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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 byesonant laser ionizatianThe qualitativetrends 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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[. INTRODUCTION experimental procedure to measure population partitions and
state-selective velocity distributions and give a brief descrip-
The bombardment of a solid substrate with energetic partion of the apparatus. To probe the sputtered atoms state se-
ticles results in the ejection of surface particles. A thOfOUghectiveW, we use two-color two-step resonant laser ioniza-
ug:ﬂerstat?]ding otftthis sputtterigg Iphenomenon is highl¥ ?‘;f‘s"ﬂon. In a first step, Cu atoms sputtered in the ground state
able as the sputter event underlies many experimental techz ; ;
nigues in, e.g?, surface characterization a¥1d vgpor depositioghsdl’ZZ)DOr n one Of. the two excne(_:i metast_able Sta@&'z
a0) are excited resonantly into the intermediate state

The main kinematic aspects, such as the energy or anglg_, . .
resolved distributions of the sputtered particles, are describe_dP 312 8t 3.82 eV by the absorption of a photon. Atoms in that

in a satisfactory way by the transfer of impact energy and?termediate state are photoipnized vi.a the autqionizing state
momentum during the collision cascade initiated by the in- Dsi2at 7.8 eV. As the same intermediate state is used for all
coming ion® ionization processes, the measured photoion intensities are
On the other hand, the electronic processes, which distrikdirectly proportional to the populations on the initial states of
ute the sputtered particles over the different electronic state#)e ionization processes. Only a saturation of the excitation
are still under debate. Mechanisms such as dimer dissoci&teps is required, which is already obtained at moderate pho-
tion, collisional excitation at or above the surface, and nonton fluence$.
radiative deexcitation have been invoked to interpret spe- The sputtering experiments are performed in an ultra high
cific, state-selective observations of the ejected particles ivacuum chambetbase pressure belowx210™° hPg. An
neutral, atomic statésRecently, studies of sputtered Co and jon gun directs a 12-keV Ar beam (1uA/mm?) at 45°
Ni atoms suggested a resonant tunneling of electrons bencidence to the target foil. The plume of sputtered particles
tween the substrate conduction band and the sputtered pag intersected 4 mm in front of the target by the overlapping
ticle to be the dominant electronic process determining th‘?onizing laser beamgdiameter~1 mm). Two independent
final quantum state of the neutral atoms sputtered in thegysed, tunable laser systems, an optical parametric oscillator
ground and metastable stafes.Trends in the population and a dye laser both pumped by Nd:YAGtrium aluminum
partitions and velocity distributions of the sputtered Co an arnet lasers, generate laser pulses with a duration of 6 ns
Ni atoms agreed remarkably well with qualitative predictionsand energies’up to 50 mJ. The wavelength of the laser pho-
from the resonant electron transf@RET) model that de- tons can be varied betweén 225 and 1800 nm.
scrlbes_the tunneling proce‘ésﬁ\lso, the anomalously .h'gh The photoionized particles are accelerated into a reflec-
population on the excited states of Ag after sputtering ha?ron time-of-flight mass spectrometer for mass-selective de-
been explained by an electron transfer from the bulk metal Qection. Before each experiment, the polycrystalline Cu
an escaping excited iohin this paper, we present experi- samples(Goodfellow, purity 99.9%,are sputter cleaned by
mental data on the relative population partition and Statei:ontinuous ion borﬁbardment The surface condition was
seleqtive velocity distributions of Cu atoms sputtered duringchecked by low energy ion s.cattering, which revealed no
keV jon bom_ba.rdment. We demonstrate how these data "Surface contaminants within the sensitivity of the metfiod.
flect the qualitative trends of the RET model. Furthermore, The ion beam can be operated either into a continuous mode
we investigate whether the sputtering of atoms in diﬁ‘erentOr a pulsed mode. The continuous mode ensures that all ve-
quantum states can also QEantitgtivelyrelated to the RET locities are prese.nt in the laser ionization volume and is
process t_)y comparing Fhe experimental data of sputt_ered Herefore used for measuring population distributions. The
atoms with the numerical outcome of a rate-equation de[:)ulsed mode is applied for measuring the velocity distribu-
scription of the electron transfer. tions, as the procedure becomes velocity selective. The delay
time between the ion pulsgvith a duration of 300 nsand
the laser pulse corresponds with the flight time that the sput-
The experimental procedure and setup are presented tered particles need to travel the fixed distafdenm) be-
detail elsewher@.Here, we sketch the main aspects of thetween the sample surface and the ionization volume. The

Il. EXPERIMENTAL PROCEDURE

0163-1829/2003/68)/0734094)/$20.00 68 073409-1 ©2003 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B58, 073409 (2003
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the ionization volume. ® 2V . 3 .
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1. EXPERIMENTAL RESULTS 0 300 6000 9000 12000 15000
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The relative populations on the ground and metastable
states Qf Cu after Contmuous_'on'beam sputtering are Pré- r1G. 1. State-selective velocity distributions of Cu atoms sput-
sented in Table I. The population of the metastable states iSeq in the?S,, and 2D , atomic states.
about 3% of the population of the ground state. The velocity
distributions of atoms sputtered in t88,,, ground state and
the ?D; metastable excited states are shown in Fig. 1. Th

\éel:z)louty dlstnbunons °f.§‘t°”.“s lspgﬁgreﬁ n tH’-(D_5,2 andl exhibit identical velocity distributions. Clearly, the popula-
32 8tomic states are identical within the experimental un+;.,, probability of the2S,,, state increases with increasing

certainty. The velocity distribution OT atoms in 'the groundv locity at the expense of the population probability of the
state is broader, and peaks at a higher velocity compare@%J states

with the velocity distributions of metastable atoms. The total
velocity distribution of all sputtered particles, which is ap-
proximated by summing the state-specific velocity distribu- V. MODELING OF THE EXPERIMENTAL RESULTS
tions weighted with their respective populations, is in good
accordance with the Thompson distribution developed for all MO.St models tha_t have bee_n developed over the years to
particles sputtered from a linear collision cascadée value explaln. the for.matlon of excm_ed atoms _durlng ion-beam

of the surface binding energy, obtained by a fit of the experi-.SpUtte”ng. predict that the. veloqty d.|str|but|ons'of the atpms
mental total velocity distribution with the Thompson distri- In the_ ?XC'tEd states are either |dent_|cal to or Sh.'ftEd to higher
bution, was found to be 3(8) eV, which is in close corre- velocities compared with the velocity distribution of atoms

spondence to the sublimation energy of G eV). As the in the ground staté Most (but not al) experimental results

1 H ,8,10
vast majority of sputtered particles ends up in the atomiccomIrm this trend.®*® Our results, presented here, clearly

ground state, the velocity distribution of the ground-state at_demonstrate an opposite behavior: a higher average velocity

oms also bears a close resemblance to the Thompson distFP—r atoms sputtered in the ground state. A similar observation

rather than the population probabilities of the individual
&tates. This is reasonable since atoms sputtered in both states

bution.

The relative population probabiliti; of an atomic stateé wod ' ' ol o C') n
as a function of velocity is extracted by weighting the nor- | Q ©
malized, state-selective velocity distributidi(v) with the 0.95 - \ g
populationn; and dividing this by the total velocity distribu- 1
tion: £ 090 ZS |

8 12
n;fi(v) O 085 =
Pi(v)=———. ® g
2 njfj() 8 0101 )
: ¢

o
o
1

These results are shown in Fig. 2, in which the total popula-
tion probability of the metastable doubl&D; is considered 0.00

TABLE Il. Parameter values for the atomic states of Cu used in

the modelling of the experimental data shown in Fig. 2. Velocity (m/s)

Atomic state B yi(A Y Ao (eV) FIG. 2. Velocity-dependent population probabilities of the
ground state and the metastable states of Cu extracted from the

25y 0.85 0.5 0.1 velocity distributions and the total populations. The solid line is the

D, 0.15 29 0.1 numerical outcome of the rate equations with parameter values
listed in Table 1.
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was already made during the sputtering of neutral Ag To describe population probabilities during the sputtering
atoms'! The RET model considers the electron configurationprocess, more than one atomic leveleeds to be taken into
of the atomic state to be dominant in determining the stateaccount, and one is confronted with a set of coupled rate
selective velocity distributions of the sputtered atoms, andequations, all similar to Eq3). So far, the transfer probabil-
can account for the results presented in this paper. ity in the rate equations only depends on the coupling be-
In the RET model, the sputtering of a neutral atom istween the atomic states and the bulk metal states. However,
regarded as the evolution with time of an initially strongly the single-atomic level description based on the Anderson-
coupled system consisting of a metal and an escaping atomidewns Hamiltonian predicts an exponential decrease of the
particle in which an electron nonadiabatically transfers fromlevel occupation as a function of excitation enetdy.has
a valence-band state to a bound state of the &téirthe  been observed experimentally that this trend survives a de-
escaping particle is ejected with a high velocity, the interacscription with multiple atomic level$We insert the excita-
tion time with the bulk metal is so short that an electrontion energy dependence of the population probability in the
transfer into atomic states strongly coupled to the bulk metatate equations in the following way. In the limit-0, i.e.,
is favored. Therefore, atoms sputtered in strongly coupledhe adiabatic regimethe transfer probabilityto a certain
atomic states will have a higher average velotithe 2S;,,  atomic statd is dependent on the excitation energy and the
atomic ground state has @Ar] 3d'° 4s! electron configu- broadening of the atomic state but no longer on the charac-
ration, while the?D excited states have dir] 3d° 4s®> teristic decay lengthy; *. Therefore, theelative population
electron configuration. The distribution of electronsgdiand  probability at v =0, 8; of a specific atomic state includes
s levels for the bulk electron configuration, which is both the excitation-energy dependence of the atomic state as
calculated? to be[Ar] 3d*%1 4s%° 4p%4 most resembles the well as the broadening of the atomic stateelative to the
distribution of electrons for the ground state. Therefore, thébroadening of the other states. Inserting the relative popula-
coupling of the?S,, ground state to the electron states of thetion probabilities ab =0 in the rate equations then yields the
metal will be larger. This is reflected in the increasing popu-following:
lation probability of the2S,,, atomic state with increasing g A
velocity (see Fig. 2 Pi(t) _(1_ » Pi(t)>ﬁl 0 €Xp(—yvt)
|

— . ©)

Now, we convert to a more mathematical description of dt
the RET process to make a quantitative comparison with the
experimental results. The energy level of an atom close to a
metal surface will show an upward shift due to the classical
image potential and a broadenidg due to the interaction 2 Pi(t)+Pign()=1. (6)
with the metallic electron states. This broadening is propor- '
tional to the magnitude of the interaction matrix elementBy introducing 8; as the population probabilities at=0,
between the atomic state and the metallic states, whicthe parameted, will be a state-independent measure of the
means that strongly coupled states will be strongly broadinitial level broadening.
ened. The level broadening decreases with increasing dis- As mentioned earlier, the total population of the excited
tance from the surfacedue to the decreasing spatial overlap doublet of Cu is considered rather than the population on the
between atomic and metallic wave functions. Usually, an exindividual levels. This simplifies the set of equations in Eq.
ponential dependence is assumed with a characteristic dec&y) to that of a two-level system. The rate equations are

length y~1: numerically solved for a fixed velocity to obtain the popula-
tion probabilities after complete decouplif®y(t..), which
A(z)=Aqexp(-72), (2 corresponds with the population probability experimentally
with A, the broadening of the level at the surface. recorded(Fig. 2). By repeating this procedure for different

The RET model was initially invoked in sputtering studies velocities, we obtain the velocity-dependent population prob-
to describe the velocity-dependent ionization probability ofabilities of the atomic states. For this procedure, the param-
sputtered particle¥ In this case, only one atomic state well €tersg; can, through extrapolation of the data presented in
below the Fermi level is taken into account, for which aFig. 2, be deduced to be 0.85 for tt&,, state and 0.15
quantitative description can be formulated by a rate-equatiofr the 2D; states. The characteristic decay lengfi" of

approacH: both atomic levels and the broadenidg, are adjustable
parameters.
dP(t) With the values for the fitting parameters given in Table
dt =[1=PM]A@)/A. 3 I, the overlap between the experimental data and numerical

. . . calculations is remarkably goddee Fig. 2 Theoretical cal-
The velocity-dependent occupation probabiliy of the ¢ ations of energy level widths for light atonid, He) and
shifted and broadened atomic level after complete decous)a|i atoms(Li, Na) at various distances from metal surfaces
pling at large distance or time .. is given by have been reportéd:’® The results revealed a very large
. . _ sensitivity of the level width on the details of the electron-
P(tz) =1 Pion(tx) =1~ exp(—Ao/f yv), @ surface interaction potential. Typical values far were
with v the velocity of the escaping particle perpendicular to~ 0.5 eV at a distance equal to the Bohr radius, while
the surface an®;,, the probability that the particle is an ion. ranged from 0.5 A'? to a few A~1. Although the system
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under investigationfa Cu atom near a Cu surfgcis very  3.1x10* m/s, which is in good agreement with the experi-

different, the parameter values that characterize the electramental value of 4.8 10* m/s obtained by Vasil&'

transfer into theatomic ground statef Cu are in reasonable

agreement with these typical values. However, the value of V. CONCLUSIONS

the inverse characteristic decay lengtlof the excited dou- i ) . i

bletresulting from the numerical fitting procedure is an order . e reported the relative population partition and velocity

of magnitude higher, which would imply that the coupling distributions of ion beam sputtered Cu atoms. Atoms in the

between the metastable states and the metal states diministgund state and the two metastable excited states were state

very rapidly. This could be an indication thatfor the ex- selectl_vel_y probed using dogble-_res_ona_nt two-col_or two-step

cited states is merely a fitting parameter. To determind@ser ionization. The velocity distributions are interpreted

whether the parameter value has any physical sense, intricaguialitatively in terms of the resonant electro_n transfer moc_iel.

ab initio calculations of a Cu atom in the vicinity of a Cu Furthermore, we showed that the experimental velocity-

surface are needed. dependent population probablllt!es can be adequately mod-
The velocity-dependent ionization probability is another&!€d by a rate-equation description of the RET process.

result from the numerical solutions of rate equati¢fisthat

can be compared with experimental results. Traditionally, ACKNOWLEDGMENTS
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