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Severe creep of a crystalline metallic layer induced by swift-heavy-ion irradiation
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The aim of the experiments presented in this paper was to study the mechanisms leading to the atomic
transport process (plastic deformation) induced in amorphous solids by GeV heavy-ion irradiation.
Ni;B/Au/Ni;B sandwiches, composed of a crystalline Au layer of various thicknesses and of two amor-
phous Ni;B layers, were irradiated at liquid nitrogen temperature with 500-MeV iodine ions. The Ruth-
erford backscattering technique using a 3.6-MeV He beam was applied to determine the modifications of
the geometry of the sandwiches due to irradiation. The results show a radiation-induced creep of the
crystalline layer, with a strain-rate decreasing with increasing layer thickness. This creep phenomenon
is due to the plastic deformation process occurring in the surrounding amorphous layers, and is induced
by ion electronic energy loss. A simple rheological model is developed to quantify the observed effects.

I. INTRODUCTION

Ion bombardment of a solid target is responsible for a
great variety of atomic movements due to (i) elastic col-
lisions between the projectile and target nuclei (nuclear
energy loss), dominant at low ion energy (< ~ 10 keV/u),
and (ii) excitation and ionization of target atoms (elec-
tronic energy loss), dominant at very high ion energy
(> ~1 MeV/u). The former process leads to the forma-
tion of displacement cascades in all kinds of solids, and
generates the well-known ion-beam-mixing phenomenon.
For a long time the study of electronic energy loss effects
in solids was performed by using fission fragments. Most
studies were restricted to insulators, in which the forma-
tion of so-called “latent tracks” was early discovered.! At
the beginning of the 1980s the advent of facilities allow-
ing one to accelerate heavy ions at energies in the GeV
range brought a new impetus in the field of particle-solid
interaction by the discovery of unexpected effects of elec-
tronic energy loss in metallic systems.? In this respect,
one of the most dramatic manifestations of atomic
motion induced by electronic excitation is the plastic de-
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formation evidenced in amorphous materials irradiated
with swift heavy ions.>

This long-range atomic transport phenomenon, which
consists of a growth of the dimensions of the target per-
pendicular to the ion beam direction together with a
shrinkage of the dimension parallel to it (so that the
volume of the sample remains constant), was first macros-
copically studied by length®>~7 and electrical resistance
measurements.® 10 Later on, investigations at a lower
scale, conducted by means of nuclear microanalysis asso-
ciated with a heavy marker implanted in the surface re-
gion of the irradiated target, demonstrated that the plas-
tic deformation process sensed at a mesoscopic scale is
identical to the global process.!! It was then particularly
interesting to extend this investigation to the case of an
amorphous solid containing a crystalline bulky layer with
the double purpose (i) to sense the deformation of the
various (amorphous as well as crystalline) layers by nu-
clear microanalysis, and (ii) to hamper the plastic defor-
mation of the amorphous layer via long-range elastic
forces. In other words, the use of crystalline layers of
variable thicknesses allows one to study the competition
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between the local plastic deformation generated by indi-
vidual ion impacts in the amorphous regions and long-
range macroscopic elastic forces arising from the crystal-
line part of the target, in order to provide a better insight
on the processes which allow one to convert electronic
excitation into atomic movements. This study was done
by the measurement, with the Rutherford backscattering
(RBS) technique, of the spatial modifications (due to
swift-heavy-ion irradiation) of a crystalline marker layer
of different thicknesses sandwiched between two amor-
phous layers of the investigated system.

The experiments reported in this paper have allowed us
to evidence, and also to quantify, a severe creep
phenomenon experienced by a pure crystalline metallic
layer submitted to ion beam-induced electronic excita-
tion.

II. EXPERIMENT

The targets consist of Ni;B/Au/Ni;B sandwiches com-
posed of a crystalline Au layer of thickness varying from
30 to 900 nm and of two amorphous Ni;B layers of thick-
ness 1.0 or 1.5 um. They were prepared by sputtering at
the Centre d’Etudes de Grenoble.

The samples were partly clamped between two copper
plates and irradiated at normal incidence over an area of
2X3 mm? at liquid nitrogen temperature with 500-MeV
127122+ jons delivered by the VICKSI accelerator of the
Hahn-Meitner-Institut in Berlin.!?> The ion fluences ®
range from 1 to 3X10'3 atcm™2. The total thickness of
the sandwiches is much less than the ion projected range
so that the iodine ions are not 1mplanted into the target.
The flux ¢ was always kept below 10° ions cm™2s™ ! in
order to avoid excessive heating of the samples during ir-
radiation. The average value of electronic energy loss is
~40 keV/nm.

The analysis of the modifications of the sample
geometry along the ion beam direction (thickness of the
Ni;B and Au layers) was performed before and after irra-
diation by conventional RBS experiments with a 3.6-MeV
“He?* beam provided by the ARAMIS accelerator of the
Centre de Spectrométrie Nucléaire et de Spectrométrie de
Masse in Orsay.!> The energy resolution was ~ 15 keV,
corresponding to a depth resolution of ~10 nm. The
analysis of the RBS spectra was made with the RUMP
code.!* The variations of the dimensions of the sample
perpendicular to the ion beam direction were measured
with an optical microscope.

III. RESULTS AND DISCUSSION

Rutherford backscattering spectra recorded before and
after irradiation at the maximum fluence of 3X10!3
atcm™? on three Ni;B/Au/Ni;B sandwiches with a Au
layer thickness 7, of 300, 600, and 900 nm (the thickness
t 4 of each of the Ni;B layers is 1 um) are presented in
Fig. 1. The signal characteristic of the backscattering of
He ions on the Ni atoms of the front Ni;B layer corre-
sponds to the large plateau starting at channel 390 and
extending towards lower energies,'> while the signal due
to the backscattering of the analyzing particles on the Au

F. GARRIDO et al. 52

atoms of the marker layer is represented by the peak situ-
ated between channels 170 and 350 (for the unirradiated
samples). The position of the Au front edge, f, at the
left of the Ni edge is due to the fact that the analyzing
particles lose an important part of their energy in the
front Ni;B layer before reaching the Au layer; the Au sig-
nal width, w¢, is directly related to the values of ¢. Irra-
diation with high-energy I ions has obviously led to
different results depending on the initial thickness of the
marker layer: a huge shift of f- towards higher energies,
as well as a huge decrease of wo for the sample with
tc=300 nm [Fig. 1(a)]; nearly no change of the RBS pa-
rameters for the sample with - =900 nm [Fig. 1(c)]; an
intermediate situation [smaller shift of /- and smaller de-

-]
o
=
°
S
®©
E
o
=z
-]
]
>
°
N
®
E
o
<
°
o
=
i
®
E
1™
<]
<
0
100 150 200 250 300 350 400
Channel
FIG. 1. RBS spectra recorded, before (filled triangles) and

after (open triangles) irradiation at liquid nitrogen temperature
with 500-MeV 'I2* jons (fluence: 3X10' at.cm™2), on
Ni;B/Au/Ni;B sandwiches with a thickness of the Ni;B layers
of 1 um and three different thicknesses of the Au layer: (a) 300
nm, (b) 600 nm, and (c) 900 nm. Analyzing particles: 3.6-MeV
“He?* ions.
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crease of w¢ than in the case of Fig. 1(a)] for the sample
with £ =600 nm [Fig. 1(b)]. The shift of f to high ener-
gy is due to the shrinkage of the front amorphous Ni;B
layer, leading to a decrease of ¢ ;,'® and can be accounted
for by the anisotropic growth of amorphous materials ir-
radiated with swift heavy ions.2~!! The decrease of w,
which corresponds to a shrinkage of the Au layer (i.e., a
decrease of t) is, at first glance, rather surprising owing
to the fact that such an effect has never been evidenced in
crystalline materials.!” Therefore this shrinkage has to be
attributed to the two adjacent and laterally expanding
amorphous Ni;B layers. The most striking feature of the
observed effect is that it concerns thicknesses of some
hundreds of nanometers, i.e., quite bulky materials as
compared to implanted samples for which the marker
concentration is less than 2 at. %.!!

Figure 2 presents the relative variations of ¢ , and ¢, as
a function of the I irradiation fluence for the three
thicknesses of the Au layer represented in Fig. 1. This
figure also includes the relative variations of the sample
dimensions, I/, perpendicular to the ion beam direction
measured with the optical microscope. The data show
that (i) the variations of ¢, and ¢, behave in the same
way, irrespective of the amplitude of the effect; (ii) the
sample dimensions perpendicular to the ion beam direc-
tion increase linearly with the ion fluence, while the
thicknesses (parallel to the ion beam direction) of the
various layers which compose the sandwiches decrease
with a slope about twice higher, above a fluence threshold
@, of the order of 5X10'? at.cm™?; (iii) the thicker the
crystalline layer buried in the amorphous matrix, the
lower the amplitude of the changes of the dimensions of
the various layers. In brief, these results demonstrate a
similar quantitative behavior of the bulky crystalline lay-
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FIG. 2. Relative variation AX /X, of ¢, (filled symbols), 7
(open symbols) extracted from the analysis of RBS spectra, and
1 (half-filled symbols) measured by optical microscopy, as a
function of the I irradiation fluence, for Ni;B/Au/Ni;B
sandwiches with three thicknesses of the Au layer: 300 nm
(squares), 600 nm (circles), and 900 nm (triangles).
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er with that of the amorphous one whatever their relative
thicknesses. This similarity in the behavior under irradi-
ation of the bulky crystalline layer and of the amorphous
ones led us to describe the dimensional variations of the
various layers which compose the sandwiches with the
equations used for homogeneous amorphous materials!’:

A1, [0 ife<eo,
i
I, |G@—o,) ifd2d,,
(1)
NV 0 ifP=P,
Lo L -1 if o2, ,
[1+G(@—,)]

()

where Al, /1y, and Al /1y, are the relative variations of
the sample dimensions respectively perpendicular and
parallel to the ion beam direction, G is the growth rate, ®
is the ion fluence, and @, is the incubation fluence. In
our experiments, Al, /1y, is directly determined by opti-
cal microscopy, whereas Al,/1, is measured on the
different layers of the sandwiches via RBS.

The fits of Egs. (1) and (2) to experimental data, which
are represented by solid lines in Fig. 2, provide values of
G and @, for the different experiments performed. It can
be noted that the value of G is strongly affected by the
thickness of the Au layer, while the value of @, is almost
independent of ¢.. In fact, a careful analysis of the whole
set of data recorded on the Ni;B/Au/Ni;B sandwiches
shows that the relevant parameter is the ratio between
the thicknesses of the crystalline and (total) amorphous
layers t-/2t,. Figure 3 presents the variation of the
growth rate with ¢./2t,. The figure exhibits a rather
regular decrease of the growth rate as t- /2t increases.
Thus the presence of a sufficiently thick crystalline layer
is able to hinder (and even to totally block) the plastic de-
formation of the amorphous part of the irradiated target.
Moreover, a splitting seems to occur between the values
of the growth rate determined by RBS or length measure-
ments above tc/2t,~0.35. Since RBS experiments
sense the entire thickness of the sandwich layers while
length measurements performed with the optical micro-
scope are restricted to the surfaces of the samples, such a
result could indicate a different physical behavior under
irradiation between surface and bulk.'?

As mentioned in the Introduction, when a swift heavy
ion passes through a solid, it generates excitation and ion-
ization of the target atoms along its path. It is now well
established that these processes lead to damage creation
whatever the structure of the target (crystalline or amor-
phous), and more specifically to anisotropic plastic defor-
mation in amorphous materials. The mechanisms by
which electronic excitation leads to atomic movements is
still a matter of controversy: the various descriptions
proposed are based either on the thermal spike con-
cept,’”~2° the Coulomb explosion effect,’! 22 or the
shock-wave phenomenon.?® In the amorphous part of the
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FIG. 3. Growth-rate G extracted from RBS data (filled cir-
cles) and length measurements (open circles) as a function of the
ratio between the thicknesses of the Au and Ni;B layers,
tc /2t 4, of Ni;B/Au/Ni;B sandwiches. The solid line is a fit to
RBS data with Eq. (3).

irradiated sandwiches, it is clear that the anisotropic
growth is directly caused (as in the case of a homogene-
ous amorphous target) by ion irradiation. On the other
hand, in the crystalline layer the growth is not directly
linked to the passage of the incoming ions,!” but is en-
forced by the deformation of the amorphous layers via
the creation of a tensile stress o in the Au layer. Stress
balance demands a corresponding compressive stress in
the amorphous layers, which hinders the unperturbed
growth of the latter ones. For the explanation of the rela-
tive dimensional changes observed in the various layers of
the irradiated sandwiches, we use a simple rheological ap-
proach. The amorphous regions are assumed to obey
Newtonian flow?*?® with a strain rate é=G@ which lies
between 107> and 1077 s™!, depending on t./2t,. Far
from the specimen surface, the contiguity of the
sandwich layers demands the same strain rate for the Au
layer. The constant value of é beyond @, the tempera-
ture of 80 K, and the small size of the grains in the Au
layer (lower than ¢;) suggest that deformation occurs by
a defectless flow mechanism, i.e., crystal planes are shift-
ed against each other. This implies that the critical shear
stress approximates the ideal shear strength: 7o ~0.06u
(u is the shear modulus) which is virtually independent of
&.26 Thus the stress balance in the sandwich layers yields
for the variation of the growth rate with the thickness ra-
tio 1o /2t 4

) (3)

G=G, |14+ 2t
I Ul 2tu

where G, is the growth rate in the absence of the marker
layer, and o, denotes the biaxial compressive stress
which hampers the straining in the amorphous part of
the sample. The fit of Eq. (3) to experimental RBS data,
which is represented by the full line in Fig. 3, provides
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values of G,=(7.240.3)X10"" cm? and o./0,
= —1.7%0.4. It is worth noting that the value of G ex-
tracted from the present experiments is in good agree-
ment with that obtained in similar measurements where
the marker consisted of dilute Bi implanted atoms.!! Us-
ing a shear modulus pu for Au at 80 K of 26.6 GPa, we
obtain 0 -=2.8 GPa and o0, = —1.6 GPa.

In amorphous materials, it is now well established that
swift-heavy-ion irradiation generates anisotropic plastic
flow which proceeds macroscopically as if the target
would be submitted to a tensile mechanical stress perpen-
dicular to the ion-beam direction. In fact, this deforma-
tion is not homogeneous at a microscopic scale, since it
results from individual ion impacts. More precisely, each
ion is supposed to create simultaneously radiation dam-
age (here, free volume) in the core of its track and a tran-
sient radial shear stress around its path.*”7 Inside the re-
gions containing an excess of free volume, this stress
triggers irreversible shear transformations leading to lo-
cal plastic deformation. From a rheological point of
view, the resulting deformation of the whole solid can be
accounted for by an equivalent macroscopic tensile stress
perpendicular to the beam direction and producing the
same effect as the beam at a macroscopic level. In fully
crystalline materials, an irradiating ion also creates disor-
der?’ in the core of its track and, likely, a similar tran-
sient shear stress which is not sufficiently intense to in-
duce detectable plastic deformation, even after an accu-
mulation of a great number of ion impacts. The rheologi-
cal approach used to describe the behavior of the
sandwiches, and which leads to Eq. (3), contains two pa-
rameters: the unperturbed growth rate G, and the
compressive stress o, preventing the growth in amor-
phous Ni;B. From a microscopic point of view both arise
from the mobility of the target atoms in the wake of the
projectile ions. A recent model based on the thermal
spike concept?® could provide a way to understand the
microscopic mechanisms which are represented phenom-
enologically by Gy and 0.

IV. CONCLUSION

The main result obtained from the experiments report-
ed in this paper is the observation of a radiation-induced
creep experienced by a thick crystalline layer embedded
in an amorphous matrix during irradiation with swift
heavy ions. Such a phenomenon does not occur in fully
crystalline materials, i.e., without the presence of the
amorphous substrate. It is due to the plastic deformation
process occurring in the amorphous layers of the target,
and it is induced by electronic excitation.

More precisely, as discussed above the amorphous lay-
ers behave under irradiation as if they were submitted to
a macroscopic tensile stress perpendicular to the beam
direction. Equilibrium conditions in the sandwich imply
that the crystalline layer is also affected over long dis-
tances by the creation of a macroscopic tensile stress
which can reach a magnitude comparable to that of the
yield stress. The result is the creep of the crystalline ma-
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terial. These considerations allowed us to develop a rheo-
logical model which reproduces the experimental results
quite satisfactorily and provides an estimate of the
equivalent global stress induced by an energetic ion beam
in an amorphous solid.
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