
DAMAGE INDUCED BY THE ELECTRONIC STOPPING POWER OF SWIFT
HEAVY IONS IN INSULATORS

S. Bouffard and M. Toulemonde

Centre Interdisciplinaire de Recherches avec les Ions Lourds
rue Claude Bloch, BP 5133,14040 Caen Cedex - France

Abstract
When swift heavy ions penetrate through the matter, they release their energy by

interaction with the target electron gas (electronic stopping power). The released energy reaches
values as high than several ten keV per nanometer of path, so there is production of a high
density of electronic excitations and ionizations. These extreme conditions involve new
mechanisms of damage production and new morphologies of defects (latent tracks).

Numerous experimental results have been obtained at the ion accelerator GANIL
for many different types of target: magnetic oxides, ionic crystals, organic conductors and
metallic conductors. We shall present a general description of the track morphologies deduced
from Môssbauer spectroscopy, channeling Rutherford backscattering experiment, high
resolution electron microscopy and atomic force microscopy. The efficiency of the damage
production has been also determined by macroscopic measurements such as electrical
conductivity. Phenomenological models, developped to interprète the damage efficiency, will
be discussed.

Introduction
In dense media, accelerated charged particules interact with the nucleus through

elastic collisions and with the target electrons (inelastic collisions) giving excitations and
ionisations. The elastic collisions create point defects if the energy of the recoil atom exceeds a
certain threshold (typically 20 eV). For large transfered energy, the recoil becomes a new
projectile which could create a cascade of displacements. These processes which are efficient in
any kind of materials, have been extensively studied and very numerous experimental results
have been obtained as well as accurate models have been set up.

In the other hand, the energy released by inelastic processes could also produced
defects. However, to be efficient, the excitations should fullfilled at least four conditions. They
should be localized on a few atoms and have a lifetime longer than the Debye frequency; the
stored energy should be of the order of 10 cV and the deexcitation should favour the non-
radiative paths. So this defect production way is strongly dependent on the target properties
and is only efficient for large band-gap insulators or for organic materials. Nevertheless, in the
case of high density of excitations, the production of extended defects (iatent tracks) has been
observed as well for insulators [1] as for metallic systems [2].

The track morphology
Up to the eighties, most of the studies devoted to the effects of high electronic

excitations, has been done on insulators. The possibility for solid state physicists to make use
of swift heavy ions (up to GeV uranium) has enlightened this question. An important research
effort has led to a complete description of the track morphology in the insulator case over the



whole range of electronic stopping power
(dE/dxe). Most of this work has been done on
Yttrium Iron Garnet (YFe3Oi2> mainly with high
resolution electron microscopy (HREM),
Môssbauer spectroscopy [3] and Rutherford
backscattering experiments. All these experiments
led to a damage effiency [4], defined as
e = A/(dE/dx e ) where A is the measured
amorphization cross section, whose variation is
represented in figure 1. The damage efficiency
has a sharp increase above a threshold which
depends on the material and exhibits a saturation
behaviors for the high electronic stopping power.

This S-shape curve has been observed
as well for magnetic oxydes as for organic
conductors and seems to be a general law for
amorphization induced by electronic stopping
power. This increase of the damage efficiency is
associated to an evolution of the track

Figure 1 : Schematic variation of damage morphology. As sketched in figure 1, five
efficiency for materials irradiated by swift regions (I-V) appear where, as HREM have
heavy ions. Each region is associated to a demonstrated it [5], the morphology of the latent
change in the track morphology. tracks vary with dE/dxç. In the region I,

depending on the materials, either elastic
collisions or single electronic excitations create defects. In the threshold region (II), the HREM
pictures show the presence of small spherical defects. These extended defects are created by
collective effects of the electronic excitations. In the region III, the damage efficiency increases
abruptly with dE/dxe and the defects lengthens along the ion path. In the region IV, the defects
are more and more elongated. They arc quasi-continuous and become chemically etchable. For
the highest dE/dxe (region V), the damage becomes homogeneous and uniform along the ion
path.

For materials damaged by the beam of the electronic microscope or where defects
induced by the ions fade during the observation, these measures are not possible. This is the
case for organic compounds and mostly for inorganic insulators. However, new techniques for
observing such extended defects such as scanning tunneling (STM) and atomic force (AFM)
microscope arc very promising. This technique allows measurements of the latent tracks at the
surface of materials. The figure 2 shows an AFM image of a mica surface irradiated by swift
Kr ions[6] The latent tracks correspond to softer areas and are observed as hollows. Moreover,
the determined diameters are quite in agreement with diameters deduced from small angle X-ray
observations [7]

Discussion
These results associated to the same behaviors in metallic systems [8,9] could be

only explain by collective effect associated to the dense energy transfert. To interpretate these
defect creation, one could consider either the relaxation of the kinetic energy of the ejected
electrons or the high density of ionization along the ion path.

The former approach is equivalent to the thermal spike model developped by Seitz
and Koehler [10] for the dense cascade of displacements and electronic excitations. This model
assumes that the kinetic energy of the ejected electrons induces a huge local temperature
increase by electron-phonon interaction [ H ] . By using realistic values for macroscopic
thermodynamical parameters, the models gives a rather correct agreement between the radius of
the melting cylinder and of the amorphous tracks as well for an amorphous metallic compound
(FegsBis) as for amorphous semiconductor (Ge).



The second approach is based
on the concept of Coulomb explosion spike
originally proposed by Fleisher [12] and
extended to the case of metalic compounds
by Lesueur[13]. In the wake of the
incoming ion the high density of
ionisations induces a continuous positively
charged cylinder during at least a plasma
frequency (=10'l6s.). As a consequence,
the ionized atoms receive an impulse which
leads to collective motions: a shock wave
which propagates radially at the sound
velocity. The amplitude of the induced
atomic displacements could be enhanced in
materials where the phonon spectrum
exhibits a soft modes[14] or in amorphous
alloys where free volume creation could
occur[15J.

Conclusion
_ , . . , , . - , . Figure 2 : atomic force microscopy image of a

• • iA-ëA A y A A^ ?mC mica surface irradiared by 27 MeV/amu Kr ions,
excitation could induced extended defects T h e d a r k z o n e s cor reSpOnd to the latent tracks,
on insulators and on metallic compounds „_ . . . - A A , ~ f <?
by collective effects. This phenomenum The image size is 54*54 nm*.
appears above a threshold value in dE/dxe.
The damage efficiency tends to saturate at the highest dE/dxe.
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