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Velocity dependent electron transfer during emission of ion-beam sputtered Cu atoms
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We report on our investigations on the electronic processes during keV sputtering of metals. The population
partition and the state-selective velocity distributions of Cu atoms sputtered in the ground and metastable states
are obtained byresonant laser ionization. Thequalitativetrends in the observations are successfully interpreted
assuming a resonant transfer of electrons between the bulk metal and the escaping particle to be the dominant
mechanism to populate atomic states. We show that the velocity dependence of the population probabilities is
in good agreement with the outcome of a rate-equation description of the resonant electron transfer process.
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I. INTRODUCTION

The bombardment of a solid substrate with energetic p
ticles results in the ejection of surface particles. A thorou
understanding of this sputtering phenomenon is highly de
able as the sputter event underlies many experimental t
niques in, e.g., surface characterization and vapor deposi
The main kinematic aspects, such as the energy or a
resolved distributions of the sputtered particles, are descr
in a satisfactory way by the transfer of impact energy a
momentum during the collision cascade initiated by the
coming ion.1

On the other hand, the electronic processes, which dis
ute the sputtered particles over the different electronic sta
are still under debate. Mechanisms such as dimer disso
tion, collisional excitation at or above the surface, and n
radiative deexcitation have been invoked to interpret s
cific, state-selective observations of the ejected particle
neutral, atomic states.2 Recently, studies of sputtered Co an
Ni atoms suggested a resonant tunneling of electrons
tween the substrate conduction band and the sputtered
ticle to be the dominant electronic process determining
final quantum state of the neutral atoms sputtered in
ground and metastable states.3–5 Trends in the population
partitions and velocity distributions of the sputtered Co a
Ni atoms agreed remarkably well with qualitative predictio
from the resonant electron transfer~RET! model that de-
scribes the tunneling process.6 Also, the anomalously high
population on the excited states of Ag after sputtering
been explained by an electron transfer from the bulk meta
an escaping excited ion.7 In this paper, we present exper
mental data on the relative population partition and sta
selective velocity distributions of Cu atoms sputtered dur
keV ion bombardment. We demonstrate how these data
flect thequalitative trends of the RET model. Furthermor
we investigate whether the sputtering of atoms in differ
quantum states can also bequantitativelyrelated to the RET
process by comparing the experimental data of sputtered
atoms with the numerical outcome of a rate-equation
scription of the electron transfer.

II. EXPERIMENTAL PROCEDURE

The experimental procedure and setup are presente
detail elsewhere.8 Here, we sketch the main aspects of t
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experimental procedure to measure population partitions
state-selective velocity distributions and give a brief desc
tion of the apparatus. To probe the sputtered atoms state
lectively, we use two-color two-step resonant laser ioni
tion. In a first step, Cu atoms sputtered in the ground s
(2S1/2) or in one of the two excited metastable states (2D5/2

and 2D3/2) are excited resonantly into the intermediate st
2P3/2

0 at 3.82 eV by the absorption of a photon. Atoms in th
intermediate state are photoionized via the autoionizing s
4D5/2 at 7.8 eV. As the same intermediate state is used fo
ionization processes, the measured photoion intensities
directly proportional to the populations on the initial states
the ionization processes. Only a saturation of the excita
steps is required, which is already obtained at moderate p
ton fluences.8

The sputtering experiments are performed in an ultra h
vacuum chamber~base pressure below 2310210 hPa!. An
ion gun directs a 12-keV Ar1 beam (1mA/mm2) at 45°
incidence to the target foil. The plume of sputtered partic
is intersected 4 mm in front of the target by the overlapp
ionizing laser beams~diameter;1 mm!. Two independent
pulsed, tunable laser systems, an optical parametric oscil
and a dye laser both pumped by Nd:YAG~yttrium aluminum
garnet! lasers, generate laser pulses with a duration of 6
and energies up to 50 mJ. The wavelength of the laser p
tons can be varied between 225 and 1800 nm.

The photoionized particles are accelerated into a refl
tron time-of-flight mass spectrometer for mass-selective
tection. Before each experiment, the polycrystalline
samples~Goodfellow, purity 99.9%! are sputter cleaned b
continuous ion bombardment. The surface condition w
checked by low energy ion scattering, which revealed
surface contaminants within the sensitivity of the metho8

The ion beam can be operated either into a continuous m
or a pulsed mode. The continuous mode ensures that al
locities are present in the laser ionization volume and
therefore used for measuring population distributions. T
pulsed mode is applied for measuring the velocity distrib
tions, as the procedure becomes velocity selective. The d
time between the ion pulse~with a duration of 300 ns! and
the laser pulse corresponds with the flight time that the sp
tered particles need to travel the fixed distance~4 mm! be-
tween the sample surface and the ionization volume. T
©2003 The American Physical Society09-1
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delay time therefore determines the velocity of the atoms
the ionization volume.

III. EXPERIMENTAL RESULTS

The relative populations on the ground and metasta
states of Cu after continuous ion-beam sputtering are
sented in Table I. The population of the metastable state
about 3% of the population of the ground state. The veloc
distributions of atoms sputtered in the2S1/2 ground state and
the 2DJ metastable excited states are shown in Fig. 1. T
velocity distributions of atoms sputtered in the2D5/2 and
2D3/2 atomic states are identical within the experimental u
certainty. The velocity distribution of atoms in the groun
state is broader, and peaks at a higher velocity compa
with the velocity distributions of metastable atoms. The to
velocity distribution of all sputtered particles, which is a
proximated by summing the state-specific velocity distrib
tions weighted with their respective populations, is in go
accordance with the Thompson distribution developed for
particles sputtered from a linear collision cascade.9 The value
of the surface binding energy, obtained by a fit of the exp
mental total velocity distribution with the Thompson dist
bution, was found to be 3.3~5! eV, which is in close corre-
spondence to the sublimation energy of Cu~3.5 eV!. As the
vast majority of sputtered particles ends up in the atom
ground state, the velocity distribution of the ground-state
oms also bears a close resemblance to the Thompson d
bution.

The relative population probabilityPi of an atomic statei
as a function of velocity is extracted by weighting the no
malized, state-selective velocity distributionf i(v) with the
populationni and dividing this by the total velocity distribu
tion:

Pi~v !5
ni f i~v !

(
j

nj f j~v !

. ~1!

These results are shown in Fig. 2, in which the total popu
tion probability of the metastable doublet2DJ is considered

TABLE II. Parameter values for the atomic states of Cu used
the modelling of the experimental data shown in Fig. 2.

Atomic state b i g i(Å
21) D0 ~eV!

2S1/2 0.85 0.5 0.1
2DJ 0.15 29 0.1

TABLE I. Relative population of the ground and metastab
states of Cu after 12-keV Ar1 ion-beam sputtering.

Atomic state
Excitation

energy~eV!
Electron

configuration
Relative

population

2S1/2 0.00 @Ar# 3d10 4s1 1
2D5/2 1.39 @Ar# 3d9 4s2 0.024~7!
2D3/2 1.64 @Ar# 3d9 4s2 0.006~3!
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rather than the population probabilities of the individu
states. This is reasonable since atoms sputtered in both s
exhibit identical velocity distributions. Clearly, the popul
tion probability of the 2S1/2 state increases with increasin
velocity at the expense of the population probability of t
2DJ states.

IV. MODELING OF THE EXPERIMENTAL RESULTS

Most models that have been developed over the year
explain the formation of excited atoms during ion-bea
sputtering predict that the velocity distributions of the ato
in the excited states are either identical to or shifted to hig
velocities compared with the velocity distribution of atom
in the ground state.2 Most ~but not all! experimental results
confirm this trend.2,8,10 Our results, presented here, clear
demonstrate an opposite behavior: a higher average velo
for atoms sputtered in the ground state. A similar observa

FIG. 1. State-selective velocity distributions of Cu atoms sp
tered in the2S1/2 and 2DJ atomic states.

FIG. 2. Velocity-dependent population probabilities of th
ground state and the metastable states of Cu extracted from
velocity distributions and the total populations. The solid line is t
numerical outcome of the rate equations with parameter va
listed in Table II.
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was already made during the sputtering of neutral
atoms.11 The RET model considers the electron configurat
of the atomic state to be dominant in determining the sta
selective velocity distributions of the sputtered atoms, a
can account for the results presented in this paper.

In the RET model, the sputtering of a neutral atom
regarded as the evolution with time of an initially strong
coupled system consisting of a metal and an escaping ato
particle in which an electron nonadiabatically transfers fr
a valence-band state to a bound state of the atom.6 If the
escaping particle is ejected with a high velocity, the inter
tion time with the bulk metal is so short that an electr
transfer into atomic states strongly coupled to the bulk m
is favored. Therefore, atoms sputtered in strongly coup
atomic states will have a higher average velocity.4 The 2S1/2
atomic ground state has an@Ar# 3d10 4s1 electron configu-
ration, while the 2DJ excited states have an@Ar# 3d9 4s2

electron configuration. The distribution of electrons ind and
s levels for the bulk electron configuration, which
calculated12 to be@Ar# 3d10.1 4s0.5 4p0.4, most resembles the
distribution of electrons for the ground state. Therefore,
coupling of the2S1/2 ground state to the electron states of t
metal will be larger. This is reflected in the increasing pop
lation probability of the2S1/2 atomic state with increasing
velocity ~see Fig. 2!.

Now, we convert to a more mathematical description
the RET process to make a quantitative comparison with
experimental results. The energy level of an atom close
metal surface will show an upward shift due to the class
image potential and a broadeningD due to the interaction
with the metallic electron states. This broadening is prop
tional to the magnitude of the interaction matrix eleme
between the atomic state and the metallic states, wh
means that strongly coupled states will be strongly bro
ened. The level broadening decreases with increasing
tance from the surfacez due to the decreasing spatial overl
between atomic and metallic wave functions. Usually, an
ponential dependence is assumed with a characteristic d
lengthg21:

D~z!5D0 exp~2gz!, ~2!

with D0 the broadening of the level at the surface.
The RET model was initially invoked in sputtering studi

to describe the velocity-dependent ionization probability
sputtered particles.13 In this case, only one atomic state we
below the Fermi level is taken into account, for which
quantitative description can be formulated by a rate-equa
approach:6

dP~ t !

dt
5@12P~ t !#D~z!/\. ~3!

The velocity-dependent occupation probabilityP of the
shifted and broadened atomic level after complete dec
pling at large distancez or time t` is given by

P~ t`!512Pion~ t`!512 exp~2D0 /\gv !, ~4!

with v the velocity of the escaping particle perpendicular
the surface andPion the probability that the particle is an ion
07340
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To describe population probabilities during the sputter
process, more than one atomic leveli needs to be taken into
account, and one is confronted with a set of coupled r
equations, all similar to Eq.~3!. So far, the transfer probabil
ity in the rate equations only depends on the coupling
tween the atomic states and the bulk metal states. Howe
the single-atomic level description based on the Anders
Newns Hamiltonian predicts an exponential decrease of
level occupation as a function of excitation energy.6 It has
been observed experimentally that this trend survives a
scription with multiple atomic levels.3 We insert the excita-
tion energy dependence of the population probability in
rate equations in the following way. In the limitv→0, i.e.,
the adiabatic regime,the transfer probabilityto a certain
atomic statei is dependent on the excitation energy and
broadening of the atomic state but no longer on the cha
teristic decay lengthg i

21 . Therefore, therelative population
probability at v50, b i of a specific atomic statei, includes
both the excitation-energy dependence of the atomic stat
well as the broadening of the atomic statei relative to the
broadening of the other states. Inserting the relative pop
tion probabilities atv50 in the rate equations then yields th
following:

dPi~ t !

dt
5S 12 (

i
Pi~ t ! Db iD0 exp~2g ivt !

\
~5!

•••

(
i

Pi~ t !1Pion~ t !51. ~6!

By introducing b i as the population probabilities atv50,
the parameterD0 will be a state-independent measure of t
initial level broadening.

As mentioned earlier, the total population of the excit
doublet of Cu is considered rather than the population on
individual levels. This simplifies the set of equations in E
~5! to that of a two-level system. The rate equations
numerically solved for a fixed velocity to obtain the popul
tion probabilities after complete decouplingPi(t`), which
corresponds with the population probability experimenta
recorded~Fig. 2!. By repeating this procedure for differen
velocities, we obtain the velocity-dependent population pr
abilities of the atomic states. For this procedure, the par
etersb i can, through extrapolation of the data presented
Fig. 2, be deduced to be 0.85 for the2S1/2 state and 0.15
for the 2DJ states. The characteristic decay lengthg i

21 of
both atomic levels and the broadeningD0 are adjustable
parameters.

With the values for the fitting parameters given in Tab
II, the overlap between the experimental data and numer
calculations is remarkably good~see Fig. 2!. Theoretical cal-
culations of energy level widths for light atoms~H, He! and
alkali atoms~Li, Na! at various distances from metal surfac
have been reported.14,15 The results revealed a very larg
sensitivity of the level width on the details of the electro
surface interaction potential. Typical values forD0 were
; 0.5 eV at a distance equal to the Bohr radius, whileg
ranged from 0.5 Å21 to a few Å21. Although the system
9-3
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under investigation~a Cu atom near a Cu surface! is very
different, the parameter values that characterize the elec
transfer into theatomic ground stateof Cu are in reasonable
agreement with these typical values. However, the value
the inverse characteristic decay lengthg of the excited dou-
blet resulting from the numerical fitting procedure is an ord
of magnitude higher, which would imply that the couplin
between the metastable states and the metal states dimin
very rapidly. This could be an indication thatg for the ex-
cited states is merely a fitting parameter. To determ
whether the parameter value has any physical sense, intr
ab initio calculations of a Cu atom in the vicinity of a C
surface are needed.

The velocity-dependent ionization probability is anoth
result from the numerical solutions of rate equations~4! that
can be compared with experimental results. Traditiona
one models the velocity-dependent ionization probabi
with the function

Pion~v !}exp~2v0 /v !, ~7!

where v0 is the characteristic velocity.16 The velocity-
dependent ionization probability calculated with t
parameters listed in Table II has a characteristic velocity
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3.13104 m/s, which is in good agreement with the expe
mental value of 4.83104 m/s obtained by Vasile.17

V. CONCLUSIONS

We reported the relative population partition and veloc
distributions of ion beam sputtered Cu atoms. Atoms in
ground state and the two metastable excited states were
selectively probed using double-resonant two-color two-s
laser ionization. The velocity distributions are interpret
qualitatively in terms of the resonant electron transfer mod
Furthermore, we showed that the experimental veloc
dependent population probabilities can be adequately m
eled by a rate-equation description of the RET process.
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