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Size quantization effects in atomic level broadening near thin metallic films
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The broadening of atomic levels near thin metallic films is studied theoretically within the fixed-atom
approximation. First-order level widths are calculated by using a Jennings-type jellium potential to describe the
electronic states of the film, and hydrogenic wave functions in parabolic~Stark! representation for the atomic
orbitals. In the parabolic representation, hybridization effects due to the long-range image-charge interactions
are taken into account. Size quantization in the growth direction of the film gives rise to characteristic struc-
tures in level widths, atomic occupation probabilities, and transition distances as a function of the film thick-
ness. Details of this structure depend on the orientation of the Stark orbitals with respect to the film and can be
related to the dependence of transition matrix elements on the active electron’s wave vector component parallel
to the surface for the case of a semi-infinite metal. The large variation of the calculated transition distances
with the film thickness may result in observable effects in atomic interactions with thin films.
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I. INTRODUCTION

Over the past decades, electronic processes that o
when slowly moving atoms and ions interact with solid s
faces have been a subject of intense study. A large numb
investigations have dealt with the interaction of neutral
oms and of ions in low charge states with clean surface
semi-infinite metal targets. In recent years, the scope of
surface studies has been considerably extended throug
use of multiply charged projectile ions~see Ref. 1 and refer
ences cited therein!, in conjunction with metallic targets a
well as with semi-conducting and insulating targets.2,3 Fur-
ther, the effect of adsorbates and thin dielectric films cov
ing metal surfaces has been examined.4–6

The use of thin metallic films, instead of semi-infini
metal targets, in the study of electronic processes in i
surface interactions has been suggested recently by Bo
and Winter.7,8 A thin metallic film may be formed by depos
iting a metal overlayer on a dielectric substrate with the ba
gap extending over the conduction band of the metal. In
kind of structure, the electronic motion in the growth dire
tion (z axis! is confined between the metal-substrate int
face and the metal-vacuum interface, whereas the t
dimensional motion in the film plane is supposed to be fr
The confinement inz direction gives rise to quantizatio
~‘‘size quantization’’!, with discrete eigenvalues of the ass
ciated energy. The similarity of this situation to that encou
tered in two-dimensional quantum well structures formed
semiconductors of different chemical composition9 is obvi-
ous.

The size quantization in thin-metallic films allow
through the variation of the film thickness, the density
PRB 610163-1829/2000/61~4!/3067~11!/$15.00
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metal states to be varied and hence the transition rates
electron transfer out of, and into, the metal to be influenc
Details of the discrete energy spectrum of the film are
pected to give rise to specific resonance and threshold
nomena. In principle, studies involving thin films may ther
fore yield insight into structural properties of the films an
may furnish a more sensitive test of the ion-surface inter
tion than do studies with semi-infinite targets. Up to now, t
details of electronic processes in ion interactions with t
metallic films have been treated only theoretically7,8 ~see also
Ref. 10!, and sizeable deviations from calculations for t
semi-infinite case were obtained for the neutralization
Na1 ions and for the formation of H2 ions near thin Al~111!
films. We mention that the grazing-incidence ion scatter
technique has recently been applied11,12 to study experimen-
tally the growth and morphology of thin Mn films~thickness
<12 monolayers! on Fe~100! substrates. While ion scatter
ing is used here as an analytic tool, a detailed theoret
understanding of the basic electronic processes occurrin
ion-film interactions will be important also in this case.

In the present paper, we study the broadening ofhydro-
genic levels near thin-metallic films by evaluating first-ord
level widths ~or, equivalently, transition rates for resona
transfer of electrons or holes between atom and film!, atomic
occupation probabilities, and transition distances for re
nance ionization of atoms and resonance neutralization
ions. The case of hydrogenic levels is of particular interes
it constitutes the prototype case for the treatment of the
teraction of highly charged ions and Rydberg atoms with t
films. The self-energy method13 that has been successful
applied in the nonperturbativecalculation of shifts and
widths of hydrogenic levels for semi-infinite targets14,15 ap-
3067 ©2000 The American Physical Society
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pears to be equally well suited for the case of thin-meta
films. However, it becomes apparent from our results be
that in the thin-film case already the first-order widths, wh
are essentially equal to the imaginary parts of the diago
elements of the self-energy matrix, display a variety of no
features whose thorough analysis is advisable, if not in
pensable, before a full self-energy calculation is perform

In the next section, we outline the theoretical framewo
for our calculations. Section III contains a heuristic discu
sion of qualitative features of the level widths, followed b
the presentation of numerically calculated widths. Atom
occupation probabilities and transition distances are p
sented in Sec. IV. A comprehensive discussion of our resu
including a brief examination of the possibility to obser
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features revealed by our calculations in suitably devised
periments, is given in Sec. V. Finally, Sec. VI contains
summary of the paper as well as some concluding rema

II. THEORY

We adopt the jellium model for the metallic film of thick
ness L and construct the unperturbed electronic poten
Vfilm(z) by using the analytic electron-surface potential
Jenningset al.16 ~with one and the same set of parameters! to
describe the interfaces on either side of the film.7,8 The Jen-
nings potential constitutes an analytic fit to the results
density functional calculations. Takingz50 to correspond to
the midpoint of the film, we have
Vfilm~z!5H 2V0 /$A exp@B~ uzu2L/2!#11%, uzu<L/2

2$12exp@2h~ uzu2L/2!#%/@4~ uzu2L/2!#, uzu.L/2
~1!
e

nd-

the
in-
n
st

the

ed

s

(A54V0 /h21, B52V0 /A). In our calculations, we use
parameter values appropriate to the description of Al~111!:
V050.58581 a.u.,h51 a.u. Note that foruzu→`, the Jen-
nings potential merges in the classical self-image potentia
the electron~the image reference plane is assumed to co
cide with the jellium edgesuzu5L/2).

The potential~1! is symmetric with respect to coordina
inversion, Vfilm(2z)5Vfilm(z), so that the asymmetry
caused by the presence of a substrate on one side of the
cannot be taken into account in our calculations. Howev
except for very small film thickness, the substrate sho
have very little effect on the atomic level widths, which a
mainly determined by the overlap of film wave function a
atomic wave function in the spatial region between film a
atom. Owing to the symmetry ofVfilm(z), the bound-state
eigenfunctionsf i(z) ~with labelsi 51,2 . . . arranged in or-
der of increasing energy eigenvaluee i) of the z-dependent
part of the film Hamiltonian are simultaneously eigenfun
tions of the parity operator, with eigenvalue (21)i 21. The
total film wave functionsfkW i i

(rW) are written as

fkW i i
~rW !5exp~ ikW i•rW i!f i~z!, ~2!

where kW i and rW i are the components of wave vector a
position vector, respectively, in the film plane. Assumi
unit normalization for the discrete statesf i , the orthonor-
mality relation for the statesfkW i i

reads

^fkW i i
ufkW i8 i 8&5~2p!2d (2)~kW i2kW i8!d i i 8 , ~3!

and the density of states~for fixed projection of the electron
spin! associated with the motion in the film plane,r(kW i), is
accordingly equal to (2p)22. The energies associated wi
the statesfkW i i

are

eki i
5

1

2
ki

21e i ~4!
of
-

lm
r,
d

d

-

~we use atomic units throughout!.
For the purpose of illustration, we show in Fig. 1 th

potential ~1! for z>0 for an Al film of thickness L
520 a.u., together with the energiese i of the lowest 13
bound states, plotted against the indexi. Also shown are the
~normalized! wave functionsf i(z) for i 51, . . . ,4 andi
510, . . . ,13 in therangez>0 @for z,0, the functions are
obtained by symmetric or asymmetric continuation, depe
ing on whether the parity (21)i 21 is equal to11 or 21).
The spectrum of the eigenvaluese i is characterized by an
accumulation point at zero energy, which is related to
long-range behavior of the electronic self-image potential
cluded in the potential~1! ~see also Fig. 2 and the discussio
below!. Correspondingly, the wave functions for the highe
eigenvalues extend far beyond the jellium edge into
vacuum.

For the hydrogenic wave functions of the unperturb

FIG. 1. The potentialVfilm(z) @cf. Eq.~1!# for an Al~111! film of
thicknessL520 a.u., its lowest energy levelse i ~plotted versus the
index i ), and selected~normalized! bound-state wave function
f i(z). Potential and wave functions in the rangez,0 are obtained
by symmetric or antisymmetric continuation~see text!.
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atomic system, we adopt the parabolic~Stark! representation
cnkm(rW), with principal quantum numbern, ‘‘electric’’ quan-
tum numberk, and magnetic quantum numberm. Using this
representation, we take into account, to some extent, the
bridization of the atomic orbitals induced by the long-ran
image charge interactions in the atom-metal system.17 For
the semi-infinite case, first-order widths have been calcula
for hydrogenic levels in parabolic representationwithout ex-
plicit inclusion of the image charge interactions. The
widths were found to be in good overall agreement w
widths obtained from calculations within the nonperturbati
coupled-angular-mode method,18,19 in which both the elec-
tronic self-image potential and the image potential induc
by the atomic core were explicitly included.

In fixed-atom approximation, the first-order widt
Gnkm(D) of a hydrogenic level with quantum numbe
n,k,m, associated with an atom located at a distanceD from
the adjacent jellium edge of the metallic film, is given by

Gnkm~D !52p(
i
E dkW ir~kW i!uWnkm,kW i i

~D !u2d~en2eki i
!,

~5!

whereen52Z2/2n2 (Z5effective core charge! is the unper-
turbed energy of the hydrogenic level. Note that we dis
gard the atomic level shift which, to lowest order, is given
(2Z21)/4D. For atom-film distances close to, or beyon
the classical threshold distance, level widths are only wea
affected by the rather small level shifts. At the low perpe
dicular velocities typical for current grazing-incidence e
periments with Rydberg atoms and highly charged ions
projectiles and semi-infinite targets, transitions are m
likely to occur in this range of distances. Therefore, the
clusion of the level shift would tend to slightly shift and blu
the calculated structure in theL dependence of the transitio
distances~cf. Sec. IV! but would not alter our conclusion
~cf. Sec. V!.

The transition-matrix elementWnkm,kW i i
(D) is written as

FIG. 2. Energy levelse i of an Al~111! film described by the
potential~1!, plotted as a function of film thicknessL. The dotted
horizontal lines indicate the unperturbed levels of the hydrog
atom forn51,2,3. The heavy solid lines emphasize those piece
the film level curves that belong to the first film levelbelowa given
hydrogen level.
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Wnkm,kW i i
~D !5^cnkm~D !uVC

.~D !ufkW i i
& ~6!

with the perturbing potential

VC
.5VCQ~z2L/2!, ~7!

whereVC is the Coulomb potential of the atomic core, an
Q(z) is the unit step function~thez axis is directed from the
midpoint of the film towards the atom!. The coreimagepo-
tential has been neglected in the potentials defining the
perturbed atomic and film states and in the perturbing po
tial ~7!.14,20 However, its effect on level hybridization i
partly taken into account in the atomic states through the
of hydrogenic wave functions in parabolic representation17

The explicit inclusion of the full core image potential in ou
calculations would entail a greatly increased numerical
fort. The self-image potential of the electron, on the oth
hand, is included in the unperturbed film potential. The
fore, when using the parabolic representation for the hyd
genic wave functions, parts of the self-image potential
taken into account twice. Without exhaustive analysis, it
pears hard to decide whether it is more accurate in gener
count parts of the self-image potential twice or to disreg
certain parts of it. However, in the specific results presen
below, the explicit inclusion of the self-image potential
Vfilm(z) is found to have little effect.

The specific form of the potential~7! reflects our assump
tion that the core potential is completely screened inside
film and the substrate. Furthermore, our choice for the p
turbing potential in Eq.~6! corresponds to the ‘‘post form’’
of the transition-matrix element, which represents one of t
admissible alternatives~strictly equivalent in the resonan
case! for writing the matrix element.20,21 Assuming the un-
derlying total electronic potentialV in the atom-film system
to have the formV5Vfilm1VC

. , one obtains the perturbing
potentialVpert of the ‘‘post’’ form by subtractingVfilm from
V, Vpert5V2Vfilm5VC

. . We choose the ‘‘post’’ form of the
transition matrix element since it is slightly easier to han
in the numerical calculations.

Resolving thed function in Eq. ~5! and exploiting the
azimuthal symmetry of the transition-matrix element inkW
space, we can express the level width as

Gnkm~D !5(
i

uWnkm,ki
( i )~D !u2Q~en2e i !, ~8!

where

ki
( i )5A2~en2e i ! ~9!

~when used as a label inWnkm,ki
( i ), ki

( i ) is assumed to refer to

the dependence of the matrix element on the wave func
f i). The width thus appears as a sum over a finite numbe
terms corresponding to transitions of electrons or holes~de-
pending on the position of the atomic levelen relative to the
Fermi leveleF of the film; note thateF depends on the film
thicknessL8! into film states with energye i<en in the
growth direction and~real! wave vectorki

( i ) of the free in-
plane motion, such that the resonance condition for the t
energy,eki i

5en , is fulfilled.
For the general~resonant or non resonant! case, the evalu-

ation of the transition-matrix elementsWnkm,kW i i
is easily ac-

n
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complished by expressing them in terms of the matrix e
mentsWnlm,kW i i

corresponding to the spherical representat

of the hydrogenic wave functions (l is the orbital angular
momentum!,22

Wnkm,kW i i
5 (

l 5m

n21

cn,k
l ,mWnlm,kW i i

, ~10!

where

cn,k
l ,m[S ~n21!/2 ~n21!/2

~m1k!/2 ~m2k!/2
U l
mD ~11!

is a Clebsch-Gordan coefficient. In the matrix eleme
Wnlm,kW i i

, the two-dimensional integration over the coord
nates in the film plane can be performed in closed fo
using the technique of Ref. 23. In the remaining on
dimensional integral, the film wave function is folded wi
an atomic form factorAnlm,kW i

that comprises the properties o
the atomic wave function and of the perturbing Coulom
potential~see Appendix A for details!. Exploiting symmetry
properties of the form factor, we can write

Wnlm,kW i i
~D !5E

0

`

dz$f i~z1D!1~21! l 1mf i~2z1D!

3Q~2z1D !%Anlm,kW i
~z!, ~12!

where z5z2D and D[L/21D; the step functionQ(2z
1D) reflects the cutoff in the potential~7!. A simple analytic
expression forAnlm,kW i

exists for arbitrary quantum numbe

n,l ,m. The numerical effort required to evaluate th
transition-matrix elements thus consists~i! in generating the
wave functionsf i(z) for the potential~1!, and ~ii ! in per-
forming thez-integration in the integral~12!.

Assuming the atom to approach the thin film along a cl
sical trajectory, we can use the widths calculated from
~8! to evaluate occupation probabilities for atomic sta
within the rate equation method. As we disregard level sh
a given atomic level is above or below the Fermi leveleF
throughout. For an electron or hole occupying atD5` the
atomic statecnkm with unit probability, the probability to
occupy this state at distanceD is then given by24

Pnkm~D !5expH 2
1

vz
E

D

`

dD8Gnkm~D8!J , ~13!

provided the atom moves with constant velocity along
straight-line trajectory (vz is the absolute magnitude of th
z-component of the velocity!. If the probabilitiesPnkm(D)
drop from unity to zero in a sufficiently narrowD range, one
may determine transition distancesDnkm ~i.e., distances for
resonance ionization or neutralization, depending on whe
en.eF or en,eF) by solving the equationPnkm(Dnkm)
50.5.

We note that the inclusion of atomic level shifts wou
entail distance-dependent Fermi factors in the rate equat
for the occupation probabilities. In Sec. V, we discuss qu
tatively the interaction of very low-velocity Rydberg atom
and highly charged ions with thin films. For highly charg
ions, electronic transitions into Rydberg levels occur at v
-
n

s

,
-

-
.

s
,

a

er

ns
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y

large atom-film distances. For both highly charged ions a
Rydberg atoms, the large transition distances result in sm
level shifts and relevant Fermi factors that are essenti
equal to unity. Therefore, for the purpose of our discussi
Eq. ~13! appears to be a sufficiently good approximation.

III. ATOMIC LEVEL WIDTHS

As the thicknessL is the principal parameter characteri
ing the film properties, we confine ourselves in this section
the study of theL dependence of the level widths at fixe
atom-film distanceD. The D dependence of the widths a
fixed L will be considered in Sec. IV in conjunction with th
calculation of atomic occupation probabilities and transiti
distances. Before turning to the numerical calculations,
discuss theL dependence of the level widths in a heuris
way in order to facilitate the qualitative understanding of t
complex features observed in the numerical results.

A. Heuristic discussion

From Eq.~8!, it is evident that theL dependence of the
widths is decisively influenced by theL dependence of the
energiese i . In Fig. 2, we show the latter dependence for
thin Al~111! film over anL range extending approximatel
from 2 to 14 monolayers@based on the bulk lattice consta
a57.7 a.u., the spacing between monolayers, i.e. the
tance between~111! planes in Al~111!, is a/A354.4 a.u.].
Also shown are horizontal lines indicating the unperturb
energies of the hydrogen atom (Z51) for n51,2,3. The
film levels decrease monotonically with increasingL. With
decreasing energy, i.e., as the levels move towards the
tom of the film potential well, the effect of the self-imag
potential is found to die away rapidly. Its inclusion is e
pected to be irrelevant for the film states sampled in
present study, which is confined to hydrogen levels withn
<3 and hence to film levels below then53 level.

According to Eq.~8!, the point of intersectionLi of a film
level curvee i(L) with the horizontal line for a given atomic
level en defines the threshold for transitions into the fil
state labeledi. WhenL increases fromLi , the resonant in-
plane wave vectorki

( i ) rises from zero upwards@cf. Eq. ~9!#,
while the wave vectorski

( i 21) ,ki
( i 22) , . . . associated with

the levels e i 21(L),e i 22(L), . . . rise from progressively
larger ~positive! values atLi . A continuous variation ofL
thus induces, via the variation of the energi
e i(L),e i 21(L),e i 22(L), . . . , acontinuous variation ofki in
the corresponding resonant transition matrix elements c
tributing to the level widthGnkm for a thin film. By compari-
son, in the case of resonant transitions into a semi-infin
metal, a continuous variation ofki5A2(en2ez) can be di-
rectly induced by varying the energy associated with
electronic motion inz direction, ez , which is a continuous
eigenvalue. Hence, provided theL dependence of the ene
gies e i is sufficiently smooth~cf. Fig. 2!, the L-dependence
of the transition-matrix elements and level widths for th
films is expected to image theki dependence of the transitio
matrix elements for the semi-infinite case. For exhibiting t
latter dependence, we have calculated resonant transi
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matrix elements for a steplike jellium potential and the p
turbing potential~7!.23 In Fig. 3, matrix elements are show
for them50 levels of then51,2,3 manifolds of a hydrogen
atom located respectively at the distanceDn52n2 in front of
an Al~111! surface. The classical threshold distancesDn are
obtained for the superposition of the step potential and
potential ~7! and correspond to ion-surface distances
which electronic transitions are most likely to occur.20,23

The curves in Fig. 3 for the maximum valuekmax5n21
of the electric quantum numberk within eachn manifold are
seen to decrease monotonically withki . For these cases, th
L dependence of the level widths for the thin film is th
expected to display a discontinuous rise at the thresholdLi
and a monotonic decrease betweenLi andLi 11, independent
of the value ofi. Moreover, the dominant contribution to th
atomic level width will arise from the first film level below
the atomic level. The qualitative behavior of the level widt
as a function ofL should resemble the saw-tooth pattern
the level diagram of Fig. 2, which has been obtained
emphasizing, for eachn, those pieces of the level curves th
belong to the first film level below a given atomic level.

The structure in the curves of Fig. 3 for electric quantu
numbersk,kmax suggests a more complexL dependence o
the corresponding level widths. Considering, e.g., the c
(n,k,m)5(3,22,0), we expect the zero atki50 of the ma-
trix element for the semi-infinite case to find its counterp
in a zero atLi of the matrix element involving the first film
level below then53 level. The second film level atLi ,
however, corresponds toki'0.25 . . . 0.4a.u. whenLi is in
the L-range plotted in Fig. 2. In thiski range, the curve in
Fig. 3 exhibits a broad maximum. Thus the atomic le
width at Li will receive its dominant contribution from th
second film level. WhenL varies betweenLi andLi 11, de-
tailed structure resulting from the superposition of contrib
tions of the first, second, and possibly third film level belo
the atomic level may be anticipated. A weak dependenc
the detailed structure on the location of the interv
@Li ,Li 11# should arise from the change of the slope of t

FIG. 3. Squared resonant transition matrix elements for a hy
gen atom in front of a semi-infinite Al~111! target~Ref. 23! plotted
as a function of the wave vector componentki parallel to the sur-
face, for the indicated values of the quantum numbersn,k,m. The
distancesD are equal to the classical threshold distancesDn52n2

for the superposition of a steplike jellium potential and the poten
~7!.
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e
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se
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of
l

film level curves withL. Disregarding this dependence, th
pattern of the detailed structure for a given atomic level w
be periodically repeated, with the periodDL5Li 112Li be-
ing virtually independent ofi ~cf. Fig. 2!.

B. Numerical results

Having developed a qualitative idea of how theL depen-
dence of the atomic level widths looks like, we now turn
the explicit calculation of level widths for the hydroge
atom. In view of the expected features, it is appropriate
evaluate the periodic ‘‘gross structure’’ of theL-dependence
over the fullL range of Fig. 2 and restrict the calculation
the detailed structure to selected periodicity interv
@Li ,Li 11#.

In order to exhibit the gross structure of theL depen-
dence, we have calculated level widths for the distan
Dn (n51,2,3) of Fig. 3 at the positionsLi2l andLi1l for
all Li , i.e., in the vicinity of all discontinuities in the saw
tooth pattern of Fig. 2, in the interval 10 a.u.<L<60 a.u.
~the value of the parameterl is of the order of 0.01 a.u.!.
The curves resulting from smoothly interpolating the widt
~in a log-lin plot! betweenLi1l andLi 112l are shown in
Fig. 4. The detailed structure for the hydrogenn51,2,3
manifolds, obtained from calculations on a very denseL grid
covering the periodicity intervals

I 15@17.8 a.u., 25.4 a.u.#,

I 25@21.5 a.u., 24.8 a.u.#, ~14!

I 35@21.5 a.u., 24.5 a.u.#,

respectively, is displayed in Fig. 5. In addition to the to
level widths, the contributions arising from different film
states are shown in this figure. The results of Fig. 5 fu
confirm the qualitative picture developed in Sec. III A. Th
pertains, in particular, to the number and relative position
the extrema in the curves for electric quantum numberk
,kmax. Combining the results of Figs. 4 and 5, the followin
picture emerges for theL-dependence of the atomic leve
widths.

If k5kmax, the curves for the level widths in Fig. 5 ex
hibit near-exponential behavior in the selected intervals~14!.
The interpolated curves of Fig. 4 thus provide a good rep
sentation of the detailed shape that would be revealed b
calculation on a very dense grid over the fullL range. Ifk
,kmax, modulations show up in the curves of Fig. 5, wi
the maximum~minimum! in general not coinciding withLi .
In this case, the interpolated curves of Fig. 4 may be in
preted as average curves. If we would replace the true cu
in Fig. 5 with exponentials fitted to the true curves, e.g.,
Li , in such a way that the integral over true and fit cur
agree, the slopes of the exponentials would in general d
ate from those of the corresponding exponentials in Fig
However, from the examples shown, it appears that the
crepancies are fairly small.
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FIG. 4. Gross structure of the
L dependence of the level width
Gnkm @cf. Eq. ~8!# for a hydrogen
atom located at the distancesDn

52n2 in front of an Al~111! film,
for m50 and the indicated value
of the quantum numbersn,k. For
further explanation, see text.
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IV. OCCUPATION PROBABILITIES
AND TRANSITION DISTANCES

According to Eq. ~13!, the occupation probabilities
Pnkm(D) are essentially determined by the integ
*D

`dD8Gnkm(D8). Hence, a brief discussion of th
D-dependence of the level widthsGnkm is appropriate here
As mentioned earlier and as mandated by the Pauli exclu
principle, the following results forn51 relate to the decay
of a hydrogen K-shellhole into the film, whereas forn>2
all occupation probabilities and transition distances desc
the transfer of a hydrogenelectroninto the film.

In Fig. 6, theD dependence ofGnkm is shown for the
hydrogenn51,2,3 manifolds withm50 for selectedL val-
ues inside the intervals~14! and, in addition, for oneL-value
just below each interval. Therefore, when going from t
l

on

e

smallestL to the second smallest, one crosses the thresh
associated with the points of intersection of the film lev
curves with the atomic levels~cf. Fig. 2!. Drastic threshold
effects are observed in the curves of Fig. 6 fork5kmax.
Independent ofD, the widths increase by one order of ma
nitude (n51) to four orders of magnitude (n53) @except
for the small-D range for (n,k)5(3,2)] when the thresholds
are crossed. Above the thresholds, a rapid monotonicD
independent! decrease of the widths withL is found. Note
that in the plots~a!, ~c!, and ~f! of Fig. 5, these effects are
exhibited for the specific distancesD5Dn . With decreasing
electric quantum numberk, the threshold effects in the width
curves of Fig. 6 become progressively blurred.

The D dependence of the occupation probabiliti
Pnkm (n51,2,3;m50) is shown in Fig. 7 for vz
l
,
-

e

e

FIG. 5. Detailed structure of
the L dependence of the leve
widths for the case of Fig. 4
evaluated over the periodicity in
tervalsI n defined in Eq.~14!. Also
shown are the contributions to th
widths from the film states lying
energetically closest below th
atomic level~cf. Fig. 2!.
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FIG. 6. Dependence of the
level widths Gnkm on the atom-
film distance D for a hydrogen
atom in front of an Al~111! film,
for the quantum numbersn,k,m
of Fig. 4 and selectedL values be-
low and inside the intervalsI n de-
fined in Eq.~14!.
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51022 a.u. and in Fig. 8 forvz51024 a.u. The values cho
sen for the film thicknessL are the same as those in Fig.

With decreasingD, all curves in Figs. 7 and 8~except
those in plot~a! of Fig. 7; see below! drop from unity to zero
in a fairly narrow D interval, so that it is meaningful to
associate transition distancesDnkm ~cf. end of Sec. II! with
the different curves. The threshold effects observed in thL
dependence of the level widths of Fig. 6 fork5kmax are
reflected directly in the behavior of the transition distances
Figs. 7 and 8: the rapid rise of the level widths across thL
thresholds corresponds to a drastic reduction of the time
sociated with the electronic transition, and hence to a m
larger transition distance.

The transition distances in Figs. 7 and 8 exhibit a we
n

s-
h

k

~near-logarithmic! dependence on the velocity compone
vz , which reflects the near-exponential behavior of the le
widths as a function ofD. The velocityvz51022 a.u. chosen
for the calculations of Fig. 7 appears to be a ‘‘high’’ veloci
as the corresponding transition distances are@except for a
few L-values at (n,k)5(2,1) and~3,2!# smaller than the re-
spective classical threshold distances for the superpositio
the Jennings potential~1!, the core image potential and th
potential~7! @these distances are larger than the distancesDn
introduced above by a factor 1.5#. In other words, the time
elapsing until the atom reaches the classical threshold
tance is too short for~classically forbidden! tunneling tran-
sitions to occur. The departure of two of the curves in plot~f!
of Fig. 7 from the simple ‘‘S’’ shape can also be ascribed t
-
FIG. 7. Dependence of the oc
cupation probabilitiesPnkm @cf.
Eq. ~13!# on the atom-film dis-
tanceD for the case of Fig. 6 and
vz51022 a.u.
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FIG. 8. Same as Fig. 7, forvz

51024 a.u.
-
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the high ~nonadiabatic! velocity: within the transition time,
the atom enters a region close to the film where theD de-
pendence of the level widths displays structure@cf. plot ~f! of
Fig. 6#. The velocityvz51024 a.u. chosen for the calcula
tions of Fig. 8, on the other hand, is low enough so tha
most cases the transitions take place beyond the clas
threshold distance, i.e., in the tunneling regime, a
‘‘ S’ ’-shaped curves are found throughout for theD depen-
dence of the probabilities.

The detailedL dependence of the transition distanc
Dnkm for the hydrogenn51,2,3 manifolds withm50, cal-
culated in the intervals~14! for vz51022 a.u. and vz
51024 a.u., is shown in Fig. 9 in a linear plot. The shapes
the curves bear a close resemblance to the shapes o
n
cal
d

f
the

corresponding curves in the log-lin plots of theL dependence
of the level widths in Fig. 5, in particular with regard to th
pronounced threshold effects in the casesk5kmax. The rea-
son behind this resemblance is that the level widths beh
near exponentially in theD ranges probed, with slopes de
pending only weakly on the film thicknessL. For the ex-
amples of Fig. 9, the absolute magnitude of the thresh
discontinuity in the transition distances fork5kmax is found
to scale approximately withn2, i.e., it scales in the same wa
as the atomic orbital radius and the classical threshold
tance~the discontinuities read from Fig. 9 are in fact close
the absolute values of the threshold distanceDn for the step-
like jellium potential!. When averaged over the periodicit
intervals of Fig. 9, the transition distances for fixedn exhibit
FIG. 9. Dependence of the
transition distancesDnkm on the
film thicknessL for a hydrogen
atom in front of an Al~111! film,
evaluated over the intervalsI n de-
fined in Eq.~14!, for the quantum
numbersn,k,m of Fig. 4 andvz

51022 a.u. and 1024 a.u.
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a change with the electric quantum numberk that is equal to
the change in the electric dipole momentd5 3

2 nk of the
Stark orbitals~note that we use atomic units!. This feature
appears to reflect a ‘‘scaling’’ for the widths of Stark orbita
in terms of the effective atom-surface distanceDeff5D2d,
similar to the scaling observed for the case of a semi-infin
metal target.25

The abrupt threshold discontinuities in theL dependence
of the level widths calculated from Eq.~8!, as well as in the
transition distances derived therefrom, will clearly beco
somewhat shifted and blurred if the atomic level shift
taken into account in Eq.~8!, i.e., if the energyen is replaced
with a D-dependent perturbed energy. However, for the
amples to be discussed in Sec. V, the effect of the level s
on the discontinuities is expected to be small and hence
be disregarded in a qualitative discussion.

V. DISCUSSION

We now discuss some general trends exhibited by
results of Secs. III and IV and examine the possibility th
features revealed by these results may be observed in
ably devised experiments.

The overall magnitude of the level widths resulting fro
averaging over the saw-tooth structures in Fig. 4 depend
the electric quantum numberk in a way that reflects the
orientation of the parabolic atomic orbitals with respect
the film plane: orbitals with maximum~minimum! k within
an n manifold are preferentially oriented towards~away
from! the film and hence have maximum~minimum! overlap
with the film states and maximum~minimum! width. Owing
to the increase of the density of film states with increasingL,
the averaged level widths rise monotonically withL.

The gross structure of theL dependence of the widths i
Fig. 4 is characterized by the periods and amplitudes of
saw-tooth patterns. The periods for the different atomic l
els are determined solely by details of the film level diagr
shown in Fig. 2 and are approximately proportional to t
inverse of the level density and of the magnitude of the sl
of the energy curves. In the examples of Fig. 4, the length
the periods increases from'3 a.u. forn53 to '8 a.u. for
n51, i.e., the periods are associated with changes in the
thickness between one and two monolayers for Al~111!. The
amplitudes depend on details of the film level curves as w
as on the atomic quantum numbersn andk. Fork5kmax, the
amplitudes in Fig. 4 reflect, according to the discussion
Sec. III B, the true variation of the level width over on
period. The rapid increase of this variation with increasinn
can be traced to the behavior of the corresponding transit
matrix elements as a function ofki ~cf. Fig. 3!. For electric
quantum numbersk,kmax, the curves in Fig. 4 are to b
interpreted as averages over the detailed structure in one
riod. With this reservation, we conclude from Fig. 4 that f
fixed n, the amplitudes decrease rapidly with decreasingk.
Stated differently, the gross structure in theL dependence o
the level widths becomes more and more pronounced w
the overlap of the parabolic orbitals with film states g
larger.

The rapid modulations in the detailed structure of theL
dependence of the level widths shown in Fig. 5 are ass
ated~exactly as those in theki-dependence of the transition
e
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matrix elements for the semi-infinite case shown in Fig.!
with the nodal structure of the atomic wave functions. T
characteristic length of the modulations is of the order o
a.u. for the examples of Fig. 5 and is expected to be e
smaller for largern. It thus corresponds to changes in th
film thickness on a submonolayer scale for Al~111!.

TheD dependence of the level widths at fixedL as shown
in Fig. 6 exhibits features similar to those observed in
case of a semi-infinite metal target,17,18 with details associ-
ated with the nodal structure of the atomic wave functio
Notably, with respect to its dependence on the electric qu
tum numberk, the qualitative behavior of the detailed stru
ture in theD dependence of the widths is reciprocal to that
the structure in theL dependence. Within then53 manifold,
in particular, the number of extrema in theD dependence is
seen to increase with increasing value ofk ~cf. Fig. 6!, while
the opposite is true for theL-dependence~cf. Fig. 5!. This
behavior appears to be related to the fact that theD depen-
dence of the widths essentially samples properties of
atomic states in coordinate space, while theL-dependence
samples momentum space properties. The reciprocal be
ior may also be inferred from a detailed analysis of theki
and D dependence of the transition-matrix eleme
Wnlm,kW i i

(D) @cf. Eq.~12!#, exploiting the explicit dependenc

of the atomic form factorAnlm,kW i
on ki andz as given by Eq.

~A4!.
As for the level widths, the gross structure of the calc

lated L dependence of the transition distances for then
51,2,3;m50 manifolds of hydrogen atoms interacting wi
an Al~111! film is characterized by periods in the range
one to two monolayers, while the modulations in the detai
structure are on the submonolayer scale. These featu
along with the large threshold discontinuities in the transit
distances for the states oriented towards the film, are to
considered when the possibility of an experimental verifi
tion of our results is discussed.

In principle, distances of individual electronic transition
taking place when an atom approaches a metallic target
be determined by studying resonance ionization of exc
atoms ~with the active electron occupying an atomic lev
lying above the Fermi level of the metal!. For Rydberg atoms
interacting with a semi-infinite metal, it has been suggeste26

that ionization distances may be inferred by measuring
ion yield as function of an applied external electric fiel
which serves to remove the ions from the interaction regi
In order to obtain ‘‘unperturbed’’ ionization distances fro
the ion yields, a fairly complex theoretical analysis corre
ing for the effect of the external field is necessary.27–29Initial
experiments using the technique of Ref. 26 have b
deemed inconclusive.27 However, experimental efforts
continue.30 Regarding the interaction of atoms with thin m
tallic films, the use of Rydberg atoms may be particula
tempting in view of the huge variation of the ionization di
tances with the film thickness, which are anticipated by
trapolating our results to large atomic quantum numbers

Another promising way to observe features revealed
our calculations appears to be the study of resonance neu
ization of highly chargedions. When a highly charged ion
approaches a metal surface, electrons initially occupy
metal states close to the Fermi level are transferred to the
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in a sequence of individual resonant transitions at differ
distances into ionic states with different principal quantu
numbers~corresponding to different effective core charges
the ion!, leading ultimately to the formation of a highly ex
cited, ‘‘hollow’’ atom.1,31 The set of individual transition
distances determines the kinetic energy gain of the ion du
the image charge interaction,32,3 which can be measured i
grazing-incidence scattering experiments. As for surfac
for thin metallic films electrons are resonantly transferred
the ion from initial states close to the Fermi level, i.e., tra
ferred to ionic states at a fixed energy. As a function ofL, the
Fermi level varies only weakly8 over one period of the gros
structure. The position of the thresholds in theL dependence
of the transition distances are thus expected to be lar
independent of the specific transition~cf. Fig. 2!. Loosely
speaking, the different distances then vary ‘‘in-phase’’ a
function of L. As L increases, the transition distances cor
sponding to ionic orbitals with the maximum electric qua
tum numberkmax, which are the largest distances within ann
manifold ~cf. Fig. 9!, will collectively rise when a threshold
is passed, with a subsequent collective decrease. This
give rise to substantial variations in the effect of the ima
charge interaction and in the associated kinetic-energy
of the ion.

For the actual observation of effects of the kind revea
by our calculations, it is prerequisite, of course, that th
metallic films can be grown with sufficient control of th
thickness. For gross structure effects to become discern
control at the one-monolayer level is required. For the
scription of variations of film properties at the submonolay
level, the use of a potential that is translationally invariant
the film plane is questionable. The direct experimental
servation of the detailed structure found in our calculatio
may not be possible. However, experimental evidence for
calculated detailed structure in theL dependence may b
found indirectly due to the fact that theL-periodicity inter-
vals do not coincide with the spacing between film layers

VI. SUMMARY AND CONCLUSIONS

We have theoretically studied the broadening of atom
levels near thin-metallic films. Adopting the fixed-atom a
proximation and employing hydrogenic states in parabo
representation, we have evaluated first-order level widths
then51,2,3;m50 manifolds of a hydrogen atom interactin
with an Al~111! film. The calculations were facilitated b
using an efficient expression for the relevant transitio
matrix elements in terms of analytically given atomic for
factors. Pronounced structure is found in the dependenc
the film thickness of the widths, as well as of the atom
occupation probabilities and transition distances deri
therefrom. The gross features of this~near-periodic! structure
essentially image the quantized energy level spectrum ari
from the electron confinement in the growth direction of t
film. Finer details of the structure can be understood by d
closing analogies between the thickness dependence o
level widths for thin films and the dependence of t
transition-matrix elements on the wave vector compon
parallel to the surface for semi-infinite metal targets.

The variations of the calculated transition distances w
film thickness are so large that experimentally observa
t
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effects are conceivable. Among the possible ways toward
experimental verification of our results, resonance neutral
tion of highly charged ions near thin-metallic films appea
to be promising. We have argued that in resonance neu
ization, the different transition distances corresponding
different effective charges of the ion may vary ‘‘in-phase
as a function of the film thickness. This may give rise
sizeable variations in the energy gain of the ions caused
the image charge interaction.

In future investigations, we plan to calculate the full ele
tronic selfenergy of hydrogenic atoms interacting with th
metallic films. As in our study of the self energy for sem
infinite metals,14 we may consider separately the contrib
tions of the various couplings among the atomic basis st
and analyze, in particular, the interplay between direct c
plings and indirect couplings via metal states. Adiaba
resonance states generated from the self-energy for thin fi
may serve as basis states in time-dependent close-cou
calculations for the electronic dynamics in atom-film inte
actions, in close analogy to the semi-infinite case.29,33 The
extension of the present calculations to the case of laye
structures composed of arbitrary sequences of metals, s
conductors, and insulators, and involving arbitraryz-profiles,
is straightforward. Possible applications of calculations
this kind may be found, e.g., in the analysis of electron tra
fer in ion desorption processes.34,35 These processes hav
considerable practical relevance in surface and thin-film a
lytical methods.
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APPENDIX A: MATRIX ELEMENTS IN TERMS
OF ATOMIC FORM FACTORS

We consider matrix elements of the general form

M nlm,kW i

( j )
5E drW cnlm* ~rW ! f j~rW !exp~ ikW i•rW i!g~z! ~A1!

with hydrogenic wave functionscnlm(rW) in spherical repre-
sentation. The functionf j (rW) is either unity (j 51), or equal
to the Coulomb potentialVC(rW) defining the hydrogenic
functions (j 52), andg(z) is an arbitrary function~note that
z50 is chosen here to correspond to the atomic center!. The
class of matrix elements~A1! comprises all individual matrix
elements of the initial-channel perturbation~assuming a one-
dimensional approximation to the core image potential! as
well as the overlap matrix elements appearing in the full s
energy of a hydrogenic atomic system in front of a jelliu
metal surface14 or a layered structure~in particular, thin film!
with arbitraryz profile.
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Introducing the momentum space representationFnlm
( j ) (qW )

of the productf j (rW)cnlm(rW),23 we can immediately perform
the integration overrW i and write the matrix elements~A1! as

M nlm,kW i

( j )
5E

2`

`

dz g~z!Anlm,kW i

( j )
~z!, ~A2!

where the function

Anlm,kW i

( j )
~z!5E

2`

`

dqz Fnlm
( j ) ~kW i ;qz!exp~ iqzz! ~A3!

is referred to as the ‘‘atomic form factor.’’ The integral ove
qz is closely related to integrals appearing in Ref. 23 and c
be evaluated in closed form by using complex contour in
gration.~Note that in Ref. 23, theqz integration is performed
after the z integration over the wave functions for a steplik
jellium potential and has been done analytically. The int
grands in theqz-integrals of Ref. 23 therefore contain, in
comparison with the present case, an additional pole ter!
Explicitly, we have

Anlm,kW i

( j )
~z!5~21! l 1m~2p!3/2

exp~2k1z!

2n2 j 12k1
2(n2 j 11)11

3S j
(n2 j 12)~n2 j 11;k1 ;z!, ~A4!
d

d

r

n
-

-

.

for z>0, and

Anlm,kW i

( j )
~2z!5~21! l 1mAnlm,kW i

( j )
~z!. ~A5!

In Eq. ~A4!, the parameterk1 is defined ask15„ki
2

1(Z/n)2
…

1/2, andS j
(n2 j 12)(n2 j 11;k1 ;z) is a polynomial

of degreen2 j 11 in z whose explicit form is given in Ref.
23 ~note that the dependence ofS on the quantum numbersl
andm is not explicitly indicated!.

By means of the symmetry property~A5! for the atomic
form factor, the integral~A2! can be rewritten as

M nlm,kW i

( j )
5E

0

`

dz$g~z!1~21! l 1mg~2z!%Anlm,kW i

( j )
~z!.

~A6!

Specializing to the case of interest for the present work,
retrieve from Eq.~A6! the form~12! for the transition matrix
elementsWnlm,kW i i

by setting j 52 andg(z)5Q(z1D)f i(z

1D), whereD[L/21D, and by changing the integration
variable fromz to z @note that the superscriptj 52 is omitted
in the form factor in Eq.~12!#.
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