IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Atomic displacements and atomic motion induced by electronic excitation in heavy-ion-

irradiated amorphous metallic alloys

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1993 J. Phys.: Condens. Matter 5 995
(http://iopscience.iop.org/0953-8984/5/8/004)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.159
The article was downloaded on 12/05/2010 at 12:56

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/5/8
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

1. Phys.: Condens. Matter 5 (1993) 995-1018. Printed in the UK

Atomic displacements and atomic motion induced by
electronic excitation in heavy-ion-irradiated amorphous
metallic alloys '

A Andouardt, E Balanzat}, J C Jousset}, D Lesueur§ and L Thoméy

t Laboratoire de Physique des Solides et Service National des Champs Magnétiques
Pulsés, INSA, Complexe Scientifique de Rangueil 31 077 TFaulouse, France

t CiRIL, Rue Claude Bloch, BP 5133, 14 040 Caen Cédex, France

§ Laboratoire des Solides Irradiés, CEA, Ecole Polytechaique, 91 128 Palaiseau Cédex,
France

9 Centre de Spectrométrie Nucléaire et de Spectrométric de Masse, IN2P3-CNRS,
Bétiment 108, 91 405 QOrsay, France

Received 29 September 1992

Abstract. In amorphous metallic alloys irradiated with swift heavy ions, electronic
excitation induces atomic displacements at the beginning of the irradiation and anisotropic
growth above an incubation fluence. We provide here an extensive review of our data
on amorphous FegsBy5 (including work that is already published), as well as a general
description of the topic. Samples were irmadiated at various temperatures (20 K, 90 K,
223 K) with a large variety of high-energy (GeV) heavy ions (Ar to U). The atomic
rearrangements occurring during irradiation were studied by / siu electrical resistance
experiments. The influence of the irradiation geometry as well as of a uniaxial stress
applied to the sample was investigated. The whole set of data is accounted for with a two-
hit phenomenoiogical mode! ailowing one to extract physical parameters. A description
of the ion—target interaction on the basis of the Coulomb explosion mechanism is also
provided.

1. Introduction

An energetic ion which penetrates into a solid slows down via two nearly independent
processes: (i) electronic excitation and ionization (electronic energy loss, (dE/dx),),
dominant at high energy; and (ii) elastic collisions with the nuclei of the target atoms
(elastic energy loss, (dE /dz),), dominant at low energy. Up until the 1980s most of
the radiation damage studies in metals were devoted to the effects of elastic energy
loss, relevant in the case of neutron or low-energy ion irradiation, since a huge
technological effort was made in the framework of the evolving nuclear industry. The
numerous experimental results were interpreted on the basis of accurate models (for
a review, see [1]). On the contrary, in those years the study of the effects of high
electronic energy loss was mainly restricted to insulators and organic materials. Two
models have been proposed to account for the results obtained, The first one, by Seitz
and Koehler in 1956 [2], assumes that the energy deposited on the target electrons
relaxes via an electron—phonon coupling, leading to a thermal spike supposed to be
inefficient in good electrical conductors. The second model, by Fleisher er al in
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1965 [3], considers that, before any electron—-phonon coupling takes place, the target
atoms situated along the ion path are ionized during 2 time long enough to undergo
a Coulomb repulsion. This latter model accounts for the creation of latent tracks in
most insulating materials. However, the authors claimed that this mechanism should
be inoperative in electrical conductors. In this situation, the investigation of any
effects induced by electronic epergy loss in metallic materials appears at least as a
challenge.

The first experiment where it was proposed that an electronic energy loss effect
was operating in a metallic compound was the amorphization of PdgSiy, by Z°U
fission fragments [4]. However, in this case, both inelastic and elastic contributions
had to be taken imto account. The availability of high-energy heavy-ion accelerators
(namely VICKSI-Berlin, GSI-Darmstadt and GANIL-Caen) to the solid state physicist
community has allowed, recently, the topijc to be revisited. The GeV ion beams
present the advantage that the two slowing-down processes are efficiently separated,
as can be scen in figure 1. In the last decade, an increasing number of unexpected
experimental resuits has been published. In pure metals, it has been demonstrated
that electronic energy loss induces either a decrease [5-7] or an enhancement [7-
9] of the radiation damage efficiency. A more dramatic effect has been seen in
crystalline metallic Ni;B [10] and Ni-Zr [11] alloys: amorphization and latent track
creation, which had so far been observed only in insulating materials.’ In amorphous
materials (metallic or not), a new effect induced by (dE/dz), has been discovered
[12,13]: a huge plastic deformation at copstant volume occurs exactly as if the ion
beam acted as a hammer (the sample dimensions perpendicular to the ion beam
direction increase with the ion fluence, without any saturation, whereas the sample
dimension parailel to it shrinks). This phenomenon has been called growth since the
term was used for analogous dimensional changes first observed in anisotropic metals
[14]. It has to be remarked that the physical origin of the two phenomena is totally
different. In anisotropic crystalline metals the growth originates from an anisotropic
condensation of point defects in dislocation loops whose geometry is linked to the
crystallographic structure of the metals; in amorphous materials the anisotropy which
causes the growth arises from the irradiation geometry and is induced by the ion
electronic energy loss. In order to better understand the processes which allow the
conversion of electronic excitation into atomic rearrangements, we have performed
electrical resistance measurement on a Feg;B,; amorphous alloy irradiated with high-
energy heavy ions. This system has been chosen since the behaviour of amorphous
Fe-B alloys has already been largely studied in the case of elastic collisions induced
by 2.5 MeV electrons [15], °B fission fragments [16], and low-energy H, Kr and
Bi ions [17]. Preliminary experiments have shown that (dE£/dx), induces not only
anisotropic dimensional variations (i.e. atomic motion) but also atomic displacements
leading to a modification of the short-range order of the alloy [18-22]. In this respect,
the electrical resistance R is an interesting parameter since it takes into account both
intrinsic radiation-induced effects (electrical resistivity p) and changes of the sample
dimensions (shape factor), The electronic stopping power has been varied from
S keV nm~! up o 70 keV nm~! by using a set of GeV ions from Ar to U at GANIL
and GSI. As the anisotropy of the effect is related to the ion beam direction, the angle
of incidence of the beam with respect to the normal to the sample surface was varied
from 0° to 65°. The effect of the irradiation temperature was also investigated since
the observed phenomena involve both defect creation and atom migration. Finally,
as the growth phenomenon is clearly related to an atomic transport process similar
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to plastic deformation or creep, the effect of an external uniaxial stress, applied at
low temperature during ion irradiation, was examined.
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Figure 1. (a) The electronic energy loss of GeV heavy ions in FegsBys as a function
of the residual ion mange Rp—z where Ry is the total projected range and z is the
penetration depth in the target. (§) The ratio between elecironic and nuclear energy
loss versus Rp~z for the same ion—target combinations.

The aim of this paper is: (i) to give a review of the whole set of experimental
results obtained so far; (ii) to analyse the results in the framework of a
phenomenological model; and (iii) to present a tentative microscopic interpretation
of the reported effects.

2. Experimental

The samples used are amorphous FegBs ribbons (1 mm wide, 21 pm thick, a few
cm long) prepared by melt spinning. They were irradiated, without any structural
relaxation treatment, in the IRABAT facility [23] with high-energy heavy ions (in
the GeV range) at the GANIL-Caen (Ar, Kr, Mo, Xe) or GSI-Darmstadt (U)
accelerators. The irradiation flux was monitored by the secondary electron emission
produced by the ion beam passing through a polarized 2.5 pm thick Ta foil, and
calibrated with a Faraday cup. The relative uncertainty of the ion flux is estimated to
be 20%. In order to get an homogeneous irradiation over the whole sample surface,
the ion beam was either magnetically swept (at GANIL) or simply defocused (at
GSI).

Figure 1(4) shows the amount of electronic energy loss deposited onto a sample
by various irradiating ions as a function of the ion residual range. As this range
can be as large as a few hundred pm, the irradiation of sample stacks (including
cventually Al foil energy degraders) was possible, thus showing the variation of the
ion energy (and consequently the electronic energy loss) in a single experiment. In
any case the overall sample stack thickness was kept small enough in order to avoid
the incident ions stopping in the target. Thus, the ratio (dE/dx),./(dE/dz), always
remained very large (of the order of 10°), whatever the nature of the ion and its
energy (see figure 1(b)).

Irradiation was performed at various temperatures (20 K, 90 K, 223 K) measured
by copper-constantan thermocouples soldered on the sampies outside the irradiated
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Table 1. Irradiation parameters: E, the mean ion enerpy into the sample; (dE /dz)e,
the ion electronic energy loss; ¢max, the fluence at the end of the irradiation; DPAmax,
the number of displacements per atom induced by nuclear collisions at ¢max; T, the
irradiation temperature; 4, the irradiation till angle; and e, the uniaxial tensile stress
applied to the sample during irradiation. The numbers in brackets in the first cofumn
indicate the references in which the corresponding results have been partly published.

(dE fdz). P, BPAmax
lon E (GeV) (keVam~1) (0B em=2) (0~ T K ¢ (deg) o (MPa)
Ar
[18] 0.54 54 6.5 4.4 90 0 0
Kr
[18] 212 11.5 57 2.8 90 0 0
1.77 27 30 0 0
1.52 139 38 0 0
1.23 15.6 a7 0 0
This paper  0.48 22.4 8 14.0 90 ] 0
0.44 228 18.0 45 0
Mo 176 17.8 0.06 90 0 0
168 180 0.08 0.06 0 0
This paper  1.26 0.8 0.09 0 0
092 3.0 0.11 0 0
0.63 2.7 0.1s 0 ¢
Xe
[18] 279 243 3.0 31 %0 0 0
2.11 213 39 0 0
1.44 312 55 0 0
(.64 3.6 16.8 0 0
[19] 279278 23244 19 20 90 011 0
275 245 20 29731 0
263266 2477249 . 20 44/48 0
257252 25355 21 58761 0
200 279 243 17 1.8 90 0 0
279 243 18 0 600
2.61 250 19 53 0
{21,22} 279 243 24 25 90 0 0
279 243 25 0 600
273 24.6 25 35 0
273 245 25 35 300
273 4.6 2.5 35 600
261 2590 26 53 0
261 25.0 26 53 300
261 250 26 53 600
[21,22] 279 4.3 2.4 2.5 223 0 0
273 246 25 35 0
273 24.6 235 35 300
261 2.0 26 53 0
2.61 20 2.6 53 300
261 250 26 53 600
This paper 279 243 36 37 20 0 0
273 46 3.8 35 0
2.69 248 3.9 45 0
245 25.8 42 65 0
u 225 5.1 1.0 1.7 90 0 0
This paper 196 65.8 1.9 32 0
172 66.7 20 35 0
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arca. The samples were cooled down by a He exchange gas at a pressure of around
100 mbar. The ion flux was generally lower than 10° ion cm~2 s~! in order to
keep the sample heating during irradiation below 10 K. Throughout the experiment,
the radiation damage created inside the target was monitored by in situ electrical
resistance measurements performed during the beam stops at a reference temperature
(11 K, 80 K, 220 X), by using a conventional DC four-point technique with a resolution
better than 10-*. The samples were mounted on the irradiation set-up at various tilt
angles 8 (from 0° to 65°) between the beam axis and the normal to the sample
foil (the direction of the DC measurement current was along the sample length, the
sample width always remained perpendicular to the beam axis, as shown in figure 2).
The uncertainty in the dit angle may reach 5° at the end of the irradiation, due
to radiation-induced sample deformation. To minimize the growth-induced tilt angle
variation, the samples were generally slightly tightened by means of a soft spring,
leading to a residual stress lower than 5 MPa. The effect of an external uniaxial
tensile stress (300 MPa or 600 MPa) was also investigated. The stress was applied
by means of a spring and calibrated by comparison with elastic deformations induced
in the samples by different weights. The relative uncertainty on the applied stress is
estimated to be about 20%. Moreover, the stress changes, due to the dimensional
variations of the samples during irradiation, were not taken into account. Without
irradiation, the stability of the electrical resistance of the samples was checked at
the irradiation temperature. No drift was observed for the stressed samples, thus
indicating that no creep occurred without irradiation. Annealing experiments were
also performed at the end of the irradiation for some of the samples, at a constant
heating rate ~ 1 K min—, from the irradiation temperature up to room temperature.
Table 1 summarizes the experimental conditions.
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Figure 2. A schematic representation of Figure 3. The ion fluence dependence of the electrical
the geometry used for the irradiation of resistance of FegsB;; ribbons irradiated at 20 K with 2.8 GeV
ribbons (width w, thickness along the ion  Xe ions in the geometry schematized in figure 2. The full
beam direction z) tilted at an angle #  curves represent best fits to the experimental data, using
with respect lo the ion beam direction: equation {5).

i, the DC current; o, the stress applied to

the ribbon; and Th indicates the position

of the copper—constantan thermocouple.
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3. Results and analysis

A typical curve representing the variation of AR/ R, of the amorphous FegBs
ribbons with the ion irradiation fluence for different tilting orientations @ is displayed
in figure 3; AR is the electrical resistance increment and R, the initial value of R.
In order to account for the behaviour of the ribbon resistance exhibited in the figure,
a two-hit phenomenological model has been developed. We will first summarize this
model. Then, the experimental data obtained for the amorphous FegB,s alloy will
be analysed in the framework of this model.

3.1. Two-hit model and analysis procedure

Figure 3 shows that the increase of the electrical resistance of the irradiated ribbons
is independent of the angle @ at low fluence. This result indicates that only electrical
resistivity increase and shape factor variation independent of the incident beam
direction occur. The resistivity increase can be attributed to disorder creation along
the path of the incoming ions with a cross section s, and an associated relative
resistivity variation r;. This disorder creation can induce an isotropic swelling of
the irradiated target. However, such a swelling cannot be taken into account by
the electrical resistance measurements presented in this paper due to its isotropic
behaviour. The shape factor variations induced by the swelling are nevertheless
certainly much smaller than those arising from the growth phenomenon [13] and are
neglected in the analysis of the resistance data.

As the irradiation fluence increases, the curves of figure 3 are split according
to the value of the tilt angle 6, in agreement with the assumption that anisotropic
dimensional changes occur. The existence of an incubation fluence for the occurrence
of the anisotropic sample growth suggests 2 two-hit phenomenon: an jon passing
in the vicinity of an already disordered region is supposed to induce anisotropic
atomic movements, which cause an anisotropic macroscopic deformation of the
irradiated target. A cross section s, is attributed to this second-hit process and
the relative resistivity variation of a twice-hit region is r,. Figure 4 gives a schematic
representation of the above hypotheses. The variation with the irradiation fluence ¢
of the fraction ¢4 and ¢, of disordered and ‘grown’ regions is then represented by
the following system of differential equations:

degfdd = s4(1— ¢y} ~ s,¢4 (1a)
de, A = s,eq — 3464, (1b)

The change in dimensions of the sample is accounted for by the first term (szcq)
of the nght-hand side of equation (1b). The second term (—s4c,) assumes that a
grown region can be disordered by a subsequent ion impact in the same manner as
a virgin one,

In the course of irradiation, the target is composed of undamaged, damaged and
‘grown’ regions. It can be assumed that the total resistivity p of the irradiated alloy
is the weighted sum of the resistivities of these different types of regions since the
whole relative resistivity change is small compared with unity, Then it follows that

(1/pp)dp/de = r4dcy /A + ryde, /de @

where p, is the resistivity of the virgin material.
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Figure 4. A schematic representation of the  Figure 5 The jon fluence dependence of the electrical

hypotheses made for the development of the  resistivity and of the length of FegsBys ribbons irradiated

phenomenological model used to account for  at 20 K with 2.8 GeV Xe ions. The curves are deduced by

the electrical resistance data presented in  a deconvolution of the data presented in figure 3 according

figure 3. to equation (4). The physical meaning of the parameters
D, G, and ¢, is shown.

In order to reproduce the variations with the irradiation fluence of the ribbon
dimension « along the ion beam direction (see figure 2), it is necessary to introduce
a parameter 7, which accounts for the efficiency of the ion-induced atomic movements
creating 2 macroscopic observable growth:

— (1/zp)dz/d¢ = MoSg&- €)

The parameter 1, may vary between O (isotropy) and 1 {for the case where all the
atoms contained in the overlap volume of a previously damaged zone with a cylinder
of section s, contribute with one atomic volume to the anisotropic dimensional change
of the sample).

For a tilt angle & between the ion beam direction and the normal to the sample
surface, the resistance variation can be written, considering that the growth occurs at
a constant volume [12,24], as

AR($)/ Ry = Ap($)]py ~ (Ax()/xzy)(1~ 3sin’§). @)

Integrating equations (1) and combining equations (2) to (4) lead to the general
equation describing the variation of the ribbon resistance with ion fluence:

AR (l—exp[—(sd+ sg)ﬁb])
— T'de

-Sd+3g

54

Iy {1 —exp[—(sq + sg)sb]})

P ( o L epl(ogt sg)qs])

84+ s, 5q+ 5,

+ 1y (1 — expl—(s40)] -

©)
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where
n = ny(1~ 3sin’6). ®)

Equation (5) reproduces the essential features of the wusual behaviour of
amorphous alloys submitted to high-energy ion irradiation [12, 13, 18, 19] and has been
successfully applied to fit the data obtained on Ni,sB,s amorphous alloys irradiated
with 3 GeV heavy ions [25,26]. The first two terms on the right-hand side of this
equation represent the damage and the growth contributions in the alloy resistivity
variation, respectively, whereas the third term accounts for the growth contribution
to the variation of the sample shape factor.

At the very beginning of the irradiation ((s4 + s,)¢ < 1), equation (5) reduces
to

(AR/Ry)ly= Do 7

where D = rysy is the initial rate of the ailoy resistivity increase. At very high
fluences (53¢ > 1), equation (5) becomes

(AR[Ry)leo 22 (rasq + rgsg) [(sa+ 55) + nlsasy/(sq + sp)llé—1/(sq + 5] (8)

which can be rewritten as

(AR/Ry)le; = (Ap/Po)les + CG(& = ¢0) ®)

where G is the final rate of the sample dimensional variation and ¢, is the incubation
fluence.

This mode] involves five independent parameters: »y, sg T, S, and 7,
Unfortunately, it is generally impossible to extract the five parameters with a high
degree of confidence from a fit of equation (3) to experimental electrical resistance
data. However, four parameters: D, G, ¢, and (Ap/py}|,, enter the asymptotic
equations (7} and (9). It is possible to graphically determine three of them (D, G,
¢.) in the cases where data have been recorded at different tilt angles & (i.e. for the
curves presented in figure 3). The physical meaning of D, G and ¢, is indicated in
figure 5 where Ap/p, and Ax/z, have been deduced from the curves presented in
figure 3 according to equation (4). It has to be noted that, as only one tilt angle
is used (a classical case of irradiation at normal incidence), only D and G can be
graphically determined. The remaining parameter ¢, is then extracted by choosing
an appropriate value for ry (see section 4.1}, », being left free. As can be seen
in figure 3 and in the figures presented hereafter, a good agreement is generally
obtained between the fits and experimental data.

3.2. Data analysis

In this section, the respective roles of elastic and inelastic collisions will be discussed.
The influence of the different irradiation parameters: the tilt angle 8, the irradiation
temperature T, and the applied tensile stress ¢ on the structural modifications
induced by electronic energy loss in amorphous FeyBs will then be considered.
Finally, the results obtained during annealing of the irradiated samples up to room
temperature will be presented.
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3.21. Role of eélastic collisions and electronic energy loss. Although the ratio
(dE/fd2) . /(dE/dx), is always very high in the experiments reported here (see
figure 1(d)), the influence of elastic collisions on the structural modifications (damage
creation and growth) induced by swift-heavy-ion irradiation cannot be excluded a
priori. Table 2 collects some data: the elastic displacement cross section oy, the
mean number of displaced atomss per primary event &, and the mean free path
between two primary events X, related to the atomic displacements created by nuclear
energy loss in amorphous Fe-B alloys irradiated with various particles. This table
shows that swift heavy ions induce on average few atomic displacements per primary
collision, separated by distances much higher than the alloy interatomic spacing,
while low-energy heavy ions (0.27 MeV Bi) create dense displacement cascades.
The consequence is that, as far as elastic collisions are concerned, swift heavy ions
induce events close to those due to electrons, ie. they essentially create isolated
point defects. Nevertheless, it must be pointed out that, although the low-energy
transfers dominate, a few high-energy primary knock-on atoms can be responsible for
the creation of dense cascades. Anyway, table 1 indicates that the total number of
DPA (displacements per atom) reached in the present experiments (lower than 10~%)
cannot account for the large radiation damage effects reported here.

Table 2. Calculated damage parameters: g, the displacement cross section [or the
nuclear collisions; &, the mean number of displaced atoms per collision; A, the mean
free path between two collisions.

Mean
energy
Particle  (MeV) ‘Target o (em?) 1 A (om)  Ref
e 25 FezsBy  1x 10722 I (1 [15]
Bi 0.27 FerBys  l4x 10-% 51 0.35 (17]
Ar 1.7 10*  FegBy 77x1079° 72 1P This paper
U 2 x 16* FegsBis 2 x 10~17 7 30 This paper
0 g s
) I
10? E - ’ I
E l.‘-i‘ 4 10 E I '90
L L - T.B c e LT
16? - re . Ar £ %
£ b +  Kr L K
c ; & Mo L. N .
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dE/dx [keV/nm) dEfdx [ke'V/nm]

Figure 6. The matio of the relative electrical resistance variation to the calculated number
of elastic DPA as a function of the average electronic energy loss for Fegs B irradiated
with various high-energy heavy ions: (#) the beginning of the irradiation; (&) the end of
the irradiation. The broken curve serves only as a guide to the eye,

Another way to attest that nuclear collisions have a negligible effect on the
structural modifications induced in amorphous Fe-B alloys irradiated with high-energy
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heavy ions is to plot as a function of (dE/dx), the variation rate of the relative
resistance of the irradiated ribbons, normalized to the calculated number of DPA
created by the ion beam. Figures 6(a) and 6(b) respectively present the results of
such a plot at the beginning (i.e. as the parameter D dominates the damage proccss
as shown in equation (7)) and at the end (i.e. as G dominates the growth process as
shown in equation (9)) of the irradiation. The figure illustrates (i) the existence of a
(dE/dz), threshold for the damaging and growth processes; and (ii) the negligible
influence of elastic collisions on the observed phenomena above this threshoid.
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Figure 7. The ion fluence dependence of the relative electrical resistance of FegsBys

ribbons itradiated at 90 K with various high-energy heavy jons. The full curves represent
the best fits to experimental data using equation (5).

The effect of the ion electronic energy loss on A R/ R, is illustrated in figure 7
where the data relative to a great variety of irradiating jons are presented. Figure 8
shows the variation with (dE/dxz), of the parameters deduced from the whole set
of data recorded at 80 K (see table 1) with the procedure described in section 3.1.
It is worth noting that the initial disordering rate D, the growth rate G and the
incubation fluence ¢, follow a supra-linear dependence on (d£/dz),. A variation of
three orders of magnitude is observed as the ion electronic energy loss is multiplied
by a factor of 10.

3.2.2. Role of the tilt angle. A study of the influence of the tilt angle 6 allows a more
specific investigation of the anisotropy of the irradiation-induced growth, ie. to verify
the validity of equations (4) and (6). Figure 3 presents the case of 20 K Xe irradiation
with four values of ¢ ranging from O to 65°. At irradiation fluences higher than the
incubation fluence ¢, ~ 5 x 10'2 jons cm~?, the electrical resistance variation of the
irradiated ribbon, due to the anisotropic dimensional variation (growth), (i) is very
small for @ ~ @, (8, = 35.3°), (ii) increases for & < @, and (i) decreases for & > 6.,
as expected from equation (4). At irradiation fluences lower than ¢, no tilt angle
dependence is observed since only changes of the ribbon resistivity are supposed to
occur. These observations are confirmed by the data presented in figure 9 where the
initial disordering rate D and the growth rate G are plotted as a function of sin? 6.

3.23. Role of the irradiation temperature. A better understanding of the microscopic
mechanisms leading to the structural modifications observed in swift-heavy-ion-
irradiated alloys is obtained through a study of the temperature dependence of the
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relative electrical resistance of FegB,s ribbons
irradiated at 20 K and 223 K with 2.8 GeV
Xe ions at tilt angles of 0° and 35°. The full
curves represent best fits to experimental data using
eguation (5).

effects induced by electronic excitation. The influence of the irradiation temperature
(20 K, 90 K, 223 K) was recently studied in the case of Xe irradiation. Since no
difference was detected within the limit of the experimental uncertainties between
20 K and 90 K, the data recorded at 90 K were omitted in figure 10. It is quite
¢clear that both the saturation resistivity (as seen for the 35° tilted ribbon for which
7 ~ 0 in equation (5)) and the growth rate & strongly decrease as the irradiation
temperature increases. The latter result is in agreement with the experiments
performed on amorphous Pd-Si alloys [12,24]. Moreover figure 10 indicates that
the initial disordering rate D is independent of the temperature; a more careful
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analysis of the data shows that the ratio G/¢, is also roughly independent of T. On
the contrary ¢, decreases from 5 x 102 em~2 for T < 90 K down to 10'? cm—2 for
T =223 K. This implies that s, increases as the temperature increases.

3.2.4. Role of intemal and external stresses. The huge anisotropic growth observed in
amorphous ribbons irradiated with high-energy heavy ions implies both an increase of
the atomic mobility in the irradiated region and the presence of a stress induced by
irradiation. The application of an external uniaxial tensile stress to the ribbon during
irradiation may then serve the purpose of determining the order of magnitude of
the irradiation-induced internal stress [20~22]. The external applied stress was varied
from 0 to 600 MPa in the case of irradiation with a Xe ion beam. Figure 11 presents
the results recorded at 80 K for three different it angles. It must be emphasized
that even at the end of irradiation, as the damage level saturates, no drift of the
dimensional variations was observed out of irradiation. The curves corresponding to
the stressed samples present the same qualitative features as those corresponding to
the unstressed samples above an incubation fluence; the relative resistance increases
linearly with the ion fluence without any saturation, due to a variation of the sample
dimensions. This figure exhibits the huge effect of the applied stress on the resistance
variation: for normal incidence the value of A R/ R, is multiplied by a factor of 20
at the end of irradiation; for a tilt angle of 53° the variation of AR/ R, is inverted.
Thus, this phenomenon can be regarded as a creep induced by electronic excitationg.
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Figure 11. The ion fluence dependence of the Figure 12. The variation of the apparent growth

relative electrical resistance of FegsB;s ribbons
irradiated at 90 K for different (ilt angles ¢ between
the fon beam and the normal to the sample surface:

rate G, (see text) as a function of the applied
uniaxial tensile stress for three different tilt
angles 8.

full symbols, no applied stress; open symbols,
600 MPa uniaxial tensile stress applied to the
samples.

The application of a uniaxial tensile stress splits the degeneracy of the ribbon
expansion perpendicularly to the ion beam direction. The growth phenomenon can
no longer be described by the parameter n alone. Two parameters n, and 7, (the
subscripts || and L respectively correspond to the directions indicated in figure 2) are

1 The fact that elastic collisions play no role in the observed ‘irradiation-assisted creep’ was confirmed
by length measurements performed on two amorphous FegsBys ribbons submitted respectively to a 0 and
600 MPa tensile stress and bradiated at 20 K with 2.5 MeV electrons, The results show no difference
between the two samples.
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Figure 13. The ion fluence dependence of the  Figure 14. The annealing curves for three FegBys
relative electrical resistance of two FegsBys ribbons  nibbons irradiated at 90 K with 2.8 GeV Xe lons
irradiated at @ = 0° (open symbols) and & = 45°  at various Gilt angles 6. R is the resistance at the
(full symbols). One of the samples (squares) was end of the irradiation.

irradiated at 0° up to a fluence of 1.1 x 10! cm—2

and then at 45°. The other sample (circles) was

irradiated at 45° up to a fluence of 1.1x 10" cm—?

and then-at 0°.

thus required to account for the observed effects. Equation (6) can then be rewritten
as

n(8,0) =2[n, (6,0) c0s? 6 + ny(8, ) sin’ 4], (10)

In this equation n, and =z generally depend on both ¢ and ¢. ]t can be remarked
that without external stress n; and 7y are related by

which expresses the fact that the growth occurs at a constant volume. Moreover,
the parameter 7, introduced in equation (3) is, according to this notation, nothing
else but 2n, (0,0). It is possible to deduce a value for the apparent growth factor
in the presence of the external stress, G, from the resistance variation at the end
of irradiation (see equation (9)). Unfortunately this value does not allow a full
characterization of the dimensional variation of the sample, since equation (10) shows
that the anisotropy parameter is split in this case into two components. Figure 12
presents the variation of GG, with o for different values of 8. This variation is roughly
linear whatever the value of 6. From these results, a value ~ 100 MPa for the internal
stress induced by electronic excitation in the wake of the incident ion can be derived
(see section 4.4).

The problem that remains to be understood is the microscopic origin of the
internal stress. In the framework of the two-hit model developed above, this stress
can be either due to the presence of the initially damaged region (cross section sy), or
linked to the second hit (cross section s,). An experiment has allowed us to enlighten
this puzzling situation: an irradiation of two ribbons with initial tilt angles @ = 0° and
45° which are reversed to # = 45° and (°, respectively, at a given irradiation fluence.
Figure 13 presents the result of this experiment performed with Kr ions. The data,
which exhibit a sharp change in the slope of the electrical resistance variation as the
tilt angles are changed, demonstrate that the second hit is entirely responsible for the
anisotropy of the atomic movements leading to the sample growth.
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3.2.5. Annealing behaviour. Some of the samples irradiated at 90 K with Kr and Xe
ions were slowly (~ 1 K min~!) annealed up to room temperature and their electrical
resistance measured. Figure 14 presents a typical annealing curve for various values
of the tilt angle #. It can be seen that the annealing behaviour of the ribbons
is independent of & and can then be interpreted in terms of a resistivity decrease
only. Moreover, the data are quite similar to those recorded after an irradiation with
2.5 MeV electrons [15].

4. Discussion

We have shown that irradiation of amorphous FegzB;s with swift heavy ions leads
to two types of atomic rearrangements essentially induced by (dE/dz),.: (i) for
ion electronic stopping powers higher than a threshold value ~ 10 keV nm~%, a
modification of the alloy short-range order from the very beginning of the irradiation;
(ii} an anisotropic sample growth starting above an incubation fluence with a growth
rate which depends on the value of both (d£/dzx), and the irradiation temperature,
As a uniaxial stress is applied to the sample during irradiation, the dimensional
changes are strongly modified and a huge radiation-induced stress-biased growth
appears.

We have proposed a phenomenological mode] which accounts for the electrical
resistance variations reported in this paper. The first part of the discussion is devoted
to the determination of the physical parameters from the quantities directly available
from the experimental data. A discussion of the importance of the metallic character
and of the structure of the irradiated alloy, of the role of the electronic stopping
power, of the irradiation temperature, and of the applied stress on the damage
process is then presented.

4.1. Determination of the physical parameters

The microscopic processes involved in the electronic-excitation-induced atomic
rearrangements occurring in amorphous FegsB;s are mainly accounted for by the
parameters s;, s, and n, involved in the phenomenological model. In fact, as already
discussed in section 3.1, the experimental data provide an unambiguous determination
of three quantities only: D, G and ¢,, which are combinations of four (ry, s4, 5,
ny) of the five parameters of the model. As a matter of fact, the relative resistivity
of the grown regions r, does not appear in the expressions for D, G and ¢,. On the
other hand, the model implicitly assumes that the degree of damage in the disordered
regions is saturated, since it was supposed in the derivation of equations (1) that (i) a
disordering event (cross section s,) occurring in a disordered region does not change
the relative resistivity r; and (ii) a grown region behaves from the point of view of the
disordering process as a virgin one. A reasonable hypothesis is then to consider that
T4 is an intrinsic value of the investigated alloy which is independent of both the ion
stopping power and the irradiation temperature. In this respect, it has to be noted
that in Fe,,B,, thin films irradiated with several hundred keV H, Kr and Bi jons
[17], the value of the relative increase of the film resistivity at saturation is the same
whatever the projectile used, ie. whatever the type of defects (Frenkel pair-type or
dense displacement cascades) created during irradiation. The alloy under investigation
here is unfortunately not of exactly the same composition as those irradiated with
low-energy ions (Fe,,B,,), B fission fragments or 2.5 MeV electrons (Fe,sB,s and
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FegyByy) [15, 16). Nevertheless an extrapolation of the previous results to the present
case certainly provides a good estimation of the saturation value of the resistivity of
a disordered region: ry = 0.04. Figure 15 presents the variations of sy, s, and n,
with the ion electronic stopping power, obtained from the quantities [}, G and ¢,
by taking for ry the value estimated above,

4.2, Disorder creation

Up until now, we have always comsidered that irradiation induces changes in the
short-range order of the amorphous packing but does not Jead to any amorphous-to-
crystalline phase transformation. In fact, no sign of crystallization has been detected
in any of our samples: the temperature coefficient of the alloy resistivity, which is
very sensitive to an incipient crystallization, was always found to be pearly the same
after irradiation as it was before. This resuit is not surprising in the light of other
experiments which have shown that, at low temperature, a similar metal-metalloid
system (Ni;B) undergoes a crystalline-to-amotphous transition induced by electronic
excitation [10, 26]. Furthermore, the only evidence for crystallization of an amorphous
material (metallic or not) driven by (4 E/dz), concerns room-temperature irradiation
of very thin films of Si and Ge [27] and W-Si multilayers [28]. The specific behaviour
of the thin films could be ascribed to the role of both the temperature and the surface
(the presence of a crystalline substrate) or interface (the role of a mixing effect) in
the nucleation and growth of a crystalline phase.
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Figure 15. The ion clectronic energy loss Figure 16. The variation of the dilatation 6(r, 1)
dependence of sy, sy and 79 The curves are  (see text) versus /b for a given value of the time
deduced from those presented in figure 8 for the ¢ ({(a}{d)) and versus s¢/b for a given value of r
data recorded at 80 K| assuming that rg = 0.04.  ((e){h)). )

The symbols refer to experimental data recorded at

20 K

The results previously obtained in amorphous Fe~B alloys irradiated with low-
energy ions or electrons, which induce damage creation by elastic collisions, were
interpreted in terms of Frenkel pair-type defects characterized by an intrinsic relative
resistivity (ppp/py = 2.5) and a spontaneous recombination volume (v, = 60 atomic
volume) [15]. The saturation level of the created damage then corresponds to a
defect concentration of 1/v, = 1.7 x 10~? and to a relative resistivity increase
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rq = (Pp/Po)vp = 0.04. Now, the relevant question is: are the defects created in
Feg;B;s by electronic excitation similar to those created by elastic displacements? A
hint about this problem can be provided by considering the results obtained after the
annealing of the irradiated samples up to room temperature: the recovery was shown
to be independent of the tilt angle & and similar to the one obtained after irradiation
with electrons. The former result indicates that the shape factor remains constant
during annealing: the deformation induced by the ion beam does not anneal out since
only the resistivity increase is recovered. The latter result provides an indication that
similar defects are annealed out (and thus created) in the case of both electron and
swift-heavy-ion irradiation. This observation is interesting owing to the knowledge
of the type of damage expected to be created by electronic excitation in amorphous
metallic compounds, which could be identical to that induced by electron jirradiation.
However, this knowledge is not essential for the interpretation of our experimental
data since the only hypothesis required is the value of the relative resistivity r; of a
disordered region.

The variation of s; with the jon electronic energy lost exhibited in figure 15
shows an apparent (dE/dz), threshold ~ 10 keV nm~! and, above this value, a
supra-linear dependence (an increase of three orders of magnitude as (dE/dzx),
increases by a factor less than 10). Such a threshold was commonly observed for
track formation in insulators irradiated by swift heavy ions [29-31] and also very
recently in a number of crystalline metallic alloys [11, 32} in which electron microscopy
observations have shown the presence of continuous amorphous cylinders. It may
then be assumed that the disordered regions created in FegBs by swift-heavy-ion
irradiation consist of cylindrical ‘tracks’ of radius equal to (s;/7)'%. In a (dE/dz),
range of 20-70 keV nm~! the calculated track radii vary between 1.5 and 7 nm.
Values of track radii have up until now not been available in amorphous systems.
A direct comparison of the damage sensitivity to high (dE/dx), is then impossible
between amorphous metals and amorphous insulators. Nevertheless, the radii of the
disordered regions obtained in the present experiments are close to the amorphous
track radii observed in crystalline inorganic insulators or metals irradiated under
similar conditions [11, 30, 32-34]. The low values for s; obtained near the (dE /dx),
threshold of 10 keV nm~! provide meaningless values of the track radii (~ 0.18 nm)
if continuous cylinders are assumed. The disordered regions in this low (dE/dz),
regime then certainly consist of discontinuous damage trails all along the ion path.
It must also be pointed out that near the (dE /dx), threshold elastic collision events
play a role which can certainly not be neglected.

A change in the irradiation temperature from 20 K to 223 K brings no major
variation of sy (see figure 15). This result i consistent with the weak amount of
recovery (< 30%) obtained at 220 K in annealing experiments performed on Fe-B
alloys irradiated with high- (see figure 14) as well as with low- [17] energy heavy jons.

Figure 6 has allowed us to demonstrate that (dE/dx), plays a major role in
the disordering process of FeyB, irradiated with swift heavy ions. Moreover this
figure exhibits the huge ratio (~ 10°) existing between the damage efficiency (D/o,)
measured for a (dE/dz), value of 70 keV nm~! (U irradiation) and well below
the (dE/dzx), threshold. Such a value excludes a priori a consideration of the role
of (dE/dz), as an enhancement of the elastic collision cross section, With this
hypothesis an increase of o4 by almost three orders of magnitude would be deduced
since the same defect resistivity has been assumed. This increase of o4 could then
only be accounted for by a (dE/dz),.-induced decrease of the elastic displacement
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threshold energy to a meaningless value of some tens of meV, On the other hand, the
damage efficiency increase is two orders of magnitude higher in the case of amorphous
alloys (FegsBys and NysBs [25,26]) than in the case of pure crystalline metals [7-9].
This comparison clearly stresses the major role played by the amorphous structure to
accommodate more easily electronic-excitation-induced damage.

It is of primary interest to establish an energetic balance of the damage process
by electronic energy loss. For this purpose, the ratio € between the energy stored in
disordered regions of the irradiated target and the corresponding amount of energy
loss by the incident projectiles in the host electronic system may be used. The value
of ¢ is equal to s, AH N/(dE/dz),, where N is the target atomic density and
A H_ the amount of energy stored per atom in a damaged zone. Although no direct
estimate of the stored energy is possible, a comparison can be made berween the
energy released during the structural relaxation of amorphous alloys and the energy
stored in a disordered track (the resistivity variations involved in both processes are
comparable since a relative decrease of the resistivity of 6 x 10-2 is measured during
the heating of an as-quenched FeyB,, sample up to 620 K [35]). In Fe—Ni-based
metal-metalloid alloys the relaxation enthalpy measured during the heating of an
as-quenched sample up to the glass transition temperature or up to the onset of
crystallization varies from 2 x 103 to 10~2 eV/at depending on the samples {36]. In
Fe;B,;Si, alloys the relaxation enthalpy is equal to 1.5 x 10~2 eV/at [37]. Taking this
latter value as a typical order of magnitude for A H leads to ¢ = 3.7 x 10~ in the
case of U irradiation ((dE/dz), = 70 keV nm~!) and 5.5 x 10~% in the case of Kr
irradiation ((dE/dz), = 16 keV nm~!). Although the effects induced by electronic
energy loss in amorphous metallic alloys are dramatic, these results indicate that
only a very small part of the energy deposited by the incident ion beam is stored in
disordered regions, as is frequently observed for the radiolysis of inorganic insulators
[38].

4.3. Atomic motion

Atomic motion leading to macroscopic dimensional variations becomes significant
above an incubation fluence (¢, = 1/(s4+ s;)) at which the saturation of the sample
resistivity is largely in progress (c;(¢.) = 0.63cy4(¢,,) from equation (1)). On the
other hand, the experimental results indicate that the incubation fluence decreases as
the ion stopping power increases.

The number of atoms per incident ion and over an interatomic distance which
participate in the anisotropic growth process can be estimnated by the equation

n, = 2G, N/ : 12
g 0-7

where G, = G/(1 - 3sin” ). In fact, this quantity is a lower limit of the number
of atoms removed from their initia] atomic site per atomic layer, since the atomic
motion is generally not fully anisotropic (i.e. the parameter n, is always < 1 as
verified in figure 15). The value of n, varies from 0.2 to 80 for irradiation with Kr
(10 keV nm~!y and U (65 keV nm~!) ions, respectively.

Figure 15 shows that s, and s, are both of the same order of magnitude and vary
in the same way with the ion electronic stopping power. Moreover, the (dE/dz),
threshold for the growth process is not higher than that seen for the damage process.
This indicates either that the same threshold energy is required for both processes
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or that the threshold energy for the growth phenomenon is lower, this latter process
being triggered by disorder creation. Figure 15 indicates that n, decreases as the
electronic energy loss increases. Such a result might be surprising owing to the fact
that the growth rate increases as (dE /dzx), increases. However, it has to be re-stated
that the number of atoms involved in the growth phenomenon vary as the product
7S, Which was found to increase as (dE/dz), increasesf.

As the irradiation temperature increases, both ¢, and G decrease. The decrease
of ¢, is mostly due to the variation of s,, since s, has been shown to be nearly
temperature independent. On the other hand, the decrease of 7, overwhelms the
increase of s,, thus leading to the observed decrease of the growth efficiency. As a
matter of fact, an increase of the irradiation temperature serves the double purpose
of increasing and randomizing the atomic motion.

In the model developed earlier by Klaumiinzer and co-workers [13,39] to account
for the growth phenomenon cobserved in a large variety of amorphous materials
irradiated with high-energy heavy ions, the pertinent parameters are the free volume
initially present in the irradiated target, the elastic collision cross section and the
ion electronic stopping power. In the following we will discuss the role of the
two former parameters in the irradiation behaviour of FeyB,; in the framework
of the phenomenological description presented above. As has been demonstrated in
section 3.2.1, nuclear collisions induce a negligible damage production compared with
that resuiting from electronic excitation in the (d £ /d«), region above the threshold.
A role for elastic-collision-induced damage in the growth phenomenon could then be
invoked only in the case where the nature of this damage would be different from
that of the electronic-excitation-induced one. It was shown in section 4.2 that this
hypothesis is unlikely. Moreover, the amorphous structure cannot accommodate a
large variety of defects; positron annihilation experiments have shown that defects
of larger than one atomic volume are pot stable even at low temperature [40].
Consequently, the influence of elastic collisions on the growth phenomenon observed
in the present experiments can hardly be considered. The difference between our
interpretation and that of Klaumiinzer and co-workers [12, 13,24, 39] regarding the
rofe of elastic epergy loss could then be accounted for by the fact that the irradiations
made in Berlin concern much less energetic ions, for which the ratio between the
nuclear and the electronic stopping cross sections are much higher.

An amorphous alloy contains a fraction of free volume depending on the
preparation technique (melt spinning, sputtering, ion implantation,. ..} and conditions
(cooling rate,...) and on the treatments performed after their elaboration (cold
rolling, annealing,...). The concept of free volume is in fact well defined when
the alloy temperature is higher than the glass transition temperature 7,. However,
in an amorphous alloy prepared by quenching, the difference existing between free
volume and vacancy-type defects is weak. As a matter of fact, in Co-Sn amorphous
alloys [41] and in amorphous Si [42], the annealing behaviour of the as-prepared
and irradiated samples is similar. The discrimination between the defects present
before irradiation and those induced by the jon beam is then difficult. Moreaver, in

t The product ngsg is involved in ng since equation (12) can be rewritten as

ny = Znosscd(tﬁoo)Nz/S.
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the growth regime, since the concentration of defects is certainly saturated inside the
core of the jon track, it is reasonable to assume that the alloy has lost the ‘memory’ of
the pre-existing free volume. This fact is apparently in conflict with the experimental
data reported by Klauminzer and co-workers [39] which show a direct correlation
between the mitial fraction of free volume and the value measured for the growth
rate. This contradiction could be resolved if we assumed that the initial concentration
of free volume is a good indication of the ability to accommodate the presence of
disorder in an amorphous alloy.

4.4. Internal stress

The interpretation of the results presented in section 3.2.4 is based on the assumption
that the growth phenomenon arises from an ‘atomic mobility spike’ in which: (i) the
atomic mobility is induced by the passage of an ion inside a cylinder of cross section
s and (if) an internal stress polarizes the atomic movements in this cylinder. In
this description, the internal stress must present a Cylindrical symmetry around the
ion path. As an external stress js applied to the sample, the atomic movements are
then governed by the total stress (internal and external), so that the symmetry is no
longer a cylindrical one. The data presented in figure 11 show that the initial slope D
deduced from the resistance curves is stress independent. Since the incubation fluence
is also stress independent, the variation of G with the applied stress (figure 12) is only
due to a variation of 5, ie. to a variation of the atomic fraction which contributes to
the anisotropic change of the sample dimensions.

Assuming that the elementary process involved in the growth consists, as suggested
by Ming-Dong Hou e o [24], of a reorientation of pairs of atoms perpendicularly
to the ion beam and that the direction of these reorientations is driven by the local
siress, a rough estimate of the role of an external stress can be attempted. The
assumption, as a first approximation, that n,(8,0) and n (9, o) in equation (10)
vary linearly with the external uniaxial stress o allows us 0 write

n,(f,0)=n,(0,00(1+ A, ocosb) (13a)

where A; and A are factors independent of o but which may depend on the target
temperature. Equation (10) then becomes

7(8, ) = 1(8,0) + 20, (8,0)( A, cos® 6 — 24, sin® §)a. (14)

The experimental results presented in figure 12 can be reproduced with a unigue
set of values: A, = (8+2) x 1073 MPa~!; 4 = —0.1A4, .

The same type of analysis performed in the case of samples irradiated at a
temperature of 223 K leads to identical values for A, and A). This indicates
that, in this temperature range, the bias induced by the external applied stress is not
thermally activated. Such a model can provide an order of magnitude for the average
internal stress &,. Indeed, for 8 = 0, equation (14) reduces to

7(0,0) = 21, (0,0)(1 + A, 0} (15)
which can be rewritten as
n(0,0) =21, (0,0)A, (o + &)). (16)

According to equation (16), it can be deduced from the data presented in figure 12
that &; is ~ 100 MPa. As a conclusion, the effect of an external stress must be
interpreted as a stress-polarized growth rather than a radiation-assisted creep.
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4.5. Microscopic approach

An essential problem regarding the mechanisms involved in swift-heavy-ion-irradiation
experiments is to understand how energy can be transferred from excited electrons to
the target atoms in a way efficient enough to induce atomic displacements leading to
both local order modification and growth. Two models have been established in order
to account for track formation by electronic excitation in insulators respectively based
on the thermal spike [2] and the Coulomb explosion [3] concepts. However, it was
often claimed that such models are not valid in the case of metallic systems due to
the high density of free electrons which are able to (i} easily spread out the deposited
energy, and (ii) screen in a very short time the charge of the atoms highly ionized
in the wake of the incident ion. A lot of experimental results (including this work)
demonstrate that this statement is no longer valid. It was then interesting to try to
extend the above models to the case of metallic systems. Very recently, thermal spike
descriptions have been attempted to account for the data obtained on semiconductors
[44] as well as on metallic systems [44,45]. In the following, we present a tentative
interpretation of the growth behaviour of amorphous alloys irradiated with swift heavy
ions on the basis of a revisited formulation of the Couviomb explosion spike model.

The high electronic energy deposition due to an incoming swift heavy ion induces
a high electrostatically unstable continuous cylinder of positively charged ions. In a
metallic system, the lifetime T of this space charge is controlled by the screening
of the conduction clectrons. The characteristic response time of the electron gas is
~ wy!, where w, is the plasma frequency (5! ~ 107'¢ 5). This time is much shorter
than the characteristic response time of the lattice atoms which is ~ wg', where wp
is the Debye frequency (wg' ~ 1071 s). Nevertheless, in spite of the very short
duration of the electron gas perturbation, the highly ionized target atoms may receive
an impulse and gain a kinetic energy which can be roughly estimated to be ~ 0.1 eV
[13,46,47]. One can then assume that the lattice atoms begin to recoil as the space
charge is completely screened and consequently as the interatomic potential (and the
elastic constants) has recovered its equilibrium value. In the case of sufficiently high
electronic stopping power, the space charge cylinder is continuous, so that the radial
impulses received by the atoms lying in the ion wake are cohercnt. Thus, contrary
to the Fleisher [3] and Klavmiinzer [13,24,47] models, where a two-body repulsion
is assumed, this coherent motion of atoms leads us to consider that the medium
is continuous, which accounts for the response of the material to such a transient
excitation. For the sake of simplicity, the theory of linear elasticity in an isotropic
medium has been used. Thus, the elastic wave propagation equation in cylindrical
geometry can be written as

(8/ar){(1/r)(8]0r)ru(r, )]} = (1/*)8%u(r, 1)/ OF (7

where s is the longitudinal sound velocity, and where u(r,t) quantifies the radial
displacement of atoms at a distance r from the ion path and at a time ¢ after the
passage of the jon. The initial conditions for this problem of mechanics are

u(r,0) =0 (182)
and

(0u/t)(r,0) = ty(r) (18b)
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where #,(7) is the velocity pained by the moving atoms during the lifetime of the
space charge. It must be pointed out that a similar problem was treated in the
same way {but with different initial conditions) for the case of laser irradiations [48].
Integration of equation (17) with the initial conditions given by equations (18) leads
to

'u,u(r

u(r,t)_/ Jl(.\r)sm()\.st)dz\/ Ji(Aryr'dr'. (19

The induced local dilatation §(r,t), which is proportional to the local pressure,
can be calculated from equation (19):

§(r 1) = —+ u f AJu(Ar)sm(Ast)dA/ ”“(’" L) dr. (20

In equation (19) and (20), J, and J, are Bessel functions of the first kind,

A complete solution for equation (20) can be derived for the initial velocity
distribution %,(+) given in equation (185). As an example, let us consider the
case where the space charge p(r,t’) induced by the energy deposited in electronic
excitation can be accounted for by the following:

p(r,t') = py forr<b and ' £ 7 (21a)
p(r,t)=0 for r > % ort' > (216)

where p, and b are constants which vary with (dE/dz), and/or the velocity of the
incident ions, and + is the lifetime of the space charge depending on the screening
by conduction electrons.

The resulting radial electric field E(r,t’') is given by the following:

E(r,t) = %’ﬂr forr<b and ¥ <7 (22a)
0
ep, b?
E(r,t) = 20— forr>b - andit' g7 (225)
2_60 r
E(r,#)=0 Yr and t' > 7 (22c)

while the resulting velocity distribution at ¢/ = + can be written as follows:

) erpy N epy
ty(r) = M, N e, for r<b (23a)
i(ry=0  forr>b (23)

where M, is the atomic mass of the target atoms, N is the number of atoms per
volume unit of the target and A is Avogadro’s number. The time ¢’ = r has been
chosen as the time origin for ¢ in equation (17) and (18).

Equation (23a) can be rewritten as

uy(r) = afr/b)s (24)
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where o is a dimensionless parameter.

The dilatation §(r,¢) appearing in equation (20) is proportional to « and can
be expressed as a function of (r/b) and (st/b). Taking for o a value of 0.3, to
account for a kinetic energy of 0.1 eV gained by the atoms lying within the jonized
cylinder, feads to the variation of the dilatation 8(r,¢) with st/r represented in
figure 16, This figure shows that a compression wave (6 < 0) propagates around
the ion trajectory and is followed by a strong perturbation of duration 2b/s. This
perturbation leads to an expanded state (6§ > 0) which then relaxes slowly. This
result suggests that the growth process is linked to the compression wave: the driving
force for the atomic motion is the pressure induced by the ‘shock wave’. On the
other hand, the subsequent expanded state ensures favourable conditions to induce
free volume so long as é remains high enough during a sufficiently long time. This
description is entirely consistent with the two-hit model presented above. Indeed the
compression wave can only induce atomic motion in a region already damaged, ie.
in a zone where a sufficient amount of free volume has been previously induced by
the dilatation wave of a preceding ion impact.

5. Conclusion

Electrical resistance measurements of amorphous Fe-B irradiated with swift heavy
ions have demonstrated that electronic energy loss induces atomic displacements in
an amorphous metallic target at a rate higher by up to three orders of magnitude than
the one obtained with elastic collisions. The atomic displacements certainly consist
of a modification of the short-range order of the alloy, similar to that induced by a
low-energy ion or electron irradiation. Moreover, the experimental data are in fuli
agreement with the dimensional measurements made in Berlin [12, 13,24, 39] which
have illustrated the occurrence of a dramatic anisotropic growth phenomenon. The
application of a uniaxial tensile stress during irradiation has led to the observation of
a stress-induced polarization of the growth and has allowed us to estimate an order
of magnitude for the internal stress responsible for the deformation.

A two-hit phenomenological model has been developed to account for both the
damage production and the growth. In this model, an incident ion is assumed to
create a disordered region along its path (track). The anisotropic growth then arises
from the passage of a subsequent ion in an already disordered region. A change
of the orientation of the target with respect to the beam direction in the course
of irradiation has demonstrated that the second hit is entirely responsible for the
anisotropy of the deformation, whatever the peometry of the previously damaged
region. The model has allowed for the determination of physical parameters, such as
track radii, with values close to those previously measured for the case of crystalline
metals [11,32] and inorganic insulators [30, 33, 34].

The phenomenological description of the heavy-ion-irradiation-induced processes
presented in this paper does not provide any enlightenment on the way by which
electronic excitation leads to atomic rearrangements, ie. on the very preliminary
stage (~ 1071% s} of the ion-target interaction. For that purpose, an analysis
of the results on the basis of a revisited Coulomb explosion mechanism has been
proposed. Continuous medium mechanics calculations demonstrate the existence of a
compression wave followed by a strong perturbation, which accounts for the observed
anisotropic growth.
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Finally, it is likely that the mechanisms responsible for the conversion of the
energy deposited by electronic excitation into atomic motion can induce the large
variety of radiation effects usually seen for the case of low-energy ion irradiation, ie.
in an energy range where elastic collisions overwhelm electronic energy loss. Further
developments of the work reported in this paper could then consist of the study of
e.g. high-energy jon beam mixing and surface sputtering in metallic systems.
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