
PHYSICAL REVIEW A MAY 1998VOLUME 57, NUMBER 5
Hollow nitrogen atoms probing the jellium edge in front of a Au„111… surface
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~Received 13 January 1998!

The deexcitation of slow, hydrogenlike nitrogen ions through interaction with a Au~111! surface is studied
by KLL Auger electron spectroscopy. Special emphasis is given to processes occurring above the first atomic
layer in projectiles that graze the electron gas at different depth. It is found that the increasing electron density
around the jellium edge causes acceleration ofL-shell filling. No difference is seen for projectiles that do or do
not penetrate the first atomic layer. A cascade model of hollow atom deexcitation at the border of the electron
gas is presented. The model includes a depth dependence of theL shell filling rate caused either by interaction
with the electron continuum or by a violent collision with a single target atom. Good agreement with experi-
ment is found, along with some evidence for transfer of electrons from states below the Fermi level.
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I. INTRODUCTION

A highly charged ion approaching a metal surface at m
erate speed represents an interesting case of multiparticl
laxation@1#. While it is still far outside the electron gas, th
ion starts picking up Fermi level electrons into its ou
shells with matching binding energy, leaving its inner she
empty. The projectile becomes neutralized stepwise a
thus, is converted to a large ‘‘hollow atom’’@2#. This process
has been confirmed, in quantitative agreement with a cla
cal over-the-barrier~COB! model @3#, by measurements o
the acceleration of the ion toward the surface. Accelera
takes place until the neutral state is reached and the attra
to its own electrostatic image charge is switched off@4–6#.

Since the hollow atom state is still far from equilibrium
further relaxation takes place beginning with an intra-atom
Auger cascade. This cascade is too slow, however, to re
the inner shells filled up before the projectile enters the s
@3,7#. The problem of how the filling of the inner shells
influenced by other processes that gain importance when
projectile approaches the electron gas and the lattice at
of the solid is an interesting one. This question has attrac
a lot of discussion~e.g., @7–15#!, where frequently a rough
distinction was made between processes occurring ‘‘abo
the surface or ‘‘below.’’

A typical example is a hydrogenlike first-row-eleme
projectile interacting with a metal surface. Here, consid
ably fewer L Auger electrons are observed than could
expected if theL shell were filled by the Auger cascade onl
In terms of above-surface processes, the only possible in
pretation is that the missingL Auger electrons never ha
been emitted, thus proving a monoelectronic ‘‘side feedin
transfer@16# that would reduce the number of Auger tran
tions needed to fill theL shell. An alternate interpretation
based exclusively on below-surface processes, assumes
moreL Auger electrons indeed had been emitted but sub
quently were absorbed by the solid because of their low
ergy @17#. After accounting for both filling mechanisms, i.e
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Auger cascading and side feeding, this below-surface pic
not only corresponds with the total number ofL Auger elec-
trons observed, but also with the actualL shell population
reached by the instant ofKLL Auger transition. This was
confirmed recently for the case of Ne91 projectiles incident
on Al @17#. In Ref. @17#, side feeding was modeled in
detailed, velocity dependent way@18# based on Landau
Zener and Fano-Lichten mechanisms for electron tran
during close collisions with target atoms. A Monte Car
model @19# was included for the transport and eventual a
sorption of the Auger electrons in the solid. In contrast to
detailed description of bulk interactions, the surface itself h
been treated in a rather simple way. A single plane was
sumed where the solid state interaction of the incident p
jectile or of the emerging Auger electron suddenly starts
ends, respectively. We note that, even for a closed pac
one, the term ‘‘surface’’ may refer to, e.g., the jellium edg
the image plane, the plane of top layer nuclei~taken asz50
in the present paper!, or, better, to the whole selvedge regio
of transition from vacuum to bulk solid.

Recent experiments@20–23# have gone into more detail
These experiments have in common that the ions are g
an energy and angle of incidence such that they will gr
the electronic border but turn off without penetrating to b
low the atomic surface. This technique not only reduces
splitting of projectile trajectories into a great variety of di
ferent ones penetrating more or less deeply into the s
~see, e.g.,@24#!, but also selects for observation only tho
processes occurring above the—fairly equal—heightszmin of
the projectile turning points. Moreover,zmin can be moved
across the border of the electron gas, by suitably chang
incidence conditions.~The z coordinate of the projectile is
referred to its nucleus.! Figure 1 sketches the intervenin
processes.

In a previous paper@20# we have described such exper
ments with hydrogenlike N61 ions incident on a Au~111!
surface. In particular, the outgoingKLL Auger electrons
were analyzed for angular variations of energy and intens
3665 © 1998 The American Physical Society
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3666 57J. THOMASCHEWSKIet al.
Doppler shift analysis of electron energies showed tha
certain fraction of ions emit theirKLL electrons on the in-
coming part of the trajectories and the others on the outgo
~reflected! part. Analysis of transition energies by means
atomic structure calculations further showed that emission
the incoming path predominantly comes from neutral proj
tiles with minimum possibleL shell population forKLL de-
cay, nL52, thus still forming a type of a ‘‘hollow atom.’’
While in these calculations the remaining four electrons w
put into theM shell ~or higher!, which means energeticall
already in the conduction band, in reality these electrons
form the screening cloud induced in the surrounding elect
gas@25,26#. Emission after reflection is from neutral proje
tiles too, but withnL53, . . . ,6 L shell electrons~‘‘filled
atoms’’!. As a further result, the averagez coordinate of the
projectiles at emission was derived from the refraction
emitted electrons by thez dependent surface potential. The
results are summarized in Fig. 2 where typical trajectories
N61 projectiles incident on Au~111! at ~nominally! C
510° with 165 and 3000 eV kinetic energy are shown
gether with average projectile positions atKLL emission ei-
ther as a ‘‘hollow’’ (nL52) or ‘‘filled’’ ( nL>3) atom.

In the present paper we extend this work using the sa
target, projectile, and incident energies as in Ref.@20#. Now
the projectiles are given a vertical velocity gradually incre
ing from the lowest possible value on, so that they will pe
etrate more and more deeply into the surface region.
emphasis is to study the influence of different parts of
surface region on the filling of the hollow atom. It will b
shown that filling of theL shell is strongly accelerated whe
the projectile is about to cross the border of the electron g
well above the first atomic layer. We will further present
approximative cascade model for the time evolution of t
process, based on az dependent electron transfer rate.

II. EXPERIMENT

Experiments were performed at the 14 GHz ECR sou
of Hahn-Meitner-Institut~Berlin! using the ultrahigh vacuum

FIG. 1. Processes relevant in theK-Auger emission above the
first layer: image acceleration of the incoming ion, formation o
hollow atom, filling of theL shell, electron emission, and electro
solid interaction. The ion enters the electron gas before it is repe
by the surface.
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chamber of Ref.@27#. A beam of N61 ions prepared at abou
60 keV was focused through a deceleration lens system to
an Au target at~nominally! an energy of 165 eV, 770 eV, o
3 keV and a glancing angle of incidenceC ranging from
2.5° to 30° (2.5° to 15° for 3 keV!. These angles and ene
gies were chosen so as to provide six different values of
perpendicular velocity component, nominally ranging fro
0.9 to 24.031023 a.u., in such a way that~approximately!
each value occurred several times for different combinati
of ion energy and angle of incidence. The image accelera
was calculated according to the COB model@3,28#. Neutral-
ization is completed atz515 a.u., and the energy gain is the
15.9 eV. The true perpendicular velocityvperp therefore satu-
rates at a lower limit of 6.531023 a.u. As a result, the lowes
vperpvalues in the present experiment, whose nominal val
still differ by a factor 2, collapse to the narrow interval 6
60.131023 a.u., while for the highest perpendicular velo
ity, the nominal and true values used are almost equal.

The set of incidence parameters chosen provides e
control over a wide range of situations beginning from all
the projectiles being repelled above the first atomic lay
and ending up with about 60% penetrating to the 2nd laye
deeper. These figures were obtained in trajectory simulat
for a flat Au~111! surface using theMARLOWE @29,30# or our
IOR @31,19# codes~see also Sec. IV A!. The simulations fur-
ther show that reflected projectiles had not suffered m
than five to six target atom collisions, which are complet
in a time of about 500–1000 a.u.~or 12–25 fs!.

The target was prepared and held under UHV conditio
(231028 Pa base pressure!. Target preparation and the qua
ity of LEED and Laue pictures obtained in the present e
periment were equivalent to those of a surface channe
experiment@32# made before with the same equipment. It
pointed out that surface channeling, seen at ion energie

d

FIG. 2. Sketch of typical N61 ion trajectories not penetrating t
below the top atomic layer. Average positions of Auger emiss
from either hollow atom or filled atom configurations are indicat
~after Ref.@20#!. Right side: potential barrierVB causingz depen-
dent refraction of the Auger electrons.
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57 3667HOLLOW NITROGEN ATOMS PROBING THE JELLIUM . . .
several keV/amu and extremely flat incidence, demonstr
a surface flatness over about 50 lattice atoms@21#, i.e., one
order of magnitude more than is needed for our experim

Secondary electron spectra were recorded with an elec
static parallel plate tandem spectrometer of 4.431024 accep-
tance angle, which was set up for 2.6 eV resolution. Spe
were measured from 310 to 410 eV electron energy, i.e.
the region around the broadKLL peak. L Auger spectra
could not be measured with this setup. No background
subtracted. The observation angle was kept constant a
surface normal in order to eliminate any significant effect
z dependent electron refraction. More details of the exp
mental procedure are given in Refs.@20,27#.

Figure 3 shows the spectra obtained. For the purpos
discussion they are arranged in six groups almost homo
neous with regard to their spectral shape. From top to b
tom, the narrow low energy structure at 353 eV~and the
small structure next at 363 eV!, which representsKLL emis-
sion from annL52 state, systematically decreases in relat
to the broad remainder, which represents emission from
oms withnL>3 L electrons@20#. Since these highernL com-
ponents cannot be resolved in the spectra, we will use
terms ‘‘hollow atom’’ and ‘‘filled atom’’ for the two com-
ponents withnL52 andnL>3, respectively.

III. RESULTS AND DISCUSSION

K Auger transitions in hollow atoms

It is seen in Fig. 3 that the grouping according to t
amount ofK Auger emission from hollow atoms is close

FIG. 3. Auger electron spectra observed in surface normal
rection, for ions of 165, 770, and 3000 eV kinetic energy and 2
to 30° glancing angle of incidence~nominally!. The spectra are
arranged in six groups according to the vertical projectile veloc
vperp, as shown at the right side~in 1023 a.u., image acceleration
included!. The spectral shape is strongly dependent onvperp but
nearly independent of the ion energy: Notice that the'30% in-
crease ofvperp from group to group causes a stronger system
change than the up to 16-fold spread of ion energy within a sin
group.
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related to the vertical velocity indicated at the right side. W
point out that it is important, particularly at slow vertica
velocity, to include image acceleration in order to obta
such a narrow one-to-one relationship betweenvperp and
spectral shape. Hence, in the present experiment the per
dicular velocity component governs the electron transfer r
to the L shell of N61 projectiles. The faster the projectile
are approaching the surface, the less they contribute as
low atoms to the totalKLL Auger emission. This depen
dence onvperp might support the simple interpretation give
in Refs. @10,33# that only the shortening of time for above
surface processes is responsible for the reduction. Howe
it will be shown below that the weakening ofKLL emission
from hollow atoms is too strong for this explanation. Ther
fore, a gradual acceleration of theL shell filling process at
highervperp must be assumed.

Note that in Fig. 3 each group contains spectra for sev
ion energies, different by factors about 4 or 16. Spec
shown in the top group were measured with the lower t
ion energies. Each of the following two groups compris
spectra of all three ion energies,~nominally! 165, 770, and
3000 eV. The last three groups were measured with the h
est two ion energies each. It is seen that the shapes o
spectra are similar for different ion energies within eachvperp
group but change significantly withvperp from one group to
the next. This is in clear contradiction to findings in Re
@24#, where, in contrast to the present experiment, ions w
fast enough so that penetration to below the first layer an
violent scattering by target atoms always occurred.

Another interesting observation refers to the distinction
ions that do or do not penetrate to below the first layer. O
the upper three spectra groups in Fig. 3 belong to situati
where all ions are reflected above the first layer. In the b
tom group, penetration of about 50% to 60% of the io
occurs. The two groups in between are mixed, i.e., one of
spectra is for nonpenetrating trajectories, the other for 2
and 40% penetration. It is remarkable that the variation
spectral shape, i.e., the filling dynamics of theL shell, shows
a smooth transition between the regimes of ion penetra
and no-penetration. Even the close correlation of spec
shape with the value ofvperp holds equally well for all
groups, including the mixed ones. This indicates qu
clearly that the first atomic layer is not the plane of referen
meant in the frequently made division, between narrow l
energy Auger peaks emitted ‘‘above surface,’’ and the bro
high energy spectrum supposedly emitted ‘‘below’’@7–15#.

The spectra observed allow for a quantitative evaluat
of the relation between vertical velocity,vperp, and the
amount ofK Auger emission contributed by hollow atom
denoted byf nL52. We note that all spectra seem to be bu
out of two components of approximately constant sha
with only their relative weights changing from one group
the other. Denoting these two components bySnL52(E) and

SnL>3(E), and their weight factors bya and b, we can set

the observed spectraSobs(E) as

Sobs~E!5aSnL52~E!1bSnL>3~E!. ~1!

The unknowns@SnL52(E), SnL>3(E), and thevperp de-

pendenta and b# are found in the following way. We firs
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3668 57J. THOMASCHEWSKIet al.
guess the shape ofSnL52(E), guided by the result of atomic

structure calculations for 2s2 initial configuration with the
COWAN code@34,35#. Then we modify this~unique! shape of
SnL52(E), and adjust the~individual! weight factorsa, in

order to make all the difference spectra,bSnL>3(E)

5Sobs(E)2aSnL52(E), look as similar as possible. To fa
cilitate a detailed comparison with model calculations

FIG. 4. Deconvolution ofKLL Auger spectra observed~a! in
two components of different weight but approximately const
shape each~b!. The narrow component,SnL52, is from transitions
starting from configurations withnL52 electrons~main peak, 2s2;
shoulder, 2s2p). The broad component,SnL>3, indicates transitions
from states withnL>3.
r

nonpenetrating trajectories~see further below!, the spectra
for 770 eV ion energy from the first five groups were an
lyzed in this way. A quite unique deconvolution is achiev
as is shown in Fig. 4. Notice the shoulder at 363 eV that h
to be added to the original model 2s2 spectrum in order to
form theSnL52(E), which finally yields the nearly constan

shapes of the remaining partsbSnL>3(E) seen in the figure.

The shoulder can be identified as theKLL transition in hol-
low atoms where the twoL shell electrons are in the
2s2p 3P configuration, which cannot decay to 2s2 via
Coster-Kronig transition@24,33#. The fractional contribution
of hollow atoms toK Auger emission,f nL52, is then deter-

mined by the fractional area ofaSnL52(E) in the total spec-

trum observed,Sobs(E). As a result,f nL52 gradually changes

from 30% for the lowestvperp to 13% for the highestvperp

~for nonpenetrating trajectories!, as is seen in the 2nd colum
of Table I.

Since it is not possible to prepare hollow atoms with v
tical velocity slower than the limit imposed by the imag
acceleration, thef nL52530% value given in the first row o

Table I represents the maximum. This maximum shows g
reproducibility for different beam geometries and energ
~cf. the top group in Fig. 3!. Earlier studies of hollow atomK
Auger emission from N61 projectiles at Ni, Cu, and Au sur
faces resulted in maximum values that were similar@12# and
smaller by a factor about 2.5 to 3@10,11#. Our result con-
firms the interpretation already suggested@12#, namely, that
the small values in Refs.@10,11# might be due to local varia-
tions in the target surface. Moreover, if the same sim
method of spectrum deconvolution that was used in
quoted works were applied to the present spectra, this
crepancy would be smaller. A value even higher than
maximum was reported in Ref.@13# for F81 (KLL only! at a
conductingn-Si surface. In all cases mentioned, this narro
spectral component was addressed as a above-surface c
bution, and the broad remainder as a below-surface contr
tion.

It is evident from Fig. 3 thatvperp is a valid parameter to
quantify the effectiveness of theL shell filling process. We
will now discuss the underlying physical mechanism. A
cording to models presently discussed@26#, the solid induces
filling of the projectileL shell via monoelectronic electro
capture during close collisions with target atoms and via
electronic or multielectronic Auger-like transfer from th
electron cloud environment. In the first case, the contribut

t

ns
TABLE I. Contribution f nL52 of hollow atoms toKLL emission—experiment and model calculatio
~analysis of the spectra of Fig. 3 for nonpenetrating trajectories!.

Experiment Model results
vperp f nL52 tdefl cmin zmin f nL52 f nL52

1023 a.u. a.u. a.u. a.u. (GL
f }e2z/1.2) @GL

f }r2.1(z)#

6.8 0.30 367 2.3 2.3 0.30 0.29
7.6 0.26 354 2.2 2.1 0.27 0.25

10.2 0.22 304 1.8 1.7 0.21 0.18
13.4 0.17 254 1.5 1.4 0.17 0.15
16.9 0.13 218 1.1 1.1 0.14 0.13
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TABLE II. Model calculations for the first three spectra groups in Fig. 3. Each group correspon
nonpenetrating trajectories of two or three different ion energies but similarvperp. For the definitions of the
model parameters, see the text. At each of the model results, the spreading due to different ion ene
indicated. Forncol , these intervals overlap largely, in contrast to the other parameters, which show an a
homogeneous correlation tovperp.

Experiment Model results
Eion vperp ncol t int tdefl zmin cmin

eV 1023 a.u. a.u. a.u. a.u. a.u.

165, 770 6.760.1 1.260.4 1010610 38262 2.360.1 2.460.1
165, 770, 3000 7.560.1 2.361.1 940630 364610 2.060.1 2.260.1
165, 770, 3000 9.960.2 2.861.5 780650 317613 1.660.1 1.960.2
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of K Auger emission from hollow atoms would diminis
with an increasing number of collisions, sufficiently viole
to provoke Fano-Lichten or Landau-Zener electron trans
processes. In the second case, we would expect to see
contribution diminish with increasing conduction electr
density surrounding the projectile. In order to gain more
tailed insight into the importance of these parameters, fur
evaluation is based on model calculations.

IV. MODEL CALCULATIONS

A. Ion trajectory model

Extended simulations of trajectories were made using
IOR code @31,19#, which allows detailed time depende
analysis of projectile history. For the ion-ion potential, t
original ZBL formula @36# was used, because in Ref.@20# it
was shown that the calculated trajectories fit well to the
tailed scenario, deduced from experiment, for the spatial
gions of K emission~see Fig. 2!. The code integrates th
Newtonian equation of motion of the incident particle und
the summed interaction potentials of all lattice atoms at s
closer than 1.5d (d is the next neighbor distance in the la
tice!. However, if in the course of its trajectory the project
approaches closer thand/2 to one of the lattice atoms, th
code switches over to the mode of binary collision in t
center of mass system, thus taking full account of recoil
fects, until a distance.d/2 is reached again. During th
binary collision mode, the remainder of the lattice is n
glected if the recoil energy is sufficient to produce a vacan
otherwise the recoiling target atom is assumed to suffer
elastic reflection by the lattice, at the instant of closest
proach of the projectile. For further details, see Refs.@31,19#.

Calculations were performed for incidence conditions
nonpenetrating projectiles only~i.e., for all spectra shown in
the first three groups in Fig. 3, and for the spectra at 770
and 3000 eV ion energy in the 4th and 5th group, resp
tively!. Under these conditions, the trajectories approach
top layer, depending onvperp, down to zmin52.3, . . . ,1.1
a.u. A variety of quantities were calculated and checked fo
correlation with vperp that would help to understand th
variation ofL shell filling. These are as follows.

ncol : the number of collisions closer than 2.7 a.u., i.
where the projectileL shell and the target atom 5d or 5p
shells begin to overlap.

t int : the time spent by the projectile within a regio
‘‘close to the surface,’’ which was defined by the limitz
r
his

-
er

r

-
e-

r
s

f-

-
y,
n
-

f

V
c-
e

a

,

54.8 a.u. This is the position where the COB model predi
occupation numbernL51 for the incoming nitrogen projec
tile, and is also the limit of validity for this classical mode
@3#.

tdefl: the ‘‘travel-in time window,’’ i.e., the time spent by
the projectile on its way in before it is deflected. This w
estimated as the time needed to travel at constantvperp from
the same limitz54.8 a.u., tozmin . ~We recall that it was
shown from Doppler shift measurements that hollow-atomK
Auger emission mainly occurs before the projectile is d
flected@20#. Hence,tdefl is an upper limit for the time win-
dow for capturing the secondL electron and making the
hollow-atomKLL transition.!

zmin : the minimumz coordinate reached at the turnin
point.

cmin : the minimum internuclear distance ever reached t
target atom.

In Table II we give the results for the trajectories of th
first three groups of Fig. 3, each group being built out
spectra from nonpenetrating projectiles of two or three d
ferent energies but almost the samevperp. The results indi-
cate that all five parameters are related to the vertical ve
ity in the average, but that the additional influence of i
energy is significantly bigger forncol than for the other four.
This can be seen from the uncertainty limits given in t
table, which reflect the variation of the calculated resu
with ion energy. Forncol ~see the 3rd column of Table II!
these intervals overlap largely, i.e., the numbersncol vary
strongerwithin each group rather than from one group to t
next. It follows that spectra selected for a certain numbe
close collisions would have any one of the shapes seen in
upper half of Fig. 3, i.e., they would correspond to qu
different amounts ofL shell filling. A proportionality ofL
shell filling rate and collision rate was observed for Ne91

projectiles in Al @18#. For the present case, however, t
number of close collisions with target atoms is not a fac
important for the filling of theL shell.

The time parameters~columns 4 and 5 in Table II! cannot
explain the observations either. From the first to the th
line, the close-to-surface timet int decreases, but, in spite o
this shortening of interaction time, a higher degree ofL shell
filling is achieved. Hence, the variation oft int is contrary to
the explanation tentatively looked for. In contrast, t
travel-in timetdefl varies in the correct sense: in accordan
with the decrease off nL52, the time window open for cap
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3670 57J. THOMASCHEWSKIet al.
ture of the 2ndL electron and the subsequent hollow-atomK
Auger emission is gradually shortening. This behavior
found for all five cases of nonpenetrating trajectories~see
also the 3rd column of Table I!. However, the overall short
ening is 150 a.u. only. This is too little, considering that t
time constant of the hollow atomKLL decay is estimated a
430 a.u.@24#. Not even half of the observed reduction
f nL52 could be explained by this shortening of the ‘‘tim

window for observation’’~see@33#! even if the waiting time
for the secondL shell electron were neglected. We conclu
that the suppression of the hollow atom contribution toK
Auger emission indicates an acceleration of electron tran
to the L shell already active long before the projectile
deflected.

The remaining two parameters,zmin and cmin , show an
equally close relation tovperp and, therefore, to the contribu
tion of hollow atoms toK Auger emission. It is noted tha
the variation of both these parameters corresponds to a
siderable increase of the maximum of electron den
reached by the projectile. If the jellium model is adapted
the Au conduction band@37#, the upper valuezmin52.3 a.u.
corresponds to the jellium edge where the electron densi
50% of the bulk value, while at the lowerzmin51.1. a.u.,
about 80% of the bulk density is reached. Similarly, thecmin
range corresponds to a still increasing overlap of the pro
tile L shell with radius 0.7 a.u. and the full Au 5d and 5p
shells, of radii 1.1 and 0.8 a.u.@38# approximately. That
means that, although in the present experiment theL shell
filling observed is not related to thenumberof close colli-
sions (,2.7 a.u.!, the minimum internuclear distanc
reached in the most violent one of them may still be a de
sive factor for the amount ofL shell filling achieved by the
instant ofK Auger transition.

B. Deexcitation cascade model

The picture obtained so far of the deexcitation process
N61 up to the filling of itsK shell hole allows for a detailed
analysis by means of a cascade model. Such models
been worked out previously by Burgdo¨rfer et al. for the
vacuum region farther above the image plane~COB model,
Ref. @3#!, and by Pageet al. @19#, Stolterfohtet al. @18#, and
Limburg et al. @24#, for projectiles penetrating into the bul
solid. As mentioned above, the surface model used was
of a single plane where the bulk interactions are abrup
switched on or off.

An improved treatment of the surface region, such as
needed for experiments with projectiles only grazing
electron gas, was proposed by Burgdo¨rfer et al. @38#, who
extrapolated the COB model down toz50. We will try here
a different approach in the opposite direction, i.e., by st
wise incorporating conditions characteristic for the surfa
region into the models originally developed for bulk soli
Even though the results will still be quite approximate, w
expect to see the increase of hollow atom contribution toK
Auger emission, observed with projectiles penetrating sh
lower into the electron gas~cf. Table I!. Furthermore, we
expect to find agreement with the observation@20# that under
the present conditions theK Auger emission from hollow
and filled atoms occurs before or after the projectiles
reflected at the surface, respectively, but always in the vi
s
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ity of the jellium edge. That means that theK Auger transi-
tion occurs either during the travel-in-timetdefl or later in the
second half of the close-to-surface time intervalt int as given
above, respectively. For the initial condition of our casca
model we choose the starting point of these time interv
i.e., when the projectile crosses the distancez54.8 a.u. hav-
ing nL51 electron in theL shell, according to the COB
model.

The time development is obtained from rate equations
the number of projectilesNnL

(t) carrying nL electrons in

their L shell and one hole in theirK shell @18#:

dNnL

dt
5GL,nL21

f NnL212GL,nL

f NnL
2GK,nL

NnL
. ~2!

Here, the first term represents the increase of thenL popula-
tion due to electron transfer at a filling rateGL,nL21

f , which

is given by the sum of the collisional capture rateGc , and
the rate of Auger-like transitions,GL :

GL,nL21
f 5GL,nL21

c 1GL,nL21 . ~3!

The two loss terms in the rate equation~2! represent the
step to next highernL and theK Auger decay from which,
finally, the quantityf nL52 and the mean emission times fo
hollow and filled atoms are calculated for comparison w
experiment.

We note that the experimental results give direct evide
that theK Auger lifetimes for hollow and filled atom con
figurations fall in betweentdefl and t int , approximately. In
order to fit tof nL52 values observed, theK Auger lifetime of
the hollow atom state must be of the order of the time w
dow tdefl. The K Auger lifetimes of the more filled atom
states must be shorter thant int , so that in any case theKLL
transition can be completed within this time interval. Thu
GK,nL

can depend onnL quite weakly only. A strong increas

of GK,nL
, be it linear innL as assumed for Ne projectiles i

current cascade models@17–19#, or even quadratic as as
sumed, e.g., for Ar@39#, can be excluded for N.

We therefore adopt the K Auger rates@24# calculated with
the COWAN codes@34,35# for neutral nitrogen configuration
with nL ranging from 2 to 6. The corresponding lifetime
vary between 417 and 570 a.u. only and therefore fit wel
our scenario for the deexcitation cascade. As to theL shell
filling rates, the experiment shows that they are fast eno
to openand to close the channel forK Auger emission with
nL52, within the time windowtdefl. Moreover, the variation
of f nL52 indicates thatL shell filling rates significantly in-
crease for deeper grazing trajectories. A rough estim
shows that the transfer rates, particularly for the first t
steps creating and destroying thenL52 configuration, have
to increase about twofold to threefold effectively from top
bottom of Table I. This is a quite strong variation, consid
ing that the grazing depthzmin ~or cmin) varies by 1.2 a.u.
only.

A depth dependent transfer rate is a well known pheno
enon in surface interactions of singly or doubly charged io
@40#, and for highly charged ions, too@39#. Frequently thez
dependence is approximated by
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GL,nL

f 5G0
f exp~2z/l! ~z.0!. ~4!

The bulk rateG0
f and the decay lengthl will first be

treated as fit parameters and later compared to theore
estimates. It is outside the scope of the present paper to
velop a time dependent model for the variation of the tra
fer rate along the projectile’s trajectory. Considering that
projectiles spend most of their time in the vicinity ofzmin ,
where the rate is maximum, we will take the rate atzmin as a
constant value valid throughout the whole trajectory with
the close-to-surface regionz,4.8 a.u.

With these approximations we find good agreement
tween experiment and cascade model~2nd and 5th column of
Table I!, if fit valuesl51.2 a.u. andG0

f 51/28 a.u. are used
This l value fits well to the qualitative argument give
above regarding the strongz dependence of the rates. How
ever, it is considerably less than the estimated 1.6 a.u. w
can be obtained from the well known formulal
5(2EB)21/2 @40# for electron capture from the Fermi leve
when the Au work function~5.2 eV! is used for the binding
energy EB . Although the formula is thought to be vali
mainly for z above the jellium edge, the strongerz depen-
dence found in our experiment may be taken as a an ind
tion of a certain participation of electrons from states bel
the Fermi level. Indeed, at distances reached here, collisi
electron transfer from Au 5d and 5p shells ~with binding
energies around 13 and 54 eV! will contribute to side feeding
in a zmin dependent way. This process, however, is not ea
incorporated quantitatively into the model: First of all, it w
shown above that it is not the number~or rate! of these close
collisions that is important here, but rather the most viol
one of them. Moreover, a serious disagreement is note
relation to another estimate ofl, valid for the case of side
feeding into a deeply lying orbital@39#. This estimate is
based on the sum of the respective orbital radius and thz
coordinate of the jellium edge, i.e.,l53 a.u. here, a value
by far too large for the present experiment. It is sugges
therefore, that quantitative estimates of collisional elect
transfer probabilities be based on complete molecular orb
calculations for the~hollow-!N-Au system, which still have
to be worked out~see, e.g., Ref.@41#!.

Regarding absolute filling rates we note that our ‘‘bulk
value@G0

f in Eq. ~4!# found in the fit is close to the 1/36 a.u
obtained theoretically@42,43# for the LCV process at a hol-
low N atom in the conduction electron gas of bulk Au. Th
motivates us to try, in a second approach, an extrapolatio
this mechanism toward the region of decreasing elec
density at the border of the electron gas. In theLCV process
an electron is captured from the screening cloudC into the
projectileL shell while the excess energy is transferred to
electron gasV. Here this energy mainly appears in the for
of a single electron excitation, thus giving rise to Auger-li
electron emission. The shape of the screening cloud in
infinite medium has recently be calculcated@25,26# by means
of nonlinear density functional theory. The cases stud
were Ne ions embedded in electron gases whose densitier0
just match those of the Au conduction band in the bulk so
and at the jellium edge. It is shown in Ref.@26# that the
screening cloud has a density maximum that not only
ceeds the background density by several times, but is e
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higher and closer to the nucleus than the atomicM shell
maximum in an isolated hollow atom. It also was pointed o
in Ref. @26# that the reduction of background densityr0 has
little influence on the shape of the cloud. This resembles
behavior of linear Thomas-Fermi screening, which varies
r0

(1/6) only @38#. The weak dependence onr0 also provides
qualitative understanding of the quite effective screening
much lower electron density, e.g., in the tail of the electr
gas ~at z'4, . . . ,6 a.u., i.e., even extending into the rang
where the classical COB model is applied!, as it was inferred
from measurements of charge state distribution of multi
charged projectiles after surface channeling@21,23#. We
therefore assume the screening cloud present during
whole close-to-surface timet int of the projectile.

From this picture one might expect a weak variation
the LCV rate with electron density like, e.g.,GL,nL

}r0
k with

an exponentk probably less than 1. However, rates calc
lated for a hollow N atom in electron gases of the interest
densities can be approximated roughly with an exponenk
around 1.5. We will takek as a parameter to fit. The shape
the jellium edge can be modeled~Ref. @44#! as a tanh-like
soft step with 1.5 a.u. thickness parameter. In the spirit o
local density assumption, we will adjustGL,nL

Au , as given in

Ref. @42# for bulk Au, to the electron densityr(z) felt by the
projectile at heightz. Again, we will take the rate atzmin for
the whole trajectory belowz,4.8 a.u. It is noted that the
problem of spatial inhomogeneity of electron density acr
the diameter of the projectileL shell is neglected here, al
though the inhomogeneity is considerable whenz ~i.e., the
projectile’s nucleus! is close to the jellium edge. Hence,

GL,nL
5S r~zmin!

rAu D k

GL,nL

Au . ~5!

In order to see the possible magnitude of effects indu
by the z dependent electron density, we try this part of t
model alone, neglecting for the moment all collisional ca
ture ratesGc in the model equations~3!. Surprisingly good
results can be obtained again~cf. the last column of Table I!.
However,k has to be given a value 2.1, and the bulk ra
GL,nL

Au have to be reduced by 30% below the theoretical v

ues. The largek means stronger dependence on the elect
gas density than is expected according to the continu
theory of theLCV process. This again may be taken as a h
towards participation of deeper bound electrons.

The cascade model also yields average times of Au
emission from hollow or filled atoms as well asz distribu-
tions of emission sites. The calculations@based on either fill-
ing model Eqs.~4! and ~5!# show that emission from a hol
low atom occurs in the average before the ion is deflec
and emission from a filled atom occurs afterwards. Hen
good agreement is achieved with the scenario previously
duced from Doppler shift analysis of measured spectra@20#.
Also, the calculated average emission height agrees
with the data obtained from thez dependent refraction effec
on the emitted Auger electrons. It is seen that the scen
suggested in our previous work@20# ~reproduced here in Fig
2! is confirmed by the time dependent analysis outlin
above.
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We notice that theL shell filling of slow N61 projectiles
at the border of the Au conduction band can be reprodu
using a cascade model based on interaction with the con
tion electrons, either via resonant electron transfer or
LCV transition. In both cases, however, quantitative fitti
of the model requires us to take parameter values that i
cate some contribution of deeper bound core electrons.~This
observation remains true even in a combined model m
out of both the mechanisms discussed above.! These core
electrons most likely are transferred resonantly in the sin
collision achieving the minimum internuclear distance b
tween projectile and target. Individual contributions of d
ferent transfer processes cannot be determined further
our measurements ofK Auger electrons alone. To solve th
problem ~and to test our extrapolation of the recent co
tinuum theory! it is suggested to observe simultaneously
low energy electrons eventually emitted afterLCV excitation
of the conduction band.

V. SUMMARY

We study the deexcitation of hollow N atoms that slow
approach a solid Au~111! surface with a hole in theirK shell.
In particular, the filling state of theL shell by the instant of
KLL Auger transition is examined by means of second
electron spectroscopy. Projectile trajectories are adjuste
graze more or less deeply the electronic surface only, o
penetrate the crystal lattice too. The spectra show that for
low projectile energies used here~165–3000 eV!, the vertical
velocity component is the parameter that practically alo
determines theL shell filling. The question of penetration o
the first atomic layer does not show up. The distinction t
ditionally made between above- and below-surface emis
of inner shell Auger electrons in the relaxation process
highly charged ions cannot be associated, therefore, with
B
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plane of the first atomic layer. In the present experime
significant acceleration ofL shell filling already occurs when
the projectile passes through the region of increasing e
tron densityr(z) around the jellium edge. It is shown b
means of trajectory simulations that the variation ofL shell
filling is not related to the number of close collisions wi
target atoms. A cascade model for theL shell filling process
above the first atomic layer is presented. TheL shell filling
rate is modeled with az dependence like that expected f
electron capture from the conduction band. Two possi
transfer mechanisms are considered: resonant transfer
Auger-like LCV transition, involving the screening clou
formed in the tail of the electron gas. As a result, all expe
mental findings, including average times and positions
KLL Auger emission, are well reproduced with both trans
mechanisms. However, in both cases the fitted param
values indicate a certain participation of deeper bound e
trons. Further clarification of the contributions from each
these mechanisms can be expected if electrons emitted in
LCV process are observed directly.

The whole picture derived is in agreement with the s
nario obtained in previous work@20#, based solely on the
analysis of emergingK Auger electrons and their solid sta
interactions after their emission in the surface region ab
the first layer. This leads us to the conclusion, regarding b
the filling dynamics of incoming hollow atoms and the so
state interactions of outgoing Auger electrons, that the m
appropriate meaning of ‘‘surface’’ in the deexcitation
slow, multicharged nitrogen ions at a gold surface is
border of the electron gas.
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@13# H. J. Andräet al., Europhys. Lett.23, 361 ~1993!.
@14# J. Bleck-Neuhauset al., Phys. Rev. A49, R1539~1994!.
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