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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 paraf@iark 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.

[. INTRODUCTION metal states to be varied and hence the transition rates for
electron transfer out of, and into, the metal to be influenced.
Over the past decades, electronic processes that occDetails of the discrete energy spectrum of the film are ex-
when slowly moving atoms and ions interact with solid sur-pected to give rise to specific resonance and threshold phe-
faces have been a subject of intense study. A large number abmena. In principle, studies involving thin films may there-
investigations have dealt with the interaction of neutral atfore yield insight into structural properties of the films and
oms and of ions in low charge states with clean surfaces aiay furnish a more sensitive test of the ion-surface interac-
semi-infinite metal targets. In recent years, the scope of iontion than do studies with semi-infinite targets. Up to now, the
surface studies has been considerably extended through tdetails of electronic processes in ion interactions with thin
use of multiply charged projectile iorisee Ref. 1 and refer- metallic films have been treated only theoreticaflysee also
ences cited thereinin conjunction with metallic targets as Ref. 10, and sizeable deviations from calculations for the
well as with semi-conducting and insulating targetszur-  semi-infinite case were obtained for the neutralization of
ther, the effect of adsorbates and thin dielectric films coverNa' ions and for the formation of Hions near thin Al111)
ing metal surfaces has been examified. films. We mention that the grazing-incidence ion scattering
The use of thin metallic films, instead of semi-infinite technique has recently been applietf to study experimen-
metal targets, in the study of electronic processes in iontally the growth and morphology of thin Mn filmghickness
surface interactions has been suggested recently by Borise¥12 monolayerson Fg100 substrates. While ion scatter-
and Winter’® A thin metallic film may be formed by depos- ing is used here as an analytic tool, a detailed theoretical
iting a metal overlayer on a dielectric substrate with the bandinderstanding of the basic electronic processes occurring in
gap extending over the conduction band of the metal. In thison-film interactions will be important also in this case.
kind of structure, the electronic motion in the growth direc- In the present paper, we study the broadenindnafro-
tion (z axig) is confined between the metal-substrate inter-geniclevels near thin-metallic films by evaluating first-order
face and the metal-vacuum interface, whereas the twdevel widths (or, equivalently, transition rates for resonant
dimensional motion in the film plane is supposed to be freetransfer of electrons or holes between atom and)fiatomic
The confinement inz direction gives rise to quantization occupation probabilities, and transition distances for reso-
(“size quantization”), with discrete eigenvalues of the asso- nance ionization of atoms and resonance neutralization of
ciated energy. The similarity of this situation to that encoun-ions. The case of hydrogenic levels is of particular interest as
tered in two-dimensional quantum well structures formed byit constitutes the prototype case for the treatment of the in-
semiconductors of different chemical composifias obvi-  teraction of highly charged ions and Rydberg atoms with thin
ous. films. The self-energy methdtithat has been successfully
The size quantization in thin-metallic films allows, applied in the nonperturbative calculation of shifts and
through the variation of the film thickness, the density ofwidths of hydrogenic levels for semi-infinite targét® ap-
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pears to be equally well suited for the case of thin-metallicfeatures revealed by our calculations in suitably devised ex-
films. However, it becomes apparent from our results belovwperiments, is given in Sec. V. Finally, Sec. VI contains a
that in the thin-film case already the first-order widths, whichsummary of the paper as well as some concluding remarks.
are essentially equal to the imaginary parts of the diagonal
elements of the self-energy matrix, display a variety of novel Il. THEORY
features whose thorough analysis is advisable, if not indis-
pensable, before a full self-energy calculation is performed. We adopt the jellium model for the metallic film of thick-
In the next section, we outline the theoretical frameworknessL and construct the unperturbed electronic potential
for our calculations. Section Ill contains a heuristic discus-Vs,(z) by using the analytic electron-surface potential of
sion of qualitative features of the level widths, followed by Jenningset al1® (with one and the same set of parametéss
the presentation of numerically calculated widths. Atomicdescribe the interfaces on either side of the fifiithe Jen-
occupation probabilities and transition distances are prenings potential constitutes an analytic fit to the results of
sented in Sec. IV. A comprehensive discussion of our resultgjensity functional calculations. Takiraz0 to correspond to
including a brief examination of the possibility to observe the midpoint of the film, we have

~Vol{AexdB(|z|-L/2)]+1}, |z<L/2

Viim(2) = —{1—exd — (|2 —L/I2)1}[4(|2| —L/2)], |z|>L/2

D

(A=4Vy/n—1, B=2V,/A). In our calculations, we use (we use atomic units throughgut
parameter values appropriate to the description @i 2l): For the purpose of illustration, we show in Fig. 1 the
V,=0.58581 a.u.,p=1 a.u. Note that fotz| -, the Jen- potential (1) for z=0 for an Al film of thicknessL
nings potential merges in the classical self-image potential of=20 a.u., together with the energies of the lowest 13
the electron(the image reference plane is assumed to coinbound states, plotted against the indeRlso shown are the
cide with the jellium edgefz|=L/2). (normalized wave functions¢;(z) for i=1,...,4 andi

The potential(1) is symmetric with respect to coordinate =10, ...,13 in therangez=0 [for z<0, the functions are
inversion, Vim(—2)=Vaim(2), So that the asymmetry oObtained by symmetric or asymmetric continuation, depend-
caused by the presence of a substrate on one side of the filidg on whether the parity{1)'~* is equal to+1 or —1).
cannot be taken into account in our calculations. HoweverThe spectrum of the eigenvalues is characterized by an
except for very small film thickness, the substrate shouldiccumulation point at zero energy, which is related to the
have very little effect on the atomic level widths, which are long-range behavior of the electronic self-image potential in-
mainly determined by the overlap of film wave function and cluded in the potentigll) (see also Fig. 2 and the discussion
atomic wave function in the spatial region between film andbelow). Correspondingly, the wave functions for the highest
atom. Owing to the symmetry ofq,(z), the bound-state eigenvalues extend far beyond the jellium edge into the
eigenfunctionsg;(z) (with labelsi=1,2 ... arranged in or- vacuum.
der of increasing energy eigenvalég of the z-dependent For the hydrogenic wave functions of the unperturbed
part of the film Hamiltonian are simultaneously eigenfunc-
tions of the parity operator, with eigenvalue-{)' 1. The

total film wave functionqug”i(F) are written as

0.4

e
[

i (1) =explik|-1)) ¢i(2), )

o
=3

where IZ” and F\I are the components of wave vector and
position vector, respectively, in the film plane. Assuming
unit normalization for the discrete states, the orthonor-

O &i=l..13
— $i®

wave function energy (a.u.)
S
[3+]

mality relation for the stategy; reads e
""" ¢4(2)
. 2820 _ L7 04 — (@
(Biil bicir)=(2m)* 57 (k= k) S () o e
""" $13(@)
i i iecti 0.6
anpl the der.15|ty of -state(&)r flx.ed prmectpn of the e»lectyon 0 e o 15 20 25 30 35 40
spin) associated with the motion in the film plangk), is z(a.u), i

accordingly equal to () 2. The energies associated with

the stateSgbl;”i are FIG. 1. The potentiaV/g,(2) [cf. Eq.(1)] for an Al(111) film of

thicknessL =20 a.u., its lowest energy leveds (plotted versus the

index i), and selectednormalized bound-state wave functions
€ = £k2+ € (4) ¢i(2). Poter_1tia| and wave functions in the rarnge0 are obtained
ki— 20T by symmetric or antisymmetric continuatigsee text
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with the perturbing potential
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where V. is the Coulomb potential of the atomic core, and
0 (2) is the unit step functiofithe z axis is directed from the
midpoint of the film towards the atomThe coreimagepo-
tential has been neglected in the potentials defining the un-
perturbed atomic and film states and in the perturbing poten-
tial (7).142° However, its effect on level hybridization is
partly taken into account in the atomic states through the use
of hydrogenic wave functions in parabolic representatfon.
T A A A The explicit inclusion of the full core image potential in our
L (a.u.) calculations would entail a greatly increased numerical ef-
fort. The self-image potential of the electron, on the other
hand, is included in the unperturbed film potential. There-
fore, when using the parabolic representation for the hydro-
enic wave functions, parts of the self-image potential are
aken into account twice. Without exhaustive analysis, it ap-
pears hard to decide whether it is more accurate in general to
count parts of the self-image potential twice or to disregard
. . certain parts of it. However, in the specific results presented
atomlg sys.tem, .we. adopt the parabafitark reprfasentatlon below, tphe explicit inclusion of the Eelf-image potgntial in
Ynm(T), With principal quaptum numbaer, “electrlc”’ quan- v (z) is found to have little effect.
tum numberk, and magnetic quantum number Using this The specific form of the potenti&F) reflects our assump-
representation, we take into account, to some extent, the hyjon that the core potential is completely screened inside the
bridization of the atomic orbitals induced by the long-rangefjim and the substrate. Furthermore, our choice for the per-
image charge interactions in the atom-metal systeiror turbing potential in Eq(6) corresponds to the “post form”
the semi-infinite case, first-order widths have been calculategf ihe transition-matrix element, which represents one of two
for hydrogenic levels in parabolic representatiithoutex-  gqmissible alternativesstrictly equivalent in the resonant
plicit inclusion of the image charge interactions. Thesecase for writing the matrix elemer®?* Assuming the un-
Widths obiained from calculations within the nonperturbatvecs /"9 {0 electronic potential in the atorfim systern
- . .
coupled-angular-mode methd#° in which both ?he elec- o have |the forfm\/h—‘\‘/ﬁ,mf,\?c ' olr;e obtt)alns the per;urblng
tronic self-image potential and the image potential induce otentialVpen of the >pOSt orm by subtractingVsr from
» Vper=V—Viim=V¢ . We choose the “post” form of the

by the atomic core were e_xpllc_ltly mcludeq. . transition matrix element since it is slightly easier to handle
In fixed-atom approximation, the first-order width . : .
in the numerical calculations.

Cnir(D) of @ hydrogenic level with quantum numbers Resolving thes function in Eq.(5) and exploiting the

n,k,m, associated with an atom located at a distabdeom . - ) .
the adjacent jellium edge of the metallic film, is given by azimuthal symmetry of the transition-matrix elementkin
space, we can express the level width as

energy (a.u.)
=] S
I~ w

o
w

FIG. 2. Energy levels; of an Al(111) film described by the
potential (1), plotted as a function of film thickneds The dotted
horizontal lines indicate the unperturbed levels of the hydroge
atom forn=1,2,3. The heavy solid lines emphasize those pieces 0
the film level curves that belong to the first film lev®lowa given
hydrogen level.

rnkm(D)=27TEi fd|2HP(|Z”)|Wnkm,|2Hi(D)|25(6n—EkHi), Fnkm(D):zi |Wnkmkﬁi)(D)|2®(6n_fi), %)
)
where
wheree,= —Z?/2n? (Z=effective core chargds the unper- )
turbed energy of the hydrogenic level. Note that we disre- k"= 2(ex—€) 9

gard the atomic level shift which, to lowest order, is given by(when used as a label W, () kﬁi) is assumed to refer to
(2Z—1)/4D. For atom-film distances close to, or beyond, nkmkj'® 5

the classical threshold distance, level widths are only weakljn® dependence of the matrix element on the wave function
affected by the rather small level shifts. At the low perpen-®i)- The width thus appears as a sum over a finite number of

dicular velocities typical for current grazing-incidence ex- (rms corresponding to transitions of electrons or hates

periments with Rydberg atoms and highly charged ions agend|_ng on the position of the atomic lewg| relative to the

projectiles and semi-infinite targets, transitions are mosf€rmi 'evelng of the film; note thater depends on the film

likely to occur in this range of distances. Therefore, the in-thicknessL®) into film states with energy;<e, in the

clusion of the level shift would tend to slightly shift and blur growth direction andrea) wave vectork{” of the free in-

the calculated structure in thedependence of the transition Plane motion, such that the resonance condition for the total

distances(cf. Sec. I\) but would not alter our conclusions €Nergy,eyi= ¢y, is fulfilled.

(cf. Sec. V. For the generalresonant or non resonarase, the evalu-
The transition-matrix eIemerWnkmEHi(D) is written as ation of the transition-matrix elemenwnkmg”i is easily ac-
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complished by expressing them in terms of the matrix elelarge atom-film distances. For both highly charged ions and
mentsWMm,,;Hi corresponding to the spherical representationRydberg atoms, the large transition distances result in small

of the hydrogenic wave functiond (s the orbital angular
momentum,??

n—1
Wnkm,IzHi :Izm Clr{,rITanIm,IZ”i , (10
where
(n—=1)/2 (n—=1)/2|I
Crk= (11)
: (m+k)/2 (m—=k)/2lm

level shifts and relevant Fermi factors that are essentially
equal to unity. Therefore, for the purpose of our discussion,
Eq. (13) appears to be a sufficiently good approximation.

Ill. ATOMIC LEVEL WIDTHS

As the thicknesd is the principal parameter characteriz-
ing the film properties, we confine ourselves in this section to
the study of theL dependence of the level widths at fixed
atom-film distanceD. The D dependence of the widths at

is a Clebsch-Gordan coefficient. In the matrix elementsixed L will be considered in Sec. IV in conjunction with the

Wn,m,gui, the two-dimensional integration over the coordi-

calculation of atomic occupation probabilities and transition

nates in the film plane can be performed in closed formdistances. Before turning to the numerical calculations, we
using the technique of Ref. 23. In the remaining one-discuss the. dependence of the level widths in a heuristic

dimensional integral, the film wave function is folded with
an atomic form factoAmmJ;H that comprises the properties of

the atomic wave function and of the perturbing Coulomb

potential(see Appendix A for detai)s Exploiting symmetry
properties of the form factor, we can write

wn.m,g”im):fowd§{¢i<§+m+<—1)'*m¢i(—c+A>

where {=z—A and A=L/2+D; the step function®(—¢
+ D) reflects the cutoff in the potentiér). A simple analytic
expression forAmm,g” exists for arbitrary quantum numbers

n,I,m. The numerical effort required to evaluate the
transition-matrix elements thus consigisin generating the
wave functionseg;(z) for the potential(1), and (ii) in per-
forming the{-integration in the integrall2).

Assuming the atom to approach the thin film along a clas
sical trajectory, we can use the widths calculated from Eq
(8) to evaluate occupation probabilities for atomic states”
within the rate equation method. As we disregard level shifts

a given atomic level is above or below the Fermi leegl
throughout. For an electron or hole occupyingDet «© the
atomic statey,,, with unit probability, the probability to
occupy this state at distan@is then given b/

1 * ! !
Pnkm( D) =ex —TszdD Frkm(D7) 1 13

provided the atom moves with constant velocity along athus

straight-line trajectory \(, is the absolute magnitude of the
z-component of the velocijy If the probabilitiesP,, (D)
drop from unity to zero in a sufficiently narrol range, one
may determine transition distancBs,., (i.e., distances for

way in order to facilitate the qualitative understanding of the
complex features observed in the numerical results.

A. Heuristic discussion

From Eq.(8), it is evident that thd. dependence of the
widths is decisively influenced by the dependence of the
energiese; . In Fig. 2, we show the latter dependence for a
thin Al(111) film over anL range extending approximately
from 2 to 14 monolayerfbased on the bulk lattice constant
a=7.7 a.u., the spacing between monolayers, i.e. the dis-
tance betweefi111) planes in Al(111), is a/\3=4.4 a.u.].
Also shown are horizontal lines indicating the unperturbed
energies of the hydrogen atonZz+1) for n=1,2,3. The
film levels decrease monotonically with increasingWith
decreasing energy, i.e., as the levels move towards the bot-
tom of the film potential well, the effect of the self-image
potential is found to die away rapidly. Its inclusion is ex-

pected to be irrelevant for the film states sampled in the
resent study, which is confined to hydrogen levels with
=<3 and hence to film levels below the=3 level.

" According to Eq(8), the point of intersectioh; of a film
level curvee;(L) with the horizontal line for a given atomic
level €, defines the threshold for transitions into the film
state labeled. WhenL increases fronk;, the resonant in-
plane wave vectokﬁ') rises from zero upwardsf. Eq. (9)],
while the wave vectork{ " k{'"?, ... associated with
the levels ¢_4(L),€_»(L), ... rise from progressively
larger (positive) values atL;. A continuous variation ot
induces, via the variation of the energies
€(L),€-1(L),€ (L), ..., acontinuous variation ok in

the corresponding resonant transition matrix elements con-
tributing to the level widtH™ ., for a thin film. By compari-
son, in the case of resonant transitions into a semi-infinite

resonance ionization or neutralization, depending on whethemetal, a continuous variation &f=2(e,—¢€,) can be di-

e,>ex or e,<ep) by solving the equationP (D nkm)
=0.5.
We note that the inclusion of atomic level shifts would

rectly induced by varying the energy associated with the
electronic motion inz direction, €,, which is a continuous
eigenvalue. Hence, provided thedependence of the ener-

entail distance-dependent Fermi factors in the rate equatiorgges ¢; is sufficiently smooth(cf. Fig. 2), the L-dependence
for the occupation probabilities. In Sec. V, we discuss quali-of the transition-matrix elements and level widths for thin

tatively the interaction of very low-velocity Rydberg atoms

films is expected to image the dependence of the transition

and highly charged ions with thin films. For highly charged matrix elements for the semi-infinite case. For exhibiting the
ions, electronic transitions into Rydberg levels occur at verylatter dependence, we have calculated resonant transition-
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1O v : : : : film level curves withL. Disregarding this dependence, the
10° 1 "“'7"",':"»- . L pattern of the detailed structure for a given atomic level will
{100, 287N be periodically repeated, with the periad =L;,,—L; be-

ing virtually independent of (cf. Fig. 2).

B. Numerical results

6 ) ?%’» E

5 ] A Having developed a qualitative idea of how thelepen-
10 | . . .
10* 1 R0 L dence of the atomic level widths looks like, we now turn to
10° & _ AN i the explicit calculation of level widths for the hydrogen
S : 'k:i.,j'\\ o atom. In view of the expected features, it is appropriate to
0" (320), 18&;’.{;’.}“\ i evaluate the periodic “gross structure”_of tlhedependgnce
e . ’ ‘ TN, over the fullL range of Fig. 2 and restrict the calculation of

00 02 0‘4k, @u )0-6 08 Lo the detailed structure to selected periodicity intervals
irbi+1l-

FIG. 3. Squared resonant transition matrix elements for a hydro- In order to exhibit the gross stru_cture of t"lEdepen'
gen atom in front of a semi-infinite AL11) target(Ref. 23 plotted dence, we have c;alculated leve,I_W'dths for the distances
as a function of the wave vector componénptparallel to the sur- D, (n=.1,2,_3) of F'Q-_3,at the pOS.ItIOﬂSi.—)\. f"md,l-i +A for
face, for the indicated values of the quantum numieksm. The &l Li, i.e., in the vicinity of all discontinuities in the saw-
distancesD are equal to the classical threshold distarbgs-2n?  tooth pattern of Fig. 2, in the interval 10 a.&L <60 a.u.
for the superposition of a steplike jellium potential and the potentialthe value of the parameter is of the order of 0.01 a.y.

(7). The curves resulting from smoothly interpolating the widths

(in a log-lin ploy betweenL;+\ andL;,;—\ are shown in
matrix elements for a steplike jellium potential and the per-Fig. 4. The detailed structure for the hydrogaen-1,2,3
turbing potential(7).> In Fig. 3, matrix elements are shown manifolds, obtained from calculations on a very debsgid
for them=0 levels of then=1,2,3 manifolds of a hydrogen covering the periodicity intervals
atom located respectively at the distafie=2n? in front of
an Al(112) surface. The classical threshold distanBgsare
obtained for the superposition of the step potential and the [,=[17.8 a.u., 25.4 a.l.
potential (7) and correspond to ion-surface distances at
which electronic transitions are most likely to océtif®

The curves in Fig. 3 for the maximum vallg,,,=n—1 I,=[21.5 a.u., 24.8 a.li. (14)
of the electric quantum numbé&within eachn manifold are
seen to decrease monotonically wkkh For these cases, the
L dependencg of the Ie;vel vwdths for the thin film is thus 1,=[21.5 a.u., 24.5 a.l.
expected to display a discontinuous rise at the thresHglds
and a monotonic decrease betwégrandL; , 1, independent
of the value ofi. Moreover, the dominant contribution to the respectively, is displayed in Fig. 5. In addition to the total
atomic level width will arise from the first film level below level widths, the contributions arising from different film
the atomic level. The qualitative behavior of the level widthsstates are shown in this figure. The results of Fig. 5 fully
as a function ofL should resemble the saw-tooth pattern inconfirm the qualitative picture developed in Sec. lll A. This
the level diagram of Fig. 2, which has been obtained bypertains, in particular, to the number and relative position of
emphasizing, for each, those pieces of the level curves that the extrema in the curves for electric quantum numbers
belong to the first film level below a given atomic level. <Kmax- Combining the results of Figs. 4 and 5, the following
The structure in the curves of Fig. 3 for electric quantumpicture emerges for thé-dependence of the atomic level
numbersk<k,ax Suggests a more compléxdependence of widths.
the corresponding level widths. Considering, e.g., the case If k=Kk,,.,, the curves for the level widths in Fig. 5 ex-
(n,k,m)=(3,—2,0), we expect the zero &f=0 of the ma- hibit near-exponential behavior in the selected inter(bs.
trix element for the semi-infinite case to find its counterpartThe interpolated curves of Fig. 4 thus provide a good repre-
in a zero afl_; of the matrix element involving the first film sentation of the detailed shape that would be revealed by a
level below then=3 level. The second film level dt;, calculation on a very dense grid over the fulrange. Ifk
however, corresponds #9~0.25 ... 0.4a.u. whenL; is in <Kmax, mModulations show up in the curves of Fig. 5, with
the L-range plotted in Fig. 2. In thik range, the curve in the maximum(minimum) in general not coinciding wity.;.
Fig. 3 exhibits a broad maximum. Thus the atomic levelln this case, the interpolated curves of Fig. 4 may be inter-
width at L; will receive its dominant contribution from the preted as average curves. If we would replace the true curves
second film level. Wheh varies betweem; andL;,,, de- in Fig. 5 with exponentials fitted to the true curves, e.g., at
tailed structure resulting from the superposition of contribu-L;, in such a way that the integral over true and fit curve
tions of the first, second, and possibly third film level belowagree, the slopes of the exponentials would in general devi-
the atomic level may be anticipated. A weak dependence dite from those of the corresponding exponentials in Fig. 4.
the detailed structure on the location of the intervalHowever, from the examples shown, it appears that the dis-
[L;i,Li.1] should arise from the change of the slope of thecrepancies are fairly small.
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According to Eq. (13), the occupation probabilities

P.km(D) are essentially determined by the

J/odD'T(D’). Hence,

As mentioned earlier and as mandated by the Pauli exclusi

a brief discussion of
D-dependence of the level width§,, is appropriate here.

integra

principle, the following results fon=1 relate to the decay

of a hydrogen K-shelhole into the film, whereas fon=2

the transfer of a hydrogeelectroninto the film.
In Fig. 6, theD dependence of',,, is shown for the

hydrogenn=1,2,3 manifolds withm=0 for selected. val-

ues inside the intervald4) and, in addition, for oné&-value
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FIG. 4. Gross structure of the
L dependence of the level widths
Inim [cf. Eq. (8)] for a hydrogen
atom located at the distancé,
=2n? in front of an A111) film,
for m=0 and the indicated values
of the quantum numbens,k. For
further explanation, see text.

smallestL to the second smallest, one crosses the thresholds
associated with the points of intersection of the film level
curves with the atomic level&f. Fig. 2). Drastic threshold

(effects are observed in the curves of Fig. 6 foF Kyax.
the Independent oD, the widths increase by one order of mag-

nitude (h=1) to four orders of magnituden&3) [except

of9r the smallb range for 0,k) =(3,2)] when the thresholds

are crossed. Above the thresholds, a rapid monotobic (
independentdecrease of the widths with is found. Note
all occupation probabilities and transition distances describ&at in the plots(@), (c), and(f) of Fig. 5, these effects are
exhibited for the specific distanc&=D,,. With decreasing
electric quantum numbdy; the threshold effects in the width
curves of Fig. 6 become progressively blurred.

The D dependence of the occupation probabilities
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is shown

in Fig. 7 for v,

FIG. 5. Detailed structure of
the L dependence of the level
widths for the case of Fig. 4,
evaluated over the periodicity in-
tervalsl,, defined in Eq(14). Also
shown are the contributions to the
widths from the film states lying
energetically closest below the
atomic level(cf. Fig. 2.
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2 = s R 2|20 e 2 level widths 'y, ON the atom-
O T s e 7 s L A 1077 film distance D for a hydrogen
D(au) D(au) atom in front of an A(111) film,
(d (n,k) =(3,-2) (e) (n,k)=3,0) '63) for ’Fhe guantum numbera,k,m
2 N g s of Fig. 4 and selectet values be-
102 4 2 o low and inside the intervalk, de-
P L 0 fined in Eq.(14).
5 2 s 2 5 3
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=102 a.u. and in Fig. 8 fov,=10* a.u. The values cho- (near-logarithmi¢ dependence on the velocity component
sen for the film thicknesk are the same as those in Fig. 6. V., which reflects the near-exponential behavior of the level
With decreasingD, all curves in Figs. 7 and @xcept widths as a function ob. The velocityv,= 10 2 a.u. chosen
those in plot(a) of Fig. 7; see beloydrop from unity to zero  for the calculations of Fig. 7 appears to be a “high” velocity
in a fairly narrow D interval, so that it is meaningful to as the corresponding transition distances [@ecept for a
associate transition distancBs,, (cf. end of Sec. |l with few L-values at (,k)=(2,1) and(3,2)] smaller than the re-
the different curves. The threshold effects observed inLthe spective classical threshold distances for the superposition of
dependence of the level widths of Fig. 6 fhek,, are  the Jennings potentidll), the core image potential and the
reflected directly in the behavior of the transition distances irpotential(7) [these distances are larger than the distabges
Figs. 7 and 8: the rapid rise of the level widths acrosslthe introduced above by a factor 1.9n other words, the time
thresholds corresponds to a drastic reduction of the time a®lapsing until the atom reaches the classical threshold dis-
sociated with the electronic transition, and hence to a muckance is too short fofclassically forbiddentunneling tran-
larger transition distance. sitions to occur. The departure of two of the curves in (ipt
The transition distances in Figs. 7 and 8 exhibit a wealof Fig. 7 from the simple ‘S’ shape can also be ascribed to

v,=0.01 a.u.

(a) (nk) =(1,0) (b) (nk)=Q2,-1) © (nk)=(2,1)

1.0 1 10 1.0 1

0.9 0.8 0.8
z z 2
= = 06 = 06
£ 08 — L-176 2 ; =
- L=18.0 204 § v L2216 2 04
g aman [=20.0 a, === [=22.0 &

0.7 - L=220 0z - L=230 02

e Iy FIG. 7. Dependence of the oc-
06 00 00 cupation probabilitiesP,, [cf.
2 3 4 2 4 6 10 20 X .
D (au) D (au) Eqg. (13)] on the atom-fiim dis-

(d k) =@3,-2) () (n,k) = (3,0) ® tan_ceDJor the case of Fig. 6 and

1.0 190 10 e v,=10""a.u.

0.8 08 0.8 {
é’ 0.6 5 0.6 5 0.6
§ — 12213 § §
coal fH e L=21.5 S 04 S 04
& === 1217 a &

£ e oL=221
02 - 1232 0.2 ,‘i 1§ == 1232 02
o= 12243 VA
0.0 F= 0.0 = 0.0
5 15 20 10 15 s 30 5 10 15 20 25 30 35 40 45

10 20 2
D (au) D (au) D (au)



3074 U. THUMM, P. KURPICK, AND U. WILLE PRB 61

v,=0.0001 a.u.
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the high (nonadiabatig velocity: within the transition time, corresponding curves in the log-lin plots of thelependence
the atom enters a region close to the film where Bhde-  of the level widths in Fig. 5, in particular with regard to the
pendence of the level widths displays structiaie plot (f) of ~ pronounced threshold effects in the cakesk,,,x. The rea-
Fig. 6]. The velocityv,=10 * a.u. chosen for the calcula- son behind this resemblance is that the level widths behave
tions of Fig. 8, on the other hand, is low enough so that immear exponentially in th® ranges probed, with slopes de-
most cases the transitions take place beyond the classicaeénding only weakly on the film thickneds For the ex-
threshold distance, i.e., in the tunneling regime, andamples of Fig. 9, the absolute magnitude of the threshold
‘* S-shaped curves are found throughout for thedepen-  discontinuity in the transition distances for= Kk, is found
dence of the probabilities. to scale approximately with?, i.e., it scales in the same way
The detailedL dependence of the transition distancesas the atomic orbital radius and the classical threshold dis-
D,km for the hydrogem=1,2,3 manifolds withm=0, cal- tance(the discontinuities read from Fig. 9 are in fact close to
culated in the intervals(14) for v,=10"2 a.u. andv, the absolute values of the threshold distaBgefor the step-
=10"* a.u., is shown in Fig. 9 in a linear plot. The shapes oflike jellium potentia). When averaged over the periodicity
the curves bear a close resemblance to the shapes of theervals of Fig. 9, the transition distances for fixeexhibit
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a change with the electric quantum numkehat is equal to  matrix elements for the semi-infinite case shown in Fig. 3
the change in the electric dipole momemt3nk of the  with the nodal structure of the atomic wave functions. The
Stark orbitals(note that we use atomic unijtsThis feature characteristic length of the modulations is of the order of 1
appears to reflect a “scaling” for the widths of Stark orbitals a.u. for the examples of Fig. 5 and is expected to be even
in terms of the effective atom-surface dista@®'=D—d,  smaller for largem. It thus corresponds to changes in the
similar to the scaling observed for the case of a semi-infinitgjim thickness on a submonolayer scale fo(l1).
metal target” _ S The D dependence of the level widths at fixedis shown
The abrupt threshold discontinuities in thedependence i Fig. 6 exhibits features similar to those observed in the
of the level widths calculated from E(B), as well as inthe 556 of a semi-infinite metal targét® with details associ-
transition distances derived therefrom, will clearly become,iaq with the nodal structure of the atomic wave functions.
;sokmewflat Sh'ftedt ang glurred f'f[hthe atomic Ievell Sh":; IS Notably, with respect to its dependence on the electric quan-
aken into account in E8), i.e., if the energy, is replace tum numberk, the qualitative behavior of the detailed struc-

\;Vr';h |ZSDIC?igegigggésg(;til:]rbseéjc e\r}e[ﬁg el:fg\(,;vte(\)/f {hgﬂg\t/r: Sehi'ure in theD dependence of the widths is reciprocal to that of
b e structure in thé dependence. Within the= 3 manifold,

on the discontinuities is expected to be small and hence ca
b In particular, the number of extrema in tBedependence is

be disregarded in a qualitative discussion. seen to increase with increasing valuedtf. Fig. 6), while
the opposite is true for the-dependencécf. Fig. 5. This
V. DISCUSSION behavior appears to be related to the fact thatDheepen-
dence of the widths essentially samples properties of the
Gtomic states in coordinate space, while theependence
ﬁamples momentum space properties. The reciprocal behav-
ior may also be inferred from a detailed analysis of ke

The overall magnitude of the level widths resulting from and D dependence of the transition-matrix element
averaging over the saw-tooth structures in Fig. 4 depends o ofnim, ku'(D) [cf. Eq.(12)], exploiting the explicit dependence
the electric quantum numbée in a way that reflects the Of the atomic form factoA, g onk; andzas given by Eq.
orientation of the parabolic atomic orbitals with respect to(A4).

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

the film plane: orbitals with maximuntminimum) k within As for the level widths, the gross structure of the calcu-
an n manifold are preferentially oriented towardaway lated L dependence of the transition distances for the
from) the film and hence have maximuminimum) overlap ~ =1,2,3m=0 manifolds of hydrogen atoms interacting with

with the film states and maximugminimum) width. Owing  an Al(111) film is characterized by periods in the range of
to the increase of the density of film states with increasing one to two monolayers, while the modulations in the detailed
the averaged level widths rise monotonically with structure are on the submonolayer scale. These features,
The gross structure of the dependence of the widths in along with the large threshold discontinuities in the transition
Fig. 4 is characterized by the periods and amplitudes of thelistances for the states oriented towards the film, are to be
saw-tooth patterns. The periods for the different atomic levconsidered when the possibility of an experimental verifica-
els are determined solely by details of the film level diagramtion of our results is discussed.
shown in Fig. 2 and are approximately proportional to the In principle, distances of individual electronic transitions
inverse of the level density and of the magnitude of the slopgaking place when an atom approaches a metallic target can
of the energy curves. In the examples of Fig. 4, the length obe determined by studying resonance ionization of excited
the periods increases from3 a.u. forn=3 to =8 a.u. for  atoms(with the active electron occupying an atomic level
n=1, i.e., the periods are associated with changes in the filying above the Fermi level of the metaFor Rydberg atoms
thickness between one and two monolayers fqdAl). The interacting with a semi-infinite metal, it has been suggéted
amplitudes depend on details of the film level curves as welthat ionization distances may be inferred by measuring the
as on the atomic quantum numberandk. Fork=Kk,ax, the ion yield as function of an applied external electric field,
amplitudes in Fig. 4 reflect, according to the discussion inwhich serves to remove the ions from the interaction region.
Sec. llI B, the true variation of the level width over one In order to obtain “unperturbed” ionization distances from
period. The rapid increase of this variation with increasing the ion yields, a fairly complex theoretical analysis correct-
can be traced to the behavior of the corresponding transitioring for the effect of the external field is necess&y°Initial
matrix elements as a function &f (cf. Fig. 3. For electric  experiments using the technique of Ref. 26 have been
guantum number&<k..«, the curves in Fig. 4 are to be deemed inconclusi\fé However, experimental efforts
interpreted as averages over the detailed structure in one peentinue®® Regarding the interaction of atoms with thin me-
riod. With this reservation, we conclude from Fig. 4 that for tallic films, the use of Rydberg atoms may be particularly
fixed n, the amplitudes decrease rapidly with decreasing tempting in view of the huge variation of the ionization dis-
Stated differently, the gross structure in thelependence of tances with the film thickness, which are anticipated by ex-
the level widths becomes more and more pronounced whetmapolating our results to large atomic quantum numbers.
the overlap of the parabolic orbitals with film states gets Another promising way to observe features revealed by
larger. our calculations appears to be the study of resonance neutral-
The rapid modulations in the detailed structure of the ization of highly chargedions. When a highly charged ion
dependence of the level widths shown in Fig. 5 are associapproaches a metal surface, electrons initially occupying
ated(exactly as those in thie-dependence of the transition- metal states close to the Fermi level are transferred to the ion
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in a sequence of individual resonant transitions at differeneffects are conceivable. Among the possible ways towards an
distances into ionic states with different principal quantumexperimental verification of our results, resonance neutraliza-
numbergcorresponding to different effective core charges oftion of highly charged ions near thin-metallic films appears
the ion, leading ultimately to the formation of a highly ex- to be promising. We have argued that in resonance neutral-
cited, “hollow” atom.}®! The set of individual transition ization, the different transition distances corresponding to
distances determines the kinetic energy gain of the ion due tdifferent effective charges of the ion may vary “in-phase”
the image charge interactidf? which can be measured in as a function of the film thickness. This may give rise to
grazing-incidence scattering experiments. As for surfacessizeable variations in the energy gain of the ions caused by
for thin metallic films electrons are resonantly transferred tathe image charge interaction.
the ion from initial states close to the Fermi level, i.e., trans- In future investigations, we plan to calculate the full elec-
ferred to ionic states at a fixed energy. As a functioh,dhe  tronic selfenergy of hydrogenic atoms interacting with thin
Fermi level varies only weakfyover one period of the gross metallic films. As in our study of the self energy for semi-
structure. The position of the thresholds in thdependence infinite metalst* we may consider separately the contribu-
of the transition distances are thus expected to be largeliions of the various couplings among the atomic basis states
independent of the specific transitidof. Fig. 2. Loosely  and analyze, in particular, the interplay between direct cou-
speaking, the different distances then vary “in-phase” as glings and indirect couplings via metal states. Adiabatic
function of L. As L increases, the transition distances corre-resonance states generated from the self-energy for thin films
sponding to ionic orbitals with the maximum electric quan-may serve as basis states in time-dependent close-coupling
tum numbek,,,,, Which are the largest distances withinran calculations for the electronic dynamics in atom-film inter-
manifold (cf. Fig. 9), will collectively rise when a threshold actions, in close analogy to the semi-infinite c&%€. The
is passed, with a subsequent collective decrease. This maxtension of the present calculations to the case of layered
give rise to substantial variations in the effect of the imagestructures composed of arbitrary sequences of metals, semi-
charge interaction and in the associated kinetic-energy gaiconductors, and insulators, and involving arbitrayrofiles,
of the ion. is straightforward. Possible applications of calculations of
For the actual observation of effects of the kind revealedhis kind may be found, e.g., in the analysis of electron trans-
by our calculations, it is prerequisite, of course, that thinfer in ion desorption process&s>® These processes have
metallic films can be grown with sufficient control of the considerable practical relevance in surface and thin-film ana-
thickness. For gross structure effects to become discernibléytical methods.
control at the one-monolayer level is required. For the de-
scription of variations of film properties at the submonolayer
level, the use of a potential that is translationally invariant in ACKNOWLEDGMENT
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VI. SUMMARY AND CONCLUSIONS

We have theoretically studied the broadening of atomic ~ APPENDIX A: MATRIX ELEMENTS IN TERMS
levels near thin-metallic films. Adopting the fixed-atom ap- OF ATOMIC FORM FACTORS
proximation and employing hydrogenic states in parabolic \ye consider matrix elements of the general form
representation, we have evaluated first-order level widths for
then=1,2,3m=0 manifolds of a hydrogen atom interacting
with an Al(112) film. The calculations were facilitated by
using an efficient expression for the relevant transition-
matrix elements in terms of analytically given atomic form
factors. Pronounced structure is found in the dependence on. . . S .
the film thickness of the widths, as well as of the atomicWIth hydrogenlc waye fuchlon.&mm(r) '|n spherical repre-
occupation probabilities and transition distances derivedentation. The functiof(r) is either unity {=1), or equal
therefrom. The gross features of tiiear-periodigstructure  to the Coulomb potentiaV(r) defining the hydrogenic
essentially image the quantized energy level spectrum arisingynctions (=2), andg(z) is an arbitrary functiorinote that
from the electron confinement in the growth direction of thez=0 is chosen here to correspond to the atomic ceridre
film. Finer details of the structure can be understood by dis€lass of matrix elemeni{g\1) comprises all individual matrix
closing analogies between the thickness dependence of tledements of the initial-channel perturbati@ssuming a one-
level widths for thin films and the dependence of thedimensional approximation to the core image potented
transition-matrix elements on the wave vector componenwell as the overlap matrix elements appearing in the full self
parallel to the surface for semi-infinite metal targets. energy of a hydrogenic atomic system in front of a jellium

The variations of the calculated transition distances withmetal surfac¥ or a layered structurén particular, thin film
film thickness are so large that experimentally observablavith arbitraryz profile.

M i = f A (DT (DeXiK|-TPg(2) (A1)
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Introducing the momentum space representaki§f,(q) for z=0, and
of the productf;(r) ¥min(r),?* we can immediately perform

the integration over| and write the matrix element&\1) as Afwjl)m,lzu(_z) —(- 1)'+mquj|)m,|;H(Z)- (A5)
M __ |- )
M im,k; = ledz g(Z)AmmJZH(Z)' (A2)

In Eq. (A4), the parameterk, is defined ask+=(kﬁ
where the function +(ZIn)»Y2 andS" 1 D(n—j+ 1k, ;2) is a polynomial
of degreen—j+1 in zwhose explicit form is given in Ref.
0 e [ W (C . : 23 (note that the dependence &bon the quantum numbets
A“'mvku(z) ffooquF”'m(k” az)exp(iazz) - (A3) andm is not explicitly indicategl

, i ) By means of the symmetry propertp5) for the atomic
is referred to as the “atomic form factor.” The integral over ¢, tactor. the integralA2) can be rewritten as

g, is closely related to integrals appearing in Ref. 23 and can

be evaluated in closed form by using complex contour inte-

gration.(Note that in Ref. 23, thg, integration is performed 0 o 0

after the z integration over the wave functions for a steplike =~ M nim K = f dz{g(z)+(—1)"" Mg( _Z)}Amm,RH(Z)-
jellium potential and has been done analytically. The inte- 0

grands in theg,-integrals of Ref. 23 therefore contain, in (A6)
comparison with the present case, an additional pole ferm.
Explicitly, we have Specializing to the case of interest for the present work, we
retrieve from Eq(A6) the form(12) for the transition matrix
0 imrn 3 EXA(—k.2) elementsW,, ki by settingj=2 andg(z)=0(z+D) ¢;(z
AV (2)=(-1)M2m)—— A . . .
nimk 2n-ite-it i+l +A), whereA=L/2+D, and by changing the integration
variable fromz to £ [note that the superscript=2 is omitted

xS A(n—j+ 1k, ;2), (A4)  in the form factor in Eq(12)].
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