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Growth phenomenon in amorphous solids irradiated with GeV heavy ions:
Electronic-energy-loss dependence of the initial growth rate

A. Audouard
Laboratoire de Physique des Solides (CNRS-ERS 5674), Service National des ChampghegReilss, Institut National des Sciences
Appliquees, Complexe Scientifique de Rangueil, 31077 Toulouse, France

J. Dural and M. Toulemonde
Centre Interdisciplinaire de Recherche avec les lons Lourds, rue Claude Bloch, B.P. 5133, 14040 Caen Cedex, France

A. Lovas
Institute for Solid State Physics, KFKI, P.O. Box 49, H-1525 Budapest, Hungary

G. Szenes
Institute for General Physics, Bas University, Museum krt 6-8, H-1088 Budapest, Hungary

L. Thome
Centre de Spectrortrée Nucleaire et de Spectrontge de Masse, IN2P3-CNRS, 8208, 91405 Orsay, France

(Received 25 March 1996; revised manuscript received 9 July)1996

Electronic excitation{ E/dx) . due to swift-heavy-ion irradiation induces giant plastic deformation in amor-
phous solidsIn situ electrical resistance experiments performed on Fe-B ribbons irradiated with different
tilting angles with respect to the ion beam provide quantitative information about the deformation phenom-
enon. In particular, dimensional variations occurring in the early stages of the process can be evaluated. At
medium @E/dX), (irradiation with Xe ion$ the growth starts with a zero rate within experimental uncertain-
ties, whereas an initial nonzero rate is observed at hitidx),, (irradiation with Pb or U ions Results are
discussed in light of a recent model based on irradiation-induced thermal S8Kd€3-182606)00146-4

[. INTRODUCTION growth rate strongly depends on the irradiation temperature
(it generally decreases as the temperature incrgddest of

From the beginning of the 1980s it is known that thethe features listed above were learned by either the measure-

electronic slowing down of swift heavy ions, hereafter re- o4 ot the dimensions of the sample after irradiafiéfior
ferred to as ¢E/dX)., induces atomic displacements in me- gjocrical resistance experimentin  situ  throughout
taII|(_: targets. For instance, damage crgatlon, phase tranSfOi"r'radiation?'lo The former technique offers the advantage to
mations, and amorphous track formation were rep_értad provide a direct measure of the effect but presents technical
pure metals or metallic compounds irradiated with GeVjimitations, such as data recorded at scarce fluence values,
heavy ions. Furthermore, a dramatic effect duedB/dX)e,  J|arge relative uncertainties below the incubation fluence.
which does not occur in a target bombarded with low-energyoreover, these experiments were restricted to maximum
ions, was observed in amorphous materfalst huge mac-  (dE/dx), values of 35 keV nr’ (irradiation with hundreds
roscopic and anisotropic deformation of the irradiatedMeV Xe iong. Electrical resistance experiments take advan-
sample. tage of the possibility of extracting both resistivity and di-
The plastic deformation phenomenon of amorphous solidsnensional variations from the data, provided that samples
submitted to severe electronic excitation exhibits the follow-with different tilt angles with respect to the ion beam direc-
ing characteristics: (i) in a large majority of materials there tion are irradiated at the same time. Nevertheless, this tech-
exists an incubation fluenc®.; (i) aboved., the irradi-  nique is indirect and requires a few assumptions for the data
ated sample shrinks in the direction parallel to the ion beananalysis.
and expands in the directions perpendicular tgwithout This paper reports an attempt to revisit the growth phe-
volume change and the rate of the deformation remains nomenon in the light of new electrical resistance restits
constant up to the highest fluences used in the experimentand recent progress in the theoretical description of the
(i) below ®¢, the growth rate is smaller, and it is often process?~!° Section Il presents a critical discussion of the
assumed that the growth starts with a zero rate at the beginvay used to reduce electrical resistance data recorded in on-
ning of the irradiation though direct proofs are scarfoe) it  line experiments. In Sec. Ill an analysis of the results ob-
is believed that belowb. irradiation leads to short-range tained in electrical resistance experiments performed on the
order modifications or pointlike defect creatiggiving rise  irradiated Fe-B system is presented, as well as a discussion
to a resistivity increase which saturates at high fluence, as #bout the implications of these results concerning the plastic
is the case for low-energy ioh3 or electron®); (v) the  deformation process.
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Il. DATA REDUCTION IN ELECTRICAL RESISTANCE

EXPERIMENTS 0.04 ' ' ' '
2 o
In a typical electrical resistance experiment perforrired s s 0
situ during irradiation, the samples consist of ribbdlength 0.03 | g ° i
L, width w, thicknesg) tilted by an angled with respect to : 8
the beam direction in the plane parallel to batlandt. The . 8
electrical resistance is measured all along irradiation during & .8 8 35°
beam stops with the current flowing alohgIf one assumes = 0.02 | d o ® .
that the dimensional variations are isotropic in the directions < 8 . 0 8 90 006 4
perpendicular to the ion beam and if one restricts the descrip- 85 °
tion to small deformations, the relative variation of the three ool | 8 S |
dimensions of the ribbons upon irradiation can be written ' g2 Pb (5.2 GeV)
'99@ (dE/dx),, = 45 keV/nm
AL/L=Ayly cog 6+ Ax/x sirfé, 0.00 4 . . . . .
0 1 2 3
12 -2
At/t=Ayly sir?6+ Ax/x cos, @) lon fluence (10° cm™)
0.04 . . . . .
Aw/w=Ayly. (1 2.2x10%em®
In these equationAx/x and Ay/y represent the relative 0.03 ]
dimensional variations in the directions, respectively, paral-
lel and perpendicular to the beam axis. In the geometry de- <
scribed above, the relative variation of the ribbon resistance = 0.02 4
is <

6x10"'em?

N
AR . 0.01 M
— =R-L(1-3sirf0), (2 2x10""em?

where 0.00 L . L . L X
0.0 0.2 0.4 0.6
in 2
R=Ap/py—Av/3vy, ©) (b) sin 2(6)
003 ——r————+————1——
_ _ Pb (5.2 GeV)
L=Ax/x—Av/3vy. (4) (dElc), = 45 keVinm
In Egs.(3) and(4) Ap/p, andAv /v, are the resistivity and A
volume variations, respectively. By assuming that the vol- 0.02 .

ume of the sample remains constant during irradiatfdag.
(2) can be reduced to the usual expressidn '

AR/Ry=Aplpo—(1—3 sirf ) Ax/x. (5) 0.01

Equation(5) allows one to discriminate between resistiv-

ity and dimensional contributions to the total resistance

variation in electrical resistance data. 0.00 . . . .
An example of the analysis described above is presented 0.0 0.5 1.0 1.5 2.0 2.5

in Fig. 1. Figure 1a) shows raw electrical resistance data ©) lon fluence (102 cm®)

recorded on amorphous §B;5 ribbons irradiated at 80 K

with 5.2 GeV Pb ions with different tilt anglegbetween the

normal to the sample surface and the ion beam direction. FIG. 1. (a) lon fluence dependence of the relative electrical re-

F_igure ib) presents the electrical resistgnce variation of theistance of FeB,s samples irradiated with 5.2 GeV Pb ions. The
ribbons as a function of st for some typical Pb fluences. A yaye of the tilt angle is indicated on the figu() Tilt angle (6)

clear linear variation is obtained in all cases, in agreemengependence oAR/R, deduced from the data o) for typical
with Eq. (2). The fits to these data allow one to derive valuesirradiation fluences. Solid lines are fits to the data with @Y. (c)
of R andL, which are both plotted in Fig.(&) as a function |on fluence dependence & andL deduced from the data @b).
of the ion fluence. Solid lines are fits to the data with Eq$) and (7).
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TABLE I. Irradiation parameters.E is the mean ion energy inside the sampléE(dx). is the ion
energy lossT is the irradiation temperaturegd {/d®), and [dL/d®), are thelL rate[see Eqs(2) and(4)],
respectively, at the beginning of the irradiation and at high fluetb¢és the incubation fluence. Data for Xe
and U ion irradiations are deduced from Ref. 10.

(dE/dX), —(dL/dd), —(dL/d®D) ®

C
lon E (GeV) (keV/nm) T (K) (10715 crd) (10715 cnd) (102 cm™?)
Xe 2.7 25 20 0.60.2 3*1 53
Pb 5.2 45 80 5.60.2 9.3+0.5 0.9-0.1
Pb 52 45 80 4.60.5 8.2:0.3 0.7#0.1
U 2 66 80 106-2 20.5-0.7 0.25-0.10

lll. PLASTIC DEFORMATION OF AMORPHOUS Fe-B dictions of the two-hit model. Table | lists tHe rates mea-

sured at the beginning and at the end of irradiation

A phenomenological model has been develdfed ac-  [(dL/d®), and dL/d®), respectively, as well as the in-
count for the data obtained in electrical resistance experieubation fluenceb, for the various irradiations performéd.
ments on amorphous Fe-B ribbons irradiated with swiftThe values of L/d®), and®, obtained provide a demon-
heavy ions. This model assumes a two-hit phenomef®n: stration of the above statements.
an ion impinging in a virgin part of the target creates disor- If one assumes that the changes of the volume of the
der all along its track and does not lead to significant dimenribbons during irradiation are negligible, it is possible to re-
sional variations(b) a subsequent ion impact in a disorderedwrite Eq. (7) in the limit of high fluenceg®>®,) as
region induces anisotropic atomic movements leading to the
sample growth. Three parameters are invoheg,; ®., and
Gss, Which are, respectively, the rate of the resistivity in-
crease at the beginning of the irradiation, the incubation flu-

ence, and the growth rate in the steady state. This so-called Equation(8) allows a direct comparison of the data con-

“two-hit model” allows one to derive two equations which cerning the various irradiations of amorphous Fe-B ribbons
describe the resistivity and dimensional variations of the 'r_Figure 2, which presents/[(dL/d®) D] as a function of

L ()

(dUdd) B, &, -

®

®/P,., exhibits a similar behavior of all data at high fluence
and a clear difference between Xe and(BbU) data at low
fluence. Actually this figure shows that the initial growth rate

radiated sample:
d
“3,))

N
ed-2))

Po

Equation(6) implicitly assumes that the resistivity of a
“‘grown” region is identical to that of a virgin sample. In
former irradiations® Eqgs. (6) and (7) reproduced well the — T
plastic deformation process, namely the saturation behavior
of the resistivity variation at high fluence and the zéron-
stan) rate of the growth far belowabove the incubation
fluence. Moreover, it has to be noted that if no volume
changes are induced by irradiatiddgy and G4 should have
the same values adR/d® at zero fluence and-dL/dd at
high fluence, respectively.

Electrical resistance data obtained on amorphous Fe-B
ribbons irradiated with swift heavy ions under various inci-
dences, i.e., by varying the angle between the normal to the
sample surface and the ion beam direction, were fitted with
Egs.(6) and (7). Equation(6) reproduces nicely the fluence
dependence oR whatever the value ofdE/dx), consid-
ered. However, whereas for lowdE/dx), (Xe irradiation
the fit of Eq.(7) to L data is good, this equation fails to
reproducel data at low fluence for highdE/dx), (Pb or U
irradiation). Figure 1c), which presents the case of Pb irra-
diation[for which (dE/dx), is 45 keV nmi'Y], illustrates this FIG. 2. lon fluence dependenceloffor several irradiation con-
feature. As a matter of fact, the experimental nonzero initiabitions. The solid line stands for E¢8). L/[(dL/d®). D] and
rate observed in the figure is in disagreement with the pred/®. are dimensionless parameters defined in the text.

© is zero only in the case of 20 K Xe irradiatf§rand that it

increases with increasinglE/dx), .

Let us now discuss possible artifacts which could alter the
analysis of electrical resistance data. First, Eg.assumes
that the dimensional variations are isotropic in the plane per-
pendicular to the ion beam direction. However, amorphous

GSS((D_(I)C (7)

4 U (2.0GeV-80K)
& Pb (5.2 GeV - 80K)
® Xe (2.7 GeV - 20 K)

L/ [dL/d®]) @]

0 A 1 " [l L 1 L 1
3

Fluence / @,
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predict that an incubation fluence would only be required at

2 ' ' low (dE/dx), and should disappear at sufficiently high
(dE/dX).. In this model a value oo different from zero
20 | implies that structural changes are first required to modify
‘\"g the viscosity of the amorphous target in order to allow di-
o sl mensional variations to occur, as it is the case for subcritical
o values of (E/dx).. Figure 3 displays thedE/dx). depen-
A dence of the steady state and the initial growth rates for
2 10t irradiated Fe-B ribbons. As for the resistivity variatfBran
% electronic excitation threshold(d E/dx)gh] is observed for
C el steady state nitial | both quantities. As a matter of fact(/d®), data exhibit a
linear dependence upgdE/dx).—(d E/dx)teh]. This result
is in agreement with the calculations of Trinkaus and
0 L L . Ryazanov® which predict that the initial growth rate should
0 20 40 60 80 depend linearly on the part ofdE/dx), spent into “pro-

(dE/dx), (keV/nm) nounced spikes,” $,), assuming tha®, varies linearly with
[(dE/dX)—(d E/dx)gh]. Thus the two-hit model reproduces
FIG. 3. (dE/dx), dependence of the initialsquares and  well experimental results obtained in the case where the elec-
steady-statécircles growth rates. Solid and open symbols stand for tronic stopping power is subcritical for the growth phenom-
data derived from electrical resistance data collected on samplesnon (Xe irradiatior). In such a situation isolated tracks at
irradiated with different tilt anglefaccording to the deconvolution the beginning of the irradiation will not cause any growth but
procedure of Eq(2)] or on samples irradiated under normal inci- will lead to structural modifications of the material along the
dence(Ref. 10, respectively. Solids lines are guides for the eyes. jon path; ions impacting in the modified regions are super-
critical for the plastic deformation and are responsible for the
growth. For very heavy-ion irradiatiofPb or U the elec-
ribbons are prepared by the melt-spinning technique whiclronic stopping power is already supercritical in the virgin
induces(mainly planay internal stresses. Such quenched-inmaterial and the first hit already creates growth. Figure 3 also
stresses could influence the deformation behavior of the ribindicates that the threshold fod ([/d®), (~25 keV nm %)
bon during irradiation. In order to check this point, some ofis higher than that for dL/d®), (~12 keV nm?). It is
the samples have been annealed at 200 °C during 30 mimorth noting that this latter value is in agreement with the
prior to irradiation. Although the annealing process has intesistivity threshold deduced from situ electrical resistance
duced an important structural relaxation of the sample anéxperiments in adE/dx), range where a zero initial growth
thus has certainly suppressed quenched-in stresses, the Ipate is obtained® The clear difference obtained between the
havior of annealed ribbons was found identical upon irradiatwo threshold values mentioned above, which define the sub-
tion to that of unannealed ones. A second possibility of ob<ritical electronic excitation range, could also be understood
taining a wrong analysis of electrical resistance data is tdy assuming that between 12 and 25 keV tirdiscontinu-
consider an eventual alteration of the surface of the irradiatedus tracks are created. Indeed, revelation of continuous latent
sample. As a matter of fact, very recently swift Xe ion irra- tracks by chemical etching of the samplemdicates that a
diation has been shown to induce important surface modifi(dE/dx), value of 34 keV nm? is required for track forma-
cations in an amorphous fliB,o alloy.*® These surface tion in a similar amorphous metallic alléy,which is even
modifications, which strongly depend on the beam incidencéarger than the threshold for the supercritical regime.
angle, might alter the ribbon shape and thus modify the mea-
sured ribbon resistance. However, the above phenomenon
has only been observed on thick samples with a beam spot
area less than the sample surface area. In such experimentalThe electrical resistance experiments reported in this pa-
conditions, the stress relaxation can only occur in a limitegper demonstrate that the existence of an incubation fluence
region of the free surface, which certainly strongly enhancesor the plastic deformation of an amorphous solid irradiated
the observed effects. Moreover, very large fluences are rawith swift heavy ions depends on the amount of ion energy
quired (more than 18 cm™2) in order to obtain significant loss by electronic excitation in the target. The anisotropic
surface modifications. Finally, surface sputtering could begrowth starts with a nonzero rai@o incubation fluende
considered, although very large sputtering rat¥s-10°)  when irradiation is performed with very heavy iofRb or
could only account for the measured value dt.(d®),. U), whereas a zero initial growth rate is observed in the case
Most of the data presented in Table | and Figparticu-  of irradiation with lighter iongXe). This feature is in quali-
larly those obtained for high values of the electronic stoppingative agreement with a recent model based on the assump-
powen do not fit the phenomenological two-hit model de- tion of the creation of a thermal spike inducing a shear
scribed at the beginning of this section and leading to(Bxj.  relaxation®®
and (7), which implicitly assumes a zero initial growth rate  The obtained results can be accounted for by the follow-
and the existence of a nonzero incubation fluence. This fedng description. At low (E/dx), (below ~25 keV nmi'?),
ture can be understood in the light of recent calculationgwo (or even morgion impacts are required for the growth
based on shear stress relaxation within electronic excitatiorprocess to occur. The first impact induces structural modifi-
induced thermal spikes by Trinkaus and Ryazanavhich  cations of the target leading to a viscosity change necessary

IV. CONCLUSION
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