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We report the influence of crystalline defects introduced by 6 MeV 03+ irradiation on the critical cur-
rent densities J. and flux creep rates in 1.3 pm thick GdBa,;Cu307_s coated conductor produced by co-
evaporation. Pristine films with pinning produced mainly by random nanoparticles with diameter close
to 50 nm were irradiated with doses between 2 x 10*> cm~2 and 4 x 10" cm~2. The irradiations were
performed with the ion beam perpendicular to the surface of the samples. The J. and the flux creep rates
were analyzed for two magnetic field configurations: magnetic field applied parallel (H||c) and at 45°
(H||45°) to the c-axis. The results show that at temperatures below 40 K the in-field J. dependences can
be significantly improved by irradiation. For doses of 1 x 10 ¢m~2 the J. values at woH = 5 T are dou-
bled without affecting significantly the J. at small fields. Analyzing the flux creep rates as function of the
temperature in both magnetic field configurations, it can be observed that the irradiation suppresses the
peak associated with double-kink relaxation and increases the flux creep rates at intermediate and high
temperatures. Under 0.5 T, the flux relaxation for H||c and H||45° in pristine films presents characteristic
glassy exponents u = 1.63 and u = 1.45, respectively. For samples irradiated with 1 x 10 cm~2, these

values drop to ; = 1.45 and u = 1.24, respectively

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

During the last years, a great amount of effort has been orien-
tated to improve the superconducting properties of RBa,Cu30;_s
(RBCO; R: Sm, Dy, Y, Gd) coated superconductors (CCs) [1-4]. One
of the strongest aspects expected for applications such as motors
and magnets is to be able to maintain high critical current den-
sity J. at high magnetic fields [5,6]. The current carrying capacity
is determined by the interaction of vortex matter with crystalline
defects [7]. The geometry and density of the pinning centers deter-
mine the in-field and angular dependence of J. [7,8,9]. In addition,
the vortex-defect interactions are not accumulative and the vor-
tex pinning produced by the different crystalline defects depends
on the temperature and on the magnetic field. While small de-
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fects improve pinning mainly below 40 K, large defects (size of a
few coherence length &) do so throughout the whole temperature
range. [10]. For the latter, the pinning can be isotropic (nanoparti-
cles) or correlated (columnar defects). Innovative approaches have
been used to design optimal vortex pinning by defect structures
[8,11]. Most of them are based on the inclusion of nanometric sec-
ondary phases [12,13].

The formation of the desired pinning centers depends sensi-
tively on the film deposition technique and substrate architecture
[1,12-14]. Despite the remarkable advance in the synthesis of de-
sirable microstructures obtained at laboratory scale research, pin-
ning landscapes including a high density of strong and weak pin-
ning centers are usually difficult at industrial scale. This limitation
in the synthesis of CCs has been recently overcome by including
pinning centers by irradiation [15-18]. Depending on the mass and
energy of the ions and the properties of the superconducting mate-
rial, irradiation enables the creation of defects with well-controlled
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density and topology such as points, clusters, or tracks [19]. The
in-field dependence of J. at temperatures below 40 K has been im-
proved by irradiation with protons in CCs grown by metal organic
deposition MOD and co-evaporation [15,16]. Most recently, the fea-
sibility to similarly improve the properties of CCs obtained by MOD
in much shorter irradiation times using 3.5 MeV 603+ has been
reported [17].

Here, we show the effects of random point defects and nan-
oclusters introduced by 6 MeV 603+ irradiation with doses be-
tween 2 x 1013 cm~2 and 4 x 10" cm~2 on the magnetic field
dependence of J. 1.3 pm thick GBCO thin films grown by co-
evaporation. In addition, the vortex dynamics displayed in pristine
and irradiated samples is analyzed by performing magnetic relax-
ation measurements. The microstructure of the pristine tape dis-
plays random and irregular shape precipitates with typical size of
50 nm. Unlike ref. [17], the energy of the ions was selected to place
the Bragg peak inside the substrate (instead of the superconducting
layer). Several attempts of irradiation with 3.5 MeV 1603+ showed
that, although the in-field of J. dependence is smoother than for
pristine samples, the irradiation reduces considerably the low field
Je values. In comparison to our previous work [16], in which tapes
irradiated with protons reached the optimal doses in tens of min-
utes, the irradiation with 6 MeV 1603+ demands only a few sec-
onds. While the irradiation significantly improves the in-field de-
pendence of J. for the H|lc and H||45° configurations, its absolute
values are merely affected at low fields. From Maley analyses, we
calculate the u glassy exponent for the collective creep regime. For
both configurations, the p values decrease after irradiation, which
increases the flux creep rates in comparison to pristine films.

2. Material and methods

The GBCO tape was grown by the co-evaporation technique pre-
viously described in refs. [4,20]. The magnetization (M) measure-
ments were performed by using a superconducting quantum inter-
ference device (SQUID) magnetometer with the applied magnetic
field (H) parallel to the c-axis (H||c) and rotated 45° from the c axis
(H||45°). The T, values used in this work (based on magnetization
data) were determined from M (T) at ugH =0.5 mT applied after
zero field cooling. The J. values were calculated from the magne-
tization data using the appropriate geometrical factor in the Bean
Model. For H||c, Jc = %, where AM is the difference in mag-
netization between the top and bottom branches of the hysteresis
loop, t is the thickness, and | and w are the length and width of the
film (I > w), respectively. For H||45°, both the longitudinal (M, par-
allel to H) and transversal (M;, perpendicular to H) components of
M were measured. Then the irreversible magnetization was calcu-
lated as AM = (AM? + AM?)1/2. Using the anisotropic version of

the critical state Bean model was obtained Jo = % [21].
wil=""3

The creep rate measurements were recorded for more than 1 h
The initial time was adjusted considering the best correlation fac-
tor in the log-log fitting of the J. (t) dependence. The initial critical
state for each creep measurement was generated using AH ~ 4H*,
where H* is the field for full-flux penetration [22]. A good correla-
tion between J. values obtained by magnetization and by electrical
transport in coated conductors at low temperatures has been re-
ported [15].

Irradiation with 6 MeV Oxygen (O-irradiation) produces random
point defects and nm-sized anisotropic defects [17,19]. The cumu-
lative amount of displacement damage (displacements per atom,
DPA) after each dose (as estimated using the SRIM code [23]),
varies from 0.02 up to 0.8 DPA within the sample and for the
doses used in the present work. The irradiation was performed
at room temperature on pieces with typical area 1.5 x 1.5 mm us-
ing ion beam currents of ~ 4 nA. In all the cases, the ion beam

) B

Fig. 1. (a) A TEM image shows typical pinning centers in the GBCO tape. (b) A
higher magnification image shows a spherical Gd,05; precipitate with diameter
around 50 nm.

was applied perpendicular to the surface of the samples. To guar-
antee good thermal contact, the samples the pieces were fixed to
the holder with silver paint. The irradiation spot was 2 mm in
diameter, and the homogeneity of the beam was tested impact-
ing in a fluorescent sample (F,Ca, AlF; or LiF), which allowed to
take a direct measure of the beam spot dimensions. The irradia-
tions were performed with the ion beam positioned at the center
of the sample. Considering the beam spot dimension and the sam-
ple geometry (square with size 1.5 x 1.5 mm?), the corner of the
samples have probably not been homogenously irradiated. All the
samples display similar properties (T, and J. (H, T)) before irradia-
tion. Wherever used, the notation IRRx indicates a GBCO film with-
out irradiation (x = 0); and X = 2, 4, 6, 10 and 40 correspond to
films irradiated with oxygen dose 2 x 103 cm~2, 4 x 103 cm~2,
6 x 103 cm2, 1 x 10" cm~2 and 4 x 10 cm~2, respectively.

3. Results and discussion

The pinning landscape of pristine films was analyzed from
cross-sectional TEM images (Fig. 1a). The microstructure displays
sphere-like and irregular precipitates embedded in the GBCO ma-
trix with typical diameter of approximately 50 nm (Fig. 1b). EDS
analysis indicates that the precipitates can be associated with
Gd,03. Sphere-like nanoparticles produce isotropic pinning [24]. Ir-
regular precipitates are extended mainly along ab- plane and the c-
axis. Nanoparticles aligned at the c-axis are expected to assist cor-
related pinning usually present in thin films due to defects such
as dislocations and twin boundaries [13]. The precipitates are typ-
ically spaced between ~100 nm and 200 nm, which corresponds
to an equivalent matching field <0.2 T. This is in agreement with
high J. values at low fields and poor in-field dependences [16]. The
inclusion of defects by oxygen irradiation in pristine CCS was an-
alyzed in ref. [17]. Similar to proton irradiation, oxygen irradiation
creates random point disorder and a large number of finely dis-
persed small defects (¢ 5 nm approximately) [15,17].
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Fig. 2. Temperature dependence of magnetization with oH = 0.5 mT in the pris-
tine and 6 MeV Oxygen irradiated films. The magnetization value was normalized
by its value at 60 K. The magnetic field was applied parallel to the c- axis.

Table 1

Summary of oxygen irradiation dose, superconducting criti-
cal temperature (T;) and glassy exponenets for Hl|c axis and
H||45° T, values were obtained from magnetization in 5 Oe
with H||c-axis after zero field cooling.

Sample Tc u Hlc- axis  u H||45°
Pristine 92.7+02  1.634+0.02 1.45+0.02
2 x10% cm2  91.8+0.2 1.58 +£0.02 1.47 £0.02
4 x 108 cm™2  91.0+0.2 1.59 +£0.02 -

6 x 10 cm2  90.6+0.2 - -

1x10% cm2  902+02 145+0.02 1.24+0.02
4 x 10 cm2? 898402 - -

The T, in the as-grown film is 92.7 K (see Fig. 2) and is grad-
ually suppressed with the doses. Table 1 shows the T, values af-
ter irradiation. The irradiated samples display a small kink close to
zero magnetization, which can be associated with inhomogenius
irradiaton at the corners. In addition, irradiated samples display
an extended magnetic flux penetration close to T.. This fact can
be associated mainly with weaker vortex pinning due to an incre-
ment in the vortex fluctuations close to T. [25]. The structural dis-
order produced by the irradiation should increases the penetration
length (A) [26,27]. Also, a sligtht increment in A should affect the
transition width AT.. Thermal fluctuations broaden the supercon-
ducting transition by AT, > G; * T, [25], where Gi is the Ginzburg
number G; = %[ng(o)]2 (with H, the thermodynamic critical
field, y the mass gnisotropy and & the coherence length). In opti-
mal doped YBCO (A =140 nm, T, =92 K, y =5 and £ =12 nm),
Gi ~ 0.018.

Due to the fact that random disorder and nanoclusters origi-
nated by proton and oxygen irradiation produce the most signifi-
cant changes in J. at low temperatures [15-17], our study focuses
on J. (H) at temperatures below 40 K. The irradiation for doses
larger than IRR2 affects both J. (H) and the vortex dynamics of the
samples. Figs. 3a-c shows a comparison between J. (H) for IRRO
and IRR10 at 5 K, 27 K and 40 K. The curves display two differ-
ent regimes. At low fields (regime (I)), J. is almost constant up to
a characteristic crossover field H* (usually called B* [28]). Then, it
is followed by a power-law regime (J.ocH™%) at intermediate fields
(regime 1II), observed as a linear dependence on the log-log plot.
The main changes produced by the irradiation are manifested at
high magnetic fields and can be related to a reduction in the o
values. At uoH = 5 T, IRR10 displays J. values between 1.7 and 2
times larger than IRRO. Figs. 4a-c show the doses dependence of
o, Jc (uHg = 0) and J. (uHy = 3 T) at 5 K, 27 K and 40 K. The
increment in the doses from 2 x 10 cm™2 to 1 x 10 cm—2
reduces systematically the « value for the three analyzed tem-
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Fig. 3. Magnetic field dependence of the critical current densities for IRRO and for
IRR10 at different temperatures. (a) 5 K; (b) 27 K; and (c) 40 K. All measurements
were performed with H||c. The lines between the crossovers are guided by the eye.

peratures without appreciably affecting the J. values at low fields
(Figs 4a and b). For example, at 5 K (relevant for magnets [6]), «
is reduced from ~ 0.64 (IRRO) to o ~ 0.46 (IRR10). Although « can
be reduced for doses larger than 1 x 10 cm~2, the damage pro-
duced by the irradiation considerably diminishes the J. values at
high magnetic fields (Fig. 4c). The optimal doses for 6 MeV oxygen
irradiation (=1 x 10" cm~2) is 10 times larger than that described
in ref. [17] for 3.5 MeV oxygen irradiation. However, as mentioned
above, several attempts of irradiation with 3.5 MeV 1603+ (peak of
Bragg within of the GBCO film) showed that, although the in-field
of J. dependence is smoother than for pristine samples, the irradi-
ation reduces considerably the low field J. values.

In order to analyze the influence of the irradiation in the vortex
dynamics, magnetic relaxation measurements at pgH =0.5 T were
performed. This field is within the power-law regime discussed
above. The giant flux creep rate observed using magnetic relax-
ation of the persistent currents is well described by the collective
vortex creep model based on the elastic properties of the lattice
[25]. This model considers that at small fields and with negligible
vortex-vortex interaction (single vortex regime SRV), every single-
vortex-line is pinned by the collective action of many weak point-
like pinning centers (not observed in thin films with strong pin-
ning centers). The vortex-vortex interactions increase as the mag-
netic field is incremented and the inter-vortex distance is short-
ened. Hence, the vortices are collectively trapped in bundles. The
normalized creep rate S = —4InJ/SInt is given by S = m =
ULO(]%)” [Eq. 1], where U is the characteristic energy, u >0 is
the characteristic glassy exponent and ty is a characteristic time.
Fig. 5a shows the S (T) dependences for IRRO, IRR2, IRR4 and IRR10.

The initial increment of S (T) at low temperatures can be ascribed
to an Anderson-Kim-like mechanism with S ~ T/U (with U the pin-
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Fig. 5. (a) Temperature dependence of the creep flux rate (S) at uoH = 0.5 T for
IRRO and oxygen irradiated films (IRR2, IRR4 and IRR10). (b) Maley analysis at puoH
= 0.5 T for IRRO and IRR10. The inset shows the G(T) dependences used for the
Maley analysis. All measurements were performed with H||c-axis.

ning energy). Non-negligible S values are expected at T=0 from
quantum creep [25]. At approximately 5 K, all the samples show
practically the same S ~ 0.015. When the temperature is increased,
the S (T) curves present a peak at around 23 K. This is associated
with double-kink relaxation due to the presence of correlated pin-
ning. At intermediate temperatures the relaxation displays a min-
imum with S (T) ~ constant, which is related to glassy relaxation.
Finally, at high temperatures, the S values are systematically incre-
mented as consequence of thermal smearing of the pinning poten-
tial. The main influence of the irradiation or addition of nanoclus-
ters is the reduction of the double-kink peak$ [29]. The expected
reduction at the peak is masked by the systematic increment in
the S values at the plateau, which can be associated with changes
in the p value that appear in the limit Uy < < uTInt/ty and it cor-
responds to S ~ m [22]. To compare the modifications in the
vortex dynamics for GBCO CCs irradiated with protons and oxygen
ions, the change in the glassy exponents & was analyzed by using
the extended Maley’s method [30]. The effective activation energy
Ug(J) can be experimentally obtained considering the approxima-

- . . d Yerr
tion in which the current density decays as d—{ = —(]f)e’ T

. The
final equation for the pinning energy is Ueff = —T[ln|%| —C] (eq.
2) where C = In(J./t) is nominally a constant factor. For an overall
analysis it is necessary to consider the function G (T), which results
in Ugss(J, T=0)~Ugs (JT)/G(T) (eq. 3) [31]. Fig. 5b shows the
obtained results for IRRO and IRR10. The inset corresponds to G (T)
function. In the limit of ] << J. the u exponent can be estimated as
Aln U(J) | Aln J [32]. The w values obtained at intermediate tem-
peratures are summarized in Table I. The w value is systematically
reduced by the doses, for instance  ~ 1.63 (IRRO) and pn ~ 1.45
(IRR10).

For a better understanding of the vortex dynamics in the pris-
tine and irradiated films, J. (H) and magnetic relaxation mea-
surements with H||45° were performed. Pinning dominated by
nanoparticles similar to J. (H) dependences are expected for Hj|c
and H|[45° [9]. Usually for mix pinning landscapes, synergetic com-
bination of twin boundaries and nanoparticles enhances pinning
when H||c [24]. Fig. 6 shows a comparison between J. (H) for IRRO
and IRR10 at 5 K, 27 K and 40 K. In agreement with the results dis-
played in Fig. 3 for H||c, the irradiation with H||45° enhances the
Je values by improving the in-field dependence. The J. values are
nearly doubling near pugH =5 T. Although the J. (H) dependences
can be depicted with a power-law dependence, this behavior is
clearly observed for 5 K. At this temperature, o change from ~ 0.69
(IRRO) to o ~ 0.47 (IRR10). For 27 K and 40 K, the J. (H) depen-
dences display a clear change at intermediate fields which cannot
be described by only one pinning mechanism or regime and might
be related to relaxation by double-kinks [32]. For an overall under-
standing of the vortex dynamic in the sample for H||45° magnetic
relaxation measurements at yuoH = 0.5 T were carried out. Fig. 7a
shows the S (T) dependences for IRRO, IRR2, and IRR10, which can
be described by the same mechanism as for Hl|c. An outstanding
feature for S (T) with H||45¢ is the huge peak associated with relax-
ation by double-kinks [32,33]. For IRRO the maximum of the peak
is S ~ 0.04 and it is extended to temperatures above 40 K. The ir-
radiation reduces considerably this relaxation and it is evidenced
in the reduction of the absolute value of S at the maximum of the
peak. In addition and in agreement with H||c, the irradiation in-
creases the absolute S values at the plateau above 40 K. Fig. 7b
shows the Maley analysis for IRRO and IRR10, where C=14 and a
G(T) were used (inset Fig. 7b). As well as for H||c, the wu value at
the collective regime for H||45° is reduced by the irradiation. The
wu values change from u ~ 145 (IRRO) to u ~ 1.24 (IRR10).

The results show that similar improvement J. (H) and changes
in the vortex dynamics are produced by proton and oxygen irra-
diation. The main advantage of oxygen is that the optimal doses
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are reached in shorter time [17]. Our results are focused on 6 MeV
1603+ and on the fact that the peak of Bragg (energy loss) is within
the substrate. The optimal dose to improve the in-field dependence
of J. is around 1 x 10 cm~2. The glassy exponents p with H||c is
reduced by the irradiation from 1.63 (IRRO) to 1.45 (IRR10). These
values are expected for small bundles (3/2-5/2) according to the
collective creep model developed for random disorder [25]. It is
worth mentioning that pristine 1.3 pm thick YBCO films obtained

by MOD display a plateau with S ~ 0.02, which is smaller than
that observed in the GdBCO tape studied in this work (S ~ 0.022).
Assuming In (t/ty) ~ constant, the difference in the S values can
be attributed to changes in the vortex bundle size due to differ-
ent density and morphology of nanoparticles and different density
of correlated defects such as TBs. In addition and according to the
expectations for pinning by nanoclusters, the irradiation improves
the in-field dependence of J. (H) with H||45° At this configura-
tion, the irradiation also suppresses double-kinks and reduces the
 value that dominates the flux creep rates at intermediate tem-
peratures.

The increment in S(T) as a function of irradiation fluency, par-
ticularly in the intermediate-temperature plateau and for high
temperatures, it is common in CCs grown by MOD and co-
evaporation [15-17,34]. As mentioned above, at the plateau S~
m, the vortex dynamics depends on the p glassy exponent.

The vortex dynamics for pristine CCs usually displays u ~ 3/2
[14,15,34] which successively decreases with doses. No theoreti-
cal predictions have been developed for the glassy exponents in
mixed pinning landscapes. Recently, the increment in the S values
for irradiated samples was correlated with the different type of de-
fects in mixed pinning landscapes [34]. However, the irradiation in
CCs modifies both vortex pinning and the intrinsic superconduct-
ing properties of the samples. The detrimental of the supercon-
ducting properties is usually evidenced as a gradual suppression
of T. [35]. The optimal doses for irradiation results from a bal-
ance between the retention of intrinsic superconducting properties
and the enhancement of the vortex pinning. As mentioned before,
the T, reduction produced by the irradiation should have a non-
negligible contribution in the absolute value of penetration depth
A [27]. In addition, the anisotropy parameter y is affected by T, re-
duction in the oxygen deficient samples [36]. Local changes in the
X value due to structural disorder should affect properties such as
the depairing critical current (maximum theoretical J. in absence
of vortex dissipation) and the elasticity of the vortex lattice [25].
The increment in the vortex fluctuations for irradiated samples is
in agreement with the huge suppression of J. at high temperatures
[16]. The contribution of the different type of defects and the sup-
pression of the superconducting properties produced by the dam-
age to the vortex mechanisms require further analysis [34,35]. Fu-
ture studies should be oriented to understand the influence of the
irradiation damage (related to T. suppression) on properties such
as A and y. These studies should contribute to understand the role
of disorder in the balance between the retention of intrinsic super-
conducting properties and the enhancement of the vortex pinning.

4. Conclusions

In conclusion, we have studied the influence of 6 MeV 1603+
irradiation on the critical current densities J. and flux creep rates
in 1.3 pm thick GdBa;Cu30;_5 coated conductor produced by co-
evaporation. At temperatures below 40 K with H|lc and H||45°, the
critical current density J. with high magnetic field can be signif-
icantly improved by irradiation. For doses of 1 x 10 c¢cm~2 the
Jc values at ugH = 5 T are doubled without affecting significantly
the J. at small fields. Analyzing the flux creep rates as function of
the temperature with H||c and H||45°, it can be observed that the
irradiation suppresses the peak associated with double-kink relax-
ation and increases the flux creep rates at intermediate and high
temperatures. The increment in the flux creep rates at intermedi-
ate temperatures can be associated with a reduction in the charac-
teristic glassy exponent . While the increment in the flux creep
rates at high temperatures may be related with larger vortex fluc-
tuations for irradiated samples. Future studies should be oriented
to understand the influence of the irradiation damage (related to
T. suppression) on properties such as A and y. An overall under-
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standing of the relationship between pinning and the increment in
the vortex fluctuations due to disorder is necessary for the opti-
mization of pinning landscapes in CCs.
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