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Abstract

Swift heavy ions (SHI) with electronic energy loss exceeding a value of 14:4 keV nm−1 create amorphized latent tracks
in YBCO type superconductors. In the low :uence regime of an ion beam where tracks do not overlap, a decrease of the
superconducting transition temperature as probed through resistivity studies, is not expected due to availability of percolating
current paths. The present study however shows Tc decrease by about 1–3 K in thin ;lms of YBCO when irradiated by
250 MeV Ag ions at 79 K at a :uence of 5× 1010–1× 1012 ions cm−2. The highest :uence used in the present study is three
times less than the :uence where track overlapping becomes signi;cant. The Tc tends to increase towards the preirradiation
value on annealing the ;lms at room temperature. To explain this unusual result, we consider the e�ect of ion irradiation in
inducing materials modi;cation not only through creation of amorphized latent tracks along the ion path, but also through
creation of atomic disorder in the oxygen sublattice in the Cu–O chains of YBCO by the secondary electrons. These electrons
are emitted radially from the tracks during the passage of the SHI. Considering the correlation between the charge state of
copper and its oxygen coordination, we show in particular that the latter process is a consequence of the inelastic interaction of
the SHI induced low-energy secondary electrons with the YBCO lattice, which result in chain oxygen disorder and Tc decrease.
c© 2003 Elsevier Ltd. All rights reserved.

Keywords: Swift heavy ion irradiation; Cuprate superconductors; Thin ;lms; Secondary electrons

1. Introduction

Swift heavy ions (SHI) with energy exceeding 1 MeV=
amu modify material properties by depositing most of their
energy in electron excitation rather than nuclear collisions.
It has been shown by many experiments that a highly dam-
aged region is produced along the path of SHI when the
electronic energy loss, Se(=(dE=dx)e), of the ions exceeds
a threshold value Seth (Dufour et al., 1999). A large number
of studies (Toulemonde et al., 1994) have indicated that the
phenomenon of SHI induced track registration is material
dependent. The mechanism of SHI induced track formation
has been explained based on either of the two models:
the ion-spike or the Coulomb explosion model and the

∗ Corresponding author.
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thermal spike model. The concept of “Coulomb explosion”
i.e. violent disruption of a local region of the lattice by unbal-
anced electrostatic forces during the period before electrical
neutrality is restored to a region around the ion track has
its applicability in materials with reduced electron mobility
(Fleischer et al., 1975). The track creation in insulating ma-
terials is thus successfully explained by this model. In later
years, SHI induced tracks have also been observed in cer-
tain metals and semi-metals (Toulemonde et al., 1994). In
the thermal spike model, the time needed for energy trans-
fer from an incident ion to the excited electron gas is much
less than the typical time scales of lattice vibrations. Thus,
the energy loss from the incident ion can be regarded as
instantly transferred to the gas of excited electrons. Then
the energy of electronic excitations is very quickly con-
verted into thermal energy of the lattice in a localized region.
The rapidity with which the energy is transferred from the
hot electrons to the lattice of ions depends on whether the
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material is metallic, semiconducting or ionic (Toulemonde
et al., 1994). Arguments in favor of and against the appli-
cability of both the models in various systems have been
given in the literature (Miotello and Kelly, 1997). Modi;ca-
tions of these models to extend their applicability to speci;c
systems have also been attempted (Furuno et al., 1996).

In cuprate superconductors, the degree of irradiation dam-
age by SHI depends on several factors such as the extent of
pre-existing defects, chemical state (oxygen content), crys-
tallographic orientation with respect to ion beam direction
and the rate of energy loss in the target (Zhu et al., 1993).
The e�ect of SHI irradiation at varying Se and :uences on
the superconducting transition temperature, Tc has there-
fore been studied by many groups (Bourgault et al., 1989;
Rullier-Albenque et al., 1991; Iwase et al., 1998; Mishra
et al., 1999). Con;ning Se to values greater than Seth, where
amorphized latent tracks are created, Bourgault et al. (1989)
have shown that in the low :uence regime where tracks
do not overlap, the Tc onset remains almost constant due
to availability of percolating paths for supercurrent conduc-
tion. Increasing the :uence eventually leads to Tc suppres-
sion due to track overlap and blockage of the supercurrent
paths. In the present study, we show that even in the low
:uence regime where the tracks constitute a very small frac-
tion, i.e. well below the percolation limit in two dimen-
sions, irradiation by 250 MeV Ag ions at low temperatures
with a :uence of 5 × 1010–1 × 1012 ions cm−2 causes a
Tc decrease by about 1–3 K in thin ;lms of YBa2Cu3O7−y
(YBCO). This unusual result is explained by the inelastic
interaction of the SHI induced secondary electrons with the
YBCO lattice, which leads to chain oxygen disorder and Tc

decrease.

2. Experimental

The YBCO ;lms of thickness 300 nm prepared by laser
ablation technique were irradiated with 250 MeV Ag ions
using the 16 MV tandem pelletron accelerator at NSC, New
Delhi. The irradiation :uence was varied in the range 5 ×
1010–1× 1012 ions cm−2. The :uence was estimated by in-
tegrating the charges of ions impinging on the samples kept
inside a cylindrical electron suppressor. The ion beam was
magnetically scanned over a 1 × 1 cm2 area covering the
complete sample surface for uniform irradiation. The sam-
ples were mounted on a copper target ladder using silver
paste. To prevent sample heating during irradiation, the ion
:ux was limited to 109 ions cm−2 s−1.

In situ resistance measurements as a function of tempera-
ture were done after irradiating the samples with ion beams
at di�erent :uences. The temperature during each irradia-
tion was kept at 79 K. After each irradiation, the resistivity
data was acquired twice. The ;rst data acquisition was done
during heating the sample from 79 to 285 K right after irra-
diation. The second data acquisition was done after lowering
the temperature of the sample to 79 K. The details of the
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Fig. 1. Resistivity vs. temperature characteristics of YBCO thin
;lm irradiated with 250 MeV Ag ions at di�erent :uences: (1)
unirradiated; (2) 5 × 1010 ions cm−2; (3) 5 × 1011 ions cm−2;
(4) 1 × 1012 ions cm−2.

four-probe method applied for the resistance measurements
and the computer controlled data acquisition arrangement is
given in reference (Behera et al., 2001).

3. Results and discussion

3.1. Irradiation study

The electronic energy loss, Se, nuclear energy loss,
Sn, and range of the 250 MeV Ag ions in YBCO are
23 keV nm−1, 57 eV nm−1 and 15000 nm, respectively.
The ;lm thickness (300 nm) being much less than the
range of the beam, the e�ect due to Sn is insigni;cant.
The modi;cations brought about by the ion beams in the
;lms are therefore primarily due to the Se induced ef-
fects. The threshold electronic energy loss (Seth) of SHI
required to create amorphized latent tracks in YBCO has
been found to be 14:4 keV nm−1 (Kanjilal, 1997). The Se

of 250 MeV Ag ions in YBCO being larger than the Seth,
these ions create amorphized latent tracks in this system.

The 	 vs. T characteristics of the sample irradiated with
various :uences (
=5×1010, 5×1011, 1×1012 ions cm−2)
are shown in Fig. 1. It is observed that Tc decreases
by ∼1 K from that of the virgin sample with :uence
5 × 1010 ions cm−2. The decrease becomes more pro-
nounced at higher :uences, reaching a value of ∼3 K at
1×1012 ions cm−2. The normal state resistivity of the sam-
ple also increases with irradiation :uence. One remarkable
property observed in the system is that during tempera-
ture cycling up to 285 K, the system comes to another
state whose Tc and normal state resistivity are in between
the unirradiated state and the irradiate state as shown in
Figs. 2–4 for di�erent :uences.

The radius of the tracks induced by SHI in YBCO type
cuprate superconductors has been shown to be ∼5 nm
(Iwase et al., 1998). For a :uence of 5×1010 ions cm−2, the
damage area is calculated to be ∼4% of the area exposed to
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Fig. 2. Resistivity vs. temperature characteristics of YBCO thin
;lm irradiated with 250 MeV Ag ions: (1) unirradiated; (2)
5 × 1010 ions cm−2; (3) annealed at 285 K.
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Fig. 3. Resistivity vs. temperature characteristics of YBCO thin
;lm irradiated with 250 MeV Ag ions: (1) unirradiated; (2)
5 × 1011 ions cm−2; (3) annealed at 285 K.
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Fig. 4. Resistivity vs. temperature characteristics of YBCO thin
;lm irradiated with 250 MeV Ag ions: (1) unirradiated; (2)
1 × 1012 ions cm−2; (3) annealed at 285 K.

the ion beam. With such a low fraction of the damage area,
the percolating conduction path in the thin ;lms cannot
be eliminated. The decrease of Tc at this :uence therefore
is not expected from the tracks. Even for the :uence of
5× 1011 ions cm−2, tracks occupy 40% of the surface area,

which is well below the percolation threshold of 60% in
two dimensions. Samples irradiated at these :uences should
therefore have percolating supercurrent paths and Tc should
not decrease. Availability of continuous superconducting
paths below a threshold :uence of 3 × 1012 ions cm−2 in
3:5 GeV Xe ion irradiation in YBCO has also been re-
ported by Bourgault et al. (1989) to explain the Tc onset
remaining constant below this :uence. But in our case
the Tc onset of YBCO, probed immediately after the sam-
ples were irradiated at 79 K, shows a continuous decrease
with :uence up to 1 × 1012 ions cm−2, which is 3 times
less than the threshold :uence for obstruction of current
paths.

The recovery of the Tc and the normal state resistivity
of the samples towards the pre-irradiation value on an-
nealing of the sample at 285 K during temperature cycling
(Figs. 2–4) imply that point defects are created along with
the amorphized latent tracks in YBCO during 250 MeV Ag
ion irradiation. The point defects are retained at low tem-
perature (79 K) where irradiation was conducted and
bring about a global decrease in Tc and increase in nor-
mal state resistivity. On annealing the samples at 285 K,
these defects vanish. The Tc and the normal state resis-
tivity therefore tend to recover towards the pre-irradiation
value. To understand the creation of point defects during
250 MeV Ag ion irradiation in YBCO, we analyze the pos-
sible role of secondary electrons, which are produced during
irradiation.

3.2. Irradiation induced secondary electron emission

As ions pass through the target, a line of an extremely
high-energetic charge cloud along the ion path is created.
The consequence of this line source can be two-fold. The
positively charged atoms in the cylindrical zone around the
line created due to the escape of high-energetic electrons
forms a space charge, which can explode by the process of
Coulomb explosion due to unbalanced electrostatic forces.
As a result, columnar defects are produced by the result-
ing cylindrical shock waves. This is the Coulomb explosion
model proposed by Iwase et al. (1998). On the other hand,
the relatively low-energetic electrons bound in the narrow
cylindrical region can transfer their energies to the lattice
by electron–phonon interaction. If the consequent tempera-
ture rise exceeds the melting temperature of the lattice, the
lattice in the narrow cylindrical zone melts and quenches
with an extremely high quenching rate ∼1013 to 1014 K=s
forming amorphous latent tracks as envisaged by the ther-
mal spike model (Zhu et al., 1993). As a consequence of the
occurrence of either of the two mechanisms, high-energetic
secondary electrons are emitted from the track region in the
process of material modi;cation.

To explain the energy loss process, which di�ers for two
particles of exactly the same dE=dx but di�erent atomic
number, Meyer and Murray (1962) considered the energy
distribution of secondary electrons resulting from ionizing
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collisions of the primary ion with electrons of the stopping
medium. In particular, it has been shown that if the sec-
ondary electrons are suMciently energetic to escape from the
immediate wake of the primary particle, they can then enter
a virgin region of the crystal and induce further excitations.
The maximum energy of a secondary electron resulting from
a primary particle of energy E is given by the Rutherford
scattering formula as �max

0 = 4m(E=M), neglecting the elec-
tron mass m in comparison to the mass M of the primary
and assuming that the electron experiencing a collision, is
initially at rest. For 250 MeV Ag ions, the maximum energy
of the secondary electrons is ∼5 keV.

All secondary electrons of energy �0 will be contained
within a region whose radial extent from the ion tracks cor-
responds to the range of the electrons. In the keV range of
energies of these electrons, the range-energy relation can be
reasonably well described in various stopping media by a
function of the form Rp = a:�n0, where both a and n are con-
stants (Kanter and Sternglass, 1962). With Rp in mg=cm2

and �0 in keV, and considering YBCO to have similar re-
sponse to secondary electrons as aluminum, gold and sodium
iodide, we take the values for a and n to be 0.01 and 1.35, re-
spectively, as has been done by Meyer and Murray (1962).
The range, Rp, of the electrons with the maximum energy
of 5 keV emanating from the ion tracks thus comes about
to be ∼0:1 mg=cm2, which corresponds to ∼160 nm in the
YBCO medium. By virtue of multiple scattering however,
only a small fraction of electrons penetrate a distance com-
parable with the range Rp. There will thus be a distribution
of stopped electrons over the region from the origin to Rp,
and this distribution can be represented by a density func-
tion D(r; Rp). This density function is of course not known
and in fact may even have a di�erent shape for di�erent
energy electrons. In the absence of a detailed form of the
density function of delta electrons in the YBCO medium,
we assume it to peak at a value midway between the point
of origin and Rp, i.e at Rp=2. Even at this reduced value, the
range of the secondary electrons is ∼80 nm. The secondary
electrons thus emitted radially around the ion tracks have a
much larger interaction cross section than the tracks of 5 nm
radius created by the ions themselves. However, unlike the
high energetic ions, which create amorphized latent tracks,
the electrons can, in principle induce only point defects. The
defected zone created by these electrons can overlap with
each other at an ion :uence of only ∼5×109 ions cm−2. A
global change in the superconductivity of YBCO is therefore
expected even at the ;rst dose (5× 1010 Ag ions cm−2) as
observed in the present study if defects can be created due
to the secondary electrons.

3.3. Defect creation due to secondary electron irradiation

Electron irradiation in the past has been shown to create
defects in YBCO mostly in the oxygen sublattice. Because
of the complex crystal chemistry of the cuprates, there has
been a lot of controversy on the threshold energy for the

creation of oxygen defects. The ;xed ;ve-fold oxygen co-
ordination of Cu(2) ions makes the plane and apical oxygen
ions strongly bound to the Cu ions. The chain oxygens how-
ever are loosely bound and can have lower displacement
energy. The displacement energy, Ed, per ion for plane and
chain oxygens was evaluated to be 8.4 and 2:8 eV, respec-
tively (Tolpygo et al., 1996). The threshold energy, Eth, of
the electrons to e�ect atomic displacement is found from
the condition that the maximum energy, Em, transferred to
an atom of mass M by an electron of mass m at an elas-
tic electron-atom collision becomes greater than the corre-
sponding displacement energy Ed, where

Em = 2Eth(Eth + 2mc2)=Mc2: (1)

Even with a low displacement energy (2:8 eV) of the oxy-
gen at the chain site, Eq. (1) gives a threshold electron en-
ergy of ∼20 keV for defect creation in YBCO. Though the
molecular dynamics simulation of Cui et al. (1992) gives an
Ed as low as 1:5 eV for oxygen displacements from O(1)
to O(5) sites, it is still much higher than the calculated Ed

of 0:7 eV corresponding to the maximum energy (∼5 keV)
of the secondary electrons to account for defect production
through an elastic knock-on process. We therefore speculate
an inelastic process for low energy electron–lattice interac-
tion, which leads to defect formation in the oxygen sublat-
tice and Tc suppression as discussed below. This is similar
to the mechanism of F center formation in alkali halides
(Trautmann et al., 2000) and dissociative recombination in
hydrogen-bonded molecules (Guberman, 2001).

3.4. Tc suppression due to point defects

There are basically two ways through which the point
defects at the oxygen sublattice in YBCO can suppress Tc

depending upon their location. If the point defects are lo-
cated in the superconducting CuO2 planes, they can cause
pair breaking due to potential impurity scattering (Jackson
et al., 1995). In the chains, the point defects can in:uence
the carrier concentration and hence suppress Tc (Shaked
et al., 1995).

Considering the relatively small energy required for the
creation of defects on the chain oxygen site, we suggest that
the inelastic interaction of secondary electrons emanating
from the high energy ion tracks with the lattice ions, leads
to an electronically driven structural rearrangement in the
YBCO lattice. This process of structural rearrangement can
occur if the charge state of Cu ions in the chains, which
have a direct bearing on their oxygen coordination, can be
altered due to trapping of the secondary electrons. Cu ions in
the chains can have varying oxygen coordination (2-, 3- and
4-fold). Crystallochemical analysis (Mohapatra et al., 1993)
shows that Cu1+ ions can have a maximum of 2-fold oxygen
coordination. If a secondary electron is trapped by a Cu2+

ion changing its charge state to 1+, its oxygen coordination
of either 3- or 4-fold will become unstable. A neighbouring
oxygen from the chains along the b-axis will be displaced
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to the nearby interstitial site along the a-axis. The displace-
ment of oxygen atoms due to the trapping of the secondary
electrons transforms the square-planar coordination of the
chain-site Cu atoms into a non-square planar coordination.
This coordination geometry is known to drastically reduce
the hole-carrier density in the CuO2 plane (charge conduc-
tion plane) and lead to Tc suppression (Shaked et al., 1995).

4. Conclusion

In YBCO thin ;lm irradiated by 250 MeV Ag ions at low
temperature, we observe blocking of supercurrent paths and
suppression of Tc even when the fraction of the latent tracks
is much less than the percolation threshold for prohibiting
current conduction. This result points to an enhanced interac-
tion cross section of the SHI in the medium. Recovery of the
Tc and normal state resistivity to their pre-irradiation value
on annealing near room temperature indicates that point de-
fects are created due to SHI induced secondary electrons.
In particular, we show that inelastic interaction of the low
energy secondary electrons with the lattice can lead to elec-
tronically driven chain oxygen disorder and Tc suppression
in YBCO superconductor.
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