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Abstract

Thin films of EuBa,Cu30, oxide superconductor have been irradiated with high energy heavy ions (80 MeV I,
125 MeV Br, 1.1 GeV Mo and 3.5 GeV Xe) having same electronic stopping power, S., in order to investigate the
ion-velocity dependence of the electronic excitation effects under the constant electronic energy deposition. Although
S. is constant, a strong reduction in the irradiation effect on lattice parameter with increasing ion-velocity is observed
in the low ion-velocity region around E ~ 1 MeV/nucleon, while the ion-velocity dependence is hardly observed in the
high ion-velocity region of £ > 10 MeV/nucleon. If the observed velocity-dependence is assumed to be due to the change
in the fraction of S, contributing to defect creation, the fraction in the low velocity region (E ~ 0.6 MeV/nucleon) is
estimated to be about two times larger than that in the high velocity region (£ > 10 MeV/nucleon).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

It is established that atoms can be displaced as a
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excitation depend on target materials and the var-
ious aspects of the electronic excitation effects have
been studied extensively; track formation [1], lat-
tice expansion [2-4], phase transition [5-7], swell-
ing [8] and so on. The electronic stopping power,
S., 1s defined as a linear density of electronic en-
ergy deposition and has been considered as an
important parameter that determines the elec-
tronic excitation effects. However, in some ion-
irradiated oxide materials such as Y3FesOi,
(YIG), although S, is the same, smaller track
diameter has been observed for high ion-velocity
regime (E = 5-38.7 MeV/nucleon) than for low
ion-velocity regime (E = 0.85-3.6 MeV/nucleon)
[9]. The velocity dependence observed for the elec-
tronic excitation effects is often called ““the velocity
effect”. The velocity effect has been observed also
for the lattice expansion [3,4] and the electrical
resistivity change [10] in oxide superconductors.
However, there is little number of studies focusing
on the ion-velocity dependence of the electronic
excitation effects. It should be noted that S, just
defines a linear density of initial energy deposition
to electron system. The appearance of the velocity
effect under constant S, is probably related to the
radial distribution of initial energy deposition and/
or the energy sharing within the electron system.
In this sense, the precise investigation of the veloc-
ity effect is important especially for understanding
the initial stage of the energy deposition.

As far as we know, the only studies focusing on
the precise velocity dependence is those of Szenes
[11,12]. He has analyzed the ion-velocity depen-
dence of efficiency, g, for YIG and LiNbO;, where
g is defined as the fraction of S, covering the ther-
mal energy which contributes to track formation.
He has assumed that the velocity effect appears
as the result of change in efficiency g which varies
as a function of ion-velocity. The efficiency is de-
fined based on the thermal spike concept which
assumes that a part of S, contributes to a temper-
ature increase leading to lattice melting. Here, it
should be noted that the efficiency g is estimated
by assuming a thermal spike concept and it is
not the direct consequence of track diameter data.
In this study, we have investigated the ion-velocity
dependence of lattice expansion by performing
several ion irradiations having same S, but differ-

ent ion-velocity and we have tried to estimate by
another approach the ion-velocity dependence of
the fraction of S, contributing to the defect
creation.

2. Experimental procedure

Thin films of oxide superconductors EuBa,-
Cu;0,, (EBCO) which have about 0.3 um thickness
were prepared on MgO substrates by the dc mag-
netron sputtering method. The films were c-axis
oriented; the c-axis direction corresponded to
the direction of film thickness. As-sputtered
films were expected to have an oxygen content of
y =1, since superconducting transition tempera-
ture for these films was around 89 K. The irradia-
tions with 80 MeV 1, 125 MeV Br, 1.1 GeV Mo
and 3.5 GeV Xe ions were performed at room tem-
perature. All of the irradiations have almost the
same S, (S, = 26.2-28.5 (MeV/(mg/cm?))) as dem-
onstrated in Fig. 1. The electronic stopping power
is estimated by using SRIM2003 [13,14]. As long
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Fig. 1. Electronic stopping power, S, plotted as a function of
energy. The electronic stopping power is estimated using
SRIM2003 [13,14]. The S, values for the present irradiations
are indicated by full circles. The gray dotted line is to
demonstrate that values of S. for the present irradiations are
almost the same.



138 N. Ishikawa et al. | Nucl. Instr. and Meth. in Phys. Res. B 230 (2005) 136-141

Table 1

Irradiation parameters for the present study

Ton E (MeV/nuleon) S. (MeV/(mg/cm?)) Sa (MeV/(mg/em?)) Projected range (um)
80 MeV 1 0.6 27.6 32x107" 8

125 MeV Br 1.6 26.2 6.9x 1072 11

1.1 GeV Mo 11.4 27.7 1.9%x 1072 54

3.5 GeV Xe 26.0 28.5 1.4x 1072 142

The values of S., S, and the projected range are estimated using SRIM2003 [13,14].

as single element target is concerned, SRIM2003
program can calculate the stopping power with
the average accuracy of 6% for heavy ions [15].
The additional uncertainty for S, estimation
emerges by adopting the Bragg’s additivity rule.
But it is already demonstrated that for many of
heavy compounds containing elements with atomic
numbers greater than 12 there is no measurable
deviations from Bragg’s rule [14]. Since the present
compound (EuBa,Cu3;0;) contains heavy -ecle-
ments, we believe the error related to Bragg’s rule
is very small.

The energy ranges from 0.6 to 26 MeV/nucleon.
The irradiation parameters are listed in Table 1.
The irradiations with 80 MeV I and 125 MeV Br
ions were performed by using the tandem accel-
erator at JAERI-Tokai. The irradiation with
1.1 GeV Mo was performed by using the UNILAC
accelerator at GSI and the irradiation with
3.5 GeV Xe ions by using the ring cyclotron at
RIKEN. As all ion ranges were much larger than
the film thickness, a possibility of ion-implantation
can be ruled out. X-ray (Cu Ka) diffraction pattern
was measured before and after irradiation. Flu-
ence dependence of c-axis lattice parameter was
investigated.

3. Results and discussion

The fluence dependence of c-axis lattice param-
eter is shown in Fig. 2. Here Ac/c, is the change in
c-axis lattice parameter, Ac, normalized by the
c-axis lattice parameter before irradiation, ¢,. Lin-
ear increase in c-axis lattice parameter is observed
for all the irradiations suggesting that each ion cre-
ate defects that contribute to lattice expansion. The
slope of lattice expansion is defined as (Ac/c)/ P,

where @ is the fluence. The error of the absolute
value of the fluence has been confirmed to be typ-
ically within about 20% by TEM observation. We
believe the relative error between each fluence
value for the same beamtime is very small. We as-
sume here that the lattice expansion is attributed
to the sum of defect creation via elastic displace-
ments and that via electronic excitation. The
contribution of electronic excitation can be esti-
mated to be ((Ac/co)/P)electronic = (Aclco)l® — ((Ac/
€0) @)etastic; Where ((Ac/co)/D)etasiic 18 the contribu-
tion of elastic displacements which is estimated
from the previous irradiation experiment using
~1 MeV ions [2]. In the case of the present
irradiations, we find that ((Ac/co)/®@)ejastic 18 only
1.0-1.3% of (Ac/co)/® and that ((Ac/co) D)electronic
is almost the same as (Ac/co)/®.

The energy dependence of ((Ac/co)/ ®)eectronic 18
plotted in Fig. 3. Since the energy is indicated in
the unit of MeV/nucleon, it is proportional to the
square of ion-velocity. Although S, is constant,
the lattice expansion per unit fluence decreases
rapidly as a function of ion-velocity especially
in the low velocity region of around E ~ 1 MeV/
nucleon. In the high-velocity region of around
E > 10 MeV/nucleon, the velocity dependence is
absent or very small, if any.

We have already demonstrated that ((Ac/co)/
®D)clectronic 18 scaled by S, in the high ion-velocity
region of E > 3.4 MeV/nucleon [4] as shown in
Fig. 4 in which recent data is added. The recent
data of 1.1 GeV Mo irradiation also lie on the scal-
ing line. The present result confirms that there is
hardly ion-velocity dependence of electronic exci-
tation effect in high ion-velocity region. An inter-
esting characteristics found by the figure is that
((Aclco)/ @)etectronic 18 proportional to S: for the
high ion-velocity region. The origin of the power
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Fig. 2. Fluence dependence of normalized lattice expansion, Ac/co, for the irradiations having same S, and different ion-velocity. The
solid lines are to demonstrate the c-axis lattice parameter increases linearly with increasing ion-fluence.
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Fig. 3. Contribution of electronic excitation to lattice expan-
sion per unit fluence, ((Ac/co)/P)ejectronic> Plotted against energy
per nucleon.

law is still unknown, but it can be explained [16] by
the combination of kinetic energy due to Coulomb
repulsion between ionized atoms [17,18] and the
atomic displacements due to thermal energy
[19,20] converted from the kinetic energy of atoms.
Here we make a following assumption; ((Ac/cg)/
®)erectronic 1S always proportional to  (kS.)?,
where efficiency k is the fraction of S, contributing
to the defect creation or lattice expansion. We
believe this assumption is natural because
((Aclcg)! @)etectronic 18 proportional to S: in the high
ion-velocity region and because the velocity effect
appeared in the low ion-velocity region is probably
due to the change in efficiency k. From this
assumption, efficiency k& can be estimated as
k ~ (CJSH'™, where C, is ((Ac/co)/P)etectronic- OF
course, this assumption is influenced by the valid-
ity of the Sg-scaling mentioned above and it de-
pends on the uncertainty of S, calculated by
SRIM2003 and the experimental error of lattice
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Fig. 4. S, dependence of ((Ac/co)/P)etectronic fOr the irradiations
with high-velocity ions with the energy of E > 3.4 MeV/nucleon
(closed circles). Most of the data are quoted from [4]. A solid
line demonstrates that ((Ac/co)/@)ejectronic 18 proportional to S‘c1
[4]. In the figure, the result for the irradiations with 80 MeV 1
(E = 0.6 MeV/nucleon) and 125 MeV Br(E = 1.6 MeV/nucleon)
is also presented (open circles), demonstrating that the data for
the low-velocity ions do not participate in the S*-scaling, while
for the irradiations with 1.1 GeV Mo ions(E = 11.4 MeV/
nucleon) and 3.5 GeV Xe(E =26.0 MeV/nucleon) the data
participate in the S?-scaling.

expansion. The uncertainty of SRIM calculation is
discussed in the previous section. The experimental
error of lattice expansion measurement is dis-
cussed below. The maximum error may be caused
by a sample dependence, although the samples are
prepared with the same experimental procedure.
The quantification of this error is very difficult,
but the independently performed irradiation
experiment is helpful to infer the error. We have
prepared two kinds of samples with different thick-
nesses (300 nm and 1000 nm) and the difference in
lattice expansion per unit fluence is estimated for
these samples respectively for the irradiations with
120 MeV Au, 200 MeV I and 200 MeV Ni ions.
The lattice expansion per unit fluence for 300 nm
sample exhibit 13%, 18% and 25% difference com-
pared with that for 1000 nm sample for 120 MeV
Au, 200 MeV 1 and 200 MeV Ni respectively.
The maximum error was 25%, when the sample
thickness is varied from 300 nm to 1000 nm. Since

the present experiment adopts only the samples
with 300 nm thickness, we believe the error due
to sample dependence for the present study is even
smaller. Furthermore, since all of the samples for
one beamtime are cut from a same batch of the
sample, the error due to sample dependence is fur-
ther reduced. In addition, the small error for one
beamtime is already demonstrated by the linearity
of the lattice expansion as a function of ion-flu-
ence. In conclusion, the error due to sample depen-
dence is expected to be comparable to the size of
closed circles in Fig. 4. Here we are not going to
discuss the physical implication of fourth power
which is still unknown, but we use this power
law just for the estimation of the efficiency.

Fig. 5 shows the velocity dependence of the effi-
ciency k which is estimated by k ~ (C/S*)"*. The
efficiency for low ion-velocity ions (£ = 0.6 MeV/
nucleon) is 2.2 0.1 times higher than that for
high velocity ions (E =26 MeV/nucleon) when
the errors of S, and the lattice expansion are taken
into account. It is interesting to note that the ratio
of the efficiency which is independently estimated
by Szenes [11,12] from the thermal spike concept
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Fig. 5. Efficiency plotted against energy per nucleon. Here
the efficiency is defined as k = (C. /Sg)l/ 4, where C, = ((Aclco)!
D)electronic- An arrow is to show that the efficiency for E =
0.6 MeV/nucleon is 2.2 times higher than that for £ =26 MeV/
nucleon.
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is twice which is close to our result. The present re-
sult does not directly support any defect creation
model, but we believe that the present result of
the velocity dependence of the electronic excitation
effect or the efficiency can be one of the important
criteria for judging the validity of the models
accounting for the electronic excitation effects.

4. Summary

Thin films of EuBa,Cu;0, oxide superconduc-
tors have been irradiated with high energy heavy
ions (80 MeV 1, 125 MeV Br, 1.1 GeV Mo and
3.5 GeV Xe) under the condition of constant S,
and different ion-velocities in order to investigate
the ion-velocity dependence of efficiency of S, to
create lattice defects. A strong reduction in the
electronic excitation effect with increasing ion-
velocity is observed around E ~ 1 MeV/nucleon,
although S, is constant, while in the high velocity
region of E > 10 MeV/nucleon the velocity depen-
dence is hardly observed. By assuming that the
velocity effect is caused by the change in the frac-
tion of S, contributing to defect creation, the frac-
tion for the low velocity ions (E=0.6 MeV/
nucleon) is found to be about two times larger
than that for the high velocity ions (£ > 10 MeV/
nucleon).
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