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Abstract

On the basis of its thermal properties, TeO2 crystal was selected as an insulator with low threshold electronic

stopping power for track formation Set. The crystals were irradiated by S, Zn, Mo, Kr, Te and Pb ions and the optical

absorption and track formation were studied. Comparison is made with the published results on LiNbO3, Y3Fe5O12

and SiO2 quartz. Good quantitative agreement is found with the predictions of the thermal spike model of Szenes with

respect to Set and the variation of the track size with the electronic stopping power Se. It is shown that TeO2 has a high

e�ciency g at low ion velocities, which is a characteristic feature of the damage cross-section velocity e�ect. Ó 2000
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1. Introduction

As a result of the interaction of energetic ions
with solids, tracks are formed. These tracks can be
revealed by chemical etching, by electron micros-
copy, by Rutherford backscattering and by other
methods. The size and the shape of these tracks are
characteristic to the ion±solid interaction and to
the process of deexcitation, as well. By studying
the variation of the track sizes in the dependence

of the ion energy and various target parameters we
can get information about these points and check
the present ideas.

Track formation is often explained by the
thermal spike model of Toulemonde et al. [1].
Recently we showed that this model cannot ex-
plain the variation of the track size with the ion
velocity (velocity e�ect) and the ®tting parameter k
serves in this model mainly to compensate the
quantitative consequences of the ``drastic approx-
imations'' of the model [2]. Therefore, the physical
meaning of the experimental value of the k pa-
rameter is rather doubtful [3,4]. In [5] we proposed
a phenomenological thermal spike model of track
formation. The model predicts a simple relation
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between the macroscopic thermal properties of
solids and the threshold electronic stopping power
for the formation of amorphous tracks Set. We
selected some insulators with such parameters,
which ensure low Set. By studying tracks in these
materials we intend to check the expression for Set

and also the analytical equations of the model
describing the evolution of tracks. In this paper we
report the ®rst results on TeO2.

2. Experimental

Optical absorption measurements were per-
formed with a double-beam Perkin Elmer spec-
trophotometer on TeO2 samples irradiated by
Mo, S and Te ions with initial energies of 8.67,
11.3 and 3.5 MeV/nucleon. The TeO2 single
crystals were grown in the Research Institute for
Solid State Physics and Optics (Budapest). The
optical absorption was measured in the 200±900
nm range as a function of the ¯uence and the
electronic stopping power. No absorption bands
were observed in the wavelength range from the
absorption edge (290 nm, corresponding to the
band gap of 4.3 eV) up to the near IR. Only
¯uence-dependent red-shift of the absorption
edge and the appropriate increase of the absorp-
tion pedestal were seen.

The specimens for track studies were irradiated
by Pb, Kr, Zn, and S ions with an initial energy of
4.5, 9.8, 9.0 and 11.3 MeV/nucleon, respectively.
The beam energy was reduced by aluminium de-
grader foils to E < 2.2 MeV/nucleon. All irradia-
tions were performed at room temperature at the
GANIL (Caen, France) accelerator. The ion beam
was scanned over a surface of about 6 cm2 to en-
sure homogeneous irradiation conditions. The ¯ux
was kept around (2±4) �108 ions/cm2s to avoid
beam heating e�ects.

The irradiated crystals were investigated by
Rutherford backscattering in channeling geome-
try (c-RBS) in the Research Institute for Particle
and Nuclear Physics (Budapest). Measurements
were made at di�erent ¯uences and the e�ective
track radii Re were determined by applying the
Poisson law. The experimental error of the track
radii is about 10%. A considerable fraction of this

error is due to the uncertainty in the ¯uence of
swift ions. In insulators Re is usually equal to the
average radius of the amorphous cylinders. We
assume that this is also valid for TeO2. In the
future this should be con®rmed by electron
microscopy.

The experimental data for TeO2 are plotted in
Fig. 1. A line going through the origin provides a
good description of the track evolution in the
given range. For comparison we also depicted in
the ®gure the data for yttrium iron garnet (YIG)
[2,6], lithium niobate (LN) [7] and SiO2 quartz
[8,9], which were obtained by monoatomic or
cluster ion irradiation for E < 2.2 MeV/nucleon.
These experimental data are so close to each
other that it is reasonable to draw a single line
through them. The ®gure clearly demonstrates
that the track evolution in TeO2 is much faster
than in YIG, LN or SiO2 quartz. The track in-
duced by E � 1.84 MeV/nucleon Pb ions in TeO2

has a larger diameter than the tracks measured in
YIG after 40.2 MeV C60 bombardment. Ac-
cording to our knowledge, this is the largest
track ever observed in any solids. Below we shall
explain what is the reason that the track evolu-
tion is so similar in the three most frequently
studied insulators, and why are the tracks about
three times larger in TeO2 at the same energy
deposition.

Fig. 1. Variation of the track size with Se for irradiation with

monoatomic (m) and cluster (cl) ions with E < 2:2 MeV/nu-

cleon.
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3. Discussion

The changes observed in the optical spectra are
related to the simple light-di�usion e�ect resulting
from the structural modi®cations induced by
heavy-ion bombardment. A similar picture has
been observed in LiNbO3 [10] and KNbO3 [11]. It
is interesting to note that in MgO and Al2O3, F-
type centres can be created not only by electron
irradiation [12,13], but by irradiation with various
ions, as well [14±16]. We attribute the di�erent
behavior of TeO2 to the ionization-induced an-
nealing of Frenkel pairs. In TeO2 the annealing of
close Frenkel defects should be highly e�ective,
due to very low oxygen vacancy migration energy
of 0.42±0.54 eV [17], with appropriate migration
temperature very close to room temperature (i.e.
below 100°C). Probably the same is valid for
KNbO3, where oxygen vacancy migration energy
is 0.7 eV [18].

The results of track measurements were ana-
lyzed by the thermal spike model of Szenes, using
the following three equations [5]:

R2
e � a2�0� ln�Se=Set� for Se < 2:7Set; �1�

R2
e � a2�0�Se=�2:7Set� for Se > 2:7Set; �2�

Set � pqcT0a2�0�=g; �3�
where q, c and T0 denote the density, average
speci®c heat, the di�erence between the melting
point Tm and the irradiation temperature Tir, re-
spectively, and gSe is the fraction of the electronic
excitation transferred to the thermal spike (g-e�-
ciency). The parameter a(0) denotes the initial
Gaussian width of the temperature distribution at
the moment, when the peak temperature is the
highest. Set and a2(0) are the parameters of the
model, which can be simply determined from
the experimental data.

These equations have been applied to all sys-
tematic track data reported in the literature. The
analysis showed that a�0� � 4:5 nm for all insula-
tors studied so far [5], and there are evidences that
the value of a�0� does not depend on the speci®c
ion energy E [4]. On the other hand, the e�ciency g
considerably varies with E in the range

0.17 < g < 0.5 and this is the origin of the velocity
e�ect.

The linear relation between R2
e and Se required

by Eq. (2) obviously ful®ls for TeO2 and YIG.
There is a good agreement between the track data
of YIG, LN and SiO2 and later we show that this
is the direct consequence of Eqs. (2) and (3). Pre-
viously, there was no possibility to quantitatively
check Eq. (2), because at low ion velocities the few
track data with Re < a(0) ± available in publica-
tions ± were not su�cient to determine the value of
Set for any insulators. On the other hand, at high
ion velocities the lack of su�cient data with
Re > a(0) was the di�culty.

Recently, experiments were performed on LN
[7] and YIG [19] samples with beams of small
cluster ions. From the analysis of these results we
found at low ion velocities that Set � 4:6 keV=nm
for LN [4]. Jensen et al. induced amorphous tracks
with Re < a(0) in YIG samples by C5 and C10

cluster ions. Eq. (1) can be nicely ®tted to the data
providing Set � 6:3 keV=nm.

A source of uncertainty is that Set for YIG was
determined by clusters in the range of 0:33 >
E > 0:045 MeV/nucleon where the value of the ef-
®ciency is not known from other experiments. In
some irradiation experiments by monoatomic
beams, we found an indication that a drop of the
e�ciency g may exist for E < 0:8 MeV/nucleon,
that has not been con®rmed yet [3]. Presently, ex-
periments are in progress to clarify this point.

Eq. (3) is an important result of our thermal
spike model. It is a relation between the macro-
scopic thermal properties of the target and its
threshold electronic stopping power for amor-
phous track formation. We have shown that this
relation is valid at high ion velocities (E > 7.6
MeV/nucleon) for various magnetic insulators [5].
We made estimates by applying Eq. (3) (S0et) and
Eq. (2) (S�et) and taking a�0� � 4:5 nm. The results
are given in Table 1. together with the experi-
mental values Sex

et and the values of the physical
parameters which were used in the calculations. Sex

et

values were determined according to Eq. (1) by the
extrapolation of the experimental R2

e±lnSe curves
to R2

e � 0. This procedure gives systematically
higher Sex

et values compared to the extrapolation
from an Re±Se curve [6,8].
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There is an excellent agreement between the
two methods of calculation. The agreement is also
good between the Sex

et and S0et values. The larger
deviations for YIG may be related to the drop of
the e�ciency g for E < 0.8 MeV/nucleon [3]. The
estimate provides for TeO2 Set � 1:87 keV/nm,
which is the lowest value for insulating crystals.

If Eqs. (2) and (3) are combined we get

R2
e � gSe=�2:7pqcT0� for Se > 2:7Set: �4�

According to this equation the slope of the lines in
Fig. 1 is inversely proportional to qcT0. The qcT0

values are given in Table 1, and they are very close
for SiO2, LN and YIG. This is in excellent agree-
ment with the plot in Fig. 1, where track evolution
in these three materials have very close courses.

In a range where the e�ciency is approximately
constant g� 0.4 [4], Eq.(4) predicts a linear R2

e±Se/
qcT0 dependence with a slope m � g/2.7p � 0.047.
This plot is shown in Fig. 2 and the variation of
the track size with Se in the four crystals clearly
follows this theoretical line.

When the two plots are compared with the
data in Table 1, it becomes evident that the
governing materials parameter of track formation
is qcT0, which is equal to the energy necessary to
heat up the unit volume of the target to its
melting temperature. Whatever the thermal dif-
fusivity, electron±phonon coupling or the
strength of the target are, the track evolution is
a�ected only by qcT0. If low energy deposition
is su�cient for melting ± like in TeO2 ± then Set is
small and large tracks are induced. The track
evolution is similar in materials with close values
of qcT0 (YIG, LN, SiO2 quartz). These results
clearly show the importance of the thermal e�ects
in the processes of track formation.

As a�0� � 4:5 nm for crystalline insulators, Set

and track sizes can be reliably estimated from the
macroscopic properties by applying Eqs. (1)±(3) at
low and high ion velocities where most informa-
tion is available on the e�ciency values.

It has been observed that low velocity ions are
more e�cient for track formation than high ve-
locity ions [6]. At low ion velocities g � 0:4, which
is more than two times higher than the e�ciency at
high ion velocities �g � 0:17� [3,4]. It has been
previously known that SiO2 quartz, LN and YIG
exhibit the so-called velocity e�ect. The plot in Fig.
2 is a clear evidence that TeO2 has also high e�-
ciency at low ion velocities, thus it also exhibit the
velocity e�ect.

Meftah et al., claimed in [2,20], that the band
gap energy Eg largely a�ects track formation in
insulators. One cannot observe any sign of such a
dependence in Fig. 2 where the track data follow
the same line in the normalized plot whatever is
their gap energy. On the other hand, the R2

e±Se

Fig. 2. The same data as in Fig. 1 in a normalized plot. The

theoretical line has a slope m � g/2.7p � 0.047 assuming

g � 0.4 (see Eq. (4)).

Table 1

The melting point Tm, the irradiation temperature Tir and the average speci®c heat c for some insulating crystals (q is the density)a

Tm (K) Tir (K) c (kJ/kgK) qcT0 (eV/nm3) S0et (keV/nm) S�et (keV/nm) Sex
et (keV/nm)

LiNbO3 1523 300 0.85 29.4 4.67 5.05 4.6

Y3Fe5O12 1790 300 0.67 32.4 5.15 5.05 6.3

SiO2 1996 300 1.02 28.1 4.46 5.05 4.0

TeO2 1006 300 0.47 12.34 1.96 1.87 ±

a Sex
et is an experimental value, S 0et and S�et were calculated according to Eqs. (3) and (2), respectively, by taking g � 0.4 and a�0� �

4:5 nm.
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curves are very close for SiO2, LN and YIG in
Fig. 1 in spite of the fact, that their gap energies
are rather di�erent: Eg � 12; 4:5 and 2.8 eV, re-
spectively. We do not know any experimental fact,
which would indicate, that Eg is a relevant pa-
rameter of track formation in insulators.

4. Summary

No new optical bands are formed in irradiated
TeO2 crystal, which is explained by the annealing
of close Frenkel pairs. TeO2 crystals exhibit the
damage cross-section velocity e�ect and the large
tracks are in agreement with the predictions of the
thermal spike model of Szenes. The governing
materials parameter of track formation is qcT0.
The validity of Eq. (3), o�ering a relation between
the macroscopic properties and Set, is supported
by the experimental results on TeO2, LN, SiO2

quartz and YIG. The agreement is good between
the estimates of Set made by applying Eqs. (2) and
(3) using track data with Re > 4.5 nm. The band
gap energy has no e�ect on the values of Set and on
the R2

e±Se relation for Re > 4.5 nm.
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