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Ionization of Atomic Particles Sputtered from Solids
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The ionization probability of an atomic particle sputtered from a simple substrate sys-
tem has been analyzed with use of a computer simulation of the sputtering process. The
ionization probability was found to have a Boltzmann-like functional form and a quantity
called ' the effective temperature" I', could be defined. The value of I', was found to be
in the range of 2000-3500 K. The dependence of T, on the microscopic parameters of the
system has been investigated.

PACS numbers: 79.20.Nc, '79.90.+b

The physical processes which lead to the ioniza-
tion of particles sputtered from solid-state sub-
strates by impacts of fast ions have been studied
in considerable details in recent years. The ma-
jority of these studies has been motivated by the
need to interpret quantitatively the secondary-ion
mass spectra (SIMS) but the problems involved
are of wider interest.

To describe the process of ionization, two basic
approaches have been suggested. Widely used is
the thermodynamical macroscopic approach which
starts from the assumption that the sputtering re-
gion resembles a dense plasma in local thermal
equilibrium (LTE) and describes the process by
few phenomenological parameters. ~' In the other
approach, attempts have been made' ' to describe
the ionization process in terms of microscopical
intra-atomic and interatomic parameters. Unfor-
tunately, the physical models used for the micro-
scopical descr iptions were usually severely over-
simplified.

In this paper we present a microscopical analy-
sis which uses a relatively simple but more real-
istic atomic model. The results of the analysis
justify the use of the LTE formalism for the de-
scription of secondary-ion emission and enable us
to correlate the phenomenological LTE parame-
ters with the atomic parameters of the sputtered
particle and the substrate.

Most of the microscopic theories with exception
of those involving inner-shell excitations (e.g. ,
the kinetic model) start from the time-dependent
Anderson Hamiltonian

H = Q e „C,'C, + e.(t) C.t C.
I& I(l&FI

++[V„,(t)C, ~C, + H.c.], (1)
I

where the subscript k labels states within the con-
duction band of the substrate, the subscript a
labels the localized state on the sputtered atom,

e, and e, are the corresponding one-electron en-
ergies, V„(t) is the interaction between the con-
duction electrons and the electron in the localized
state

~
a). In Hefs. 5 and 6, the SchrMinger equa-

tion with the Hamiltonian (1) was solved under
the assumption that e, is time independent and
that V„,(t) depends on the position z outside the
surface as V~, exp(-yz). The resulting ionization
probability R" = 1 —(C,~(+ ~), C.(+ ~)) was found to
be

R' = (2/7t) exp[a(c, —e, )/It yv J, (2)

where e~ is the metal Fermi energy and v is the
particle velocity Equ. ation (2) has the functional
form expected from the LTE theory and the effec-
tive temperature T, is given by kyv/it. By sub-
stituting y =1.5 A ~ and v =1.9x 10~~ A/sec, which
are typical values for a particle of the mass
equal to 20 proton masses sputtered with the ki-
netic energy 40 eV, one gets T, =730 K. This is
a rather low temperature and thus the value of
B+ is unrealistically small and has an unrealis-
tically large dependence on v and on the ioniza-
tion energy I= —~,. For example, for the kinetic
energy of 40 eV and ~F —~, =2 eV the value of g'
i.s equal to 10 5 and falls to 10 for the kinetic
energy of 2o eV. These results should be con-
trasted with experimental values of 10 '-10 '.
A remedy of this difficulty by a suitable choice of
the time variation of e,(t) has been proposed by
NtIrskov and Lundqvist. '

It has been suggested and demonstrated in Ref.
7 that the electronic excitations in the substrate
should be properly taken into account when one
wishes to discribe realistically a typical ioniza-
tion process during sputtering. It is obvious that
the Hamiltonian (1), which is written in the tt rep-
resentation and can be solved directly only when
k is a good quantum number, does not guarantee
a proper description of local substrate excitations
because any excitation spreads immediately
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through the whole semi-infinite crystal. More ap-
propriate is the Hamiltonian in the site represen-
tation,

E
(eV)--

H=e,c,~c, +Q, [V,,(&)C,~C, + H.c.]
+5 „(&)c,'c, , (3)

4

where ii) and i j) are the electron orbitals local-
ized on the substrate atoms; i a) is the orbital of
the sputtered atom; V;~, V;, and V;„V,,, and ~,
are the corresponding transfer integrals and diag-
onal energies. These matrix elements are func-
tions of the atomic coordinates x;, y;, and z;
which in turn depend on the time. The time de-
pendence of the coordinates is described by the
classical equations of motion

(4)

where M, is the mass of the atomi and I'; is the
total classical interatomic force acting on this
atom. The system of the Schrodinger equation
with the Hamiltonian (3) and Eqs. (4) have to
be solved simultaneously with proper boundary
conditions. Then the ionization coefficient &~
=1 —(C,~(+~), C, (+~)) can be evaluated. Details
of the calculation are described in Ref. 7.

To make the calculation possible within an ac-
ceptable computing time we have chosen a simple
model consisting of seven atoms shown in Fig. 1.
All particles are assumed to have the same mass
equal to 20 proton masses. The atom depicted in
Fig. 1 by a shaded sphere will be sputtered away
due to the impact of the fast impinging atom
which is depicted by a black sphere. The kinetic
energy of the bombarding atom is 400 eV. The
other atoms shown by empty spheres form the
model solid-state substrate. The forces of the
classical motion of atoms consist of two parts:
the weak, central-directed, attractive force which
holds the cluster together, and the repulsive
Born-Mayer force between pairs of atoms. The
components of the central force are given by the
spatial derivatives of the potential function. This
potential function is equal to 3.7y2 eVA for r &4
A and has a constant value for y) 4A, where r is
the distance from the center of the cluster. The
repulsive force is given by the spatial deriva-
tives of the potential 1.45 && 10' exp(- 3.5 r;,) eV A,
where r;, is the distance between the atoms ~ and

j. To simulate, at least partly, the fact that the
substrate should be semi-infinite we assume that
the next substrate atoms (not shown in Fig. 1) are
fixed at their positions. They act only through
their repulsive forces and prevent forward sput-

FIG. 1. The atomic model used in the computer simu-
lation. The model consists of the atomic substrate
(white spheres), the particle which is sputtered (shaded
sphere), and the bombarding particle (black sphere).

0
The interatomic distances are marked in A. The elec-
tronic structure of the model is shown in the inset with
electrons depicted by black dots. I is the ionization
energy of the sputtered particle and is assumed to be
5.25 eV in this case. p marked the highest density of the
empty electronic states.

ter ing. All these forces stabilize the interatomic
distances at values marked in Fig. 1 in A. It
turns out that the general behavior of the ioniza-
tion probability is insensitive to the choice of the
interatomic potential, We use a very hard poten-
tial to keep the interatomic distances large so
that approximate expressions for electron trans-
fer integrals are applicable.

The substrate atoms have two electron energy
levels separated by 2 eV, the deeper one being
6 eV below the zero (vacuum) level. The bom-
barding atom has no energy level (simulation of
an inert gas ion) and the sputtered atom has only
one level, separated by the energy ~, from the
vacuum level. The absolute value of e„equiva-
lent to the ionization energy I, has been varied
to simulate different ionization energies of dif-
ferent sputtered particles. The electron transfer
integrals between energy levels of two atoms are
assumed to depend on the interatomic distance
r;, as V;,Dexp[y;, (r;,' —r;;)], where r; is equal
to 3.36 A and V;,.' to 0.29 eV. The energy levels
of the cluster before the impact of the bombarding
ion are shown in Fig. 1 in the inset. Also shown
is the occupation by six electrons (we neglect the
spin degeneracy)

By a proper choice of the impact point, far
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enough from the sputtered particle to avoid sim-
ple binary collision, the kinetic energy E, of the
sputtered particle can be varied from almost
zero to energies greater than 100 eV. Using this
method of changing E„we have calculated the
values of Q' for different E, keeping V;,.' =0.29
eV and y =1.5 A the same for all atomic pairs.
The resulting dependencies of R' on g, for vari-
ous ionization energies I= —e, are shown in Fig.
2. To demonstrate the dependence of g+ on the
ionization energy I, we plotted in Fig. 3 the val-
ues of &' (at the fixed kinetic energy of E, =40
ev) as a function of I in a semilogarithmic plot
The data can be very well interpolated in a wide
range of Iby a straight line (the full line in Fig.
3). The line corresponds to the exponential de-
pendence expr - (I-y)/k T,] where T, =1800 'K and

cp =4.1 eV. Inspecting the inset in Fig. 1, one can
see that the value of y falls just inside the group
of the empty cluster levels.

In the next step we have changed various param-
eters of the cluster and studied the corresponding
changes of Q+.

We denote by y, the parameter y between the
substrate and the sputtered atom and by y, the
parameter y between the substrate atoms. Be-
sides the case mentioned above (y, =y, =1.5) we
have analyzed and plotted in Fig. 3, further cas-
es: (a) y, =l.5, y, =3 (interpolated by dotted
lines); (b) y, =3, y, =1.5 (dashed-dotted line);
(c) y, =3, y, =3 (dashed line) (y in A i). The val-

ues of V;,. are kept equal to 0.29 eV. The calcu-
lated results for these faster ionization process-
es are more scattered than those for the y, =y,
=1.5 case. Nevertheless, they still can be well
interpolated in a reasonable range of I by straight
1ines and the effective temperatures can be esti-
mated (see Fig. 3).

In conclusion, we summarize the results of our
studies as follows:

(1) The ionization of particles sputtered from
an atomic cluster can be very well described by
an exponential form /'=exp[-(I-y) jk&,j in a
large range of I-y. This is to our knowledge
the first time that the functional Boltzmann-like
dependence has been established for such rapid,
nonstationary processes in systems consisting of
only few atoms. The value of y coincides in our
case with the energy at which the empty states of
the substrate have the largest density.

(2) The parameter &, is larger for larger kinet-
ic energies E, of the sputtered atom. The in-
crease of T, with increasing F., can be seen by
inspection of the graph in Fig. 2.

(3) The parameter T, depends upon the spatial
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FIG. 2. The calculated ionization yield 8 as a func-
tion of the kinetic energy E~ of the sputtered particle.
The parameter is the ionization energy'. The calcu-
lation was carried out for y =y = 1.5 A i.
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FIG. 3. The calculated ionization yield R -as a function
of the ionization energy I for various combinations of
p {in inverse angstroms). The data are interpolated by
straight lines corresponding to different effective temp-
eratures I'e .
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d =(lv, w) (5)

where i is the length of the hop and v, is the elec-
tron velocity. The distance d clearly depends
sensitively upon the electronic structure of the
substrate, being smaller for heterogenous mate-
rials like oxides and larger for clean metals.

dependence of the transfer integral V;,. The spa-
tial dependence is characterized by y;, in our
study. As seen in Fig. 3, the value of T', depends
not only upon y between the substrate and the
sputtered atom (y,) but rather strongly also upon

y between the substrate atoms themselves (y,).
(4) The time interval within which the studied

process of ionization occurs- is found to be 4& l0 ~~

sec for y, =1.5 A and about 2&10 sec for y,0=3 A ~. The ionization in a real system involves
energy exchange and, hence, energy drain to the
colder lattice in this time interval. In view of
our limited knowledge of the electronic structure
in the collision cascade, it is difficult, at pres-
ent, to determine reliably the speed with which
electronic excitations spread in the cascade re-
gion. If one assumes that this region resembles,
in the short time interval, a highly disordered
solid the excitations may spread by a hopping
process and travel in the time ~ the distance d
given by

For the electronic bandwidth of 3 eV, l equal to
the interatomic distance 3 A, and 7 =2&10 sec,
one gets fr om (5) the value of d equal to 10 A.
This length is not far from the dimension of our
model and hence, the outlined conclusions are
likely to be valid also in real semi-infinite sys-
tems. The LTE should thus be understood in
many experimental situations as being local on
the atomic scale, i.e., the parameters T, and y
depend sensitively through the values of y on the
electronic structure of the sputtered atom and its
immediate atomic surrounding.
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The zero-field spin relaxation of positive muon is measured in spin-glasses Pure and
CuMn. A stochastic theory of muon. spin relaxation in a random dilute spin system is for-
mulated to deduce the correlation time of Fe (or Mn) moments. The observed correlation
time increases rapidly from 10 sec (at T -3..2T~) to 10 sec (at T -0.5T~), showing a
sharp slowing down of spin fluctuation around T

PACS numbers: 76.60.Es

In this paper, we report on the first attempt to
measure the dynamical spin fluctuation of spin-
glasses AuFe and CuMn by the zero-field spin re-
laxation of positive muon (p.+).' Longitudinal
spin-relaxation function G,(t) of p,

+ can be direct-

1.y obtained by the time-differential measurement
of the forward/backward decay positrons emitted
from p,

' stopped in a specimen. This technique'
allows us to observe the muon-spin relaxation
with and without external magnetic field, and
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