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Deexcitation Model for Sputtered Excited Neutral Atoms
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Velocity distributions of In atoms in their ground ( Pii2) and excited ( P3/2) states ejected from
In foils by bombardment with 5-keV Ar+ ions are measured with a multiphoton resonance-
ionization technique. %e show for the first time that the P3i2 level is not significantly populated
during sputtering and that the only path for population of this state is via laser-induced photodisso-
ciation of In2 during the detection process. A new deexcitation model for sputtered excited neutral
atoms is proposed which is based on the electronic localization of the fine-structure orbital.

PACS numbers: 79.20.Nc, 32.80.Rm, 33.80.6j, 36.40.+d

The measurement of velocity distributions of excit-
ed atoms desorbed from ion-bombarded solids has
been of long-standing interest since these distributions
hold the key to unraveling the physical mechanisms
which lead to the excitation. Early studies suggested
that the average kinetic energy of excited atoms was
many hundreds of electronvolts larger than the ground
state and was characterized by a kinetic-energy thresh-
old. ' Later, more sophisticated laser Doppler-shifted
fluorescence techniques2 showed that the velocity dis-
tribution of the fine-structure excited levels of transi-
tion elements such as Zr3 and Fe4 with excitation en-
ergies between 0.1 and 1.0 eV are similar to the
ground-state distributions. On the other hand, Ba 'D
and 3D, 5 Ca 3P2, 2 and Fe 5F56 metastable excited lev-
els were found to exhibit velocity distributions whose
peak intensities occur at significantly larger values than
those of the corresponding ground states. In none of
these later studies was there found to be evidence for a
kinetic energy threshold. The shift in the excited-
atom velocity distribution relative to the ground state
has been commonly ascribed to an exponential
velocity-dependent nonradiative deexcitation. 4 The
total population of these excited fine-structure levels
has been explained by use of a Boltzmann distribution
with an effective temperature of order 1000 K. With
this scarcity of data, it has not been possible to formu-
late a general theory of neutral-atom excitation follow-
ing energetic ion bombardment.

In this Letter, we report velocity distributions of in-
dium atoms ejected from polycrystalline In foil after
bombardment with 5-keV Ar+ ions. By means of a
special multiphoton resonance-ionization (MPRI)
technique, 7 these distributions were determined for
the In Pt~i2 ground state, the 'P3/2 metastable fine-
structure excited state which lies 0.3 eV above the
Pii2 ground state, and the In2 'Xs+ ground state. The

results show that the P3i2 level is not significantly
populated during sputtering, and that the only path for
the population of this state is via laser-induced photo-
dissociation of In2. These results demonstrate, for the

first time, that excitation probabilities are strongly
dependent on electronic structure. Further, the obser-
vations from In, together with those from Zr, Fe, Ca,
and Ba, allow us to propose a new qualitative model
for nonradiative deexcitation of the desorbing atom
which is based upon the degree of electronic localiza-
tion of the relevant fine-structure orbital.

The experimental MPRI system and the procedure
for obtaining velocity distributions have been
described in detail. s Briefly, a 200-ns pulse of 2.5 x 106
ions is focused to a 2-mm spot on the sample. Upon
impact of the ion pulse, an ion extraction field is ac-
tivated to remove spurious charged particles. A 6-ns
laser pulse with power of —1 mJ and a shape of 1x 6
mm is positioned 1.5 cm above and parallel to the tar-
get. This pulse ionizes a small volume of neutral parti-
cles at a time 7E after the ion-pulse impact, thus defin-
ing their time of flight. The ionized particles are then
accelerated by the extraction field and arrive at the
front of a microchannel plate assembly at a time r~
which is governed by the mass-to-charge ratio of the
ion. After digital processing of the phosphor screen
image and by variation of ~E it is possible to determine
the velocity distribution, angular distribution, and
mass of the ejected neutral species.

The spectral MPRI response from sputtered In met-
al consists of a combination of signals arising from
ground- and excited-state In atoms as well as from In2
molecules. The relevant electronic states for these
species and several two-photon resonant atomic ioniza-
tion schemes of interest are shown schematically in
Fig. 1. For example, the 325.9-nm scheme corre-
sponds to resonant excitation of an In atom in the
P3i2 state to the D3i2 state with a photon wavelength

of 325.9 nm, followed by the subsequent (non-
resonant) absorption of a second photon to form the
ion, In+. We will refer to the ionization schemes by
the resonant-excitation wavelength ~, value, i.e.,
410.3, 304.0, 325.9, and 325.6 nm. Note that for all
four schemes, light of wavelength A., is sufficient to
ionize the atom from the intermediate level although
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FIG. 1. Schematic diagram of the relevant energy levels
of atomic In and molecular In2.

usually longer-wavelength light is used. 7 Light of
wavelength A, , in all schemes is also sufficient to ionize
atoms which may exist in the (6s St~2) state.

The known (and relevant) portions of the In2 elec-
tronic spectrum are shown in Fig. 1. The ground 'Xa+

state correlates to ground-state In atoms and is bound
by —1 eV.9 One observed excited state, 'X+, is 361.1
nm above the ground state. ta This state dissociates to
one In atom in the (6s St~2) excited state and one In
atom in one of the 2PJ states where J= —,

' or —', . A set
of 'II„, 3II„, and 3X+ states may also form from these
same atomic states. These molecular states should be
energetically near the 'X+ state, but their exact posi-
tions are not known. As a result of the violent nature
of the sputtering process, In2 molecules in the ground
electronic state manifold will be in a number of vibra-
tional and rotational levels. Consequently, a span of
wavelengths can resonantly excite In2 Inz". From
experimental observations there is resonance absorp-
tion in the 410- through 326-nm regions and not in the
304-nm wavelength range. 7'o As shown in Fig. 1, the
absorption at 410 nm is presumably from an excited
rovibrational state. Finally, as a result of the binding
energy of In2+ there should be a molecular continuum
slightly below the atomic continuum.

With this understanding of the In2 electronic spec-
trum, the possible interactions of the laser light with
the molecule can be analyzed. For example, as seen
from Fig. 1, the absorption of one photon excites the
molecule as

In l~,5p)' 'X,+)—In 'f(~,5p)( „6s)'X„+], (1)

where the 'X+ level may be either a bound or a disso-
ciating state. The bound state may absorb a second
photon of wavelength )t. , to become ionized to In2+.
The dissociating state, on the other hand, vrill yield a

Kinetic Energy/atom (eV1

FIG. 2. Energy distributions of various In species. The
yields are peak normalized to unity and are displayed as
functions of KEiatom. From Ref. 13 the energy-integrated
intensities are approximately as follows: 1 for In+ off reso-
nance at 410.8 nm; 6 for In+ on resonance at 410.3 nm; 1.2
for In2+ at 410.8 nm; 200 for In+ at 304.0 nm; and 20 for
In+(2Py2) at 325.9 nm. Dotted line: In+ ionized from
ground-state In( Pt~2) via the 304.0-nm scheme. Dash-
dotted line: In2 ionized from In2 via 410.8-nm light. Solid
line: In from dissociation of In2' which was excited by
410.8-nm light. Dashed line: In+ ionized from excited-state
ln ( P3/2) via the 325.9-nm scheme.

pair of In atoms,

In2'[(cra5p) (a.„6s)'X„+ 1

In('P )+In('S ( ), (2)

or the excited dimer In2" may predissociate into the
above pair of In atoms through the crossing of the 'X+
potential energy curve with one of the three nearby
states. Following the predissociation or dissociation
process, a second photon may ionize the St~2 atomic
state yielding a distribution of In+ ions which have
originated from dissociated In2 molecules. From the
above discussion, then, it is clear that the population
of the various atomic states are linked via photochemi-
cally induced In2 dissociation processes.

We begin with an analysis of the kinetic energy
(KE) distribution of ground-state In( Pt~2) atoms us-
ing the 304.0-nm ionization scheme. This scheme is
particularly straightforward since there is apparently no
important contribution from dimer ionization or disso-
ciation at this wavelength. 7 The results, as shown in
Fig. 2, are typical for distributions expected as a conse-
quence of momentum transfer following the ion-
impact event" and have been thoroughly analyzed. '

The characteristics of the dimer photodissociation
may be examined around the )t.,=406 to 414 nm

1352



VoLUME 57, NUamER 11 PHYSICAL REVIEW LETTERS 15 SEpTEMBER 19S6

range where In2 has been shown to exhibit strong ab-
sorption. 7'0'3 In this spectral region MPRI of
In( Pi/2) atoms occurs resonantly to the Si/2 state at
410.3 nm. The resulting In+ ion signal in this
wavelength region, however, exhibits a spectral shape
similar to the In2+ distribution, i.e., quite broad. '3

This observation suggests that the signal slightly away
from 410.3 nm arises exclusively from ionization and
dissociation of the In2 precursor molecules in accord
with Eq. (2), followed by ionization of In(2Si/2).

It is possible to confirm this point by analysis of the
KE distribution of In2 and In obtained slightly off the

Pi/2 Si/2 (410.3 nm) resonance. The species In2
and In are expected to have quite different KE distri-
butions since In2 is believed to form by a recombina-
tion of independently ejected In atoms in the near sur-
face region. 7'4 As a result of this recombination, the
dimer KE distribution is expected to generally consist
of lower-KE particles and will be missing the high-KE
tail characteristic of monomer distributions. The 410-
nm region is most appropriate for this test since the
energy at this wavelength is not sufficient to ionize
resonantly In atoms which may exist in either P3/2 or
Pi/2. As shown in Fig. 2, the apparent In and In2 dis-

tributions (labeled 410.8 nm) are essentially identical
with a shape more characteristic of molecularly rather
than atomically ejected species. These results clearly
show, then, that the apparent In+ ion signal observed
off resonance in the 410-nm spectral range arises ex-
clusively from In( Si/2) produced by photodissociation
of In2 as given in Eq. (2).

The most intriguing situation arises from analysis of
the MPRI response from the low-lying excited-state
fine-structure level, In( P3/2), when ionized via either
2DJ multiplet in the 326-nm range. For these types of
states, as noted earlier, it is expected that the KE dis-
tribution should peak at some higher KE value than
the ground-state species because of an exponential
velocity-dependent nonradiative deexcitation. As seen
in Fig. 2, however, the KE distribution for In( P3/2)
when ionized at li.,= 325.9 nm actually peaks at lower
KE values than In(2Pi/2). There does not appear to
be a second peak in the In+ (2P3/2 325.9 nm) curve in
Fig. 2 at higher energies than the peak of the ground-
state curve.

We have shown that the In2 dimers are photodissoci-
ated and that at least the In( Si/2) dissociation product
has a KE distribution almost identical to the dimer dis-
tribution. We have also shown that the In( P3/2) KE
distribution is the same as the dimer distribution and
quite different from the ground-state 2Pi/2 distribu-
tion. As stated earlier, it is not expected that dimers
and monomers will have the same KE distribution.
The apparent 2P3/2 distribution, then, must be almost
entirely derived from the dimer dissociation process,
rather than from sputtered atoms in the P3/2 levels.

It is of interest to examine the physical nature of the
photodissociation process and the abundances of the
Pi/2 and P3/2 products. This relative fraction

depends on the photoabsorption cross sections as well
as on the correlation of the molecular dimer levels
with the atomic components. To determine this corre-
lation consideration of nonadiabatic effects involving
the potential energy curves of several molecular con-
figurations is required. This type of dissociation pro-
cess has been examined for alkali dimers where careful
studies of this correlation have been undertaken. 's'6
Our experiments are not particularly suited to this type
of analysis since the dimer species are ejected from the
surface in a range of rotational and vibrational levels.
It will be of future interest, however, to see if these
levels can be directly measured and related to the
physical nature of the sputtering process itself.

The factors that are important in determining
whether an atom in an excited state will relax as it
departs from the surface are becoming apparent. In
one limit are fine-structure states such as the DJ,
3d64s2 manifold of Fe and the 3FJ, 4d25s manifold of
Zr. The fine-structure states are determined by d.
electron coupling and not by s.electron coupling. In
these cases the s orbitals are larger than the dorbitals,
and effectively shield the d electrons from interaction
with the metal conduction band as the atom departs
from the surface. Consequently, relaxation processes
have long lifetimes and the velocity distribution is in-
dependent of atomic state.

In the intermediate regime are the 5F, 3d74s' state
of Fe, the 3P2, 4s'4p' state of Ca, and the '3D, 6s'5d'
states of Ba. Here the velocity distributions of the ex-
cited states are broader than the ground-state distribu-
tion. Of note is that the Ba distributions depend on
the electronic environment of the original matrix, i.e.,
Ba metal, BaO, or BaF2. The '3D distributions from
Ba metal and BaF2 are broader than the 'S ground-
state one, indicating that there is interaction of the 6s
or 5d electron with the substrate. For BaO the distri-
butions of the D states are similar to the ground state.
The calcium process is very similar to the Ba system
except that the '3D, 4s'3d' states of Ca are not meta-
stable in vacuum and will radiatively decay. In this in-
termediate case there is partial shielding of, for exam-
ple, the 3d7 electrons in Fe(sFJ) by the 4s' electron.

The first example of the third regime, In( PJ), is
presented here. In this case, the fine-structure states
are determined by L S coupling of the outermost elec-
tron. The interaction of the 5p electron with the con-
duction band is strong and the atoms in the P3/2 state
are effectively deexcited to the 2Pi/2 state.

There are implications of this proposed explanation.
First, for the well shielded cases, the population of
atoms in each state cannot be influenced by the in-
teraction of the departing atom with the surface, but
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rather by some event that occurs in the solid. We pro-

pose that the probability of initial excitation of the d
electron structure is determined by the amount of the
electron-gas disturbance induced by the incoming
bombarding particle. '7 The experimental results of the
populations in the high-shielding cases show a depen-
dence on the KE of the incoming ion. 3 4 Since there is

no deexcitation as the atom departs from the surface,
as determined from the velocity-distribution shapes,
then the measured excited-state populations reflect the
excitation process. For the moderate-shielding and ex-
posed cases, the final-state populations reflect both the
initial excitation process and the deexcitation as the
atoms depart from the surface region.

There are several aspects of these proposed ideas
that can be tested and examined further. Obviously,
there are other elements and associated fine-structure
states that will fit into the three categories. These sys-
tems can be investigated. The a priori determination
of the interaction strength should be examined. It is
not obvious especially at this stage why the 'D state of
Ba is partially quenched by the clean metal but not
with the oxide. It would be desirable to find other ex-
amples like In( P3iz) where the excited state is com-
pletely deexcited.
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