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Abstract

We have measured the fluence dependence of the c-axis lattice parameter in EuBa,Cu;0O, (EBCO) irradiated with
various ions from He to Au over the wide energy range from 0.85 MeV to 3.80 GeV. We have observed a linear increase
of the c-axis lattice parameter with increasing fluence for all irradiations. The slope of c¢-axis lattice parameter against
fluence, which corresponds to the defect production rate, is separated into two contributions; the effect via elastic dis-
placement and the effect via electronic excitation. The former contribution exhibits a linear increase against the nuclear
stopping power, S,,. The latter contribution is scaled by the primary ionization rate, dJ/dx, rather than by the electronic
stopping power, S., and is nearly proportional to (dJ/dx)*. © 1998 Elsevier Science B.V.
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1. Introduction tion of lattice defects is a useful method to increase
the critical current density (J..). Especially, colum-

Irradiation effects on oxide superconductors nar defects introduced by irradiation with high en-
have been studied extensively [1], as the introduc- ergy heavy ions have drawn attention for their
effectiveness in increasing J.. Since columnar de-
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[2-6] have shown the relation between the diameter
of columnar defects and S., but its physical mean-
ing has not been clarified yet for high-T, supercon-
ductors. For other oxide materials such as
Y;FesO;,, when the value of S, is fixed, the lower
ion-velocity results in a larger diameter columnar
tracks [6]. The velocity dependence of irradiation
effect is often called the ‘““velocity effect” [7]. For
high-T. superconductors, however, the velocity ef-
fect has not been clearly observed [6]. It is necessary
to clarify whether the velocity effect can be ob-
served and to study which defect production mech-
anism most consistently explains the irradiation
effects in ion-irradiated high-T, superconductors.
In our previous work [8], we suggested that (Ac/
¢o)/® is a good quantity to investigate the defect
production rate, where Ac is the increment of c-ax-
is lattice parameter, ¢, the c-axis lattice parameter
for the sample before irradiation and ¢ the fluence.
We showed that the defect production rate consists
of two contributions; one is the effect due to elastic
displacement and the other is the effect due to elec-
tronic excitation. When S; is high enough, the for-
mer effect can be neglected. However, if the both
effects are comparable, separation of the two be-
comes necessary for the accurate estimation of
both effects. In this study, we have performed irra-
diation of the EuBa,Cu;0, (EBCO) superconduc-
tor with various ions from He to Au changing the
energy from 0.85 MeV to 3.80 GeV and measured
the value of (Ac/c¢y)/®. For low energy (<2 MeV)
ion irradiation, (Ac/cy)/®, which corresponds to
the defect production rate, is proportional to the
nuclear stopping power, S,. On the other hand,
for high energy (80 MeV-3.80 GeV) ion irradia-
tion, the contribution of electronic excitation to
(Aclcy)/® value is precisely estimated by assuming
that the observed (Ac/cy)/® value is the sum of
the contribution of elastic displacement and that
of electronic excitation. The latter contribution de-
pends not only on the electronic stopping power,
S., but also on the ion velocity, exhibiting the ve-
locity effect. In order to explain this velocity effect,
we propose the adoption of the primary ionization
rate, dJ/dx, as a parameter replacing S. to consis-
tently describe all the data. The contribution of
electronic excitation of the (Ac/cy)/® value is found
to be proportional to (dJ/dx)", where n is nearly 4.

2. Experimental procedure

The films of EBCO oxide superconductor were
prepared by RF magnetron sputtering [9,10]. The
thickness of the films was about 300 nm. The su-
perconducting transition temperature, 7., ranged
from 80 to 89 K. We performed the irradiation
with low energy (<2 MeV) ions and with high en-
ergy (80 MeV-3.80 GeV) ions. The irradiating ions
and energies for low energy ion irradiation were as
follows; 0.85 MeV “He, 1.0 MeV '2C, 0.95 MeV
20Ne, and 2 MeV “Ar from 2 MV van de Graaff
accelerator at JAERI-Tokai. The irradiating ions
and energies for high energy ion irradiations were
as follows; 120 MeV ¥Cl, 90 MeV and 200 MeV
¥Ni, 125 MeV 7Br, 80 MeV and 200 MeV 271,
120 MeV '"7Au from the tandem accelerator at
JAERI-Tokai, and 3.54 GeV '*Xe and 3.80 GeV
81Ta from the ring cyclotron at RIKEN. Samples
were irradiated parallel to the c-axis at room tem-
perature and under vacuum. We measured the X-
ray (Cu Ka) diffraction pattern both before and af-
ter the irradations. The peak positions of (0 0 1) to
(0010) were used to estimate the c-axis lattice pa-
rameter. The c-axis lattice parameter for sample
before irradiation, ¢, ranged from 11.73 to 11.76
A. When analyzing the data, we used the values
of nuclear stopping power (S,) and electronic stop-
ping power (S.) calculated using the TRIM-92
computer code [11]. The calculated results are list-
ed in Table 1. In the table are also shown the ion-
velocity and the projected range. By using the ions
listed in the table we can investigate the effect of
various combination of S. and ion-velocity on
the defect production in EBCO. All of the values
of the projected range are much larger than the
film thickness (0.3 pm). This means that defects
are uniformly introduced along the sample thick-
ness, and we can exclude the effect of ion implan-
tation.

3. Results and discussion

Fig. 1(a)—(c) shows Ac/c, plotted as a function
of ion fluence @ for high energy ion irradiations.
The figures show that all irradiations exhibit a lin-
ear @-dependence of Ac/cy. Assuming that Ac/cg
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Table 1

Irradiation parameters. An ideal value of sample density for EBCO, 6.9 g/cm?, is adopted to calculate the ion range
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Energy (MeV) Ion amu Velocity (10° cm/s) S, (MeV/(mg/cm?)) S. (MeV/(mg/cm?)) Range (um)
0.85 He 4 0.41 1.4x 1073 0.81 1.8
1.0 C 12 0.16 2.4 %1072 2.3 0.9
0.95 Ne 20 0.09 9.3x 1072 2.3 0.7
2.0 Ar 40 0.10 2.7 x 107! 39 0.9

120 Cl 35 2.57 8.9 x 1073 10 17
90 Ni 58 1.73 4.6 x 1072 22 9
200 Ni 58 2.58 2.3 %1072 20 16
125 Br 79 1.75 6.9 x 1072 27 10
80 1 127 1.10 3.2x 107! 27 7
200 1 127 1.74 1.5%x 107! 39 13
3540 Xe 136 7.09 1.4 %1072 27 148
3800 Ta 181 6.37 3.1 x1072 48 106
120 Au 197 1.08 6.8 x 107! 37 8

value is proportional to the concentration of irra-
diation induced defects, we can regard that (Ac/cy)/
@ is proportional to the defect production rate. It
should be noted that a linear @-dependence of Ac/
¢o 1s also observed for EBCO irradiated with low
energy (<2 MeV) ion. As can be seen in Fig. 2,
(Ac/cy)/® for low energy ion irradiation is a linear
function of S, [8], i.e.,

(Ac/co)® = aS,, (1)

where a=3 x 10'® mg/MeV. This means that the
defect production rate is proportional to the ener-
gy transferred from the ion to the sample through
elastic collisions. Therefore, we can conclude that
elastic displacement is the dominant process of de-
fect production for low energy (<2 MeV) ion irra-
diation. This is consistent with other experiments
showing a linear S,-dependence of d7./d® [12]
and change rate of normal-state resistance [13].
As the S, value become higher, the effect of elec-
tronic excitation becomes prominent. Fig. 3 shows
(Aclcy)/ @ for high energy ion irradiation as a func-
tion of S,. The results for low energy ion irradia-
tions are also shown as a dotted line. All of the
(Aclcy)/® values for high energy ion irradiation
are higher than those for low energy ion irradia-
tion, implying the existence of the contribution
of electronic excitation to (Ac/cy)/® value. As elas-
tic collision and electronic excitation occur inde-
pendently in the sample, the observed (Ac/cy)/®
value can be expressed by

(AC/CO)/¢ = ((AC/CO)(D)elastic
+ ((AC/CO)/¢)electronic’ (2)

Since the former effect is expressed by Eq. (1), we
can readily estimate ((Ac/co)/@)eiectronic DY subtract-
ing aS, from the observed (Ac/cy)/® value. In
Fig. 3, ((Ac/co)/D)etectronic 18 Indicated by arrows.
As a first step in the analysis, we focused on the
S.-dependence of ((Ac/co)/P)etectronic Which is shown
in Fig. 4. This figure shows that ((Ac/c)/ P)eectronic
depends not only on S, but also on the ion-veloc-
ity. When S, is fixed to, for example, 27 MeV/(mg/
cm?), we can find ((Ac/co)/®)eectronic INCreases as
ion-velocity decreases, indicating the presence of
the velocity effect. Since S, alone can not account
for the observed value of ((Ac/co)/ @)eiectronic, 1t 1S
necessary to introduce a quantity replacing S. in
order to account for the velocity effect. As one of
the available parameters which can explain the
present results, we propose the adoption of pri-
mary ionization rate, dJ/dx, where J is the number
of ions induced along the projectile trajectory, and
x the length of projectile path. The introduction of
this quantity is based on the idea that the number
of ionized atoms may be responsible for defect
production through Coloumb explosion process.
Fleischer et al. [14] have shown that the track-reg-
istration threshold in some insulators, above which
track are observed, can be defined by using dJ/dx
and not S.. They have estimated the value of dJ/dx
based on the Bethe formula [15]:
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Fig. 1. The Ac/cy values as a function of fluence for EBCO irradiated with high energy ions.
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3)

where ¢ is the ionization cross section, /N the num-
ber density of target atoms, Z* the equilibrium
charge of the irradiating ion in the target [16], f8
the ion-velocity divided by the velocity of the light,
¢, Iy the ionization energy of most loosely bound
electron of a target material, and m the electron
mass. Eq. (3) was originally constructed to ac-

count for the ionization cross section of hydrogen
atoms irradiated with electrons, where Z* =1. As
the possibility of the excitation of the most loosely
bound electrons is much higher than that for all
other electrons, the target atoms can be treated
as hydrogen-like, and Eq. (3) can be used approx-
imately for the heavy ion irradiations of EBCO. In
Eq. (3), the parameters that depend on target ma-
terials are o and ;. We adopt the value I, =10 ¢V,
which is the average value of the first ionization
energy for atoms composing EBCO. Since there
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Fig. 2. The values of (Ac/cy)/® as a function of S, for EBCO ir-
radiated with low energy ions. The straight dotted line is a lin-
ear function of S,. (see Ref. [8]).
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Fig. 3. The (Ac/cy)/® value as a function of S, for the high en-
ergy ion irradiation (solid circles). Data for the low energy ion
irradiations are also shown as a dotted line.

is no means to determine the parameter o, the units
of dJ/dx remain arbitrary. We can show, by using
Eq. (3), that our data can be scaled by the single
parameter dJ/dx. As can be seen in Fig. 5, ((Ac/
€0)/D)electronic Varies as (dJ/dx)", where n is nearly
4. It should be noted that the velocity effect is in-
herently involved in the (dJ/dx)*-dependence.
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Fig. 4. (Ac/co) Pejectronic @s @ function of S.. The velocities of the
incident ions are shown for reference.
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Fig. 5. ((Aclco) @) etectronic @s a function of dJ/dx. The dotted line
shows the line proportional to (dJ/dx)*. The velocities of the in-
cident ions are shown for reference.

When the deposited energy S. is fixed, a higher
ion-velocity results in lower value of dJ/dx, be-
cause a higher ion-velocity leads to d-ray with
higher energy. Since dJ/dx is the number of atoms
ionized per projectile path length and is not the en-
ergy deposited to the target, the above figure sug-
gests that the line density of induced space charge
is responsible for the defect production in EBCO.
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The most plausible process of defect production
via primary ionization, we believe, is that ionized
atoms receive their recoil energy through the Cou-
lomb explosion mechanism [14]. Consideration of
spacial density of deposited energy may be neces-
sary for further analysis. The reason for the (dJ/
dx)*-dependence remains unknown. Nevertheless,
it should be mentioned that there have been exper-
iments which have shown that the yield of sputter-
ing due to electronic excitation varies as (dJ/dx)*
[17,18].

4. Conclusion

We have measured fluence dependence of the c-
axis lattice parameter in EBCO irradiated with
various ions over the wide energy range from
0.85 MeV to 3.80 GeV. The effect of electronic ex-
citation on c-axis lattice parameter is scaled by the
primary ionization rate, dJ/dx. The (dJ/dx)"-de-
pendence on the defect production rate is ob-
served, where 7 is nearly 4. This suggests that the
density of induced space charge is responsible for
the defect production through the Coulomb explo-
sion mechanism.
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