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Formation of metastable excited states during sputtering of transition metals
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We propose a simple model which treats the formation of metastable excited neutral atoms during sputtering
of a transition metal as a two step process. First, the energy deposited into the electronic system of the solid by
electronic energy losses of all moving particles in the collision cascade is considered to lead to a locally altered
equilibrium electronic state of the solid. It is found that this step is dominated by collective interaction with the
conduction band electrons rather than by electron promotion in binary atom-atom collisions. Second, sputtered
excited atoms are assumed to be formed by resonant neutralization of excited ions~reflecting the altered
equilibrium state! while crossing the surface. It is shown that this model explains the total as well as the
velocity dependent excitation probability observed in recent experiments on sputtered neutral silver atoms,
which cannot be understood in terms of existing theories describing the formation of excited states in sputter-
ing. @S0163-1829~97!07046-4#
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I. INTRODUCTION

The formation of excited atoms during sputtering h
been a subject of long standing interest in sputtering phys
Although a large amount of experimental data has been
lected for atoms emitted in short lived excited states,1 it is of
interest to look atmetastableparticles which preserve the
excitation state generated during the sputtering event u
detection far away from the surface. A number of expe
ments have therefore been carried out using laser spectro
ric methods for the state resolved detection of sputtered n
tral atoms, a review of which can be found in Refs. 1 and
In earlier experiments~conducted before approximate
1985!, data on the total population and the velocity distrib
tion of excited metastable neutral Fe,3,4 Zr,5 Ba,6 Ca,7 and Ti
~Ref. 8! atoms sputtered from the respective metallic s
faces have been collected which indicated that the t
population of metastable states decreases with increasin
citation energy. As for the velocity distribution, two limitin
cases were identified, in which the velocity distribution w
eitheridentical4,5 or significantly broader3,6–8than that of the
respective ground state atoms. For a long time, it was
sumed that the former holds for states belonging to
ground state multiplet~with correspondingly low excitation
energies!, while the latter was characteristic for higher lyin
metastable states.

Data collected later for sputtered Rh atoms, howev
showed significant broadening also for a state belonging
the Rh ground state multiplet,9 thus implying that the exci-
tation energy is not the essential parameter determining
velocity spectrum of sputtered metastable atoms. In
pending model, the broadening of the measured velocity
tribution was interpreted in terms of a deexcitati
mechanism6,9 which assumed metastable states produce
some time during the collision cascade to be more or
efficiently quenched in a shallow region above the surf
due to the electronic coupling to the electronic states of
550163-1829/97/55~2!/780~7!/$10.00
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solid. In this picture, atoms with higher emission veloc
~perpendicular to the surface! cross the interaction region
faster and will therefore be less efficiently deexcited, th
leading to an apparent broadening of the normalized velo
distribution of atoms sputtered in excited states. The ques
remained of why some states show broadening and other
not. Winograd and co-workers10 proposed a model which
related the deexcitation efficiency to the electronic config
ration of the sputtered atom rather than to the excitation
ergy of its electronic state. Using the nomenclature dev
oped in Ref. 10, states corresponding to ‘‘shielded’’ cas
i.e., cases in which the electronic interaction between
hole state of the sputtered particle and the surface is scre
by a closed outer shell configuration of the outgoing ato
will show less broadening than ‘‘exposed’’ cases where
such screening occurs. It was shown that this model w
consistent with the experimental data available at the time
publication.

Later, data collected by the same group11 and others12,13

on sputtered Ni atoms ejected in metastable states of t
different low lying multiplets belonging to different elec
tronic configurations at first seemed to confirm this mod
states corresponding to a so-called ‘‘opens-shell’’ configu-
ration exhibit a significantly broader velocity distributio
than those corresponding to a ‘‘closeds-shell’’ configura-
tion. However, for reasons outlined in detail in Ref. 14, t
authors claim that it should be thebroaderenergy spectrum
which represents the ‘‘normal’’ sputtering case, while t
narrower spectrum must apparently be influenced by el
tronic processes, a finding which would be inconsistent w
the deexcitation model. In their most recent work,11,14 the
authors therefore propose a different interpretation of th
data, which relates the observed velocity distributions to d
ferences in the effective surface binding energy of ato
sputtered in different electronic configurations. In the fram
work of the same model, the total population distributi
among the different electronic states of sputtered Ni ato
780 © 1997 The American Physical Society
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55 781FORMATION OF METASTABLE EXCITED STATES . . .
was interpreted in terms of the band structure of the nic
solid.14 In particular, the pronounced population inversi
between excited metastable states belonging to the3DJ mani-
fold and the3F4 electronic ground state which was detect
experimentally11 was explained by the fact that the condu
tion band of solid nickel corresponds more to a 3d94s con-
figuration than to the 3d84s2 electronic ground state con
figuration of an isolated Ni atom.

We have recently obtained experimental data on sputte
metastable Ag atoms15 which are clearly not consistent wit
the deexcitation model. More specifically, here a case is
served in which the velocity distribution of sputtered me
stable excited atoms isnarrower than that of the respectiv
ground state atoms, a finding which obviously cannot be
plained by velocity dependent deexcitation processes oc
ring above the surface. The analysis of the excitation pr
ability P* as a function of the particle emission velocityv
revealed thatP* is constant in the regime of low velocit
and decreases approximately withv21 at high values ofv.
This indicates that here theexcitationmechanism itself mus
in some way depend on the velocity of the outgoing partic
To the best of our knowledge, no model has been publis
so far which would be consistent with this type of data.
the present work, we therefore develop a simple semiqua
tative description of a scenario of electronic processes wh
lead to the ejection of a neutral metastable atom in spu
ing. It will be shown that the model developed here provid
an explanation of the data presented in Ref. 15.

II. MODEL CALCULATION

The formation of metastable excited neutral atoms
sputtering will be treated as a two step process. For simp
ity as well as in view of the experimental data available
test the model we restrict ourselves to the description of
oms released from a transition metal. As a first step, i
assumed that electronic excitations in the band structur
the solid are created during the collision cascade leadin
the sputtering event. For the case of transition metals, m
of these excitations will manifest in form ofd-band holes.
Although any excitation created within the solid will be ra
idly shared among the target atoms~as has been frequentl
pointed out in the literature!, it will be shown that for a
limited time these holes may remain localized within t
cascade volume, i.e., the volume of the solid which is d
turbed by the collision cascade initiated by the impingi
primary ion. This leads to a locally altered ‘‘equilibrium
electronic state in the region from which sputtered ato
originate. Upon ejection, i.e., when crossing the surfa
sputtered particles will reflect this modified equilibrium sta
and will therefore with a certain probability carry ad hole.
We further assume that at this point the emitted particle
positively charged ion due to the electron deficiency in itsd
shell. As a second step, on its path away from the surfa
the sputtered particle strongly interacts with the electro
system of the solid. Therefore, most of the ions created
way will pick up an electron and become neutralized. Due
the limited range of the electronic interaction, only in a sh
low region above the surface the transition matrix elemen
large enough to allow an efficient electron transfer. It is a
parent that particles with higher emission velocity~along the
l
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surface normal! cross this region faster and are therefore le
efficiently neutralized than slower particles.

The basic idea of the model is as follows. Due to t
electronic excitation in the course of the collision cascade
certain fraction of the emitted atoms carries ad hole and may
therefore pick up an electron to become neutralized. If t
occurs at a certain distance from the surface, electrons
be captured much more likely into ans orbital than into ad
orbital of the outgoing atom. Far away from the surface, t
leads to the detection of neutral metastable atoms wit
one-electron deficiency in thed shell and a closeds shell. In
the following subsections, the two main steps mention
above will be described in more detail.

A. Electronic excitation during the collision cascade

We consider two different mechanisms as a source
electronic excitation within the collision cascade. First, t
impinging primary ion as well as all moving target reco
atoms may directly interact with theconduction band elec-
tronsand therefore transfer energy into the electronic sys
of the solid. Second, inelastic collisions between two mov
target atoms may lead to electronic excitation byelectron
promotionfrom an occupied atomic orbital into a higher ly
ing empty state. Both mechanisms will be briefly discuss
in a semiquantitative manner below. Where target spec
numbers are needed in the calculation, data of silver a
target material will be inserted in order to allow a compa
son of the results with experimental data collected for sp
tered Ag atoms.

1. Valence electron excitation and d-hole localization

The energy transfer between a heavy particle mov
across the electron gas of a solid and the electron gas i
may in principle be described by the Lindhard electron
energy loss formula16

dE

dxU
e

5k8v, ~1!

where (dE/dx)ue denotes the electronic part of the stoppi
power,k8 is a material specific constant, andv the velocity
of the moving particle. Transferring this into the energy lo
per unit time, we obtain

dE

dt
5
dE

dx
v5k8v25kEk , ~2!

whereEk , denotes the kinetic energy corresponding tov. In
order to calculate the total energy transferred to the e
tronic system per unit time, we sum over all moving partic

S dEdt D
e

tot

5(
i

S dEdt D
e

i

5k(
i
Ek

~ i !5kEk
tot . ~3!

From a number of molecular dynamics simulations of t
particle movement within the collision cascade, it
inferred17 that during a time interval of several 100 fs aft
the primary ion impact—i.e., the time during which most
the sputtered particles are ejected—the total kinetic ene
within the target crystal is approximately given by
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782 55A. WUCHER AND Z. ŠROUBEK
Ek
tot>

2

3
EB , ~4!

whereEB denotes the kinetic energy of the impinging p
mary ion. The exact value of the numerical constant ente
Eq. ~4! is not critical. In the limiting caset→0 ~i.e., directly
upon impact of the primary ion! it must obviously be unity,
while the other limiting case for large values oft ~where the
energy is completely thermalized! would correspond to a
value of 1/2. Inserting Eq.~4! into Eq. ~3! yields

S dEdt D
e

~ tot!

>
2

3
kEB . ~5!

This energy will be stored in form of electron-hole pairs, p
of which correspond tod-band holes. The mean energyEd
needed to create ad hole is determined by the band structu
of the target and can be roughly estimated from the energ
distance between thed-band maximum of the electronic den
sity of states and the Fermi edge. For silver, this yieldsEd;5
eV.18 Hence an upper limit of the number ofd holes which
can be created per unit time is given by

dNd

dt
5

1

Ed
S dEdt D

e

tot

>
2

3
k
EB

Ed
. ~6!

It should be noted that the step described by Eq.~6!, which is
based on purely energetic arguments, is essentially simila
the approach often adopted in semiquantitative theorie
electron emission.19 The problem how the electronic energ
is equipartitioned in the system is not addressed in this
proach.

In general, the electronic excitations produced by
above mechanism will be rapidly shared among all ato
and, hence, dissipate into the bulk of the crystal. Sputte
atoms, on the other hand, can only originate from a limi
volume within the solid which is roughly determined by th
range of the collision cascade generated by the primary
ticle. To proceed further, it is therefore important to consid
the timetL during which a generatedd-band hole may re-
main localized within the cascade volume. We estimate
localization time by means of a simple diffusion approac

]p

]t
5DDp, ~7!

wherep describes the probability of finding a hole at a ce
tain position in the solid andD denotes the diffusion coeffi
cient which is relevant ford-band holes. Inserting a
d-distribution centered atr50, t50, we find

p~r ,t !5
1

~4pDt !3/2
expS 2

r 2

4Dt D ~8!

and identifytL by equating the diffusion lengthA4Dt with a
characteristic dimension of the cascade volume. The latte
turn, can be roughly estimated from the mean rangeR of the
primary particles within the solid, yielding

tL5
R2

4D
. ~9!
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Due to the atomic disorder generated during the collis
cascade, the diffusion coefficientD to be inserted into Eq.
~9! will be significantly lower than that of an undisturbe
solid. In general,D can be expressed by

D5 1
3l v̄. ~10!

wherel denotes the mean free path andv̄ the average ve-
locity of the diffusing species. If we assume a complete r
domization of the atom positions within the cascade volum
l will be of the order of one atomic distance. The value ofv̄,
on the other hand, can be roughly estimated from the wi
Dd of the d band. For silver,l;0.25 nm andDd55.5 eV,18

leading tov̄;1.23108 cm/s andD;1.0 cm2/s.
It is of interest to calculate the number ofd holes created

during the localization time and relate it to the total numb
of atomsN>nR3 present in the cascade volume,n being the
number density of atoms in the solid. Since a sputtered a
can only ‘‘remember’’ excitation processes which occ
within tL before its emission time, the resulting number mu
be identified with the probabilityPexc that a sputtered atom
carries ad hole. Combining Eqs.~6!, ~9!, and~10!, we find

Pexc5

2
3kEBtL
nR3Ed

5

2
3k

4nDEd

EB

R
>1.831025

nm

eV

EB

R
.

~11!

Again, data of solid silver were used to evaluate the nume
constant in Eq.~11!. It should be stressed again that due
the uncertainties discussed in the context of Eq.~6! the val-
ues calculated this way represent upper limits ofPexc.

2. Collisional excitation

A frequently used frame to describe the electronic exc
tion of atoms during sputtering is that ofelectron promotion
due to energetic binary atom-atom collisions within the c
cade. In this picture, as two atoms collide, the individu
atomic orbitals combine to form quasimolecular orbitals, t
energy of which depends on the distance between the
atoms. In an energetic collision, the energy of a certain
cupied orbital may thus be promoted to higher values a
can in a diabatic picture ‘‘cross’’ that of an unoccupie
higher orbital at a critical distancer c . For a detailed descrip
tion of the process the reader is referred to the compreh
sive treatment by Wille and Hippler20 and references therein
In order to estimate the role of this excitation mechanism,
use an approach similar to that given earlier by Sigmun21

The most stringent parameter of the electron promotion p
cess is the crossing distancer c which can be estimated from
an ab initio calculation of the quasimolecular orbital~MO!
energies as a function of interatomic distance. Figure
shows such a correlation diagram for a collision of two A
atoms. The levels are calculated by the Hartree-Fock met
using theGAUSSIAN 92 code. At the right side of the figure
the levels are labeled with their isolated atomic names, w
the relevant molecular levels are labeled inside the figure
corresponding MO names. It is seen that the 10su and the
9su orbitals can be viewed to diabatically cross at an int
nuclear distance of about 2.2 a.u. corresponding to 0.12
Since in the limit of large distances these orbitals conve
to the 5s and 4d states of the isolated atoms, respective
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55 783FORMATION OF METASTABLE EXCITED STATES . . .
this distance must be identified as the critical distancer c for
the production of ad hole by collisional promotion of an
electron from the 4d to the 5s shell. The minimum collision
energy needed to reachr c can be estimated, for instanc
using the Moliere potential22 which is frequently employed
as a repulsive internuclear potential in sputtering calcu
tions. Performing the calculation described in detail in R
22, we arrive at a minimum center-of-mass energy of aro
135 eV which is necessary to permit the collisional gene
tion of ad hole by a binary collision between two Ag atom
In the linear cascade regime of sputtering, it is genera
assumed that every binary collision involves a moving rec
atom and a target atom which is initially at rest. Therefo
the minimum recoil energy needed to allow collisional ex
tation is aboutEk

min5270 eV.
To proceed further, we estimate the cross section for e

tron promoting collisions by calculating the maximum im
pact parameterbmax which ensures thatr c is reached as the
distance of closest approach during the collision. Fr
simple kinematic considerations, we obtain

s5pbmax
2 5pr c

2H 12
Ek
min

Ek
J , ~12!

whereEk denotes the kinetic energy of the recoil atom h
ting another target atom initially at rest. If, as an upper lim
we assume that every collision capable ofd-hole production
actually generates such an excitation, the number ofd holes
a particle moving withEk can generate per unit time is give
by

FIG. 1. Ab initio calculation of molecular orbital energies v
interatomic distance corresponding to a quasimolecule consistin
two Ag atoms. The dotted line indicates a diabatic interpolation
determine the crossing distancer c of the 9su and 10su orbitals.
~Data courtesy of J. Lorencic.!
-
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,

nns5A2Ek /Mnpr c
2S 12

Ek
min

Ek
D . ~13!

At this point, the treatment deviates from that of Ref. 2
since for simplicity we neglect the energy loss of the rec
in a promoting collision. The next step is to estimate t
number of recoil atoms with energyEk present in the cas
cade volume. According to analytic sputtering theory, t
distribution of kinetic energies within a fully developed co
lision cascade is given by23

f ~Ek!5constEk
22 . ~14!

The normalization constant in Eq.~14! can be calculated by
evaluating the total kinetic energy in the cascade as

Ek
tot5E

ĚB

Êk
Ekf ~Ek!dEk>

2
3EB . ~15!

The choice of the integration boundaries is somewhat
dious. While the upper limit is easily identified as the bom
barding energyEB , the lower bound is more critical due t
the divergence of the integrand atEk50. Here, we take a
typical phonon energy as the lower limit and estimateĚk
from the Debye frequencyvD of the solid. This yields

const'
2

3

EB

ln~EB /\vD!
. ~16!

By combining Eqs.~13!, ~14!, and~16!, the total number of
electron promoting collisions and, hence, ofd holes which
may be produced per unit time within the cascade can
calculated as

dNd

dt
5E

Ek
min

EB
f ~Ek!A2Ek /Mnpr c

2S 12
Ek
min

Ek
DdEk

5
8

9
A2/MEk

minnpr c
2 EB

ln~EB /\vD!
. ~17!

Using the same formalism as in Sec. II A 1, we calculate
excitation probability per cascade atom as

Pexc5
~dNd /dt!tL

N

59.631010 s21
R2

4DnR3
EB

ln~EB /\vD!

>4.131026
nm

eV

1

ln~EB /\vD!

EB

R
. ~18!

The numerical constants in Eq.~18! were evaluated using th
atomic massM of Ag atoms. Inserting the Debye frequenc
of silver,24 we obtain\vD'0.2 eV. In connection with pri-
mary ion energies between 5 and 15 keV as used in Ref.
this yields

Pexc>331027
nm

eV

EB

R
. ~19!
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B. Resonant neutralization

The neutralization ofd-hole ions during their flight away
from the surface can be described by the formalism or
nally introduced by Hagstrum.25 The process we wish to con
sider is a resonant electron capture from the Fermi elec
gas within the solid into thes orbital of the departing ion. As
usual, we approximate the dependence of the correspon
transition matrix element on the distancez above the surface
as exponential and write the width of thes level ~which is
broadened due to the interaction with the solid electro
states! as26

D~z!5D0 exp~2gz!. ~20!

Assuming a constant particle velocity along the path,
occupation probabilityP of the s state is determined by

dP

dt
5@12P~ t !#

2D~z5n't !

\
, ~21!

which can be integrated in a straightforward manner yield
the neutralization probability

Pneutr5P~ t→`!512expF2
2D0

\gnG ~22!

at a distance far away from the surface. In Eqs.~21! and~22!,
n' denotes the particle velocity component perpendicula
the surface.

The resonant neutralization of ad-hole ion by electron
transfer into thes shell of the departing particle results in
neutral atom still containing ad hole. In the case of silver
this would, for instance, correspond to the metastable2DJ
states of the Ag atom with a 4d95s2 configuration and exci-
tation energies of about 3.75 eV~2D5/2! and 4.30 eV~2D3/2!
above the ground state. We can therefore take Eq.~22! to
describe the probability for conversion of an ejectedd-hole
ion into a neutral metastable atom far away from the surfa
In principle, resonant electron capture from the conduct
band into thed shell and, hence, neutralization by direct
filling the d hole of the departing ion are, of course, al
possible. Compared to resonant transfer into thes shell, how-
ever, this process seems to be highly improbable for the
lowing reason. Already within the solid, but significant
more pronounced at some distance above the surface, td
states of the departing atom are much stronger localized
the s states.27 In addition, resonant transfer into thes state
requires electrons from higher energetic states within
conduction band, the wave functions of which extend furt
into the vacuum above the surface than those of lower ly
states which are required for resonant transfer into thd
state. As a consequence, the overlap between condu
band and atomic states—and, hence, the transition m
element—will be much larger fors-state than ford-state
filling.

III. DISCUSSION

In this section, the results of the model calculation p
sented in Sec. II will be compared to experimental data
neutral metastable Ag atoms sputtered from polycrystal
silver under bombardment with rare gas ions of 5 and 15 k
i-
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which have been published recently.15,28On the experimenta
side, two major sources of information are present, nam
the total abundanceand thevelocity distributionof meta-
stable atoms within the flux of sputtered particles. Accord
to the model developed above, the probabilityP* for emis-
sion of an excited neutral atom is given by the product
Pexc andPneutr. The basic characteristics with respect to t
total population of a metastable state are, however, ma
determined byPexc, since this quantity includes the influenc
of experimental parameters such as the type and energ
the impinging primary ions. The velocity distribution of th
sputtered metastables, on the other hand, will be basic
determined byPneutr, since no dependence on the emissi
velocity is included inPexc.

A. Total excitation probability

According to the predictions of Eqs.~11! and ~19!, the
total population of a metastable state should roughly sc
with EB/R. Figure 2 shows a corresponding plot of the e
perimentally determined total excitation probability, i.e., t
population of the metastable2D5/2 state normalized to that o
the2S1/2 ground state of sputtered neutral Ag atoms as giv
in Refs. 15 and 28. In order to evaluate the data plotted
the abscissa, the rangeR of the primary ions as a function o
the bombarding energyEB and the type of the impinging ion
was calculated from theSUSPREcode29 based on the pro-
jected range algorithm30 yielding the values given in Table I
It is apparent that a correlation of the expected type exi

FIG. 2. Experimental excitation probability, i.e., the populati
ratio between the metastable2D5/2 state and the2S1/2 electronic
ground state of neutral Ag atoms sputtered from polycrystall
silver by rare gas ions of 5 and 15 keV~data from Refs. 15 and 28!.
The solid line represents the theoretical prediction of the quan
Pexc calculated by Eq. 11 in the text.

TABLE I. Primary ion range in silver calculated by theSUSPRE
code29 as a function of the ion species and bombarding ener
Values are given in nm.

Ne1 Ar1 Kr1 O2
1

5 keV 5.3 3.8 3.0 3.6
15 keV 12.8 8.5 5.9 8.4
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55 785FORMATION OF METASTABLE EXCITED STATES . . .
Moreover, the prediction ofPexc as given by Eq.~11! has
been included in the figure as a straight line. It is seen
the experimental data are described surprisingly well,
almost quantitatively by the model calculation presented
Sec. II A 1. In view of the simplicity of the model as well a
the fact that Eq.~11! represents the energetically possib
upper limit of the excitation probability, this degree of agre
ment is certainly fortuitous. However, two important conc
sions can be drawn from the figure. First, it is shown that
mechanism of collective electronic excitation described
Sec. II A 1 is in principle capable of producing excitatio
probabilities of the order of those observed in the exp
ment. This finding is of particular interest, since the re
tively high excitation energy of 3.75 eV prohibits any notic
able population of this state by mechanisms resulting i
Boltzmann-like population distribution with populatio
‘‘temperatures’’ of the order of about 1000 K~which have
been frequently reported in the literature2!. Second, and
probably most important, it is seen that the prediction of E
~19!, which must also be regarded as an upper limit, res
in excitation probabilities significantly below the experime
tal values. As a consequence, we are forced to conclude
the mechanism underlying Eq.~19!, i.e., the promotion of
electrons from occupied to empty atomic states during bin
collisions between target atomscannotbe responsible for the
production of metastable Ag atoms in sputtering of silv
Although the numerical constants in Eqs.~11! and~19! were
evaluated using explicit data of solid silver, the results
not expected to change appreciably for other transition m
als. We therefore conclude that at least for the metallic
gets and high excitation energies discussed here the ele
promotion mechanism is negligible and the observed exc
tion must be primarily generated by collective electronic e
citation effects as described in Sec. II A 1.

B. Velocity distribution

The kinetic energy distribution of sputtered atoms as
scribed by analytic sputtering theory is given by the w
known expression23

f ~E!}
E

~E1U !3
. ~23!

In general, the surface binding energyU is approximated by
the sublimation energy of the ion bombarded solid. Th
Eq. ~23! provides a reasonable description of the veloc
distribution of sputtered ground state Ag~Ref. 15! and other
transition metal3–5,8,31 atoms. The velocity distribution o
metastable atoms, on the other hand, is described by Eq.~23!
multiplied by the neutralization probabilityPneutr. The spec-
tral variation of the excitation probabilityP* (E), which is
evaluated as the ratio between the experimentally determ
normalized velocity distributions of metastables and grou
state atoms, will therefore reflect the energy dependenc
Pneutr and, hence, should be described by Eq.~22!. In prin-
ciple, it is of interest to discuss two limiting cases. For lo
emission energies,P* is expected to be independent ofE. At
high energies, on the other hand, the value ofP* decreases
with increasing energy. The model developed here there
predicts anarrower energy~or velocity! distribution of the
metastable excited atoms than that of the respective gro
at
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state atoms, a finding which is in pronounced contrast
other model calculations published to date. At sufficien
high energies, the expression on the right-hand side of
~22! becomes proportional to the inverse of the emiss
velocity andP* is thus expected to vary asE0.5. This is
consistent with our experimental data on sputtered m
stable silver atoms,15 where the experimental arrangeme
was such that only particles emitted along the surface nor
were detected and, hence, the emission energyE directly
corresponds to the velocity component perpendicular to
surface. From the data of Ref. 15, we can define a crit
energyEc at which P* starts to deviate from the consta
value at low energies and estimate the parameterD0 entering
the model calculation. WithEc;1.5 eV and a typical value
of g;0.1 nm21,1 we obtainD0;1022 eV. This value is very
low, typically this parameter should be of the order of
eV.1 The reason may be that at very small distances from
surface, where the particle is still in close contact with t
electronic system of the solid, the electron transfer pictur
not appropriate. At those distances, the electronic state o
departing atom still reflects the equilibrium state of the so
which in turn is described byPexc. The integral of Eq.~21!
may therefore be evaluated only for distances above a cri
valuezc , where thed level of the departing atom become
localized and, hence, essentially decoupled from the e
tronic system of the solid. In this picture, the apparent va
of D0 would correspond toD(zc), the resulting value ofzc
would be of the order of a few Å.

IV. CONCLUSION

We propose a simple model describing the formation
metastable electronic states during sputtering of transi
metal atoms from the respective pure metallic solids. T
main idea of the model is that a sputtered atom ‘‘copies’’ t
equilibrium electronic state of the solid—which may b
modified due to collisional excitation—to the vacuum abo
the surface. In this sense, the picture is very similar to t
developed in Ref. 14 for the ejection of sputtered metasta
Ni atoms.

Two different mechanisms are considered as a prim
source of excitation within the collision cascade initiating t
sputtering event. It is shown that electron promotion in
nary collisions between target atoms, which has been
quently assumed as the major source generating the ex
tion, is presumably of only minor importance and,
particular, cannot explain the high excitation probabiliti
observed for sputtered metastable Ag atoms. We there
conclude that the primary source of excitation is the creat
of d-band holes within the collision cascade by collecti
electronic excitation induced by the direct interaction b
tween moving atoms and conduction band electrons.

We assume that sputtered metastable excited neutra
oms are formed by resonant neutralization of ions contain
a d hole. It is shown that this mechanism predicts a veloc
distribution of sputtered metastable atoms which is narro
than that of the respective ground state atoms. The mo
developed here therefore explains the kinetic energy dis
butions measured for sputtered metastable Ag atoms w
otherwise cannot be interpreted in terms of existing theor
cal descriptions. We wish to stress, however, that the exp
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mental data presently available is by no means sufficien
provide conclusive evidence for the excitation mechan
proposed here. Future experiments can test the mode
experimental detection of sputtered metastabled-hole ions.
The model predicts that these species constitute a precu
of the metastable neutrals discussed here and there
J
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should exhibit a velocity dependence which is complem
tary to that of the respective excited neutrals.
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