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We investigate the enhancement of vortex pinning by compound defects that are composed of correlated and
point defects in a pristine untwinned YBa2Cu3O7−� single crystal. Initial irradiation by high-energy heavy ions
to a dose matching field of B�=2.0 T increases vortex pinning via columnar defects. Subsequent proton
irradiation further enhances the critical current Jc�H� by localizing the vortices near the columnar defects.
Measurements of the shift of the irreversibility line for H �ab plane demonstrate that compound defects
consisting of correlated and point disorder may reduce the pinning anisotropy and increase the overall critical
current.
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The technology of high-temperature superconductors has
greatly matured with the advent of second generation
YBCO-coated conductors based on RaBiTs and IBAD
substrates.1–4 These conductors are penetrating the commer-
cial power industry with demonstrations of underground
cables operating in urban grid systems. A limiting feature,
particularly in high-field applications, is the anisotropy of the
critical current and of the irreversibility line. This character-
istic prompted the recent DOE-BES report on the basic re-
search needs for superconductivity to identify the search for
a high-Tc isotropic superconductor as one of the grand chal-
lenges of the field.5 One solution to this grand challenge is
the search for new classes of superconductors with lower
intrinsic superconducting anisotropy,6 such as the recently
discovered superconducting iron pnictides.7–9 Another prom-
ising approach, which we elaborate here, is the modification
of defect structures in the known cuprate superconductors to
reduce their vortex pinning anisotropy by innovative pinning
strategies. Correlated disorder such as naturally occurring
twin boundaries, high-energy heavy-ion-induced columnar
defects, and self-assembled nanodots to form nanorods are
known to produce enhanced in-field vortex pinning along
their long axis.10–12 Although these studies are encouraging,
their precise interpretation at the defect level is difficult be-
cause films and coated conductors already contain numerous
defects such as microtwin boundaries, growth steps, textures,
and substrate pinning among others, which confound the
separation of the effective role of each specific defect.13,14

Here we study the competition of vortex pinning effects
due to compound disorder consisting of correlated defects
introduced by heavy-ion irradiation and uncorrelated defects
composed of point defects and their clusters created by pro-
ton irradiation. Unlike studies on thin films and coated con-
ductors, we start from the “clean” limit using optimal-doped
untwined YBa2Cu3O7−� �YBCO� single crystals which dis-
play a clear first-order vortex melting transition, and sequen-
tially introduce defects via particle irradiation. It is well
known that columnar defects are one of the most efficient
pinning centers because of their geometric match to the
three-dimensional vortices in YBCO. They can significantly
enhance the in-field critical current density and raise the ir-
reversibility line.15 However, because of their correlated na-

ture, the pinning is highly anisotropic, as demonstrated by a
sharp angular peak in Jc when the applied magnetic field is
parallel to the direction of the correlated defects.10–12 On the
other hand, random point defects or their clusters such as
those induced by chemical substitution or light particle irra-
diation can contribute to enhanced isotropic pinning behavior
that does not generally induce additional anisotropy but may
lower the irreversibility line.16,17 Although vortex pinning
may not be additive, a combination of these two types of
defects might be an effective method to tune the pinning
anisotropy while increasing the overall pinning effect.12,18

Recent investigations on combining the effect of columnar
and uncorrelated defects have relied on heavily doped crys-
tals or films which already contain high concentrations of
defects such as microplanar twin boundaries12,14 and atomic-
scale defects leading to the ambiguity and complexity in
separating the pinning contribution of each defect type. The
use of pristine untwined single crystals as a reference plat-
form provides a systematic way to elucidate the separate
contributions and interaction effects of correlated and point
defects on transforming the pinning anisotropy of high-
temperature superconductors. We directly demonstrate that
the combination of columnar and point defects can be used
to tune the irreversibility lines for H �c and H �ab by bring-
ing them closer to each other while increasing the overall
pinning strength.

High-purity YBCO single crystals were prepared using
the flux-growth method and were mechanically detwinned by
applying uniaxial pressure.19 No twin boundaries were ob-
served under a polarized light microscope upon detwinning.
A single crystal was polished down to about 70 �m thick-
ness along the c axis and cleaved into an 820�640 �m2

rectangular piece. The zero-field superconducting transition
temperature Tc0 of the pristine YBCO crystal is 92.75 K. The
crystal was irradiated with 1.4 GeV 208Pb56+ ions at Ar-
gonne’s ATLAS heavy ion irradiation facility to a dose
matching field of B�=2.0 T ��320 Å defect spacing� to
create columnar defects along the crystallographic c axis.
SRIM calculations20 show that 1.4 GeV Pb irradiation does
not fully penetrate through the 70-�m-thick crystal, leading
to some splay in the columnar defect direction as the ions
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come to a stop within the bulk of the crystal. Subsequently,
the same crystal was irradiated at the tandem accelerator at
Western Michigan University with �i� 9 MeV protons to a
dose of 2�1016p /cm2 and with �ii� 6 MeV protons to a dose
of 8�1015p /cm2. This series of proton irradiations produces
point defects ��70%� and small clusters ��30%� with the
size of �30 Å.16,17 Standard four-probe transport measure-
ments and magnetization measurements were performed us-
ing a Quantum Design physical properties measurement sys-
tem �PPMS� and magnetic properties measurement system
�MPMS�, respectively, before and after each irradiation. For
the magnetotransport measurements, the measuring current
was applied in the ab plane. Transport measurements as a
function of magnetic field direction were conducted with the
sample placed on a rotator stage with a rotation precision of
0.05° with the applied field oriented perpendicular to the
current in the maximum Lorentz force configuration.

The temperature dependence of the normalized resistivity
before and after Pb-ion irradiation is compared in Fig. 1. The
applied magnetic field �0��0H�8 T� is parallel to the
crystallographic c axis. The sharp kinks in the resistance
curves, indicated by the arrows, are associated with the first-
order vortex freezing transition, which demonstrates the
nearly defect-free nature of the untwined YBCO crystal be-
fore irradiation. This transition is completely suppressed and
is replaced by a continuous transition which reaches zero
resistivity at a much higher temperature after Pb ion irradia-
tion to a dose matching field of B�=2.0 T. This behavior is
consistent with the conclusion that the first-order transition
disappears when B��1.0 T in optimal doped YBCO
crystals.21,22 After subsequent irradiation with 9 MeV and 6
MeV protons the superconducting transition is lowered by
�0.33 K and �0.74 K, respectively, and the normal-state
resistivity is increased by approximately 8% and 12%. These
changes are associated with the increase in point-defect den-
sity.

Figure 2 shows Jc�H� for the unirradiated crystal and after
each irradiation at various temperatures with the applied
magnetic field along c axis. The critical current Jc �in units of
A /cm2� is determined using the Bean model,23 for a
rectangular-shaped sample, Jc=20�M /w�1−w /3l�, where
�M is the magnetization hysteresis �in units of emu /cm3�,
and w and l are the width and length of the sample, respec-
tively, �in units of cm�. In general, each successive irradia-
tion significantly increases Jc over the entire temperature
range from 20 to 87 K. At low temperatures near T=20 K
and in fields below the dose matching field B�=2.0 T, the
columnar defects induced by heavy-ion irradiation results in
the highest Jc. There is a crossover behavior near B�B�

where proton irradiation results in a higher Jc. This behavior
can be explained by the reduction in the effectiveness of
columnar-defect pinning when vortices outnumber the de-
fects at low temperatures when vortex creep is small. At 30
K this crossover occurs near 1.4 T and at higher temperatures
where vortex creep is significant, the proton irradiation Jc
curves lie above that of the heavy-ion irradiation curve at all
fields. One remarkable observation is that when coexisting
with columnar defects the point defects created by proton
irradiation produce almost a doubling of Jc at higher tem-
peratures. We note though that the absolute values of the
77 K-Jc shown in Fig. 2 are significantly smaller than those
reported for state-of-the-art YBCO thin films and coated
conductors.24 This difference may arise from differences in
defect concentration and topology and from contributions to
the pinning force from interfacial and surface effects. Further
studies are required to clarify this situation. Furthermore, a

FIG. 1. Main panel: temperature dependence of the normalized
resistivity 	�T� /	�95 K� before �thin lines� and after �thick lines�
heavy-ion irradiation in fields of 0, 1, 2, 4, and 8 T �c. The arrows
indicate the first-order vortex lattice melting transition of the pris-
tine sample. Inset: angular dependence of the resistance of the crys-
tal after heavy-ion irradiation �filled diamonds� and 9 MeV protons
�open squares�. Angles are measured with respect to the c axis.

FIG. 2. Magnetic field dependence of the critical current density
before and after irradiations for T=20, 50, and 77 K for fields
applied along the c axis. Jc of the pristine crystal at 77 K is essen-
tially zero and is therefore not shown.

HUA et al. PHYSICAL REVIEW B 82, 024505 �2010�

024505-2



strong second magnetization peak or “fishtail” effect is ob-
served after Pb-ion irradiation that does not disappear after
subsequent proton irradiation. In contrast, for pristine YBCO
single crystals, the second magnetization peak is usually sup-
pressed after successive proton irradiation.25 The retention of
the fishtail in our case suggests that the enhanced critical
current following proton irradiation should not be understood
as a simple addition of more pinning centers. The critical
state of the vortex system in the presence of aligned colum-
nar defects is prone to a fast decay due to the thermal exci-
tation of vortex kinks and the easy motion of these kinks
along the columnar defects.26 Uncorrelated nanoparticle pre-
cipitates residing between self-assembled columnar defects
have been shown to efficiently suppress the motion of the
kinks and thereby increase the overall critical current and
reduce the flux creep rate in BaZrO3-doped YBCO thin
films.12 In our samples the pinning landscape consists of un-
correlated point defects and their clusters created by p irra-
diation and correlated columnar defects. This scenario of
suppressed kink motion is consistent with the observation of
the enhancement of the critical current at temperatures above
20 K, where vortex creep abounds and where compound de-
fects, in particular, the point defects and their clusters in-
duced by proton irradiation assist to reduce or suppress vor-
tex creep, thereby increasing the critical current. However, at
present, we cannot separate the pinning contributions arising
from point defects and from clusters separately. Further stud-
ies using irradiation with electrons or neutrons which induce
different defect distributions will clarify this question.

Shown in the inset of Fig. 1 is the angular dependence of
the magnetoresistance for the crystal following high-energy
Pb-ion irradiation and subsequent 9 MeV proton irradiation.
A sharp resistivity minimum appears at H �c axis after Pb
irradiation. Following the 9 MeV proton irradiation, the re-
sistive minimum is—apart from the overall increase in the
resistance—only slightly changed. The pronounced mini-
mum in the magnetoresistance after 9 MeV proton irradiation
demonstrates that the columnar defect pinning character of
the crystal is retained, even though the critical current due to
proton irradiation more than doubles.

The irreversibility line is an important characteristic
boundary in the field-temperature phase diagram of high-
temperature superconductors, which separates the mixed
state into a magnetically irreversible vortex solid and a mag-
netically reversible vortex liquid region. Figure 3 shows the
effect of the various defects on the irreversibility line defined
by a resistivity criterion of 	=0.01 �
 cm. After Pb-ion
irradiation, the irreversibility line is significantly shifted to
higher temperatures compared to the first-order melting line
before irradiation, even though the zero-field Tc has been
reduced by 2.2 K. A kink feature on the irreversibility line
separates a linear temperature dependence of �0Hirr from a
nonlinear region at about 2.0 T, which is very close to the
dose-matching field B�. A similar result has been reported
for untwined YBCO crystals irradiated with 1.4 GeV U ions
to dose matching fields of B�=1, 2, and 4 T.27 The lower
slope of the irreversibility line above �0H=B� is caused by
the reduction in the pinning efficiency of columnar defects
when vortices outnumber the columnar defects.28 The irre-
versibility lines as function of normalized temperature after

each successive irradiation are shown in Fig. 3. Note that
following Pb-ion irradiation, the c-axis irreversibility line is
shifted above the ab-plane irreversibility line, a consequence
of the anisotropic pinning feature of the columnar defects. A
similar result has been reported in the angular dependence of
Jc for YBCO films containing self-assembled columnar
defects.11 Remarkably, subsequent proton irradiations do not
change the c-axis irreversibility line �in reduced tempera-
ture�, but instead, shift the ab-plane irreversibility line up-
wards. Our findings suggest that point defects may play a
dual role when coexisting with columnar defects. For mag-
netic fields along the c axis, the point defects improve the
high-field pinning of columnar defects below the irreversibil-
ity line by preventing vortex creep between the columnar
defects resulting in an enhanced critical current. However,
they do not increase the onset of pinning at the irreversibility
line any further than established by the columnar defects. In
contrast, for magnetic fields in the ab plane, the pinning
strength of the columnar defects is greatly reduced due to
unfavorable geometry �i.e., columnar defects perpendicular
to vortices�. Here, the random point defects provide the
larger pinning strength, shifting the irreversibility line to
higher temperatures and fields. As indicated by the shift of
the ab-plane irreversibility line in Fig. 3 after each proton
irradiation, our results show that a nearly isotropic pinning
behavior �i.e., Hirr �ab�HIrr �c� may be achieved at T
=0.925Tc0 and �0H=7.0 T.

In conclusion, we have shown that a combination of cor-
related and point defects and clusters in the high-temperature
superconductor YBCO can mitigate the anisotropy induced
by high-pinning correlated disorder and yet further increase
the overall critical current Jc. The retention of the fishtail in
Jc�H� indicates this combination is not simply an addition of
pinning centers. Instead, point defects interact with corre-
lated disorder to suppress the vortex creep between neighbor-
ing columnar defects. Point defects coexisting with columnar

FIG. 3. Irreversibility lines after successive irradiation with
heavy ions �circles�, 9 MeV protons �squares�, and 6 MeV protons
�diamonds�. The solid triangles indicate the vortex lattice melting
line of the pristine sample. The dashed line represents an extrapo-
lation of the linear T dependence of the c axis Hirr�T� in fields
larger than the dose matching field.
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defects may play a dual role by shifting the irreversibility
line upward for H �ab and reducing vortex creep for H �c in
our YBCO sample. Our study directly demonstrates an effec-
tive pathway to tune the anisotropic pinning while increasing
the overall critical current in an inherently anisotropic high-
temperature superconductor.
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