-
nessF L

G
and� construct the unperturbedelectronic potential

Vfilm
H (
I
z )J by using the analytic electron-surfacepotential of

Jennings
K

etL al.16 M with� oneandthesamesetof parametersN to
�

describe
"

the interfaceson eithersideof the film.7,8
�

The Jen-
nings potential constitutesan analytic fit to the results of
density
"

functionalcalculations.Takingz PO 0
Q

to correspondto
the
�

midpoint of the film, we have

Vfilm
H*R z TSTU V V0

W /
XZY

A
[

exp�]\ B^`_ba z Pced L
G

/2
Xgfihkj

1l ,�nm z Poep L
G

/2
X

qsr 1 t exp�]uwvyx{zb| z P}e~ L
G

/2
Xg�i���

/
Xb�

4
�{�w�

z ��e� L
G

/2
Xg�i�

,� � z ��Z� L
G

/2
X � 1�

(
I
A � 4V0

W /
Xk���

1, B � 2V0
W /
X
A)
J
. In our calculations,we use

parameter( valuesappropriateto the descriptionof Al � 111� :
V0
W�� 0.58581
Q

a.u., ��� 1 a.u. Note that for � z P�e� � ,� the Jen-
ningspotentialmergesin theclassicalself-imagepotentialof
the
�

electron ¡ the
�

imagereferenceplaneis assumedto coin-
cide% with the jellium edges¢ z P£e¤ L/2)

X
.

The potential ¥ 1¦ is symmetricwith respectto coordinate
inversion,
�

Vfilm(
IT§

z )JT¨ Vfilm(
I
z )J , so that the asymmetry

caused% by thepresenceof a substrateon onesideof thefilm
cannot% be takeninto accountin our calculations.However,
except� for very small film thickness,the substrateshould
have
©

very little effect on the atomic level widths, which are
mainly determinedby the overlapof film wavefunctionand
atomic� wavefunction in the spatialregionbetweenfilm and
atom.� Owing to the symmetryof Vfilm(

I
z )J , the bound-state

eigenfunctions� ª
i(
I
z )J¬« with� labelsi

w®
1,2 . . . arranged� in or-

der
"

of increasingenergyeigenvaluē i)
J

of the z -dependent
part( of the film Hamiltonianare simultaneouslyeigenfunc-
tions
�

of the parity operator,with eigenvalue( ° 1)i ± 1. The
total
�

film wavefunctions ² k
³ ´¶µ

i(
I
r· ¸ )J arewritten as

¹
k
³ º¶»

i ¼ r· ½¿¾TÀ exp�ÂÁ ik�Ã�Ä r· ÅÇÆ¶ÈkÉ i Ê z TË ,� Ì 2ÍkÎ
where� k

Ï Ð�Ñ
and� r· ÒÇÓ are� the componentsof wave vector and

position( vector, respectively,in the film plane. Assuming
unit� normalizationfor the discretestates Ô i ,� the orthonor-
mality relationfor the statesÕ k

³ Ö¶×
i reads

ØPÙ
k
³ Ú¶Û

i ÜZÝ k
³ Þ¶ß à

i áãâwäæå 2 çéè 2 ê (2)
ëíì

k
Ï î�ïñð

k
Ï ò�ó ôöõø÷

ii ù ,� ú 3ûTü
and� the densityof statesý for fixed projectionof the electron
spin� þ associated� with the motion in the film plane, ÿ (

I
k
Ï � � ),J is

accordingly� equalto (2 � )
J�� 2. The energiesassociatedwith

the
�

states� k
³ ���

i are�

	
k
³�


i � 1

2
Í k
Ï�2 ���

i � 4���

�
we� useatomicunits throughout� .

For
�

the purposeof illustration, we show in Fig. 1 the
potential( � 1� for

�
z �� 0

Q
for an Al film of thickness L

G
� 20 a.u., togetherwith the energies � i of� the lowest 13
bound
�

states,plottedagainstthe index i

. Also shownarethe�

normalized wave� functions ! i(
I
z )J for i

#"
1, . . . ,4 and i


$ 10, . . . ,13 in the range% z �& 0

Q('
for
�

z �) 0
Q

, the functionsare
obtained� by symmetricor asymmetriccontinuation,depend-
ing on whetherthe parity ( * 1)i + 1 is equalto , 1 or - 1).
The spectrumof the eigenvalues. i is characterizedby an
accumulation� point at zero energy,which is relatedto the
long-range
/

behaviorof theelectronicself-imagepotentialin-
cluded% in thepotential 0 1132 see� alsoFig. 2 andthediscussion
below
� 4

. Correspondingly,the wavefunctionsfor the highest
eigenvalues� extend far beyond the jellium edge into the
vacuum.5

For
�

the hydrogenicwave functions of the unperturbed

FIG. 1. ThepotentialV
6

film
7 (z) 8 cf. Eq. 9 1:�; for

<
anAl = 111> film

?
of

thicknessL
@3A

20 a.u., its lowestenergylevels B i
CED plottedF versusthe

index i), and selected G normalizedH bound-statewave functionsI
i
C (J zK )L . Potentialandwavefunctionsin the rangezK�M 0

N
areobtained

by symmetricor antisymmetriccontinuationO seetextP .
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atomic� system,we adopttheparabolic R Stark
S T

representationU
nkmV (
I
rW )J , with principalquantumnumbern> ,� ‘‘electric’’ quan-

tum
�

numberk
Ï
,� andmagneticquantumnumbermX . Using this

representation,% we takeinto account,to someextent,the hy-
bridization
�

of the atomicorbitals inducedby the long-range
image chargeinteractionsin the atom-metalsystem.17 For
the
�

semi-infinitecase,first-orderwidthshavebeencalculated
for
�

hydrogeniclevelsin parabolicrepresentationwithoutY ex-�
plicit( inclusion of the image charge interactions. These
widths� were found to be in good overall agreementwith
widths� obtainedfrom calculationswithin thenonperturbative
coupled-angular-mode% method,18,19 in

�
which both the elec-

tronic
�

self-imagepotentialand the imagepotential induced
by
�

the atomiccorewereexplicitly included.
In fixed-atom approximation, the first-order widthZ

nkmV (
I
D
[

)
J

of a hydrogenic level with quantum numbers
n> ,� kÏ ,� mX ,� associatedwith anatomlocatedat a distanceD

[
from
�

the
�

adjacentjellium edgeof the metallic film, is given by

\
nkmV^] D _a` 2 bdc

i
dk
egf�h�ikj

k
Ï l�m�nao

WnkmV ,k
³ p�q

i r D sat 2 uwvyx nV{z�| k
³�}

i ~ ,��
5
���

where� �
nV���� Z

� 2/2
X

n> 2 (
I
Z
�3�

effective� corecharge� is
�

theunper-
turbed
�

energyof the hydrogeniclevel. Note that we disre-
gard� theatomiclevel shift which, to lowestorder,is givenby
(2
I

Z
���

1)/4D
[

. For atom-film distancesclose to, or beyond,
the
�

classicalthresholddistance,level widthsareonly weakly
affected� by the rathersmall level shifts. At the low perpen-
dicular
"

velocities typical for current grazing-incidenceex-
periments( with Rydbergatomsand highly chargedions as
projectiles( and semi-infinite targets, transitions are most
likely to occur in this rangeof distances.Therefore,the in-
clusion% of the level shift would tendto slightly shift andblur
the
�

calculatedstructurein the L
G

dependence
"

of the transition
distances
" �

cf.% Sec.IV � but
�

would not alter our conclusions�
cf.% Sec.V � .

The
�

transition-matrixelementWnkmV ,k
³ ���

i(
I
D
[

)
J

is written as

WnkmV ,k
³ ���

i � D[�������� nkmV^� D[��a� VC
� �¡  D[£¢¥¤§¦ k

³ ¨�©
i ª « 6¬�

with� the perturbingpotential

VC
� ®°¯ VC

�²±´³ z �µ L
G

/2
X·¶

,� ¸ 7¹�º
where� VC

� is
�

the Coulombpotentialof the atomic core,and»
(
I
z )J is theunit stepfunction ¼ the

�
z axis� is directedfrom the

midpoint� of the film towardsthe atom½ . The core image


po-(
tential
�

hasbeenneglectedin the potentialsdefining the un-
perturbed( atomicandfilm statesandin theperturbingpoten-
tial
� ¾

7
¹�¿

.14,20 However, its effect on level hybridization is
partly( takeninto accountin theatomicstatesthroughtheuse
of� hydrogenicwave functionsin parabolicrepresentation.17

The explicit inclusionof the full coreimagepotentialin our
calculations% would entail a greatly increasednumericalef-
fort.
�

The self-imagepotential of the electron,on the other
hand,
©

is included in the unperturbedfilm potential.There-
fore, whenusing the parabolicrepresentationfor the hydro-
genic� wave functions,parts of the self-imagepotential are
taken
�

into accounttwice. Without exhaustiveanalysis,it ap-
pears( hardto decidewhetherit is moreaccuratein generalto
count% partsof the self-imagepotentialtwice or to disregard
certain% partsof it. However,in the specificresultspresented
below,
�

the explicit inclusion of the self-imagepotential in
Vfilm(

I
z )J is found to havelittle effect.

The
�

specificform of thepotential À 7¹�Á reflects% our assump-
tion
�

that the corepotentialis completelyscreenedinsidethe
film and the substrate.Furthermore,our choicefor the per-
turbing
�

potentialin Eq. Â 6¬�Ã corresponds% to the ‘‘post form’’
of� thetransition-matrixelement,which representsoneof two
admissible� alternatives Ä strictly� equivalent in the resonant
case% Å for writing the matrix element.20,21 Assumingthe un-
derlying
"

total electronicpotentialV in the atom-film system
to
�

havethe form V Æ Vfilm Ç VC
� È ,� oneobtainsthe perturbing

potential( VpertÉ of� the ‘‘post’’ form by subtractingVfilm from
V,� VpertÉËÊ V Ì Vfilm Í VC

� Î . We choosethe ‘‘post’’ form of the
transition
�

matrix elementsinceit is slightly easierto handle
in the numericalcalculations.

Resolving
+

the Ï function
�

in Eq. Ð 5��Ñ and� exploiting the
azimuthal� symmetry of the transition-matrixelementin k

Ï Ò
space,� we canexpressthe level width as

Ó
nkmV^Ô D Õ�ÖØ×

i

Ù
WnkmV ,k

³�Ú(Û iÜ )ÝßÞ D àaá 2â�ã´äyå nV{æ�ç i è ,� é 8ê�ë
where�

k
Ïíì(ë i)îðï�ñ 2 òyó nV�ô�õ i ö ÷ 9ø�ùú

when� usedasa label in WnkmV ,k
³�û(Û iÜ )Ý ,� k

Ï�ü(ë i)î is
�

assumedto refer to

the
�

dependenceof the matrix elementon the wave functioný
i)
J
. Thewidth thusappearsasa sumovera finite numberof

terms
�

correspondingto transitionsof electronsor holes þ de-
"

pending( on thepositionof theatomiclevel ÿ nV relative% to the
Fermi
�

level � F
� of� the film; note that � F

� depends
"

on the film
thickness
�

L8� into film stateswith energy � i ��� nV in the
growth� direction and � real	 wave� vector k

Ï�
(ë i)î of� the free in-
plane( motion,suchthat the resonanceconditionfor the total
energy,� �

k
³�

i ��� nV ,� is fulfilled.
For
�

thegeneral� resonant% or nonresonant� case,% theevalu-
ation� of the transition-matrixelementsWnkmV ,k

³ ���
i is easilyac-

FIG.
�

2. Energy levels � i
� of� an Al � 111� 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 linesemphasizethosepiecesof
thefilm level curvesthatbelongto thefirst film level below

�
a given

hydrogenlevel.

PRB 61 3069SIZE
 

QUANTIZATION EFFECTSIN ATOMIC LEVEL . . .
!



complished% by expressingthem in termsof the matrix ele-
ments� WnlmV ,k

³ "�#
i corresponding% to the sphericalrepresentation

of� the hydrogenicwave functions (l
$

is
�

the orbital angular
momentum� % ,� 22

WnkmV ,k
³ &�'

i (
)
l
*,+

m-
nV/. 1

c0 nV ,k
³l
*
,m- WnlmV ,k

³ 1�2
i ,� 3 104

where�

c0 nV ,k
³l
*
,m-65 7 n>98 1 : /2X ;

n>9< 1 = /2X>
mX@? k

Ï�A
/2
X B

mX@C k
ÏED

/2
X l
$
mX F 11G

is a Clebsch-Gordancoefficient. In the matrix elements
WnlmV ,k

³ H�I
i ,� the two-dimensionalintegrationover the coordi-

natesin the film plane can be performedin closed form,
using� the technique of Ref. 23. In the remaining one-
dimensional
"

integral, the film wave function is folded with
an� atomicform factorAnlmV ,k

³ J�K that
�

comprisesthepropertiesof
the
�

atomic wave function and of the perturbing Coulomb
potential( L see� AppendixA for detailsM . Exploiting symmetry
properties( of the form factor,we canwrite

WnlmV ,k
³ N�O

i P D[RQTS
0
W
U

d
eWVTX�Y

i Z\[^]`_baTcedgf 1 h l
*,i

m-kj
i lgm@npo`qbr

sutwvgx@ypz
D {}| AnlmV ,k

³ ~����}��� ,� � 12�
where� �^� z E�`� and� �`� L/2

X��
D; the step function � (

IT�@�
�

D
[

)
J

reflectsthecutoff in thepotential � 7¹�� . A simpleanalytic
expression� for AnlmV ,k

³ ��� exists� for arbitrary quantumnumbers

n> ,� l$ ,� mX . The numerical effort required to evaluate the
transition-matrix
�

elementsthusconsists� i��� in
�

generatingthe
wave� functions � i(

I
z )J for the potential � 1� ,� and � ii � in per-

forming
�

the � -integrationin the integral � 12  .
Assumingtheatomto approachthethin film alonga clas-

sical� trajectory,we can usethe widths calculatedfrom Eq.¡
8
ê�¢

to
�

evaluateoccupationprobabilities for atomic states
within� therateequationmethod.As we disregardlevel shifts,
a� given atomic level is aboveor below the Fermi level £ F

�
throughout.
�

For an electronor hole occupyingat D
[@¤`¥

the
�

atomic� state ¦ nkmV with� unit probability, the probability to
occupy� this stateat distanceD

[
is
�

thengiven by24

PnkmV¨§ D ©Tª exp� « 1¬
z D

®
dD
e°¯²±

nkmV¨³ D ´,µ ,� ¶ 13·
provided( the atom moves with constantvelocity along a
straight-line� trajectory( ¬ z is the absolutemagnitudeof the
z -componentof the velocity̧ . If the probabilitiesP

¹
nkmV (
I
D
[

)
J

drop
"

from unity to zeroin a sufficientlynarrowD range,one
may� determinetransitiondistancesD

[
nkmV º i.e.,

�
distancesfor

resonance% ionizationor neutralization,dependingon whether»
nV½¼¿¾ F

� or�ÁÀ
nV/Â�Ã F

� )J by solving the equation P
¹

nkmV (
I
D
[

nkmV )
J

Ä 0.5.
Q
We
E

note that the inclusion of atomic level shifts would
entail� distance-dependentFermi factorsin the rateequations
for
�

theoccupationprobabilities.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

largeatom-film distances.For both highly chargedions and
Rydbergatoms,the largetransitiondistancesresult in small
level
/

shifts and relevantFermi factors that are essentially
equal� to unity. Therefore,for the purposeof our discussion,
Eq. Å 13Æ appears� to be a sufficiently goodapproximation.

III. ATOMIC LEVEL WIDTHS

As the thicknessL is the principal parametercharacteriz-
ing
�

thefilm properties,we confineourselvesin this sectionto
the
�

study of the L dependence
"

of the level widths at fixed
atom-film� distanceD. The D dependence

"
of the widths at

fixed
3

L
G

will� beconsideredin Sec.IV in conjunctionwith the
calculation% of atomicoccupationprobabilitiesandtransition
distances.
"

Before turning to the numericalcalculations,we
discuss
"

the L dependence
"

of the level widths in a heuristic
way� in orderto facilitate thequalitativeunderstandingof the
complex% featuresobservedin the numericalresults.

A. Heuristic discussion

From Eq. Ç 8ê�È ,� it is evident that the L dependence
"

of the
widths� is decisively influencedby the L dependence

"
of the

energies� É
i . In Fig. 2, we showthe latter dependencefor a

thin
�

Al Ê 111Ë film over an L rangeextendingapproximately
from 2 to 14 monolayersÌ based

�
on the bulk lattice constant

aÍ9Î 7.7
¹

a.u., the spacingbetweenmonolayers,i.e. the dis-
tance
�

betweenÏ 111Ð planes( in Al Ñ 111Ò , i� s aÍ /
XgÓ

3
û9Ô

4.4
�

a.u.].
Also
Õ

shownare horizontal lines indicating the unperturbed
energies� of the hydrogenatom (Z Ö 1) for n>9× 1,2,3. The
film
3

levels decreasemonotonicallywith increasingL
G

. With
decreasing
"

energy,i.e., as the levels move towardsthe bot-
tom
�

of the film potentialwell, the effect of the self-image
potential( is found to die away rapidly. Its inclusion is ex-
pected( to be irrelevant for the film statessampledin the
present( study,which is confinedto hydrogenlevels with n>Ø

3
û

andhenceto film levelsbelow the n>9Ù 3
û

level.
According
Õ

to Eq. Ú 8ê�Û ,� thepoint of intersectionL
G

i of� a film
level curve Ü i(

I
L)
J

with the horizontalline for a given atomic
level
/ Ý

nV defines
"

the thresholdfor transitionsinto the film
state� labeledi


. When L increasesfrom L i ,� the resonantin-

plane( wavevectork
Ï�Þ(ë i)î risesfrom zeroupwardsß cf.% Eq. à 9ø�áãâ ,�

while� the wave vectorsk
Ï�ä(ë i å 1) ,� kÏ�æ(ë i ç 2)

â
,� . . . associatedwith

the
�

levels è i é 1(
I
L
G

),
Jëê

i ì 2
â (I LG )

J
, . . . rise from progressively

larger í positive( î values5 at L i . A continuousvariation of L
thus
�

induces, via the variation of the energiesï
i(
I
L),
Jñð

i ò 1(
I
L),
Jñó

i ô 2(
I
L)
J
, ..., a continuous% variationof k

Ïöõ
in

the
�

correspondingresonanttransition matrix elementscon-
tributing
�

to the level width ÷ nkmV for
�

a thin film. By compari-
son,� in the caseof resonanttransitionsinto a semi-infinite
metal,� a continuousvariation of k

Ï�øúùuû
2(
Íýü

nV/þ�ÿ z )J can be di-
rectly induced by varying the energy associatedwith the
electronic� motion in z direction,

" �
z ,� which is a continuous

eigenvalue.� Hence,providedthe L
G

dependence
"

of the ener-
gies� �

i is
�

sufficiently smooth
�
cf.% Fig. 2� ,� the L

G
-dependence

of� the transition-matrixelementsand level widths for thin
films is expectedto imagethek

Ï��
dependence
"

of thetransition
matrix� elementsfor thesemi-infinitecase.For exhibiting the
latter
/

dependence,we have calculatedresonanttransition-
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matrix elementsfor a steplikejellium potentialandthe per-
turbing
�

potential � 7¹�� .23
â

In Fig. 3, matrix elementsareshown
for themX
	 0

Q
levelsof then>�� 1,2,3 manifoldsof a hydrogen

atom� locatedrespectivelyat thedistanceD
[

nV� 2
Í

n> 2 in
�

front of
an� Al � 111� surface.� The classicalthresholddistancesDnV are�
obtained� for the superpositionof the steppotentialand the
potential( � 7¹�� and� correspondto ion-surface distancesat
which� electronictransitionsaremost likely to occur.20,23

The
�

curvesin Fig. 3 for the maximumvaluek
Ï

max��� n>�� 1
of� theelectricquantumnumberk

Ï
within� eachn> manifold� are

seen� to decreasemonotonicallywith k
Ï��

. For thesecases,the
L
G

dependence
"

of the level widths for the thin film is thus
expected� to displaya discontinuousrise at the thresholdsL i
and� a monotonicdecreasebetweenL

G
i and� L

G
i � 1,� independent

of� thevalueof i

. Moreover,thedominantcontributionto the

atomic� level width will arisefrom the first film level below
the
�

atomiclevel. Thequalitativebehaviorof the level widths
as� a function of L

G
should� resemblethe saw-toothpatternin

the
�

level diagram of Fig. 2, which has been obtainedby
emphasizing,� for eachn> ,� thosepiecesof the level curvesthat
belong
�

to the first film level below a given atomic level.
The
�

structurein the curvesof Fig. 3 for electricquantum
numbersF k

Ï��
k
Ï

max� suggests� a morecomplexL
G

dependence
"

of
the
�

correspondinglevel widths. Considering,e.g., the case
(
I
n> ,� kÏ ,� mX )

J��
(3
I

, � 2,0), we expectthe zeroat k
Ï��! 

0
Q

of the ma-
trix
�

elementfor the semi-infinitecaseto find its counterpart
in a zeroat L i of� the matrix elementinvolving the first film
level
/

below the n>�" 3
û

level. The secondfilm level at L
G

i ,�
however,
©

correspondsto k
Ï�#!$

0
Q
.25...0 .4 a.u.� when L

G
i is
�

in
the
�

L-rangeplotted in Fig. 2. In this k
Ï�%

range,the curve in
Fig. 3 exhibits a broad maximum. Thus the atomic level
width� at L i will� receiveits dominantcontributionfrom the
second� film level. WhenL

G
varies5 betweenL

G
i and� L

G
i & 1,� de-

tailed
�

structureresultingfrom the superpositionof contribu-
tions
�

of the first, second,andpossiblythird film level below
the
�

atomic level may be anticipated.A weakdependenceof
the
�

detailed structure on the location of the interval'
L i ,� L i ( 1) should� arisefrom the changeof the slopeof the

film level curveswith L. Disregardingthis dependence,the
pattern( of thedetailedstructurefor a givenatomiclevel will
be
�

periodically repeated,with the period * L + L i , 1 - L i be-
�

ing virtually independentof i
/.

cf.% Fig. 20 .

B. Numerical results

Having developeda qualitativeideaof how the L depen-
"

dence
"

of the atomic level 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
evaluate� the periodic‘‘gross structure’’ of the L-dependence
over� the full L

G
range% of Fig. 2 andrestrict the calculationof

the
�

detailed structure to selected periodicity intervals1
L
G

i ,� LG i 2 13 .
In
9

order to exhibit the gross structureof the L
G

depen-
"

dence,
"

we have calculatedlevel widths for the distances
D
[

nV (
I
n>�4 1,2,3) of Fig. 3 at thepositionsL

G
i 576 and� L

G
i 8:9 for

�
all� L i ,� i.e., in the vicinity of all discontinuitiesin the saw-
tooth
�

patternof Fig. 2, in the interval 10 a.u. ; L
G=<

60
¬

a.u.>
the
�

value of the parameter? is of the order of 0.01 a.u.@ .
The
�

curvesresultingfrom smoothlyinterpolatingthe widthsA
in a log-lin plotB between

�
L i C7D and� L i E 1 F7G are� shownin

Fig.
�

4. The detailed structure for the hydrogen n>�H 1,2,3
manifolds,obtainedfrom calculationson a very denseL grid�
covering% the periodicity intervals

I
I

1 JLK 17.8 a.u., 25.4 a.u.M ,�

I
I

2
â�NLO 21.5

Í
a.u., 24.8 a.u.P ,� Q 14R

I
I

3
S�TLU 21.5

Í
a.u., 24.5 a.u.V ,�

respectively,% is displayedin Fig. 5. In addition to the total
level
/

widths, the contributionsarising from different film
states� are shown in this figure. The resultsof Fig. 5 fully
confirm% the qualitativepicturedevelopedin Sec.III A. This
pertains,( in particular,to the numberandrelativepositionof
the
�

extremain the curvesfor electric quantumnumbersk
Ï

W
k
Ï

max� . Combiningtheresultsof Figs.4 and5, thefollowing
picture( emergesfor the L-dependenceof the atomic level
widths.�

If
9

k
ÏYX

k
Ï

max,� the curvesfor the level widths in Fig. 5 ex-
hibit near-exponentialbehaviorin theselectedintervals Z 14[ .
The interpolatedcurvesof Fig. 4 thusprovidea goodrepre-
sentation� of the detailedshapethat would be revealedby a
calculation% on a very densegrid over the full L range.If k

Ï
\

k
Ï

max,� modulationsshow up in the curvesof Fig. 5, with
the
�

maximum ] minimum̂ in generalnot coincidingwith L i.
In
9

this case,the interpolatedcurvesof Fig. 4 may be inter-
preted( asaveragecurves.If we would replacethetruecurves
in Fig. 5 with exponentialsfitted to the true curves,e.g.,at
L
G

i ,� in sucha way that the integral over true and fit curve
agree,� the slopesof the exponentialswould in generaldevi-
ate� from thoseof the correspondingexponentialsin Fig. 4.
However,
_

from the examplesshown,it appearsthat the dis-
crepancies% arefairly small.

FIG. 3. Squaredresonanttransitionmatrix elementsfor a hydro-
genatomin front of a semi-infiniteAl ` 111a target

� b
Ref. 23c plottedF

asa function of the wavevectorcomponentk d parallel to the sur-
face,for the indicatedvaluesof the quantumnumbersn,k

e
,� m. The

distancesD areequalto the classicalthresholddistancesDnfhg 2ni 2
j

for thesuperpositionof a steplikejellium potentialandthepotentialk
7l .m
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IV. OCCUPATION PROBABILITIES
AND TRANSITION DISTANCES

According to Eq. n 13o ,� the occupation probabilities
P
¹

nkmV (
I
D
[

)
J

are essentially determined by the integralp
D

q
dD
esrut

nkmV (
I
D
[wv

)
J
. Hence, a brief discussion of the

D
[

-dependenceof the level widths x nkmV is
�

appropriatehere.
As
Õ

mentionedearlierandasmandatedby thePauliexclusion
principle,( the following resultsfor n>�y 1 relateto the decay
of� a hydrogenK-shell hole

:
into the film, whereasfor n>�z 2

all� occupationprobabilitiesandtransitiondistancesdescribe
the
�

transferof a hydrogenelectronL into
�

the film.
In Fig. 6, the D dependence

"
of { nkmV is shown for the

hydrogen
©

n>�| 1,2,3 manifoldswith mX
} 0
Q

for selectedL
G

val-5
ues� insidethe intervals ~ 14� and,� in addition,for oneL

G
-value

just
�

below each interval. Therefore,when going from the

smallest� L to
�

the secondsmallest,onecrossesthe thresholds
associated� with the points of intersectionof the film level
curves% with the atomic levels � cf.% Fig. 2� . Drastic threshold
effects� are observedin the curves of Fig. 6 for k

ÏY�
k
Ï

max� .
Independent
9

of D
[

,� the widths increaseby oneorderof mag-
nitude (n>�� 1) to four ordersof magnitude(n>�� 3)

û��
except�

for thesmall-D rangefor (n> ,� kÏ )
J��

(
I
3,2)] whenthe thresholds

are� crossed.Above the thresholds,a rapid monotonic (D
[

independent
� �

decrease
"

of the widths with L
G

is
�

found. Note
that
�

in the plots � a��� ,��� c%�� ,� and � f � of� Fig. 5, theseeffectsare
exhibited� for thespecificdistancesD

[
�
D
[

nV . With decreasing
electric� quantumnumberk

Ï
,� thethresholdeffectsin thewidth

curves% of Fig. 6 becomeprogressivelyblurred.
The
�

D
[

dependence
"

of the occupation probabilities
PnkmV (

I
n>�� 1,2,3;mX
� 0

Q
) is shown in Fig. 7 for � z�

FIG. 4. Grossstructureof the
L
@

dependence
�

of the level widths�
nkmf � cf. Eq. � 8����� for a hydrogen

atom� locatedat the distancesDnf  2
¡

ni 2 in front of an Al ¢ 111£ film,
?

for
<

m ¤ 0 andthe indicatedvalues
of� the quantumnumbersni ,� k. For
further explanation,seetext.

FIG. 5. Detailed structureof
the
�

L
@

dependenceof the level
widths for the case of Fig. 4,
evaluated� over the periodicity in-
tervals
�

I
¥

nf defined
�

in Eq. ¦ 14§ . Also
shown¨ arethe contributionsto the
widths from the film stateslying
energetically� closest below the
atomic� level © cf. Fig. 2ª .
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« 10¬ 2 a.u.� andin Fig. 8 for  z®�¯ 10° 4 a.u.� The valuescho-
sen� for the film thicknessL

G
are� the sameasthosein Fig. 6.

With
E

decreasingD,� all curvesin Figs. 7 and 8 ± except�
those
�

in plot ² a��³ of� Fig. 7; seebeloẃ drop
"

from unity to zero
in
�

a fairly narrow D
[

interval,
�

so that it is meaningful to
associate� transitiondistancesDnkmV µ cf.% end of Sec.II ¶ with�
the
�

different curves.The thresholdeffectsobservedin the L
dependence
"

of the level widths of Fig. 6 for k
Ï�·

k
Ï

max are�
reflecteddirectly in thebehaviorof thetransitiondistancesin
Figs.
�

7 and8: the rapid rise of the level widths acrossthe L
G

thresholds
�

correspondsto a drasticreductionof the time as-
sociated� with the electronictransition,andhenceto a much
larger transitiondistance.

The
�

transitiondistancesin Figs. 7 and 8 exhibit a weak

¸
near-logarithmic¹ dependence

"
on the velocity component

 z® ,� which reflectsthenear-exponentialbehaviorof the level
widths� asa functionof D. Thevelocity  z®�º 10» 2 a.u.� chosen
for
�

thecalculationsof Fig. 7 appearsto bea ‘‘high’’ velocity
as� the correspondingtransition distancesare ¼ except� for a
few
�

L
G

-valuesat (n> ,� kÏ )
J�½

(
I
2,1) and ¾ 3,2

ûÀ¿ÂÁ
smaller� thanthe re-

spective� classicalthresholddistancesfor thesuperpositionof
the
�

Jenningspotential Ã 1Ä ,� the core imagepotentialand the
potential( Å 7¹�ÆÈÇ these

�
distancesarelargerthanthedistancesD

[
nV

introduced
�

aboveby a factor 1.5É . In other words, the time
elapsing� until the atom reachesthe classicalthresholddis-
tance
�

is too short for Ê classically% forbiddenË tunneling
�

tran-
sitions� to occur.Thedepartureof two of thecurvesin plot Ì f�ÎÍ
of� Fig. 7 from thesimple‘‘ S

Ï
’’ shapecanalsobeascribedto

FIG. 6. Dependenceof the
level widths Ð nkmf on� the atom-
film
?

distanceD
Ñ

for a hydrogen
atom� in front of an Al Ò 111Ó film,

?
for the quantumnumbersni ,� k,mÔ
of� Fig. 4 andselectedL valuesbe-
low
Õ

andinsidethe intervalsI
¥

nf de-
fined
?

in Eq. Ö 14× .m

FIG. 7. Dependenceof the oc-
cupationØ probabilities Pnkmf Ù cf.Ø
Eq. Ú 13ÛÝÜ on the atom-film dis-
tance
�

D
Ñ

for the caseof Fig. 6 andÞ
zßáà 10â 2

j
a.u.
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the
�

high ã nonadiabaticF ä velocity:5 within the transitiontime,
the
�

atom entersa region closeto the film wherethe D
[

de-
"

pendence( of thelevel widthsdisplaysstructureå cf.% plot æ f ç of�
Fig.
�

6è . The velocity  z®êé 10ë 4 a.u.� chosenfor the calcula-
tions
�

of Fig. 8, on the other hand,is low enoughso that in
most casesthe transitionstake place beyond the classical
threshold
�

distance, i.e., in the tunneling regime, and
‘‘ S
ì

’ ’ -shapedcurvesare found throughoutfor the D depen-
"

dence
"

of the probabilities.
The
�

detailed L
G

dependence
"

of the transition distances
DnkmV for the hydrogenn>�í 1,2,3 manifoldswith mX
î 0

Q
, cal-

culated% in the intervals ï 14ð for
�  z®�ñ 10ò 2 a.u.� and  z®ó 10ô 4 a.u.,� is shownin Fig. 9 in a linearplot. Theshapesof

the
�

curves bear a close resemblanceto the shapesof the

corresponding% curvesin thelog-lin plotsof theL
G

dependence
"

of� the level widths in Fig. 5, in particularwith regardto the
pronounced( thresholdeffectsin the casesk

Ï�õ
k
Ï

max� . The rea-
son� behindthis resemblanceis that the level widths behave
nearF exponentiallyin the D

[
ranges% probed,with slopesde-

pending( only weakly on the film thicknessL. For the ex-
amples� of Fig. 9, the absolutemagnitudeof the threshold
discontinuity
"

in the transitiondistancesfor k
ÏYö

k
Ï

max is found
to
�

scaleapproximatelywith n> 2,� i.e., it scalesin thesameway
as� the atomic orbital radiusand the classicalthresholddis-
tance
� ÷

the
�

discontinuitiesreadfrom Fig. 9 arein fact closeto
the
�

absolutevaluesof the thresholddistanceD
[

nV for
�

thestep-
like jellium potentialø . When averagedover the periodicity
intervalsof Fig. 9, the transitiondistancesfor fixed n> exhibit�

FIG. 8. Sameas Fig. 7, for ù zúû 10ü 4
ý

a.u.

FIG. 9. Dependenceof the
transition
�

distancesD
Ñ

nkmf on the
film thicknessL for a hydrogen
atom� in front of an Al þ 111ÿ film,
evaluated� over the intervalsI

¥
nf de-

fined
?

in Eq. � 14� , for the quantum
numbersni ,� ke ,� m of Fig. 4 and ù zú� 10� 2 a.u.and10� 4 a.u.
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a� changewith theelectricquantumnumberk
Ï

that
�

is equalto
the
�

changein the electric dipole moment d
e�� 3

�
2
� nk> of� the

Stark
S

orbitals 	 note that we useatomic units
 . This feature
appears� to reflecta ‘‘scaling’’ for thewidthsof Starkorbitals
in
�

termsof the effectiveatom-surfacedistanceD
[ eff�� D

[�
d
e

,�
similar� to thescalingobservedfor thecaseof a semi-infinite
metal target.25

â
The
�

abruptthresholddiscontinuitiesin the L
G

dependence
"

of� the level widths calculatedfrom Eq. � 8ê�� ,� as well asin the
transition
�

distancesderived therefrom,will clearly become
somewhat� shifted and blurred if the atomic level shift is
taken
�

into accountin Eq. � 8ê�� ,� i.e., if theenergy� nV is replaced
with� a D-dependentperturbedenergy.However,for the ex-
amples� to bediscussedin Sec.V, theeffectof the level shift
on� the discontinuitiesis expectedto be small andhencecan
be
�

disregardedin a qualitativediscussion.

V. DISCUSSION

We
E

now discusssome general trends exhibited by the
resultsof Secs.III and IV and examinethe possibility that
features
�

revealedby theseresultsmay be observedin suit-
ably� devisedexperiments.

The overall magnitudeof the level widths resultingfrom
averaging� over thesaw-toothstructuresin Fig. 4 dependson
the
�

electric quantumnumber k
Ï

in
�

a way that reflects the
orientation� of the parabolicatomic orbitals with respectto
the
�

film plane:orbitals with maximum � minimum� k
Ï

within�
an� n> manifold are preferentially oriented towards � away�
from
� �

the
�

film andhencehavemaximum � minimum� � overlap�
with� the film statesandmaximum � minimum� � width.� Owing
to
�

the increaseof thedensityof film stateswith increasingL,�
the
�

averagedlevel widths rise monotonicallywith L.
The
�

grossstructureof the L
G

dependence
"

of the widths in
Fig.
�

4 is characterizedby the periodsandamplitudesof the
saw-tooth� patterns.The periodsfor the different atomic lev-
els� aredeterminedsolelyby detailsof thefilm level diagram
shown� in Fig. 2 and are approximatelyproportionalto the
inverse
�

of thelevel densityandof themagnitudeof theslope
of� theenergycurves.In theexamplesof Fig. 4, the lengthof
the
�

periodsincreasesfrom � 3
û

a.u. for n>�� 3 t
û

o  8
ê

a.u. for
n>�! 1, i.e., theperiodsareassociatedwith changesin thefilm
thickness
�

betweenoneandtwo monolayersfor Al " 111# . The
amplitudes� dependon detailsof thefilm level curvesaswell
as� on theatomicquantumnumbersn> and� k

Ï
. For k

Ï%$
k
Ï

max� ,� the
amplitudes� in Fig. 4 reflect, accordingto the discussionin
Sec.
S

III B, the true variation of the level width over one
period.( Therapid increaseof this variationwith increasingn>
can% betracedto thebehaviorof thecorrespondingtransition-
matrix elementsasa function of k

Ï'&)(
cf.% Fig. 3* . For electric

quantum+ numbersk
Ï-,

k
Ï

max� ,� the curvesin Fig. 4 are to be
interpretedasaveragesover the detailedstructurein onepe-
riod. With this reservation,we concludefrom Fig. 4 that for
fixed
3

n> ,� the amplitudesdecreaserapidly with decreasingk
Ï
.

Stated
S

differently, thegrossstructurein theL
G

dependence
"

of
the
�

level widths becomesmoreandmorepronouncedwhen
the
�

overlap of the parabolic orbitals with film statesgets
larger.
/

The
�

rapid modulationsin the detailedstructureof the L
G

dependence
"

of the level widths shownin Fig. 5 are associ-
ated� . exactly� asthosein the k

Ï0/
-dependenceof the transition-

matrix elementsfor the semi-infinitecaseshownin Fig. 31
with� the nodal structureof the atomic wave functions.The
characteristic% lengthof the modulationsis of the orderof 1
a.u.� for the examplesof Fig. 5 and is expectedto be even
smaller� for larger n> . It thus correspondsto changesin the
film
3

thicknesson a submonolayerscalefor Al 2 1113 .
The
�

D
[

dependence
"

of thelevel widthsat fixed L
G

as� shown
in Fig. 6 exhibits featuressimilar to thoseobservedin the
case% of a semi-infinitemetal target,17,18 with� detailsassoci-
ated� with the nodal structureof the atomic wave functions.
Notably,
-

with respectto its dependenceon theelectricquan-
tum
�

numberk
Ï
,� the qualitativebehaviorof the detailedstruc-

ture
�

in theD dependence
"

of thewidthsis reciprocalto thatof
the
�

structurein theL
G

dependence.
"

Within then>�4 3
û

manifold,
in particular,the numberof extremain the D dependence

"
is

seen� to increasewith increasingvalueof k
Ï65

cf.% Fig. 67 ,� while
the
�

oppositeis true for the L
G

-dependence8 cf.% Fig. 59 . This
behavior
�

appearsto be relatedto the fact that the D depen-
"

dence
"

of the widths essentiallysamplespropertiesof the
atomic� statesin coordinatespace,while the L

G
-dependence

samples� momentumspaceproperties.The reciprocalbehav-
ior may also be inferred from a detailedanalysisof the k

Ï':
and� D

[
dependence
"

of the transition-matrix element
WnlmV ,k

³ ;=<
i(
I
D)
J?>

cf.% Eq. @ 12ACB ,� exploitingtheexplicit dependence

of� theatomicform factorAnlmV ,k
³ D=E on� k

Ï'F
and� z as� givenby Eq.G

A4
ÕIH

.
As
Õ

for the level widths, the grossstructureof the calcu-
lated L dependence

"
of the transition distancesfor the n>J 1,2,3;mXK 0

Q
manifoldsof hydrogenatomsinteractingwith

an� Al L 111M film is characterizedby periodsin the rangeof
one� to two monolayers,while themodulationsin thedetailed
structure� are on the submonolayerscale. These features,
along� with thelargethresholddiscontinuitiesin thetransition
distances
"

for the statesorientedtowardsthe film, are to be
considered% whenthe possibility of an experimentalverifica-
tion
�

of our resultsis discussed.
In principle, distancesof individual electronictransitions

taking
�

placewhenan atomapproachesa metallic targetcan
be
�

determinedby studying resonanceionization of excited
atoms� N with� the active electronoccupyingan atomic level
lying abovetheFermilevel of themetalO . For Rydbergatoms
interactingwith a semi-infinitemetal,it hasbeensuggested26

â
that
�

ionization distancesmay be inferred by measuringthe
ion
�

yield as function of an applied externalelectric field,
which� servesto removethe ions from the interactionregion.
In order to obtain ‘‘unperturbed’’ ionization distancesfrom
the
�

ion yields, a fairly complextheoreticalanalysiscorrect-
ing
�

for theeffectof theexternalfield is necessary.27–29 Initial
9

experiments� using the technique of Ref. 26 have been
deemed
"

inconclusive.27
â

However, experimental efforts
continue.% 30

S
Regarding
+

the interactionof atomswith thin me-
tallic
�

films, the use of Rydbergatomsmay be particularly
tempting
�

in view of the hugevariationof the ionizationdis-
tances
�

with the film thickness,which areanticipatedby ex-
trapolating
�

our resultsto largeatomicquantumnumbers.
Another
Õ

promising way to observefeaturesrevealedby
our� calculationsappearsto bethestudyof resonanceneutral-
ization of highly

:
charged ions. When a highly chargedion

approaches� a metal surface, electrons initially occupying
metal� statescloseto theFermi level aretransferredto theion
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in a sequenceof individual resonanttransitionsat different
distances
"

into ionic stateswith different principal quantum
numbersF P corresponding% to differenteffectivecorechargesof
the
�

ionQ ,� leadingultimately to the formationof a highly ex-
cited,% ‘‘hollow’’ atom.1,31 The set of individual transition
distances
"

determinesthekinetic energygainof theion dueto
the
�

imagechargeinteraction,32,3
S

which� can be measuredin
grazing-incidence� scatteringexperiments.As for surfaces,
for thin metallic films electronsareresonantlytransferredto
the
�

ion from initial statescloseto theFermi level, i.e., trans-
ferred
�

to ionic statesat a fixed energy.As a functionof L
G

,� the
Fermi
�

level variesonly weakly8 over� oneperiodof thegross
structure.� Thepositionof the thresholdsin theL dependence

"
of� the transition distancesare thus expectedto be largely
independent
�

of the specific transition R cf.% Fig. 2S . Loosely
speaking,� the different distancesthen vary ‘‘in-phase’’ as a
function of L. As L increases,the transitiondistancescorre-
sponding� to ionic orbitalswith the maximumelectricquan-
tum
�

numberk
Ï

max,� which arethelargestdistanceswithin ann>
manifold T cf.% Fig. 9U ,� will collectively rise whena threshold
is
�

passed,with a subsequentcollective decrease.This may
give� rise to substantialvariationsin the effect of the image
charge% interactionand in the associatedkinetic-energygain
of� the ion.

For
�

the actualobservationof 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-monolayerlevel is required.For the de-
scription� of variationsof film propertiesat thesubmonolayer
level, theuseof a potentialthat is translationallyinvariantin
the
�

film plane is questionable.The direct experimentalob-
servation� of the detailedstructurefound in our calculations
may� not bepossible.However,experimentalevidencefor the
calculated% detailed structurein the L dependence

"
may be

found
�

indirectly due to the fact that the L
G

-periodicity inter-
vals5 do not coincidewith the spacingbetweenfilm layers.

VI.
V

SUMMARY AND CONCLUSIONS

We
E

have theoreticallystudiedthe broadeningof atomic
levels nearthin-metallic films. Adopting the fixed-atomap-
proximation( and employing hydrogenicstatesin parabolic
representation,% we haveevaluatedfirst-orderlevel widths for
the
�

n>�W 1,2,3;mXX 0
Q

manifoldsof a hydrogenatominteracting
with� an Al Y 111Z film.

3
The calculationswere facilitated by

using� an efficient expressionfor the relevant transition-
matrix elementsin termsof analytically given atomic form
factors.
�

Pronouncedstructureis found in the dependenceon
the
�

film thicknessof the widths, as well as of the atomic
occupation� probabilities and transition distancesderived
therefrom.
�

Thegrossfeaturesof this [ near-periodic\ structure�
essentially� imagethequantizedenergylevel spectrumarising
from
�

the electronconfinementin the growth directionof the
film. Finer detailsof the structurecanbe understoodby dis-
closing% analogiesbetweenthe thicknessdependenceof the
level
/

widths for thin films and the dependenceof the
transition-matrix
�

elementson the wave vector component
parallel( to the surfacefor semi-infinitemetal targets.

The variationsof the calculatedtransitiondistanceswith
film
3

thicknessare so large that experimentallyobservable

effects� areconceivable.Amongthepossiblewaystowardsan
experimental� verificationof our results,resonanceneutraliza-
tion
�

of highly chargedions nearthin-metallic films appears
to
�

be promising.We havearguedthat in 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
sizeable� variationsin the energygain of the ions causedby
the
�

imagechargeinteraction.
In
9

future investigations,we plan to calculatethe full elec-
tronic
�

selfenergyof hydrogenicatomsinteractingwith thin
metallic films. As in our study of the self energyfor semi-
infinite metals,14 we� may considerseparatelythe contribu-
tions
�

of the variouscouplingsamongthe atomicbasisstates
and� analyze,in particular,the interplaybetweendirect cou-
plings( and indirect couplings via metal states.Adiabatic
resonancestatesgeneratedfrom theself-energyfor thin films
may� serveas basisstatesin time-dependentclose-coupling
calculations% for the electronicdynamicsin atom-film inter-
actions,� in close analogyto the semi-infinite case.29,33 The
extension� of the presentcalculationsto the caseof layered
structures� composedof arbitrarysequencesof metals,semi-
conductors,% andinsulators,andinvolving arbitraryz -profiles,
is straightforward.Possibleapplicationsof calculationsof
this
�

kind maybefound,e.g.,in theanalysisof electrontrans-
fer
�

in ion desorptionprocesses.34,35
S

These
�

processeshave
considerable% practicalrelevancein surfaceandthin-film ana-
lytical methods.
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APPENDIX A: MATRIX ELEMENTS IN TERMS
OF ATOMIC FORM FACTORS

We
E

considermatrix elementsof the generalform

a
nlmV ,k

³ b=c(
ë

j
d
)
î e

dr
egfih

nlmV* j r· kml f
n

j
dpo r· qmr exp�ts ik�uwv r· xmy{z g;�| z ~} � A1

ÕI�

with� hydrogenicwave functions � nlmV (
I
r· � )J in sphericalrepre-

sentation.� The function f
n

j
d (I r� )J is eitherunity ( j

�%�
1), or equal

to
�

the Coulomb potential VC
� (I r� )J defining the hydrogenic

functions
�

( j
�-�

2),
Í

and g; (
I
z )J is an arbitraryfunction � noteF that

z �� 0
Q

is chosenhereto correspondto theatomiccenter� . The
class% of matrix elements� A1� comprises% all individual matrix
elements� of the initial-channelperturbation� assuming� a one-
dimensional
"

approximationto the core image potential� as�
well� astheoverlapmatrix elementsappearingin the full self
energy� of a hydrogenicatomic systemin front of a jellium
metal� surface14 or� a layeredstructure� in� particular,thin film �
with� arbitraryz profile.(
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Introducing
9

the momentumspacerepresentationF
�

nlmV(ë jd )î (
I
q� � )J

of� the product f
n

j
d (I r· � )J�� nlmV (

I
r· � ),J 23 we� can immediatelyperform

the
�

integrationover r��� and� write thematrix elements� A1� as�
�

nlmV ,k
³ �=�(

ë
j
d
)
î  

¡£¢
¤

dz
e

g ¥ z ~¦ A[ nlmV ,k
³ §=¨(

ë
j
d
)
î ©

z ~ª ,� « A2
ÕI¬

where� the function

AnlmV ,k
³ =®(

ë
j
d
)
î ¯

z �°~± ²£³´ dq
e

z® FnlmV(ë jd )î¶µ kÏ ·w¸ ;q� z®�¹ exp�tº iq z® z ~» ¼ A3½
is
�

referredto asthe ‘‘atomic form factor.’’ The integralover
q� z® is closelyrelatedto integralsappearingin Ref.23 andcan
be
�

evaluatedin closedform by usingcomplexcontourinte-
gration.� ¾ Note

-
that in Ref.23, theq� z® integrationis performed

afterÍ the
�

z integrationover the wavefunctionsfor a steplike
jellium
�

potential and has beendoneanalytically. The inte-
grands� in the q� z® -integralsof Ref. 23 thereforecontain, in
comparison% with the presentcase,an additionalpole term.¿
Explicitly,
À

we have

AnlmV ,k
³ ÁÃÂ(

ë
j
d
)
î Ä

z ~Å~ÆÈÇÊÉ 1 Ë l
*ÍÌ

m-�Î 2 ÏÑÐ 3/2
S exp�tÒpÓ k

Ï-Ô
z ~Õ

2nV×Ö j
dpØ

2
â
k
Ï-Ù2(nV×Ú j

dpÛ
1) Ü 1

ÝßÞ
j
d (ë nV×à j

dÊá
2)
âãâ

n>�ä j
�%å

1;k
Ï%æ

;z ~ç ,� è A4
ÕIé

for
�

z �ê 0
Q

, and

AnlmV ,k
³ ë=ì(

ë
j
d
)
î íÊî

z ~ï~ðÈñpò 1 ó l
*Íô

m- AnlmV ,k
³ õÃö(

ë
j
d
)
î ÷

z ~ø . ù A5ú

In
9

Eq. û A4
Õýü

,� the parameterk
Ï%þ

is
�

defined as k
Ï%ÿ��

k
Ï �2�

(
�
Z/
X
n� )
� 2
�

1/2,� and 	 j
d (ë nV�
 j

d�
2)
�

(
�
n��� j

���
1;k
Ï��

;z� )� is a polynomial
of� degreen��� j

���
1 in z� whose� explicit form is given in Ref.

23
���

note� that thedependenceof � on� thequantumnumbersl
�

and� mX is not explicitly indicated� .
By meansof the symmetryproperty  A5! for the atomic

form
"

factor, the integral # A2
$&%

can' be rewrittenas

(
nlmV ,k

) *,+(
ë

j
d
)
î -

0
.
/

dz
021

g3�4 z�6587:9; 1 < l
*>=

m- g3�?A@ z�8BDC AnlmV ,k
) E,F(

ë
j
d
)
î G

z�6H .I
A6J

Specializing
K

to the caseof interestfor the presentwork, we
retrievefrom Eq. L A6M the

N
form O 12P for thetransitionmatrix

elementsQ WnlmV ,k
) R,S

i by
T

setting j
��U

2
�

and g3 (
�
z� )�8VXW (

�
z�ZY D

[
)
�6[

i(
�
z�\^]

)
�
, where _^` L

a
/2
bdc

D
[

,� and by changingthe integration
variablee from z� to

Ngfdh
notethatthesuperscriptj

��i
2 is omitted

in
j

the form factor in Eq. k 12lnm .
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L. Hägg, C.O. Reinhold, and J. Burgdörfer, Phys. Rev. A 55,
2097
w x

1997y .z
3
{
J.J.
p

Ducrée, F. Casali, and U. Thumm, Phys. Rev. A 57
|

, 338}
1998~ .

4
�
P. NordlanderandJ.P.Modisette,Nucl. Instrum.MethodsPhys.
Res.
�

B 125
�

, 305 � 1997� .z
5
�
J.P.
p

Gauyacqand A.G. Borisov, J. Phys.:Condens.Matter 10,
6585
� �

1998� .z
6
�
H. Khemliche,T. Schlatho¨lter, R. Hoekstra,R. Morgenstern,and
S.
r

Schippers,Phys.Rev.Lett. 81
�

, 1219 � 1998� .
7
�
A.G.
�

Borisov andH. Winter, Nucl. Instrum.MethodsPhys.Res.
B 115, 142 � 1996� .z

8
�
A.G. Borisov andH. Winter, Z. Phys.D 37

�
,s 263 � 1996� .z

9
�
G.
�

Bastard,Wave
�

Mechanics Applied to Semiconductor Hetero-
structures� � Les

�
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