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Abstract

The effect of swift-heavy-ion irradiation on a very stable and well-studied Al62Cu25:5Fe12:5 icosahedral quasicrystalline system is
discussed here. The experiments are performed in the pure electronic excitation regime, where various ranges of energy (1.2 to ~2.5
keV/A) are systematically deposited in to the system, causing electronic excitations in them. The choice of ions was generally
dependent on calculations based on Monte-Carlo simulations and some existing literature studies on metals/metallic alloys. Samples
were irradiated at fluences of 1011 to a few 1013 ions/cm2, and a homogeneous irradiation was ensured. The effect of these electronic
excitations on the electronic structure of the quasicrystals is analyzed by doing in situ resistivity vs. fluence and ex situ resistivity vs.
temperature measurements, made on the irradiated pieces.

PACS: 61.44.Br; 71.23.Ft; 61.80.Jh; 61.85.+p; 73.50.)h; 72.10.Fk

1. Introduction

Swift-heavy-ions (SHI) passing through target mate-
rials loose energy mainly via inelastic collisions of these
ions with the electrons of the target material. Such
electronic excitation and ionization arising from the
energy loss of energetic ions [(d/?/dx)e] are known to
induce structural changes in insulators and semicon-
ductors. Until recently (till late 1980s) it was believed [1]
that no effect of this kind could exist in metallic alloys,
due to the ability of the free electrons to rapidly and
efficiently smear out the perturbation caused by the SHI
bombardment. Later, it was shown that structural
changes due to ðdE=dxÞe also occurred in metallic alloys
that were in the amorphous state. In the beginning of the
1990s, several reports [2,3] in the literature showed that
the electronic excitations could affect certain metallic
alloys, although only above a critical electronic stopping
power threshold. It was pointed out that metallic alloys
to be affected by the SHI probably requires efficient
electron-phonon coupling, and thus a large density of
states at the Fermi level. Quasicrystals have a very low

density of states at the Fermi level; thus it would be
interesting to note the effect of SHI irradiation on
metallic alloys with a quasicrystalline structure. Also,
although the effect of SHI on crystalline or amorphous
metals/metallic alloys has been widely studied, no such
results on SHI interaction with metallic alloys in the
quasicrystalline form exist in the literature. From both
these points of view, our study on the effects of SHI
irradiation on quasicrystals is important.

For the work reported here, a very stable and well-
studied icosahedral quasicrystal, Al62Cu25:5Fe12:5, is
chosen in various forms, like rapidly quenched ribbons
and thin films prepared by various evaporation tech-
niques. The range and energy loss of SHI during their
passage through the Al-Cu-Fe alloys are first calculated
using a SRIM (Stopping Power and Ranges of Ions in
Materials)-98 simulation. Fig. 1 shows the simulation
results for irradiation on a hypothetical Al63Cu25Fe12
sample using 1 GeV Ni, Kr, Xe and 100 MeV Ni beams.
To excite the target in a purely electronic excitation re-
gime the thickness of the sample should be smaller than
the maximum range of the ion. Clearly, when 1 GeV ion
beams (or 100 MeV Ni beam) pass through the target,
up to a thickness or penetration depth of 60 lm (or ~ a
few micron for 100 MeV Ni beam), Se > Sn. Thus it is
expected that the maximumenergy transfer in these 25
lm thick quasicrystalline ribbons or 100 nm thin
quasicrystalline films (when irradiated with ~1 GeV ion
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Fig. 1. Simulation results for irradiation on a hypothetical
Al63Cu25Fe12 sample using 1 GeV Ni, Kr, Xe and 100 MeV Ni beams.

beams or 100 MeV Ni beam respectively) would be in
the form of electronic excitations in the material. The
response of the electronic excitations on the sample is
measured by the resistivity vs. fluence (in situ) and
resistivity vs. temperature measurements.

2. Experimental procedure

Thin films of stable quasicrystals were prepared by an
indirect heating method and the electron beam (e-beam)
method [4]. The flash-evaporated films [5] were obtained
from Dr R. Haberkern. The quality of the films was
verified by performing X-ray diffraction (XRD) and
resistivity vs. temperature (106 T6300 K) measure-
ment for each sample, before irradiation. The best
quality samples in ribbon form (thickness —25 lm) were
obtained from Dr Y. Calvayrac. These icosahedral rib-
bons have the composition Al62Cu25:5Fe12:5, and were
annealed for 2 h at 800 °C. All these samples were
carefully characterized by XRD and resistivity vs. tem-
perature (10 6 T6 300 K) curves were obtained before
the irradiation experiment.

SHI irradiation experiments were mainly done at the
Nuclear Science Centre (NSC), New Delhi using a 15
UD 16-MV Pelletron accelerator. For higher energy
beams (GeV range) of Kr and Xe, the high-energy
accelerator laboratory at Caen, France, the GANIL
facility, was used. Irradiation was always carried out at
a temperature of about 80 K in a clean vacuum envi-
ronment of 3xl0~ 7 mbar. The amount of energy
deposited in the quasicrystalline system was varied as (1)
-1 .2 keV/A (by a 100 MeV Ni in the thin films and a 850
MeV Kr beam on the ribbons [7]) and (2) - 2 - 3 keV/A
(by a 600 MeV Xe beam on the ribbons). The samples
were aligned with the ion beam direction and then the
beam was magnetically scanned and made to fall over an
area of 1 cm x 1 cm on the sample. The scanning ensures

the uniformity of irradiation over the whole chosen area
of the sample. A low beam flux of — 1 particle nano-
ampere (pnA) corresponding to —109 ions/cm2/s was
used for irradiation during the experiment. Such a small
flux was purposely chosen, to avoid any heating of the
sample.

The variation of resistivity (q) with changing fluence
(/) was measured in situ. For performing these mea-
surements the samples were mounted on the copper
block (maintained at —80 K) of the target ladder. The
ohmic contacts are made by silver paste on the sample in
a four-probe geometry. Thin enameled copper wires
(SWG 40) were used for this purpose. Care was taken so
that the point contacts were just outside the beam size,
so as to get the real effect of irradiation. For irradiation
on ribbon samples, care was taken to always make the
dull face of the foils to face the beam.

3. Results and discussion

Fig. 2 shows the results of resistivity vs. temperature
(10 6 T 6 300 K) measurements made on various sam-
ples before irradiation. The importance of this mea-
surement is to estimate the quality of the samples being
used by us for our irradiation measurements. As it is
clear from Fig. 2(a) and (b), even the best quality,
well-annealed icosahedral ribbons show some sample-
to-sample variation in the same batch of melt-spun
ribbons. As expected, all of the samples have resistivity
values in the range of few thousand lXcm. They all
have negative temperature coefficient and show a posi-
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Fig. 2. Resistivity vs. temperature (10 < T < 300 K) curves before
irradiation for (a) and (b) two different pieces of well-annealed icosa-
hedral ribbons of Al62Cu25:5Fe12:5, (c) 200 nm film of Al63:1Cu24:5Fe12:4
deposited by e-beam evaporation, (d) 100 nm film of Al62:9Cu24:6Fe12:5
deposited by an indirect heating method, (e) 79 nm film of Al62:35-
Cu24:9Fe12:75 deposited by flash-evaporation, (f) 69 nm film of same
composition deposited by flash-evaporation, (g) 80 nm film of Al63:1-
Cu24:5Fe12:4 deposited by flash-evaporation.
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tive curvature (concave nature) as expected. The flash-
evaporated thin-films show values that are lower than
the values obtained on films prepared by other methods.
However, we must take in to account that the mea-
surements on flash-evaporated films could not be made
on the freshly prepared films (as they were obtained
from Dr R. Haberkern's laboratory). Nonetheless, the
measurements made on these films give us valuable
information on the effect of the variation of resistivity
with slight compositional variations and also the effect
of varying thickness of the quasicrystalline films. The
thickness of the films prepared by the indirect heating
method and the e-beam method were ^100 and 200 nm
respectively.

The resistivity of any material is very sensitive to its
electronic structure. In order to compare with our pre-
vious results [7] on a related composition, we first
deposited ~1.2 keV/A energy using a 100 MeV Ni beam
on 100-200 nm thick Al-Cu-Fe films. To get the effect
of irradiation on the quasicrystalline structure, the
resistivity of the quasicrystalline thin films were mea-
sured in situ, with the fluence varying from 1 x 109 to
1 x 1013 ions/cm2. Fig. 3 shows this variation of the
resistivity (q) with fluence (/), measured in situ. From
each of these plots, it is clear that up to a critical fluence
of 5x 1012 ions/cm2, the resistivity changes are not sig-
nificant. The inset of this figure shows the minimal
(~0.5%) oscillatory variation (the stability of measured
voltages were better than 10 ppm) observed in most of
these samples throughout this range of fluence. How-
ever, the observed oscillations were much smaller than
what was observed with Kr irradiation (~30%) in some

pieces of Al65Cu25Fe5V5 (25 lm tick) ribbons [7]). The
behavior that was definitely common with our results on
Kr irradiation [7], is the observation of a sharp decrease
in the resistivity after a fluence of 5x 1012 ions/cm2. The
ex situ q vs. T measurements (10 6 T 6 300 K) were also
carried out on samples irradiated with total fluence of
1013 ions/cm2, at least 48 h after the irradiation experi-
ments (see Fig. 4). At low fluences (~10 1 0-10n ions/
cm2), the ion tracks do not overlap, the distance between

o

d

—-—•-&—****

50 100 150 200 250 300 350

T(K)

Fig. 4. Resistivity vs. temperature (10 < T < 300 K) curves after irra-

diation with fluence / = 1013 ions/cm2: (a) for a 200 nm film of

Al63:1Cu24:5Fe12:4 deposited by e-beam evaporation, (b) for a 79 nm film

of Al62:35Cu24:9Fe12:75 deposited by flash-evaporation, (c) for a 69 nm

film of Al62:35Cu24:9Fe12:75 deposited by flash-evaporation, (d) for a 100

nm film of Al62:9Cu24 :6Fe12:5 deposited by indirect heating method, (e)

for a 80 nm film of Al63:1Cu24:5Fe12:4 deposited by flash-evaporation.
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Fig. 3. Variation of the resistivity (q) with fluence (/) on all the films, measured in situ. Inset shows the minimal oscillatory behavior observed in most

of these samples.
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the two tracks being ~ 1=p1010 i.e., 10~5 cm or 100 nm.
However, at higher fluences (>1012 ions/cm2), the tracks
start overlapping and are expected to create a larger
effect. Although there is no change in the qualitative
behavior of these q vs. T plots, the overall resistivity of
each sample is decreased after a fluence of 1 x 1013 ions/
cm2. The value of the ratio of resistivities at 10 and 300
K (Q10K=Q300K) is 6 2 for each sample after irradiation
with a fluence of 1 x 1013 ions/cm2.

For depositing higher energy ions (~2-3 keV/A) into
the Al62Cu25:5Fe12:5 quasicrystal, a 600 MeV Xe beam
was used on ^25 lm thick ribbons, obtained from Y.
Calvayrac's laboratory. For this set of experiments, in-
stead of a continuous measurement of q vs. / the sam-
ples were irradiated only up to certain fixed fluences of
1011, 1012 and 1013 ions/cm2.

The ex situ resistivity vs. temperature measurements
for all these samples (un-irradiated and irradiated with
different fluences) in the range of 10-300 K are shown in
Fig. 5. An important feature of Fig. 5 is a ^40% de-
crease in the resistivity values at every temperature when
the ribbon is irradiated with a fluence of 1011 ions/cm2.
However, on increasing the fluence, the resistivities
again increased. This initial decrease and then increase
in resistivity with increasing fluence is a feature that is
markedly different from what has been observed for Kr
and Ni (for the thin films) irradiated samples. A com-
parison of the results of irradiations performed with
these different beams, probably indicates that the critical
value of dE=dx for bringing any change in the quasi-
crystalline structure is probably greater than 1.2 keV/A
and is somewhere around 2-3 keV/A. However, we must
mention here that no evidence to this effect could be
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Fig. 5. Resistivity vs. temperature (10 < T < 300 K) curves: (a) for one
of the well-annealed icosahedral ribbons of Al62Cu25:5Fe12:5, before
irradiation (same as in Fig. 2(a)), (b) Al62Cu25:5Fe12:5 irradiated with
(j> = 1011 ions/cm2, (c) Al62Cu25:5Fe12:5 irradiated with / = 1012 ions/
cm2, (d) Al62Cu25:5Fe12:5 irradiated with / = 1013 ions/cm2.

observed from the corresponding XRD plots. As stated
above, the results of XRD plots for Xe-irradiated sam-
ples [6] were similar to the ones that were irradiated with
Kr [7] or Ni (for thin films) [8]. Some broadening of the
peaks after irradiation was observed, but the peak
positions remained the same and no new peaks could be
observed, even after the deposition of such high energies
in to the quasicrystalline samples.

All of the q-T plots of Al62Cu25:5Fe12:5 (in Fig. 5) at
very low temperatures (^35 K) show a small decrease
in resistivity and then again an increase at even lower
temperature. This feature becomes more prominent
with the increase in fluence. The initial decrease in q-T
plots (^35 K) for quasicrystals is not surprising and
has been explained by a quantum interference effect in
literature [9]. However, a further increase of resistivity
at an even lower temperature of ~25 K, seen in all the
curves, is not usual and we attribute this to the presence
of some small amount of additional phase present
in some of the as-annealed pieces of the sample (see
Fig. 2(a)).

Thus, the effect of SHII on quasicrystals in the regime
of electronic excitations seems to be close to nothing or
nil, upto a fluence of 1 x 1012 ions/cm2 (where no overlap
of individual tracks are expected).

We may recall that the Al-Cu-Fe system has a very
low density of states (DOS) at the Fermi energy level
(EF). It is believed [2,3] that SHI irradiation affects the
metals/metallic alloys that have large DOS at EF, so that
an effective and efficient electron-phonon coupling is
assisted in the irradiated target. These stable quasicrys-
talline systems, having a very low DOS at EF, probably
cannot have efficient electron-phonon coupling and
hence do not show any appreciable change in the resis-
tivity, on irradiation.

Even if we consider that some real space transition or
displacement of atoms does occur as a result of elec-
tronic excitations, in quasicrystals, such small displace-
ments may be absorbed in the system in the form of a
phason-shift. Small oscillatory changes that were ob-
served in the range of fluence up to 1 x 1012 ions/cm2 can
be attributed to the phason excitations [7]. Phasons are a
degree of freedom resulting from the quasiperiodicity
and almost inseparable from quasicrystals. Also, par-
ticularly due to the complexity of the phase diagram of
the Al-Cu-Fe system, we may start with a sample target
that is a well-ordered i-phase, having some phason dis-
order already present in it. Such a sample would be
more susceptible to show these oscillations.

Although some quantitative changes in the values of
the resitivities at all temperatures are noticed after
irradiating with higher fluences (when the individual
tracks are expected to start overlapping), the qualitative
behavior of the q vs. T plots remains same. Coalescence
of point defects created during (repeated energy depo-
sition on the same track) irradiation, may induce the
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formation of defect clusters and thus reduce scattering,
and thereby decrease the resistivity values. Thus, at
higher fluences, irradiation probably lead to finer
grained quasicrystallites. This could be another reason
for the rapid decrease in resistivity and the peak
broadening in XRD [6,7] after a fluence of 1013 ions/
cm2.

Finally, from the resistivity (q) vs. temperature (T)
measurements, it seems that the critical stopping power
required for quasicrystals to show any changes due to
electronic excitation at low fluences is >1.2 keV/A (for
the Kr and Ni irradiation) and may be ^2-3 keV/A (for
the Xe irradiation). This result is, however, still not
conclusive and is under further structural analysis.

Acknowledgements

The authors would like to thank the scientists/staff of
the Nuclear Science Centre, Delhi, India and GANIL,
Caen, France for their help during the irradiation
experiments. The receipt of flash-evaporated films from
R. Haberkern (Germany) and ribbons from Y. Cal-
vayrac (Vitry, France) is also thankfully acknowledged.
One of the authors (R.C) would like to thank Dr A.
Dunlop for constant support and collaboration in the
experiments performed at GANIL.

References

4. Conclusions

The effect of SHII on quasicrystals in the regime of
electronic excitations seems to be close to nothing or nil
upto a fluence of 1 x 1012 ions/cm2, where no overlap of
individual tracks are expected. The electrons in quasi-
crystals, although excited by the transfer of such high
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irradiation probably creates finer grained quasicrystal-
lites leading to a rapid decrease in the resistivity values,
although qualitatively the q vs. T plots remain same.
The results also indicate that the critical stopping power
required for quasicrystals to show changes due to elec-
tronic excitations at low fluences is ^2-3 keV/A (>1.2
keV/A).
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