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An elaborately designed bilayer consisting of superconducting YBa2Cu3O7d (YBCO) and
ferromagnetic La0.67Sr0.33MnO3d (LSMO) was prepared on a single crystal LaAlO3 substrate by
pulsed laser deposition (PLD), with a view to understanding the mechanism behind the inﬂuence of
superconductor/ferromagnet proximity on the critical current density, Jc . The present bilayer system
shows signiﬁcant modiﬁcations in Jc , as evidenced by the suppressed decay of its temperature
dependence, as well as the crossing behavior of the magnetic ﬁeld dependence of Jc at high
temperatures. This indicates that enhanced ﬂux pinning emerges at high temperatures, and it is believed
to arise from the special magnetic inhomogeneity, i.e., the ferromagnet/antiferromagnet clusters caused
C 2011 American
by phase separation due to the epitaxial stress between LSMO and the substrate. V
Institute of Physics. [doi:10.1063/1.3573491]
I. INTRODUCTION

Improvement of the critical current density, Jc , of hightemperature superconducting (HTSC) ﬁlms is of great importance, not only for a fundamental understanding of vortex
physics, but also for the application of coated conductors
based on the epitaxial growth of YBa2Cu3O7d (YBCO)
ﬁlms. It is well known that the critical current density of
pure YBCO ﬁlms can become very high due to a number of
growth-induced structural defects such as dislocations.1 For
practical applications, however, the ﬂux pinning in HTSC
still needs to be further improved to overcome the giant vortex motion at high magnetic ﬁelds and high temperatures.
Different attempts have been employed to enhance the ﬂuxpinning performance of HTSC ﬁlms, such as the engineering
of substrates,2 inclusion of precipitates,3 irradiation,4 rareearth mixing,5,6 nanoparticle doping, quasimultilayers.7–9
Among these artiﬁcial techniques, one common feature is
that they create high-density inhomogeneities with nanosized
structures in the superconducting matrix. In the past several
years, it has been frequently reported that strong c-axis correlated columnar defects, such as the self-assembled BaZrO3
and BaSnO3 nanodots achievable in YBCO ﬁlms doped
by homogeneous or heterogeneous additions, are very effective for the enhancement of ﬂux pinning in high magnetic
ﬁelds, especially as their directions are parallel to the c-axis,
where the intrinsic pinning is absent.10–12 Recently Wee
et al.13 reported similar columnar inclusions composed of
Ba2GdTaO6 (BGTO), leading to superior ﬂux pinning, with
the in-ﬁeld Jc improved by a factor of 1.5–6 over the entire
magnetic ﬁeld range.
In reality, a number of efforts toward artiﬁcial manipulation of pinning centers in the past several years have only
been limited to the pinning of vortex cores, with defect sizes
a)
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comparable to the superconducting coherence length n. The
intrinsic disadvantage of the vortex core pinning is the rapid
decrease in the pinning energy as the temperature increases,
implying very small, even negligible, pinning potentials at
applied temperatures close to Tc.14
To obtain considerable critical current density at high
temperature, which is required for more electric-power applications, another type of ﬂux pinning, called magnetic pinning, has been proposed.14 Magnetic pinning originates from
the spatial modulation of the local magnetic ﬁeld in superconductors on the length scale of the London penetration
length, k, which can be introduced into HTSC by various
routes, such as regular arrays of ferromagnetic dots in the vicinity of superconducting ﬁlms, or intrinsic magnetic
domains in ferromagnet/superconductor (F/S) bilayers or
multilayers, etc.15
The most distinctive characteristic of magnetic pinning
is its robustness to the temperature. This is because such ﬂux
pinning acts on the whole vortex rather than on the vortex
core alone.14,15 Moreover, magnetic pinning is more ﬂexible
under structural inhomogeneities compared with core pinning. The particular distribution of magnetization in ferromagnetic units can be changed by the magnetic ﬁeld, which
demonstrates a possible route to control superconducting
currents via external magnetic ﬁelds. Vlasko-Vlasov et al.16
reported a rotatable, periodic, stripelike magnetic domain
structure in F/S hybrids, in which the orientation of the magnetic domains can be arranged by the in-plane external magnetic ﬁeld. Magneto-optical measurements revealed that the
preferential ﬂux lines enter along the direction of the domain
walls. Thus, it is possible to guide vortex motion in a desirable direction and then manipulate its conductivity.
In our earlier work,17 we reported reduced broadening
of the magnetoresistance (MR) in the vortex liquid region
for an YBa2Cu3O7d/La0.67Sr0.33MnO3d (YBCO/LSMO)
bilayer, which was explained by magnetic pinning on the
ﬂux lines. The magnetic inhomogeneity in this system was
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FIG. 1. (Color online) (a) Raman spectra of the YBCO/
LSMO bilayer and the reference sample, a pure YBCO
ﬁlm. Three distinguishable modes with pronounced intensity are identiﬁed and categorized. (b) Conﬁguration
for the O2þ/O3 phonon mode in YBCO lattices.

assumed to be caused by phase-separated clusters with ferromagnetic (FM) and antiferromagnetic (AFM) domains,
which appear due to the epitaxial stress induced by the large
mismatch between the LSMO and the substrate LaAlO3
(LAO).
In the present paper, we have carried out a series of
direct measurements of the critical current density and conducted a systematic investigation into the temperature dependence. We could then clarify the difference between the
bilayer and a pure YBCO ﬁlm. The present results disclose
signiﬁcant magnetic pinning effects arising from the ferromagnetic conﬁgurations, leading to a critical understanding
of the mechanisms controlling the critical current density in
ferromagnetic/superconducting (F/S) hybrids.
II. EXPERIMENTAL

The bilayer of YBCO (50 nm)/LSMO (40 nm), as well
as the reference sample, a pure YBCO ﬁlm 50 nm in thickness, were fabricated on single crystal (00l) LAO substrates
by pulsed laser deposition (PLD). Note that the thicknesses
of the constituent layers of the studied bilayer were deliberately selected with the aim of achieving the best equilibrium
between the magnetic pinning efﬁciency,18 subject to the
YBCO thickness, and the superconductivity, subject to the
LSMO thickness.19 More details related to sample preparation, such as deposition conditions, can be found in our previous publication.17
The crystal structure and epitaxial growth were examined
by X-ray diffraction (XRD), which shows that all the studied
samples exhibit perfect c-axis orientation and in-plane texture, with a full width at half maximum (FWHM) of less than
1.2 . The lattice relaxation was characterized by Raman spectroscopy, with the spectra collected in the back-scattering geometry, using a micro-Raman spectrometer (Renishaw in Via
Plus) equipped with a charge-coupled device (CCD) detector.
Transport and magnetization measurements were performed
in a cryostat equipped with a 9 T magnet (Quantum Design
PPMS-9T). Based on the transport measurements, the onset
superconducting transition temperatures (90% qn) are found
to be 87.8 K and 88.6 K for the present bilayer and the
pure ﬁlm, respectively. The magnetization as a function of

temperature T and applied magnetic ﬁeld H was recorded in
the ﬁeld region of j H j  5T and the temperature range of
5 K  T  80 K, from which the critical current density was
extracted.
III. RESULTS AND DISCUSSION

Figure 1(a) shows the Raman spectra of the studied samples at room temperature. First, a sharp peak positioned at
485 cm1 is identiﬁed from the substrate.20 With it, the precise positions of other Raman modes with appreciable intensity can be determined. Second, the mode occurring at 335
cm1 is identiﬁed, which is of most importance and interest,
as it corresponds with the O2þ/O3- mode,21,22 representing
antisymmetric vibrations of O(2) and O(3) oxygen atoms in
the YBCO lattice, as shown in Fig. 1(b). This mode is very
sensitive to structural variation, and thus, a slight change in
the crystal symmetry or lattice parameters may lead to an
obvious frequency shift. In reality, it has been observed that
there is a frequency shift of nearly 5 cm1 as the tetragonal
phase of YBCO goes to the orthorhombic phase.21
Based on Raman spectroscopy, Chen et al.23 reported
that stress evolution and lattice distortion were induced by
thickness variation and lattice misﬁt in LSMO ﬁlms, which
implies that there was structural modiﬁcation of a LSMO
ﬁlm in a strained state. It is thus expected that the lattice
vibrational frequencies of a stressed YBCO ﬁlm should be
different from those in its corresponding bulk material. In
our case, however, no apparent shift within the experimental
error (6 1cm1) is observed for the O2þ/O3 mode. The
bilayer and the pure YBCO ﬁlm show the same Raman shift
of 335 cm1, consistent with the values observed in YBCO
bulks.21 This suggests that the 50 nm YBCO layer is completely relaxed, no matter what sublayer (here referring to
LAO or LSMO) it grows on.
With the modiﬁed Bean critical state model,24 the critical current densities for the studied ﬁlms were evaluated by
the widths of the magnetization loops, DM ¼ jMþ j þ jM j,
where jMþ j and jM j are descending and ascending
branches, respectively. Figure 2 shows the ﬁeld dependence
of the critical current density for the bilayer at several given
temperatures, which are characterized by a low-ﬁeld plateau,
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FIG. 2. (Color online) Field dependence of the critical current density for
the bilayer at different temperatures. The Jc values are extracted from the
magnetization curves.

followed by rapid decay in large magnetic ﬁelds. This is
actually a common feature of all epitaxial high-temperature
superconducting ﬁlms.25 In contrast to the pure YBCO ﬁlm
(not shown here), the present bilayer demonstrates two characteristics at least, i.e., reduced zero-ﬁeld critical current
density, Jc ð0Þ, and an extended low-ﬁeld plateau. Both characteristics have been observed as well in epitaxial YBCO
ﬁlms with artiﬁcial pinning centers.26 However, the underlying physics may be different in this case. In the case of doped
YBCO ﬁlms, the decrease in Jc ð0Þ and the extension of the
low-ﬁeld plateau are believed to be caused by the reduced
volume of the superconducting phase and the increased density of c-axis correlated defects, respectively. In the case of
the present bilayer, however, the reduced superconducting
volume and the increased correlated defects are hardly present. Instead, the potential mechanisms may arise from the
suppressed superconductivity and the emergence of magnetic

J. Appl. Phys. 109, 073921 (2011)

pinning due to the proximity effect, as well as the residual
ﬁeld of the ferromagnetic layer.15,27
Figure 3(a) shows the ﬁeld dependence of the critical
current density for the bilayer and the pure YBCO ﬁlm at
several given temperatures, which are characterized by the
crossing (soild arrow) of two Jc  H curves at high temperature. At low temperatures, such as 10 K, the pure YBCO
shows a larger Jc over the whole magnetic ﬁeld region. With
increasing temperature, the difference in Jc between the two
samples decreases, resulting in the obvious Jc crossover of
the bilayer in the intermediate region of magnetic ﬁeld. Similar crossover behavior of the Jc  H curves has also been
found in samples with artiﬁcial pinning as compared with
undoped ﬁlms.9,26,28,29
Figure 3(b) shows our previous observations of such
crossover behavior occurring in doped REBCO (RE ¼ Y,
Nd, etc.) ﬁlms with different nanoparticle additions. The
crossing results from the competition between the reduced Jc
in zero magnetic ﬁeld and the enhanced pinning in high magnetic ﬁeld, with both of them caused by the structural disorder due to the doping. Further investigations show the
temperature dependence of the crossing ﬁeld, as marked by
the dotted circles in Fig. 3(b). The higher the temperature,
the larger the crossing ﬁeld that is observed. In particular, at
high temperatures such as 77 K, the crossing ﬁeld shifts to
very high magnetic ﬁeld or disappears. This is unlike the
crossover behavior found in the present bilayer, in which the
crossing is even more apparent at elevated temperatures. In
addition, another difference between the two systems is the
observation of a second crossover point in the bilayer system, which can be clearly seen at high temperatures, such as
77 K (dashed arrow). Beyond this piont and on, the bilayer
shows the lower Jc again, indicating that a modiﬁcation of
the critical current density in the bilayer due to the proximity
is prominent mainly at low and intermediate ﬁelds. And the
Jc modiﬁcation may originate from a different pinning mechanism, which shows robust pinning ability against the

FIG. 3. (Color online) (a) Field dependence of the critical current density at three given temperatures of 10, 40, and 60 K for both the bilayer and the pure YBCO
ﬁlm. The inset gives the ﬁeld dependence at 77 K, from which an obvious crossing is observed. (b) Field dependence of the critical current density at 50, 70, and
77 K for pure and doped YBCO ﬁlms with different nanoparticle additions in a log-log plot. Arrows indicate the crossover of Jc  H between them.
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temperature. At high ﬁelds, however, the modiﬁcation is
weakened even disappears, which is thought to be related to
the change in ferromagnetic conﬁgurations of the underlying
LSMO by the external ﬁeld and will be discussed in the last.
To further clarify the inherent mechanisms controlling
or inﬂuencing the critical current density in the present
bilayer, the temperature dependence of the critical current
density, Jc  T, has been investigated. Note that the temperature dependence of the critical current density is commonly
considered as an effective method to arrive at important
implications regarding sample microstructures and ﬂux pinning mechanisms. According to the theory of Blatter et al.,30
vortices in type II superconductors can be pinned by a pinning site either through the spatial variations in the Tc
throughout the material (“dTc pinning”) or by scattering of
charge carriers with reduced mean free path near lattice
defects (“dl pinning”). In the framework of single vortex pinning, the temperature of the critical current density can be
expressed by the form of Jc ðTÞ / ½1  ðT=Tc Þ2 n , with n ¼ 7/6
in the case of dTc pinning and n ¼ 5/2 in the case of dl pinning.31 For practical epitaxial ﬁlms with low-angle grain boundaries (GBs) or polycrystalline samples with complex
networks of GBs, the Jc ðTÞ expression will be modiﬁed to a
more simpliﬁed form, Jc ¼ J0 ð1  T=Tc Þn , where the n value
depends on the type of contact between GBs, such as n ¼ 1 for
the contact in superconductor-insulator-superconductor (SIS)
structures, n ¼ 2 for the contact in superconductor-normal
metal-superconductor (SNS) structures, and n ¼ 3/2 for the
contact in SNIS structures.32,33 Note that the power law is
based on the Ginzburg-Landau theory, where the two characteristic lengths k and n show the same temperature dependence
of k; n / ð1  T=Tc Þ1=2 in the case of T close to Tc.
Figure 4 shows the temperature dependence of the zeroﬁeld critical current density for the present bilayer and the
pure ﬁlm. The data were obtained in a remanent state with
very low ﬂux densities, allowing the temperature dependence
to be discussed within the framework of individual ﬂux line
pinning. The formula Jc ¼ J0 ð1  T=Tc Þn with two parameters J0 and n is used to ﬁt the above Jc  T curves. The exponent of n ¼ 1.48 for the pure sample is very close to 3/2,
which was observed by Fedotov et al.34 in epitaxial YBCO
ﬁlms. This seems to support contacts of the SNIS type.

However, this conjecture is not in agreement with the high
current density in those epitaxial ﬁlms. Here, we recollect
the case of strong vortex core pinning with narrow correlated
defects, which predicts the exponent of n ¼ 3/2, as being
more applicable to our case.35
On the other hand, the exponent of n ¼ 1.25 is found for
the bilayer, which is signiﬁcantly smaller than n ¼ 1.48 for
the pure YBCO ﬁlm. The difference in the n value between
the bilayer and the pure ﬁlm seems subtle but not trivial. The
bilayer shows a suppressed decay of the critical current with
increasing temperature as the exponent n decreases. Again,
this demonstrates its robust pinning performance against the
temperature.
It is interesting to note that the exponent n is dependent
on the applied magnetic ﬁeld, as the empirical formula
Jc ¼ J0 ð1  T=Tc Þn is applied to describe the Jc ðTÞ relation
in magnetic ﬁeld. As shown in Fig. 5, the exponent n of the
pure ﬁlm increases quickly as the magnetic ﬁeld increases,
and then saturates in a ﬁeld of about 1 T. This is very different from the case of the bilayer, where the n increases
monotonically up to the maximum ﬁeld of 5 T. The difference in n-H relations implies different mechanisms, which
may originate from the inﬂuence of the ferromagnet on the
properties of the critical current. Obviously, the magnetization conﬁguration in the ferromagnetic layer is subject to the
external ﬁeld, implying that magnetic pinning and associated
Jc modiﬁcation are sensitive to applied magnetic ﬁelds.
As mentioned before, the enhanced ﬂux pinning at high
temperatures for the present bilayer is believed to arise from
the magnetic pinning, where the magnetic inhomogeneity
may be caused by the phase-separated FM/AFM clusters that
exist due to the epitaxial stress between LSMO and the substrate. It is also possible that the phase separation takes place
on the submicrometer scale along with the coexistence of
giant clusters, since there is already evidence for such macroscopic phase separation in manganite ﬁlms, both experimentally and theoretically.36–38 Due to the comparable
length scales between the London penetration length k and

FIG. 4. (Color online) Temperature dependences of the zero-ﬁeld critical
current density for the bilayer and the pure YBCO ﬁlm. Solid lines are a ﬁt
to Jc ¼ J0 ð1  T=Tc Þn .

FIG. 5. (Color online) Field dependence of the ﬁtting exponent n for the
present bilayer and the pure sample. The n values are obtained from the ﬁtting to Jc ¼ J0 ð1  T=Tc Þn at different magnetic ﬁelds.
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the size of phase-separated clusters, spatial modulation of
the local ﬁeld in the superconductor will result in effective
magnetic pinning in the bilayer.
On the other hand, the patterns of magnetic inhomogeneity will be altered by the external ﬁeld, owing to the
increase in FM domains, accompanied by the melting of
insulating AFM clusters.39 This leads to weakened magnetic
inhomogeneity, and thus the efﬁciency of magnetic pinning
decreases. Eventually, the corresponding modiﬁcation in the
properties of the critical current by the magnetic ﬁeld is manifested in the form of the observed monotonic n-H dependence as well as the presence of the second crossover piont in
the bilayer system.
IV. CONCLUSIONS

In summary, the structural characteristics and the properties of the critical current density for a YBCO/LSMO
bilayer have been studied with respect to the ﬂux pinning
mechanism, which is understood to be due to superconductor/ferromagnet proximity. Compared to the pure YBCO
ﬁlms, the present bilayer shows robust pinning performance
against temperature, as evidenced by the direct observation
of slower decay of the temperature dependence of Jc, as well
as the obvious crossing of the Jc  H curves at high temperatures. The enhanced ﬂux pinning at high temperatures is
believed to arise from magnetic pinning, since magnetic
inhomogeneity exists due to phase-separated FM/AFM clusters induced by the epitaxial stress between the LSMO and
the substrate.
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M. Fäth, S. Freisem, A. A. Menovsky, Y. Tomioka, J. Aarts, and J. A.
Mydosh, Science 285, 1540 (1999).
37
A. Moreo, M. Mayr, A. Feiguin, S. Yunoki, and E. Dagotto, Phys. Rev.
Lett. 84, 5568 (2000).
38
L. Zhang, C. Israel, A. Biswas, R. L. Greene, and A. de Lozanne, Science
298, 805 (2002).
39
E. Dagotto, New J. Phys. 7, 67 (2005).

Downloaded 18 Feb 2013 to 130.130.37.85. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

