IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Influence of random point defects introduced by proton irradiation on the flux creep rates and
magnetic field dependence of the critical current density J c of co-evaporated GdBazCu3O7_
coated conductors

This content has been downloaded from IOPscience. Please scroll down to see the full text.

2015 Supercond. Sci. Technol. 28 125007
(http://iopscience.iop.org/0953-2048/28/12/125007)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 200.0.233.52
This content was downloaded on 29/10/2015 at 13:04

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-2048/28/12
http://iopscience.iop.org/0953-2048
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

10OP Publishing

Superconductor Science and Technology

Supercond. Sci. Technol. 28 (2015) 125007 (6pp)

doi:10.1088/0953-2048/28/12/125007

Influence of random point defects
introduced by proton irradiation on the flux
creep rates and magnetic field dependence
of the critical current density J. of
co-evaporated GdBa,Cu;0,_s coated

conductors

N Haberkorn', Jeehoon Kim*>, S Suarez', Jae-Hun Lee* and S H Moon*

' Centro Atémico Bariloche, Bariloche, 8400, Argentina
2CALDES, Institute for Basic Science, South Pohang, Korea

3 Department of Physics, Pohang University of Science and Technology, Pohang, Korea

4 SuNAM Co. Ltd, Ansung, Gyeonggi-Do 456-812, Korea
E-mail: nhaberk @cab.cnea.gov.ar

Received 7 July 201524 September 2015

Accepted for publication 7 October 2015

Published 28 October 2015

Abstract

®

CrossMark

We report the influence of random point defects introduced by 3 MeV proton irradiation (doses
of 0.5 x 10'%,1 x 10'6,2 x 10" and 6 x 10'° cmfz) on the vortex dynamics of co-evaporated
1.3 pm thick, GdBa,Cu30,_; coated conductors. Our results indicate that the inclusion of
additional random point defects reduces the low field and enhances the in-field critical current
densities J.. The main in-field J. enhancement takes place below 40 K, which is in agreement
with the expectations for pinning by random point defects. In addition, our data show a slight
though clear increase in flux creep rates as a function of irradiation fluence. Maley analysis
indicates that this increment can be associated with a reduction in the exponent y characterizing

the glassy behavior.
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(Some figures may appear in colour only in the online journal)

1. Introduction

During the last decade, an enormous effort has been made to
enhance the superconducting properties of RBa,Cuz;0;_s
(RBCO; R: Sm, Y, Gd) coated superconductors for technical
applications [1, 2]. Several strategies based on the optimiza-
tion of the pinning landscape for specific requirements
(temperature and magnetic field) have been used for the
development of coated conductors. Usually, the vortex
dynamics as well the suppression of J. in magnetic fields, are
strongly affected by the type and density of pinning centers
[3]. The effectiveness of the pinning centers at different

0953-2048/15,/125007+-06$33.00

temperatures depends on their geometry and density [4].
Random point defects improve the critical currents density
(J.) mainly at temperatures below 40 K [5]. Large defects are
effective pinning centers across the whole the temperature
range [6]. Large pinning centers include normal secondary
phases such as nanoparticles [7, 8], columnar defects [9, 10]
or both [11]. Different pinning landscapes (including geo-
metry and density) can be designed by modifying the synth-
esis process [12, 13]. In contrast, a noticeable improvement in
J.(H) of coated conductors grown by metal-organic deposi-
tion (MOD) by proton irradiation has been recently reported
[5]. Both proton and heavy ion irradiation enable effective

© 2015 IOP Publishing Ltd  Printed in the UK
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artificial pinning centers to be generated in a controlled way.
Proton irradiation is known for its ability to create between
one and a few tens of atomic displacements, producing
mainly random point defects and some small nanoclusters
[14]. Heavy ion irradiation produces amorphous tracks [15].
Similar vortex dynamics is obtained from YBCO films with
columnar defects generated by heavy ion irradiation and self-
assembling of secondary phases [3].

The magnetic field—temperature (H-T) vortex phase
diagram in high temperature superconductors (HTS) is
strongly determined by the nature (i.e., the size and shape)
and the density of the pinning sites [16]. At low temperatures
the vortices are essentially frozen into their distorted config-
uration. As the temperature is raised, thermal fluctuation of
the vortex-line positions become important and the pinning
strength is reduced. In RBCO, the giant flux creep rate
observed using magnetic relaxation of the persistent currents
has been described according to the collective vortex creep
model based on the elastic properties of the lattice. This
model considers that every single-vortex-line is pinned by the
collective action of many weak point-like pinning centers
[16]. The pinning energy results from a competition between
the pinning potential and the elastic deformation of the vor-
tices. At low magnetic fields, in the so-called single-vortex
regime (SVR), the vortex—vortex interaction is negligible
compared to the vortex—defect interaction. At higher fields,
vortex—vortex interactions become dominant, and the vortices
are collectively trapped as bundles. According to vortex-glass
theory and collective creep theory [16] the effective activation
energy as a function of current density (J) is given by

Uo(T)[(ﬁ)“ _ 1]
W J

where Uy(T) = UyG (T) is the scale of the pinning energy,
U, is the collective pinning barrier at 7 = 0 in the absence of
a driving force, G(T) contains the temperature (7) dependence
of the superconducting parameters, and p is the regime-
dependent glassy exponent determined by the bundle size and
vortex lattice elasticity. If ¢ > 0, it corresponds to a glassy
phase whose value depends on the bundle size. The model of
the nucleation of vortex loops predicts for the three-
dimensional case and for random point defects i equal to
1/7, 3/2 or 5/2, and 7/9 for single-vortex creep, small-
bundle creep, or large-bundle creep, respectively [16].
However, it has been reported that as H is increased, a
gradual change of u is observed (no discrete values) [17].
From equation (1), the temperature dependence of the creep
rate (S) results in

d(In J) T T(JY
— - - |L )
d(nr)  Up+ pT In(t/10) U\ k

Usir =

ey

where U is the collective barrier in the absence of a driving
force and 1y is an effective hopping attempt time. In RBCO
superconductors (usually at intermediates temperatures)
Uy < puT Int/ty, and the S (7) dependences presents a

. 1 . .
plateau with § ~ —— " Magnetic relaxation measurements
K 10

in RBCO films show that, for all types of pinning centers, the

collective vortex creep based on the elastic motion of the
vortex lattice has a crossover to fast creep, with a dramatic
drop in the J. values [18]. This crossover is determined by
intrinsic vortex fluctuations and by the geometry and density
of the pinning site [3, 19].

The effects of random point defects introduced by proton
irradiation (p-irradiation) on the absolute values of J. and the
vortex dynamics of 1.3 ym thick GBCO thin films grown by
co-evaporation are reported in this work. This technique
allows one to make ~1 km length conductors in only 2-5h
[20, 21], with critical current density above 3 MA cm ™2 at
77 K. The pinning landscape in the as-grown films presents a
dispersion of Gd,O; nanoparticles [22]. The angular (#)
dependence of J. indicates that correlated pinning by twin
boundaries (TBs) also contributes to pinning [22]. Our results
show that the superconducting critical temperature (7;) is
gradually reduced from 93.4 K (pristine sample) to 89.5 K for
p-irradiated samples with doses equal to 6 x 10'® cm ™2 The
J. values are affected by the irradiation and the best effects are
observed at temperatures lower than 40 K. The increment in
the proton doses produce a gradual suppression of the J.
values at small field and smoother J. (H) dependences, which
is manifested as an increment of the J. values at high mag-
netic fields. In addition, our data show a slight though clear
increase in flux creep rates as a function of irradiation fluence,
which can be associated with a decrease of the glassy expo-
nent .

2. Experiment

The GBCO tape was grown by the co-evaporation technique
previously described in [20, 22]. The magnetization (M)
measurements were performed by using a superconducting
quantum interference device (SQUID) magnetometer with the
applied magnetic field (H) parallel to the c-axis (Hllc). The T
values used in this work (based on magnetization data) were
determined from M (T) at puoH = 0.5 mT applied after zero
field cooling. The J. values were calculated from the mag-
netization data using the appropriate geometrical factor in the
Bean model, J, = W(Zzo_A‘f‘Zz)’ where AM is the difference in
magnetization between the top and bottom branches of the
hysteresis loop, and / and w are the length and the width of the
film (! > w), respectively. The creep rate measurements were
recorded for more than 1h. The initial time was adjusted
considering the best correlation factor in the log—log fitting of
the J.(¢) dependence. The initial critical state for each creep
measurement was generated using AH ~ 4H*, where H" is
the field for full-flux penetration [23]. It is important to
mention that a good correlation between J,. values obtained by
magnetization and by electrical transport in coated conductors
has been reported [5].

Irradiation with 3 MeV protons (p-irradiation) produces
mostly Frenkel pairs, i.e. random point defects [24]. Table 1
shows the cumulative amount of displacement damage (dis-
placements per atom, DPA) after each dose (as estimated
using the SRIM code [25]). The irradiation was performed on
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pieces with typical area 1.5 x 1.5 mm. Wherever used, the
notation IRRx indicates a GBCO film without irradiation
(x=0), and x=0.5, 1, 2 and 6 corresponding to films
irradiated with proton dose 0.5 x 10"%em™2, 1 x 10'%cm™2,
2 x 10'"®cm 2 and 6 x 10'®cm ™2, respectively. All samples
included a 0.6 um thick Ag-layer which protected the
superconducting film.

3. Results and discussion

The T, in the as-grown film is 93.3 K and is gradually sup-
pressed with the doses. All values are consistent with those
previously reported in single crystals (i.e. AT, ~ 1.7K for
2 x 10'°cm™2) [26]. Table 1 shows the 7. values after irra-
diation. The reduction in 7, of our samples with p-irradiation
doses are larger than those reported in films with nano-
particles grown by MOD (. AT.~ 15K for
8 x 10"®cm™?) [5]. A wider superconducting transition is
observed, possibly due to a more inhomogeneous irradiation
and higher disorder, when the doses are increased to
6 x 10'°cm ™2

Figure 1 shows a summary of the log—log J. (H) and S
(H) at 5K, 27K, 40K, 65K and 77K for IRRO, IRR2 and
IRR6. The J. (H) dependences present three clear regimes: (I)
the low-field regime (B < B™), which can be associated with
single-vortex pinning [27] but can also be affected by self-
field effects and geometrical barriers [28]; (II) a power-law
regime, J. (H) oc H™ %, usually associated with strong pinning
centers [27, 29]; and (IIT) a fast drop of J. (H) (only evident in
figures 1(d) and (e), which is related to a high creep rate. The
increment of the p-irradiation fluence systematically sup-
presses the J. (H — 0) values for all the temperatures (see
figure 2(a)). For example, J. (H =0, 5K) drops from
29MAcm 2 to 25MAcm 2, and J. (H =0, 77K) drops
from 3.6MAcm > to 2.2MAcm °, for IRRO and IRR6,
respectively. The extension of the regime (I) is weakly
affected by the irradiations. The crossovers to the regime (II)
are in good agreement with the expectations by self-field
effects estimated as J x thickness. In all the samples in regime
II, the o exponent increases with temperature. This can be
attributed to an increment in the vortex—vortex interactions
(see figure 2(b)) [3]. On the other hand, the « values (at the
same T) are reduced as a consequence of the addition of
random point defects by p-irradiation. The effect of this
addition changes above 40K [4]. Even for 40K, the «
exponent decreases systematically with the p-irradiations
doses (see figure 2(b)) and the smooth J. (H) dependences
produce a huge increment of the J. values at high magnetic
fields. For comparison, at 27 K and poH = 3 T the inclusion
of random point defects produces an increment of J. from
1.9MAcm 2 to 3.2MAcm 2 (~1.7 times). Although the
increment ratio is similar to that reported, our absolute J.
values are close to half the values reported in [5]. Above 40 K
(T = 65K and 77 K), the increment of J. is not noticeably
altered by the addition of random points. At 65 K, the irra-
diated samples present higher J. values than IRRO above
toH ~ 0.7T. At 77 K, the irradiated samples present smaller
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Figure 1. Magnetic field dependence of the critical current density
(left) and flux creep rates (right) for IRRO, IRR2 and IRR6 at
different temperatures. (a) 5 K; (b) 27 K; (c) 40 K; (d) 65 K; and (e)
77 K. All measurements were performed with H//c-axis. The lines
between the crossovers are guided by the eye.

J. values than IRRO at the regimes (I) and (II). Slightly higher
J. values are predicted at 65 K and 77 K by the Bean model in
the field range dominated by fast creep rates. It is important to
mention that the crossover field to the regime (III) (only
evident for 65 K and 77 K) is weakly affected by irradiation.
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Table 1. Summary of proton irradiation dose, displacements per
atom (dpa), and superconducting critical temperature (7). The T,
values were obtained from magnetization in 5 Oe with H//c-axis
after zero field cooling.

Film 3 MeV Proton dose [cm 2] Dpa T. [K]
IRRO — 0 93.4 (0.2)
IRRO5 5 x 10° 35 x 1072 92,6 (0.2)
IRR1 1 x 10'6 7 x 1073 924 (0.2)
IRR2 2 x 10'° 14 x 1072 91.7 (0.2)
IRR6 6 x 10'° 42 x 1072 89.5 (0.5)
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Figure 2. (a) Critical current density versus proton doses at

ttoH — 0. (b) Critical current density versus proton doses at

1oH = 3 T. (c) « versus proton doses obtained from J. (H) oc H “.
In all cases the values are included for 5 K, 27 K, 40 K, 65 K and
77 K (except in (b)) for Irr0, Irrl, Irr2 and Irr6.

Another issue to be discussed in our data is the influence
of the p-irradiation on the S (H) values presented in figure 1.
At low temperatures (5 K and 27 K) the S (H) dependences
remain approximately constant inside the regime determined
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Figure 3. (a) Temperature dependence of the creep flux rate (S) at
toH = 0.5 T for IRRO, IRR2 and IRR6. (b) Maley analysis at
toH = 0.5 T for IRRO and IRR6. The inset shows the G(T)
dependence used for the Maley analysis. All measurements were
performed with H//c-axis.

by the power-law dependence [3]. At temperatures above
40K the S (H) dependences present a gradual increment as
the field is increased. An evolution in the S (H) is expected by
considering changes in the vortex bundle size [17] and a
gradual increment in the vortex—vortex interactions [3]. We
note that p-irradiation produces (except for 5 K) small incre-
ments in the S values independently of the J. values. Intui-
tively, for similar film thickness, smaller S values are
expected for higher J. values [3]. On the other hand, a
reduction in the S values and a large increment in the values
of J. have been reported in p-irradiated YBCO single crys-
tals [24].

In order to analyze the increment of the flux creep rates
with the p-irradiation doses in detail, we performed S (7)
measurements at poH = 0.5 T (above self-field). Figure 3(a)
shows the results for IRRO, IRR2 and IRR6. The initial
increment of S (7) at low temperatures can be ascribed to an
Anderson-Kim-like mechanism with S =~ T/U. Non-negli-
gible S values are expected at 7= 0 from quantum creep
[16]. Below 20 K both, irradiated and IRRO samples present
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similar § values. This behavior is opposite to the one observed
in iron-based superconductors [30, 31] where the irradiation
enhances U and reduces the absolute S values. It should be
noted that the S (7) dependences at uoH = 0.5 T present a
small peak around 23 K. This peak can be related to double
kink excitations due to the presence of correlated pinning,
originated by the formation of twin boundaries [32]. The
temperature peak maximum is weakly affected by p-irradia-
tion. However, the peak height is suppressed by the addition
of random point defects. This fact can be associated with the
suppression of the double kink excitations by the presence of
random point defects and nanoclusters [33]. The plateau that
appears at intermediate temperatures (i. € 40 K) in figure 3(a)

can be associated with glassy relaxation (S PO )
wlnt /1

[16, 23]. Finally, when the temperature is increased, the creep
rates are faster due to an increment in the thermal fluctuations
and a decrease in the effective pinning energy [3]. It is worth
mentioning that the systematic increment in the S values
previously observed in figures 1(b)—(e) appears above the
peak associated with double kink excitations (~23 K).
Motivated by the origin of this behavior, we decided to fur-
ther investigate the influence of the p-irradiation on the u
values. According to Maley analysis [34], the effective acti-
vation energy U.; (J) can be experimentally obtained con-
sidering the approximation in which the current density
Je

dJ Uetf () .
decays as i —(:)e‘ r . The final equation for the

pinning energy is

Uit — T[ln 3)

Yl ]
dt

where C = In(J,/7) is a nominally constant factor. For an
overall analysis, it is necessary to consider the function G (7),
which results in Ugy(J, T=0)~ Uyg (J, T)/G(T) [35].
Figure 3(b) shows the Maley analyses for IRRO and IRR6 at
pwoH = 05T, where C =15 and a G (T) were used (see
figure 3(b) inset). In the glassy regime and above the peak
corresponding to double kink expansion (~23K), J < J,
and thus the p exponent can be estimated as Aln U(J)/Aln J
[36]. The slopes corresponds to p™R° = 1.63 (0.02) and
pRR® = 147 (0.02). On the other hand, by using the
equation (2) and the S values obtained at the plateau, we
have In (¢/1y) ~ 27, which is close to the value previously
reported in YBCO single crystals [36]. With In (¢/75) = 27
and equation (2), we obtain ,uIRRZ = 1.52 (0.02). These u
values are within those predicted by the collective creep
theory for small vortex bundles due to random point defects
[16]. Although theoretical models provide a small set of
discrete . for different vortex bundle size [16], experimental
studies on YBCO usually present a gradual evolution of
from small to large bundles as H is increased [17]. As shown
in figure 2, the S (H) values for the same 7 are systematically
higher when the p-irradiation dose is increased. These results
suggest a gradual reduction in the p values for the same
magnetic field when the p-irradiation dose is increased
[16, 17]. Although no-predictions of p for mix landscapes
(usually presented in films) have been theoretically reported,
samples with strong pinning centers usually present smaller

flux creep rates when the J. is increased [3]. The relationship
between the J. and S values in coated conductors is an open
question of relevant impact for some technological applica-
tions [37]. Systematic analyses of samples of similar
thickness [1] and with different pinning landscape (films
and clean single crystals) are expected to contribute to
clarifying this issue.

The analysis of the J, (H) with H// c-axis indicates that
the initial pinning landscape presents high values at low-field
(ie. 27MAcm 2 at 5K and 3.2MAcm 2 at 77K) and a
poor in-field dependence (see o values in figure 2(c)). Our
results show that it is possible to improve the in-field
dependences by adding random point defects by p-irradiation.
The best changes in J. (H) are observed at intermediate and
high fields and below 40 K. Isotropic pinning is expected
from random point defects [38]. The smooth J. (H) depen-
dences by p-irradiation are in agreement with data previously
published by other authors [5]. However, the doses that we
use in our study are similar to those used in YBCO single
crystals [24] and smaller than those reported in [5] for coated
conductors. In our study, p-irradiation doses around
2 x 10" cm™2 improve the in-field J, without further detri-
ment of the J. values at small magnetic fields. A larger dose
reduces the 7. and the J. (H — 0) without significant
improvement in the J. values at high fields compared to
2 x 10" cm ™2 The suppression of the self-field J, increasing
p-irradiation doses suggests that the superconducting prop-
erties are intrinsically affected by the irradiation beyond the
large improvement in the in-field pinning. Usually the p-
irradiation in clean YBCO single crystal produces a large
increment of the J, at both low and high magnetic fields [24],
which masks any influence on the superconducting properties.
In d-wave superconductors with short &, the order parameter
is suppressed by defects (impurities) and recovers its bulk
value at few atomic lattice constants a [39—41]. It has been
reported that irradiation in YBCO single crystals contributes
to reducing the critical temperature of the normalized super-

2
fluid density p, ~ (ﬁ) [42]. The distortion of the lattice in

the environment of strong pinning centers usually contributes
to the pinning [43]. However, the correlation between pinning
and the influence of disorder in the penetration length () has
not been extensively discussed. The local suppression of the
superconductivity around the defects could locally increase
the penetration length (), affecting properties depairing cri-
tical currents and locally increasing the vortex fluctuations
[16]. For example, an increment in A = 140 nm (optimal 7)
[16] to A =~ 155nm (a reduction in T, ~ 4 K) [42] should
reduce the depairing current density (Jy) by approximately
20%. To estimate, Jo(T = 0K) = cH./3+/6r\ was used,

where ¢ is the speed of light and H, = m+0)5(0) is the
e

thermodynamic critical field (£(0) = 1.6 nm). Therefore, an
improvement in the J. values produced by better pinning and
a degradation in the intrinsic superconducting properties
(increment in \) is expected from the resulting J. (H)
dependences. More studies, including a systematic analysis of
local suppression of the superfluid density by the addition of
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strong and weak pinning centers, are necessary. These
experiments should contribute to a better understanding of the
influence of the disorder on the superconducting properties of
d-wave superconductors with short £, which should con-
tribute to the optimization of J. in coated conductors for
technological applications.

4. Conclusions

In summary, we have studied the influence of additional
random point defects in the critical current densities and
vortex dynamics of co-evaporated 1.3 ym thick GBCO coated
conductors. The p-irradiation reduces J. at small fields but
significantly improves the in-field dependences. The main
improvements took place at temperatures below 40 K. Proton
doses of around 2 x 10'®cm 2 enhance the J, values at
intermediate and high magnetic fields with a small reduction
in the J. (H — 0). In addition, our data show a slight though
clear increase in flux creep rates as a function of irradiation
fluence. The strong reduction in the J. (H — 0) at high
temperature (i.e. 77 K) suggests that intrinsic vortex fluctua-
tions are increased by the p-irradiations. This fact could be
associated with a local reduction of the superfluid density
originated by the presence of random disorder. Futures stu-
dies should aim to clarify this point.

Acknowledgments

We thank I Usov for valuable comments about the irradiation
procedure. This work was partially supported by the Institute
for Basic Science (IBS) through the Center for Artificial Low
Dimensional Electronic Systems by Project Code (IBS-R014-
DI1). N H and S S are members of CONICET (Argentina).

References

(1]

(2]
(3]
(4]

Foltyn S R, Civale L, Macmanus-Driscoll J L, Jia Q X,
Maiorov B, Wang H and Maley M 2007 Nat. Mater. 6 631

Holesinger T G et al 2008 Adv. Mater. 20 391

Haberkorn N et al 2012 Phys. Rev. B 85 174504

Albrecht J, Djupmyr M and Briick S 2007 J. Phys.: Condens.
Matter. 19 216211

Jia Y et al 2013 Appl. Phys. Lett. 103 122601

MacManus-Driscoll J L, Foltyn S R, Jia Q X, Wang H,
Serquis A, Civale L, Maiorov B, Hawley M E,
Maley M P and Peterson D E 2004 Nat. Mater. 3 439

Gutierrez J et al 2006 Nat. Mater. 6 367

Haugan T, Barnes P N, Wheeler R, Melsenkothen F and
Sumption M 2004 Nature 430 867

Lin Y, Gurvitch M, Tolpygo S K, Bourdillon A, Hou S Y and
Phillips J M 1996 Phys. Rev. B 54 R12717

Feldmann D M, Ugurlu O, Maiorov B, Stan L, Holesinger T G,
Civale L, Foltyn S R and Jia Q X 2007 Appl. Phys. Lett. 91
162501

(3]
(6]

(7]
(8]
(91
[10]

[11]

[12]

[13]
[14]

[15]
[16]

[17]
(18]
[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]
[29]
[30]
[31]

[32]

[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]

[43]

Maiorov B, Baily S A, Zhou H, Ugurlu O, Kennison J A,
Dowden P C, Holesinger T G, Foltyn S R and Civale L 2009
Nat. Mater. 8 398

Obradors X, Puig T, Ricart S, Coll M, Gazquez J, Palau A and
Granados X 2012 Supercond. Sci. Technol. 25 123001

Miura M et al 2013 Supercond. Sci. Technol. 26 035008

Kirk M A 1993 Cryogenics 33 235

Kirk M A and Yan Y 1999 Micron 30 507

Civale L et al 1991 Phys. Rev. Lett. 67 648

Blatter G, Feigel’'man M V, Geshkenbein V B, Larkin A I and
Vinokur V M 1994 Rev. Mod. Phys. 66 1125

Thompson J R, Sun Y, Christen D, Civale L, Marwick A and
Holtzberg F 1994 Phys. Rev. B 49 13287

Abulafia Y et al 1996 Phys. Rev. Lett. 77 1596

Rouco V et al 2014 Supercond. Sci. Technol. 27 115008

Lee J H, Lee H, Lee J W, Choi S M, Yoo S I and Moon S H
2014 Supercond. Sci. Technol. 27 044018

MacManus-Driscoll J L, Bianchetti M, Kursumovic A, Kim G,
Jo W, Wang H, Lee J H, Hong G W and Moon S H 2014
APL Materials 2 086103

Choi S M, Lee J W, Shin G H, Lee J H, Hong G W,

Moon S H and Yoo S 12013 IEEE Trans. Appl. Supercond.
23 8001004

Yeshurun Y, Malozemoff A P and Shaulov A 1996 Rev. Mod.
Phys. 68 911

Civale L, Marwick A D, McElfresh M W, Worthington T K,
Malozemoff A P, Holtzberg F H, Thompson J R and
Kirk M A 1990 Phys. Rev. Lett. 65 1164

Ziegler J F, Biersack J P and Littmark U 1985 The Stopping
and Range of lons in Solids (New York: Pergamon)

Civale L, Marwick A D, Worthington T K, Kirk M A,
Thompson J R, Krusin-Elbaum L, Sun Y, Clem J R and
Holtzberg F 1990 Phys. Rev. Lett. 67 648

van der Beek C J, Konczykowski M, Abal’oshev A,
Abal’osheva I, Gierlowski P, Lewandowski S J,

Indenbom M V and Barbanera S 2002 Phys. Rev. B 66
024523

Daeumling D and Larbalastier D C 1989 Phys. Rev. B 40 9350

Conner L W and Malozemoft A P 1991 Phys. Rev. B 43 402

Dam B et al 1999 Nature 399 439

Haberkorn N, Kim J, Gofryk K, Ronning F, Sefat A S, Fang L,
Welp U, Kwok W K and Civale L 2015 Supercond. Sci.
Technol. 28 055011

Haberkorn N, Kim J, Maiorov B, Usov I, Chen G F, Yu W and
Civale L 2014 Supercond. Sci. Technol. 27 095004

Miura M, Maiorov B, Baily S A, Haberkorn N, Willis J O,
Marken K, Izumi T, Shiohara Y and Civale L 2011 Phys.
Rev. B 83 184519

Niebieskikwiat D, Silhanek A, Civale L, Nieva G, Levy P and
Krusin-Elbaum L 2001 Phys. Rev. B 63 144504

Maley M P, Willis J O, Lessure H and McHenry M E 1990
Phys. Rev. B 42 2639

Ossandon J G, Thompson J R, Christen D K, Sales B C,

Sun Y and Lay K W 1992 Phys. Rev. B 46 3050

Thompson J R, Krusin-Elbaum L, Civale L, Blatter G and
Feild C 1997 Phys. Rev. Lett. 78 3181

Levin George A et al 2008 Appl. Phys. Lett. 93 062504

Civale L et al 2004 Appl. Phys. Lett. 84 2121

Paramekanti A, Trivedi N and Randeria M 1998 Phys. Rev. B
57 11639

Balatsky A V, Vekhter I and Zhu J-X 2006 Rev. Mod. Phys.
78 373

Kim J et al 2012 Phys. Rev. B 86 144509

Basov N, Puchkov A V, Hughes R A, Strach T, Preston J,
Timusk T, Bonn D A, Liang R and Hardy W N 1994 Phys.
Rev. B 49 12165

Llordés A et al 2012 Nat. Mater. 11 329


http://dx.doi.org/10.1038/nmat1989
http://dx.doi.org/10.1002/adma.200700919
http://dx.doi.org/10.1103/PhysRevB.85.174504
http://dx.doi.org/10.1088/0953-8984/19/21/216211
http://dx.doi.org/10.1063/1.4821440
http://dx.doi.org/10.1038/nmat1156
http://dx.doi.org/10.1038/nmat1893
http://dx.doi.org/10.1038/nature02792
http://dx.doi.org/10.1103/PhysRevB.54.R12717
http://dx.doi.org/10.1063/1.2799875
http://dx.doi.org/10.1063/1.2799875
http://dx.doi.org/10.1038/nmat2408
http://dx.doi.org/10.1088/0953-2048/25/12/123001
http://dx.doi.org/10.1088/0953-2048/26/3/035008
http://dx.doi.org/10.1016/0011-2275(93)90037-O
http://dx.doi.org/10.1016/S0968-4328(99)00051-7
http://dx.doi.org/10.1103/PhysRevLett.67.648
http://dx.doi.org/10.1103/RevModPhys.66.1125
http://dx.doi.org/10.1103/PhysRevB.49.13287
http://dx.doi.org/10.1103/PhysRevLett.77.1596
http://dx.doi.org/10.1088/0953-2048/27/11/115008
http://dx.doi.org/10.1088/0953-2048/27/4/044018
http://dx.doi.org/10.1063/1.4893339
http://dx.doi.org/10.1109/TASC.2012.2234814
http://dx.doi.org/10.1103/RevModPhys.68.911
http://dx.doi.org/10.1103/PhysRevLett.65.1164
http://dx.doi.org/10.1103/PhysRevLett.67.648
http://dx.doi.org/10.1103/PhysRevB.66.024523
http://dx.doi.org/10.1103/PhysRevB.66.024523
http://dx.doi.org/10.1103/PhysRevB.40.9350
http://dx.doi.org/10.1103/PhysRevB.43.402
http://dx.doi.org/10.1038/20880
http://dx.doi.org/10.1088/0953-2048/28/5/055011
http://dx.doi.org/10.1088/0953-2048/27/9/095004
http://dx.doi.org/10.1103/PhysRevB.83.184519
http://dx.doi.org/10.1103/PhysRevB.63.144504
http://dx.doi.org/10.1103/PhysRevB.42.2639
http://dx.doi.org/10.1103/PhysRevB.46.3050
http://dx.doi.org/10.1103/PhysRevLett.78.3181
http://dx.doi.org/10.1063/1.2969798
http://dx.doi.org/10.1063/1.1655707
http://dx.doi.org/10.1103/PhysRevB.57.11639
http://dx.doi.org/10.1103/RevModPhys.78.373
http://dx.doi.org/10.1103/PhysRevB.86.144509
http://dx.doi.org/10.1103/PhysRevB.49.12165
http://dx.doi.org/10.1038/nmat3247

	1. Introduction
	2. Experiment
	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References



