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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 excite@efiesting the altered
equilibrium statg 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. [S0163-18207)07046-4

[. INTRODUCTION solid. In this picture, atoms with higher emission velocity
(perpendicular to the surfaceross the interaction region
The formation of excited atoms during sputtering hasfaster and will therefore be less efficiently deexcited, thus
been a subject of long standing interest in sputtering physicdeading to an apparent broadening of the normalized velocity
Although a large amount of experimental data has been coHistribution of atoms sputtered in excited states. The question
lected for atoms emitted in short lived excited stdtiéss of  remained of why some states show broadening and others do
interest to look ametastableparticles which preserve their not. Winograd and co-workefS proposed a model which
excitation state generated during the sputtering event untilelated the deexcitation efficiency to the electronic configu-
detection far away from the surface. A number of experi-ration of the sputtered atom rather than to the excitation en-
ments have therefore been carried out using laser spectrometrgy of its electronic state. Using the nomenclature devel-
ric methods for the state resolved detection of sputtered newped in Ref. 10, states corresponding to “shielded” cases,
tral atoms, a review of which can be found in Refs. 1 and 2i.e., cases in which the electronic interaction between the
In earlier experiments(conducted before approximately hole state of the sputtered particle and the surface is screened
1985, data on the total population and the velocity distribu-by a closed outer shell configuration of the outgoing atom,
tion of excited metastable neutral E&Zr,°> Ba® Ca/and Ti  will show less broadening than “exposed” cases where no
(Ref. 8 atoms sputtered from the respective metallic sur-such screening occurs. It was shown that this model was
faces have been collected which indicated that the totatonsistent with the experimental data available at the time of
population of metastable states decreases with increasing epublication.
citation energy. As for the velocity distribution, two limiting ~ Later, data collected by the same grbupnd other¥*?
cases were identified, in which the velocity distribution wason sputtered Ni atoms ejected in metastable states of three
eitheridentical*® or significantly broadet®-8than that of the  different low lying multiplets belonging to different elec-
respective ground state atoms. For a long time, it was agronic configurations at first seemed to confirm this model:
sumed that the former holds for states belonging to thestates corresponding to a so-called “opeshell” configu-
ground state multiplefwith correspondingly low excitation ration exhibit a significantly broader velocity distribution
energiey while the latter was characteristic for higher lying than those corresponding to a “closeeshell” configura-
metastable states. tion. However, for reasons outlined in detail in Ref. 14, the
Data collected later for sputtered Rh atoms, howeverauthors claim that it should be theoaderenergy spectrum
showed significant broadening also for a state belonging tavhich represents the “normal” sputtering case, while the
the Rh ground state multipl&tthus implying that the exci- narrower spectrum must apparently be influenced by elec-
tation energy is not the essential parameter determining thieonic processes, a finding which would be inconsistent with
velocity spectrum of sputtered metastable atoms. In théhe deexcitation model. In their most recent wot? the
pending model, the broadening of the measured velocity disauthors therefore propose a different interpretation of these
tribution was interpreted in terms of a deexcitationdata, which relates the observed velocity distributions to dif-
mechanisifi® which assumed metastable states produced derences in the effective surface binding energy of atoms
some time during the collision cascade to be more or lessputtered in different electronic configurations. In the frame-
efficiently quenched in a shallow region above the surfaceavork of the same model, the total population distribution
due to the electronic coupling to the electronic states of theamong the different electronic states of sputtered Ni atoms
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was interpreted in terms of the band structure of the nickesurface normalcross this region faster and are therefore less
solid* In particular, the pronounced population inversion efficiently neutralized than slower particles.
between excited metastable states belonging tdhenani- The basic idea of the model is as follows. Due to the
fold and the3F£i electronic ground state which was detectedelectronic excitation in the course of the collision cascade, a
experimentally’ was explained by the fact that the conduc- certain fraction of the emitted atoms carried hole and may
tion band of solid nickel corresponds more to &8s con-  therefore pick up an electron to become neutralized. If this
figuration than to the 8%4s? electronic ground state con- occurs at a certain distance from the surface, electrons will
figuration of an isolated Ni atom. be captured much more likely into anorbital than into ad

We have recently obtained experimental data on sputtereadrbital of the outgoing atom. Far away from the surface, this
metastable Ag atomidwhich are clearly not consistent with leads to the detection of neutral metastable atoms with a
the deexcitation model. More specifically, here a case is obene-electron deficiency in thetshell and a closed shell. In
served in which the velocity distribution of sputtered meta-the following subsections, the two main steps mentioned
stable excited atoms isarrower than that of the respective above will be described in more detail.
ground state atoms, a finding which obviously cannot be ex-
plained by velocity dependent deexcitation processes occur- A Electronic excitation during the collision cascade
ring above the surface. The analysis of the excitation prob-

ability P* as a function of the particle emission velocity We consider two different mechanisms as a source of
revealed thaP* is constant in the regime of low velocity electronic excitation within the collision cascade. First, the
and decreases approximately with® at high values of. impinging primary ion as well as all moving target recoil

This indicates that here trexcitationmechanism itself must &0ms may directly interact with theonduction band elec-

in some way depend on the velocity of the outgoing particle.trons and.therefore trgnsfer energy into the electronic system
To the best of our knowledge, no model has been publisheaf the solid. Second, inelastic collisions between two moving
so far which would be consistent with this type of data. Intarget atoms may lead to electronic excitation elgctron

the present work, we therefore develop a simple semigquantRromotionfrom an occupied atomic orbital into a higher ly-
tative description of a scenario of electronic processes whici'd €MPpty state. Both mechanisms will be briefly discussed
lead to the ejection of a neutral metastable atom in sputtefl! @ Seémiquantitative manner below. Where target specific

ing. It will be shown that the model developed here providedumbers are needed in the calculation, data of silver as a
an explanation of the data presented in Ref. 15. target material will be inserted in order to allow a compari-

son of the results with experimental data collected for sput-
tered Ag atoms.
Il. MODEL CALCULATION

) ) ) 1. Valence electron excitation and d-hole localization
The formation of metastable excited neutral atoms in

sputtering will be treated as a two step process. For simplic- 1€ €nergy transfer between a heavy particle moving
ity as well as in view of the experimental data available to@cross the electron gas of a solid and the electron gas itself

test the model we restrict ourselves to the description of at™@ in principle be described by the Lindhard electronic

oms released from a transition metal. As a first step, it i€Nergy 10ss formuld
assumed that electronic excitations in the band structure of

the solid are created during the collision cascade leading to d_E
the sputtering event. For the case of transition metals, most dx R
of these excitations will manifest in form af-band holes.

Although any excitation created within the solid will be rap- where @E/dx)| denotes the electronic part of the stopping
|d|y shared among the target atom has been frequenﬂy pOWEr,k’ is a material SpECifiC constant, andhe VeIOCity
pointed out in the literatude it will be shown that for a  Of the moving particle. Transferring this into the energy loss
limited time these holes may remain localized within thePer unit time, we obtain

cascade volume, i.e., the volume of the solid which is dis-

turbed by the collision cascade initiated by the impinging dE dE K=k

primary ion. This leads to a locally altered “equilibrium” dt - ax U KUTEKEG @
electronic state in the region from which sputtered atoms

originate. Upon ejection, i.e., when crossing the surfaceWhereEy, denotes the kinetic energy corresponding tdn
sputtered particles will reflect this modified equilibrium stateorder to calculate the total energy transferred to the elec-
and will therefore with a certain probability carrycahole.  tronic system per unit time, we sum over all moving particles
We further assume that at this point the emitted particle is a ot i

positively charged ion due to the electron deficiency irdits (d_E) ZE (d_E) :kE E() — gt
shell. As a second step, on its path away from the surface, dt . dt . =k ko
the sputtered particle strongly interacts with the electronic

system of the solid. Therefore, most of the ions created thifrom a number of molecular dynamics simulations of the
way will pick up an electron and become neutralized. Due tgarticle _movement within the collision cascade, it is
the limited range of the electronic interaction, only in a shal-inferred’ that during a time interval of several 100 fs after
low region above the surface the transition matrix element ishe primary ion impact—i.e., the time during which most of
large enough to allow an efficient electron transfer. It is apthe sputtered particles are ejected—the total kinetic energy
parent that particles with higher emission velodi#jong the  within the target crystal is approximately given by

=k'v, 1)

)



782 A. WUCHER AND Z. SROUBEK 55

2 Due to the atomic disorder generated during the collision

Em;g Es, (4)  cascade, the diffusion coefficieBt to be inserted into Eq.
(9) will be significantly lower than that of an undisturbed

where Eg denotes the kinetic energy of the impinging pri- solid. In generalD can be expressed by

mary ion. The exact value of the numerical constant entering .

Eq. (4) is not critical. In the limiting caseé—0 (i.e., directly D=3\v. (10

upon impact of the primary ignit must obviously be unity,

while the other limiting case for large valuestofwhere the

energy is completely thermalizedvould correspond to a

value of 1/2. Inserting Eq4) into Eq. (3) yields

where\ denotes the mean free path andhe average ve-
locity of the diffusing species. If we assume a complete ran-
domization of the atom positions within the cascade volume,
\ will be of the order of one atomic distance. The value pf

dE\ () 2 on the other hand, can be roughly estimated from the width
(d—) =_—KkEg. (5 A4 of thed band. For silver\~0.25 nm andA;4=5.5 evis
t/e 3 leading tov ~1.2x10% cm/s andD~1.0 cnf/s.

It is of interest to calculate the number @tholes created

This energy will be stored in form of electron-hole pairs, partduring the localization time and relate it to the total number

of which correspond tai-band holes. The mean enerby of atomsN=nR? present in the cascade volunmebeing the

needed to createdhole is determined by the band structure . . ) .
; number density of atoms in the solid. Since a sputtered atom
of the target and can be roughly estimated from the energetic

. . . can only “remember” excitation processes which occur
distance between tteeband maximum of the electronic den- y P

sity of states and the Fermi edge. For silver, this yi€lgs 5 within 7, before its emission time, the resulting number must
. ' H T ; S D EXC
eV.18 Hence an upper limit of the number dfholes which be identified with the probability?*™ that a sputtered atom

can be created per unit time is given by carries ad hole. Combining Eqs(6), (9), and(10), we find

dNg 1 (dE\™ 2 Eg fkEgm. 3k
dt Eq -

exc_ - %ZJ_ 8x10°° TE_
at) =3KE; 6) NRPE, 4nDE; R VR
¢ 11
It should be noted that the step described by (BY.which is
based on purely energetic arguments, is essentially similar
the approach often adopted in semiquantitative theories
electron emissiof® The problem how the electronic energy
is equipartitioned in the system is not addressed in this a
proach.

In general, the electronic excitations produced by the
above mechanism will be rapidly shared among all atoms A frequently used frame to describe the electronic excita-
and, hence, dissipate into the bulk of the crystal. Sputtereglon of atoms during sputtering is that efectron promotion
atoms, on the other hand, can only originate from a limiteddue to energetic binary atom-atom collisions within the cas-
volume within the solid which is roughly determined by the cade. In this picture, as two atoms collide, the individual
range of the collision cascade generated by the primary paatomic orbitals combine to form quasimolecular orbitals, the
ticle. To proceed further, it is therefore important to considerenergy of which depends on the distance between the two
the time 7. during which a generated-band hole may re- atoms. In an energetic collision, the energy of a certain oc-
main localized within the cascade volume. We estimate thigupied orbital may thus be promoted to higher values and
localization time by means of a simple diffusion approach can in a diabatic picture “cross” that of an unoccupied

higher orbital at a critical distanag . For a detailed descrip-

ap tion of the process the reader is referred to the comprehen-
ot DAp, @) sive treatment by Wille and Hippl&tand references therein.

In order to estimate the role of this excitation mechanism, we
wherep describes the probability of finding a hole at a cer-yse an approach similar to that given earlier by Sigmtind.
tain pOSition in the solid an® denotes the diffusion coeffi- The most Stringent parameter of the electron promotion pro-
cient which is relevant ford-band holes. Inserting a cess is the crossing distancewhich can be estimated from
o-distribution centered at=0, t=0, we find an ab initio calculation of the quasimolecular orbitd¥O)

5 energies as a function of interatomic distance. Figure 1
o(r )= 1 exr{ _ r_) ) shows such a correlation diagram for a collision of two Ag
' (47Dt)37 4Dt atoms. The levels are calculated by the Hartree-Fock method
using theGaussiAN 92 code. At the right side of the figure,
and identifyr by equating the diffusion lengti4Dt with a  the levels are labeled with their isolated atomic names, while
characteristic dimension of the cascade volume. The latter, ithe relevant molecular levels are labeled inside the figure by
turn, can be roughly estimated from the mean raRge the  corresponding MO names. It is seen that ther,1@nd the

Again, data of solid silver were used to evaluate the numeric

onstant in Eq(11). It should be stressed again that due to
the uncertainties discussed in the context of @g.the val-
gues calculated this way represent upper limitd&tC.

2. Collisional excitation

primary particles within the solid, yielding 90, orbitals can be viewed to diabatically cross at an inter-
5 nuclear distance of about 2.2 a.u. corresponding to 0.12 nm.

- =R_ ) Since in the limit of large distances these orbitals converge

L7 4D to the 5 and 4 states of the isolated atoms, respectively,
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(13

At this point, the treatment deviates from that of Ref. 21,
since for simplicity we neglect the energy loss of the recoil
in a promoting collision. The next step is to estimate the
number of recoil atoms with enerdy, present in the cas-
cade volume. According to analytic sputtering theory, the
distribution of kinetic energies within a fully developed col-
lision cascade is given BY

(14

The normalization constant in E¢L4) can be calculated by
evaluating the total kinetic energy in the cascade as

(15

The choice of the integration boundaries is somewhat te-
dious. While the upper limit is easily identified as the bom-

barding energ\Eg, the lower bound is more critical due to

Internuclear distance (a. u.)

the divergence of the integrand B{=0. Here, we take a

typical phonon energy as the lower limit and estim&g

FIG. 1. Ab initio calculation of molecular orbital energies vs f
interatomic distance corresponding to a quasimolecule consisting o
two Ag atoms. The dotted line indicates a diabatic interpolation to
determine the crossing distancg of the 9, and 1@, orbitals.
(Data courtesy of J. Lorencic.

this distance must be identified as the critical distancfor
the production of ad hole by collisional promotion of an
electron from the d to the 5 shell. The minimum collision
energy needed to reaah can be estimated, for instance,
using the Moliere potentidl which is frequently employed
as a repulsive internuclear potential in sputtering calcula-
tions. Performing the calculation described in detail in Ref.
22, we arrive at a minimum center-of-mass energy of around
135 eV which is necessary to permit the collisional genera-
tion of ad hole by a binary collision between two Ag atoms.
In the linear cascade regime of sputtering, it is generally

2  Eg
consts -

ANy

E
—_f ° f(E)V2E [Mnar
Ex

dt

d

3 |n(EB/ﬁwD) ’

8 E
_- min 2 B
9 V2IME "narr In(Eg lhwg)”

min

k
1 =

Fom the Debye frequencyp of the solid. This yields

g

(16)

By combining Eqs(13), (14), and(16), the total number of
electron promoting collisions and, hence, dholes which
may be produced per unit time within the cascade can be
calculated as

17

assumed that every binary collision involves a moving recoilJsing the same formalism as in Sec. Il A 1, we calculate the
atom and a target atom which is initially at rest. Therefore €xcitation probability per cascade atom as

the minimum recoil energy needed to allow collisional exci-
tation is abouEy""=270 eV.

To proceed further, we estimate the cross section for elec-
tron promoting collisions by calculating the maximum im-
pact parameteb,,., Which ensures that, is reached as the
distance of closest approach during the collision. From
simple kinematic considerations, we obtain

min
o=mb? = wri{l—L], (12)

(dNy/dt) 7,
N

pexc—

RZ
=9.6x100s?

Es

nm 1
=4.1x10"6

Es

eV In(Eg/hwp) R

4DNnR3 In(Eg/fiwp)

(18

The numerical constants in E({.8) were evaluated using the

atomic masdM of Ag atoms. Inserting the Debye frequency

whereE, denotes the kinetic energy of the recoil atom hit-
ting another target atom initially at rest. If, as an upper limit,
we assume that every collision capabledefiole production
actually generates such an excitation, the numbet lobles
a particle moving witlE, can generate per unit time is given

by

pere=3x 107 ' =
eV

—B
X

of silver?* we obtainfwp~0.2 eV. In connection with pri-
mary ion energies between 5 and 15 keV as used in Ref. 15,
this yields

(19
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B. Resonant neutralization S B A B —

The neutralization ofl-hole ions during their flight away
from the surface can be described by the formalism origi-
nally introduced by Hagstrurf?. The process we wish to con-
sider is a resonant electron capture from the Fermi electron
gas within the solid into the orbital of the departing ion. As 4r 7
usual, we approximate the dependence of the corresponding
transition matrix element on the distanzabove the surface
as exponential and write the width of tiselevel (which is Kr
broadened due to the interaction with the solid electronic 2 T
state$ as’® Ne J

Kr

Ne® gar

P* (%)

A(Z)=Aq exp(— y2). (20)
0 L 1 " 1 L 1 L 1 N 1

Assuming a constant particle velocity along the path, the 00 05 10 15 20 25
occupation probability? of the s state is determined by ' ' ' ’ ’ '

Vi
dpP 2A(z= v, 1) Eg /R (keVinm)
—=[1-PM)] ———, (21 : - I :
dt fi FIG. 2. Experimental excitation probability, i.e., the population

ratio between the metastabf®c, state and theéS;;, electronic
gground state of neutral Ag atoms sputtered from polycrystalline
silver by rare gas ions of 5 and 15 keéifata from Refs. 15 and 28
} The solid line represents the theoretical prediction of the quantity

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

Preuti— p(t_o0)=1— ex;{ - 2& (220  P¥calculated by Eqg. 11 in the text.
14
_ ’ which have been published recent?®On the experimental

at a distance far away from the surface. In H@4) and(22),  sjde, two major sources of information are present, namely
v, denotes the particle velocity component perpendicular t@he total abundanceand thevelocity distributionof meta-
the surface. stable atoms within the flux of sputtered particles. According

The resonant neutralization of &hole ion by electron g the model developed above, the probabifty for emis-
transfer into thes shell of the departing particle results in a sjon of an excited neutral atom is given by the product of
neutl’a| atom St|” Containing d h0|e. In the case Of SiIVer, Pexc and Pneutr' The basic Characteristics W|th respect to the
this would, for instance, correspond to the metastdblg  total population of a metastable state are, however, mainly
states of the Ag atom with ad#5s” configuration and exci-  determined byP®, since this quantity includes the influence
tation energies of about 3.75 g¥Dg) and 4.30 eM*D3)  of experimental parameters such as the type and energy of
above the ground state. We can therefore take(E®). to  the impinging primary ions. The velocity distribution of the
describe the probability for conversion of an ejectetiole  spyttered metastables, on the other hand, will be basically
ion into a neutral metastable atom far away from the surfacegetermined byP"™!" since no dependence on the emission
In principle, resonant electron capture from the Conduction,e|ocity is included inP®<
band into thed shell and, hence, neutralization by directly
filling the d hole of the departing ion are, of course, also A. Total excitation probability
possible. Compared to resonant transfer intcstbkell, how- According to the predictions of Eqg11) and (19), the

ever, this process seems to be highly improbable for the fol- .
lowing reason. Already within the solid, but significantly total population of a metastable state should roughly scale

more pronaunced t some itance sboie e surace henls %, "UTE 221 8 Sesbonn b e o
states of the departing atom are much stronger localized tha) y P Y, 1.€.,

the s state€’ In addition, resonant transfer into tisestate population of the metastab?@;,,z state normalized to that of

2 -
requires electrons from higher energetic states within théhe Sy ground state of sputtered neutral Ag atoms as given

conduction band, the wave functions of which extend furthet Refs. 15 and 28. In order to evaluate the data plotted on

. . “the abscissa, the rangeof the primary ions as a function of
into the vacuum above the surface than those of lower lymgﬂhe bombarding energg, and the type of the impinging ion
states which are required for resonant transfer into dhe 9 B yp pinging

9 -
state. As a consequence, the overlap between conductidfe> calculated from theusPRecodé® based on the pro

band and atomic states—and, hence, the transition matri}??;eg ra:%i?{%g?g?g;i?;ﬁgr:hsf\{ﬁgﬁigggg cj”lTaebngli.sts
element—will be much larger fos-state than ford-state PP P yP '

filling. TABLE I. Primary ion range in silver calculated by tsesPrE
codé&® as a function of the ion species and bombarding energy.

IIl. DISCUSSION Values are given in nm.

Ne* Art Kr* o,"

In this section, the results of the model calculation pre-
sented in Sec. Il will be compared to experimental data ors kev 5.3 3.8 3.0 3.6
neutral metastable Ag atoms sputtered from polycrystallings kev 12.8 8.5 59 8.4
silver under bombardment with rare gas ions of 5 and 15 ke
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Moreover, the prediction oP®*® as given by Eq(11) has state atoms, a finding which is in pronounced contrast to
been included in the figure as a straight line. It is seen thadther model calculations published to date. At sufficiently
the experimental data are described surprisingly well, i.e.high energies, the expression on the right-hand side of Eq.
almost quantitatively by the model calculation presented inN22) becomes proportional to the inverse of the emission
Sec. Il A 1. In view of the simplicity of the model as well as velocity and P* is thus expected to vary &@&%°. This is

the fact that Eq.(11) represents the energetically possible consistent with our experimental data on sputtered meta-
upper limit of the excitation probability, this degree of agree-stable silver atom& where the experimental arrangement
ment is certainly fortuitous. However, two important conclu- was such that only particles emitted along the surface normal
sions can be drawn from the figure. First, it is shown that thevere detected and, hence, the emission en&gyirectly
mechanism of collective electronic excitation described incorresponds to the velocity component perpendicular to the
Sec. Il A1 is in principle capable of producing excitation surface. From the data of Ref. 15, we can define a critical
probabilities of the order of those observed in the experienergyE, at which P* starts to deviate from the constant
ment. This finding is of particular interest, since the rela-value at low energies and estimate the paramietemtering
tively high excitation energy of 3.75 eV prohibits any notice- the model calculation. WittE.~1.5 eV and a typical value
able population of this state by mechanisms resulting in @f y~0.1 nm %! we obtainA,~10"2 eV. This value is very
Boltzmann-like population distribution with population low, typically this parameter should be of the order of an
“temperatures” of the order of about 1000 Kvhich have eV.! The reason may be that at very small distances from the
been frequently reported in the literatfire Second, and surface, where the particle is still in close contact with the
probably most important, it is seen that the prediction of Eqelectronic system of the solid, the electron transfer picture is
(19), which must also be regarded as an upper limit, result®ot appropriate. At those distances, the electronic state of the
in excitation probabilities significantly below the experimen- departing atom still reflects the equilibrium state of the solid,
tal values. As a consequence, we are forced to conclude thathich in turn is described b$**°. The integral of Eq(21)

the mechanism underlying E@19), i.e., the promotion of may therefore be evaluated only for distances above a critical
electrons from occupied to empty atomic states during binaryalue z., where thed level of the departing atom becomes
collisions between target atomannotbe responsible for the localized and, hence, essentially decoupled from the elec-
production of metastable Ag atoms in sputtering of silver.tronic system of the solid. In this picture, the apparent value
Although the numerical constants in Eq$1) and(19) were  of A, would correspond td\(z.), the resulting value of,
evaluated using explicit data of solid silver, the results arevould be of the order of a few A.

not expected to change appreciably for other transition met-

als. We therefore conclude that at least for the metallic tar-

gets and high excitation energies discussed here the electron IV. CONCLUSION

promotlonbmechan|§lm IS negllg(lije an?l th? obslerved excita- - \yq propose a simple model describing the formation of
tion must be primarily generated by collective electronic eX-p,qiaqtaple electronic states during sputtering of transition

citation effects as described in Sec. Il A 1. metal atoms from the respective pure metallic solids. The
main idea of the model is that a sputtered atom “copies” the
B. Velocity distribution equilibrium electronic state of the solid—which may be
The kinetic energy distribution of sputtered atoms as demodified due to collisional excitation—to the vacuum above
scribed by ana'ytic Sputtering theory is given by the We”the surface. In this sense, the p|CtUre IS very similar to that
known expressiofi developed in Ref. 14 for the ejection of sputtered metastable
Ni atoms.
Two different mechanisms are considered as a primary
(E+U)% (23 source of excitation within the collision cascade initiating the
sputtering event. It is shown that electron promotion in bi-
In general, the surface binding energyis approximated by nary collisions between target atoms, which has been fre-
the sublimation energy of the ion bombarded solid. Thenguently assumed as the major source generating the excita-
Eq. (23) provides a reasonable description of the velocitytion, is presumably of only minor importance and, in
distribution of sputtered ground state Agef. 15 and other particular, cannot explain the high excitation probabilities
transition meta>®3! atoms. The velocity distribution of observed for sputtered metastable Ag atoms. We therefore
metastable atoms, on the other hand, is described b{2Bn. conclude that the primary source of excitation is the creation
multiplied by the neutralization probability"®"". The spec- of d-band holes within the collision cascade by collective
tral variation of the excitation probabilit?* (E), which is  electronic excitation induced by the direct interaction be-
evaluated as the ratio between the experimentally determingdzeen moving atoms and conduction band electrons.
normalized velocity distributions of metastables and ground We assume that sputtered metastable excited neutral at-
state atoms, will therefore reflect the energy dependence @fms are formed by resonant neutralization of ions containing
P"®"" and, hence, should be described by E29). In prin-  ad hole. It is shown that this mechanism predicts a velocity
ciple, it is of interest to discuss two limiting cases. For low distribution of sputtered metastable atoms which is narrower
emission energie®* is expected to be independentfAt  than that of the respective ground state atoms. The model
high energies, on the other hand, the valuePbfdecreases developed here therefore explains the kinetic energy distri-
with increasing energy. The model developed here thereforbutions measured for sputtered metastable Ag atoms which
predicts anarrower energy(or velocity) distribution of the  otherwise cannot be interpreted in terms of existing theoreti-
metastable excited atoms than that of the respective grounthl descriptions. We wish to stress, however, that the experi-

f(E)e
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mental data presently available is by no means sufficient tghould exhibit a velocity dependence which is complemen-
provide conclusive evidence for the excitation mechanisniary to that of the respective excited neutrals.
proposed here. Future experiments can test the model by

experimental detection of sputtered metastableole ions
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