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General features of latent track formation in magnetic insulators irradiated with swift heavy ions
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A thermal spike model is proposed for the analysis of latent track formation in insulators. The model
predicts that above a threshold electronic stopping power S„R,-lnS, for 1 ~S,/S„2.7 followed by

R, -S, for 2.7 S, /S„(R, being the effective track radius). A simple expression is derived for the eval-

uation of S„ from material parameters. A good agreement is found with literature data on latent tracks
in magnetic insulators. The analysis showed that the width of the temperature distribution is
a (0)=(4.5+0.25) nm and the energy deposited in the spike is 0.17S,.

The application of the thermal spike model to irradia-
tion phenomena is an old idea. ' However, even in the
most elaborate models ' rather rough approximations
must be used to derive expressions suitable for compar-
ison with experiments. In the present paper a phenome-
nological approach is reported promising significant pro-
gress.

Swift heavy ions induce amorphization in many crys-
talline insulators. The amorphous phase along the ion
trajectory is called the latent track. The observation was
made 35 years ago on mica by electron microscopy.
Later Sigrist and Balzer showed that the formation of la-
tent tracks is related to the electronic stopping power of
energetic ions, S, . Till now, the theories based on the
Coulomb explosion and thermal spike models could not
lead to quantitative predictions and even to useful corre-
lation (for a review, see Refs. 6 and 7). We demonstrate
the possibilities of our approach by the analysis of the
amorphization observed along the ion trajectories in insu-
lators. In these measurements the experimental
quantity —the effective radius of the amorphized cylinder
R,—can be simply related to the parameters of the
thermal spike. Besides some solid-state nuclear track
detectors, where the first step in the detection process is
the formation of a similar latent track, the results may be
also useful for the interpretation of the experiments on
electronic sputtering, ion-beam-induced deformation in
amorphous materials, and defect formation and anneal-
ing in crystalline materials related to the electronic stop-
ping power S, of energetic ions. ' '"

First a brief review of the present model' is given fol-
lowed by the analysis of the experimental data published
in the literature on latent track formation in magnetic in-
sulators and the discussion. The basic assumption of all
thermal spike models is that around the trajectory of the
high-energy ion a high-temperature region is formed in
the material. In the following, all temperatures refer only
to the phonon system. It is assumed that when the tem-
perature exceeds the melting point of the crystal a melt is
formed. Due to its small diameter, the cooling rate of the
melt may reach 10' —10' K/s that results in an amor-
phous structure when the melt solidifies.

The peak temperature of the spike T first grows up to
its maximum value within a very short time ( (10 ' s)
and then it decreases and the spike broadens as a result of
heat conduction. We shall measure the time t from that
moment when T is the maximum in the phonon system.
Let us denote by T, , T, T(r, t) the target temperature,
the melting point, and the temperature at a distance r
from the ion trajectory, respectively. If D, T(r, t) is the
temperature increase in the thermal spike then
T(r, t)=T, +b, T(r, t). One of the main assumptions of
our model is that AT(r, t) can be approximated by a
Gaussian distribution:

KT(r, t) = Q [era (t) ] 'exp[ —r /a (t) I, (1)

where a (t) depends on thermal diffusivity. The value of
Q can be obtained from the balance of energy
Q=(gS, LprrR )(pc—) ', where gS, is the fraction of
energy deposited in the thermal spike, R =R (t) is the ra-
dius of the melted zone, c, p, and L are the mean specific
heat, the density, and the latent heat of phase transition,
respectively. In the following, the approximation
gS, ))Lp~R will be used. This is usually valid for ma-

terials in which latent track formation can be observed.
A second assumption of the model is that the volume

of the amorphous phase formed along the ion trajectory
is proportional to the maximum volume of the melt. In
the following, the proportionality factor is taken equal to
1. This amorphous phase has been observed by different
physical methods in many irradiated insulators.

To reach the melting point the temperature in the
thermal spike should be increased by To = T —T, . The
size of the melted region may increase or decrease as the
thermal spike broadens. The maximum value R =Ro can
be obtained from the condition dr/dt =0 at AT= To. A
short calculation leads to a very simple result: if the tem-
perature at r =a(t) is denoted by T„ then R =Ro when

T, = To. The width of the temperature distribution a (t)
monotonically increases and T, decreases with time in

the cooling spike. If initially To )T, at
t=0 [R(0)(a(0)], then To=T, never fulfills and the
melted zone will have its maximum diameter at t =0. If
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To & T, at t =0 [R (0) )a (0)] then the melted zone ex-
pands up to t=t' when TO=T, [RO=R(t')=a(t')] and
further it shrinks for t) t'. The two behaviors are de-
scribed by expressions, obtained from Eq. (1) by introduc-
ing the conditions for maximum (for details, see Ref. 12):

~ 30E

20

~ BaF~& 20~ 9
+ SrFe~ 20~ g

NiFe20g
MgFe20q

+ ZnFe20g
Q Y,Fe50~ 2—eq. 2a

Q

Q

R 0
=a (0)ln(S, /S„), 2.7 )S, /S„) 1,

R o
= [a (0)/2. 7](S,/S„), S, /S„) 2.7,

S„=plica (0)TO/g .

(2b)

Thus, the track radius and the electronic stopping power
are related through two remarkably simple equations.
According to Eq. (2a) at low electronic stopping power
there is a threshold S„below which no amorphization is
predicted. At this point T = To. Equation (2a) describes
a logarithmic variation of the damage cross section
A =n.R 0 in the 1 & S, /S„& 2. 7 range. Expression (2b) is
an equation of a straight line for S,/S„) 2.7 going
through the origin. There is a smooth transition between
the logarithmic and linear regimes. At S,=2.7S„,Eqs.
(2) provide the same value for Ro. The g parameter does
not figure explicitly in Eqs. (2). It affects the variation of
Ro through S„. The slopes of the linear and logarithmic
expressions differ only in a numerical factor. This is an
additional requirement of the model besides the threshold
behavior and the existence of a logarithmic and a linear
regime.

Since Ro is obtained from a maximum condition, Eqs.
(2) do not contain the time as a variable. Whatever is the
time interval, short or long, necessary to reach the max-
imum size of the melted zone, it does not affect Ro. This
is the reason why thermal diffusivities do not figure ex-
plicitly in the equations, which is a great advantage of the
model. The parameter which is related to thermal
diffusivities is a(0). However, it can be obtained from
fitting.

In the present form of the model T and L, are equilib-
rium values. However, due to the short lifetime of the
thermal spike ( —10 " s) the actual and equilibrium
values may differ. Pulsed-laser experiments may provide
independent quantitative information that can be taken
into account in Eqs. (2) and (3).

As a result of systematic studies of French teams at the
CxANIL accelerator (Caen, France) at present experimen-
tal data on latent track radii R, due to ion bombardment
have been published on yttrium iron garnet (YIG), '

BaFe&zO», ' ' SrFe&zO», ' MgFez04, ' NiFez04, '

ZnFezO4, ' and some additional results are given in Ref.
20. No more latent track data suitable for our analysis
have been published so far for any other material. There-
fore, the choice of magnetic insulator in the present study
is not a deliberate restriction of our analysis to a special
class of materials.

The latent track diameters were deduced from the vari-
ation of Mossbauer spectra due to arnorphization under
room-temperature ion bombardment. In Fig. 1 R, data
are plotted versus ln(S, /S„) (R, =Ra according to our
second assumption) and the figure evidently suggests to
apply Eq. (2a). The S„values are not equal to the values
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FIG. 1. Variation of track size versus S, normalized to the
threshold value S„.

given in the original publications, because their magni-
tude depends on the function which is used in the extra-
polation to R, =O. We used Eqs. (2a) and S„was ob-
tained for each material from the fit to the data by a
least-squares procedure. Only data in the logarithmic re-
gime were used in the fit. In a second step all data were
plotted on a normalized S, /S„scale and the mean a (0)
value was obtained by the least-squares method.

It was reported by Meftah et al. ' that in YIG the
damage cross sections are systematically higher for low
ion velocities compared to the case of high ion velocities.
The discussion of this problem based on the thermal
spike model will be given in a separate publication. ' In
the present analysis only the high-velocity data were used
(E )7.6 MeV/nucleon).

Compared to the typical error (20%%uo) the deviation
from the theoretical curve in Fig. 1 is not large except
some points for BaFe&zO» obtained with U and Pb beams
with very high electronic stopping power. However, the
rest of the data for this material also nicely follow the
theoretical curve. Since the large scatter of data starts
above the logarithmic regime (S,/S„) 2.7), it does not
affect the determination of S„and of the slope. We do
not believe that the origin of these deviations is related to
physical reasons that ought to be taken into account in
the analysis.

The threshold and logarithmic regimes can be easily
recognized in Fig. 1. The linear regime starts at
S, /S„=2.7. Unfortunately the scatter is high in this
range, thus the linear regime ig not well represented in
this plot. The existence of the linear regime is exhibited
much better in the analysis of latent tracks in YIG irradi-
ated with low-velocity ions, since in that case the majori-
ty of data belongs to the linear regime. '

The variatibn of the damage cross section versus S,
closely follows the same trend in all cases. This may be
the result of the variation of a (0) in different materials in
a very narrow range which is undetected due to experi-
mental errors. A second possibility is that a (0)=const in
Fig. 1 and the deviations from the master curve are relat-
ed to experimental error. Our opinion is that the analysis
of fine details would require higher precision and more
data. Therefore, we conclude from the present data set
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FIG. 2. Variation of S„with material parameters. See Fig. 1

for legend. The Bi~Fe409 point was not used in the fit.

that within the experimental error the initial width of the
temperature distribution is identical in these magnetic in-
sulators with a(0)=(4.5+0.25) nm. Our description is
phenomenological. The microscopic transient thermo-
dynamic model may be more suitable to reveal the mi-
crophysical origin of this observation.

At R, (4 nm the deviation from the straight line in
Fig. 1 is higher than the experimental error. This may be
connected with the changing morphology of the tracks. '

At R, ~4 nm the amorphous regions are isolated and
approximately spherical. Our calculations were based on
a cylindrical geometry which appears only at R, & 4 nm .
Another source of deviation may be the incongruent
melting of some materials.

An important assumption of the model is that the
volume of the melt is proportional to that of the amor-
phous phase and the proportionality factor k=1. The
normalized plots in Fig. 1 prove that k=const for mag-
netic insulators within the experimental error. In the op-
posite case the variation of k would affect the derived
a (0) values. This would give rise to a systematic separa-
tion of the damage cross sections which is not seen in the
figures.

If the master curve for a certain class of materials is
known then a single experimental point is sufficient to
evaluate the variation of the damage cross section in the
full range of S,. For example, BizFe409 was irradiated at
77 K with 3.1-GeV Xe beam corresponding to S, =34
MeV cm /mg (the precise value is not given). The track
size was measured by Mossbauer spectroscopy, provid-
ing R, =(5.5+0.5) nm for the latent track radius. From
the master curve in Fig. 1, we see that it corresponds to
S, /S„=4.06 giving S„=8.4 MeV cm /mg. Now having
this value the track radius at any S, can be evaluated by
Eqs. (2). Certainly, the accuracy of the estimate, to a
large extent, depends on the error of the initial data.

Equation (3) olfers a simple expression for the calcula-
tion of the threshold value of electronic stopping power

for track formation. According to Eq. (3) there is a linear
relation between S„and cTD. The plot in Fig. 2 confirms
this relationship providing a (0)/g = 120 nm and
g =0.17. For materials with incongruent melting the ar-
ithmetic average of the liquids and solidus temperatures
T; estimated from the appropriate phase diagrams
were used for the calculation of To. For SrFe, zO» we
obtained T; = 1740 K by a differential scanning
calorimetry (DSC) measurement. The specific heat was
calculated by the Dulong-Petit law. The low S„estimat-
ed for BizFe~09 from a single experimental point (omitted
in the fit) is in agreement with other data in Fig. 2
[T =1233 K (Ref. 20)].

We also measured the latent heat of phase transition in
BaFe,zO» (L =240 J/g) and SrFe, zO|9 (210 J/g) by
high-temperature calorimetry. The average value of
Lpn R (gS, )

' was found to be about 4%%uo for
0 & R o & a (0) and it was assumed that this is typical for
the rest of the magnetic insulators, as well. Thus we feel
justified in using the approximation gS, ))IpmR in the
derivation of Eqs. (2), since the typical experimental er-
rors of S, and R, are about 20%%uo (Refs. 13—20).

The validity of Eq. (3), the logarithmic variation of R,
versus S, and the identical a (0) and g values obtained for
different magnetic insulators confirm the applicability of
the thermal spike model to the problem of latent track
formation in insulators. We emphasize that so far the
threshold electronic stopping power for latent track for-
mation could not be predicted by any theory. The
correct description of the evolution of track radius with
S, has not been given so far by any versions of the
Coulomb explosion or the thermal spike models. The
present model can quantitatively account for the
phenomenon. The temperature dependence —related to
the variation of cTQ —is also correctly reproduced. '

Systematic latent track studies have been also pub-
lished on SiOz (Ref. 25) and mica. ' However, the R, -

S, relation is not unambiguous in these cases and addi-
tional data are required. Estimates based on the analysis
of the available experimental result on SiOz, mica and
also for some other materials suggest that the variation of
a (0) for magnetic and nonmagnetic insulators may be re-
stricted to a rather narrow range.
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