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Transport properties of anisotropic superconductor with point, columnar and columnar tilted defects have
been analyzed using Monte-Carlo method. It was shown that for columnar tilted defects the critical current
dependence on anisotropy γ weakens as γ increases and vanishes at certain γ. The S-type nonlinearity
of current-voltage characteristics has been shown for three-dimensional vortex system in presence of
ferromagnetic defects.
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Vortex pinning in type-II superconductors defines magnetic and transport properties and can
be enhanced by introducing point or extended magnetic and nonmagnetic defects. In order to
obtain the higher value of critical current, the interaction between vortices and different types
of pinning centers is extensively studied. Pinning by extended columnar defects in Bi2212 and
YBCO has been widely studied [1, 2]. In [2], transport properties of BSCCO single crystal
in presence of three-dimensional system of splayed columnar defects has been studied. It was
demonstrated that a splayed configuration provides a larger improvement in pinning properties
than the configuration with columnar defects parallel to the c-axis at low temperatures.

To enhance vortex pinning, magnetic nanoparticles as point defects can be used due to addi-
tional interaction energy between vortex and magnetic moment of the particle [3–5]. Spherical
and ellipsoidal magnetic nanoparticles have been used as pinning centers in [3–4], the interaction
energy between vortex and nanoparticle was obtained in the framework of London approxima-
tion. The authors of [5] numerically demonstrated some new effects, such as S-type nonlinearity
of current-voltage characteristic due to magnetization reversal of nanoparticles.

The aim of this paper is to analyse numerically the effect of anisotropy on critical current
in presence of columnar tilted defects and to study transport properties of three-dimensional
superconductor with nanosized ferromagnetic defects with alternating magnetic moment.
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1. Model and simulation method

The simulations were made within a three-dimensional model of a layered high-temperature
superconductor (HTSC) [6] by using Monte-Carlo algorithm. The model is a general case of the
two-dimensional model [7–9] and takes into account various types of in-plane interactions and the
inter-plane interaction. A vortex line is represented as a stack of interacting planar vortices. To
describe the inter-plane interaction between pancakes we used the equations for electromagnetic
and Josephson potentials obtained by Goldschmidt and Tyagiin [10–11]. See [7–9] for details.

The size of the nanoparticle is much less than the average size of ferromagnetic domain so that
a magnetic moment of each particle has a constant absolute value and variable direction. For
simulations, we considered superconductor and ferromagnetic nanoparticles as a self-consistent
system. This method has previously been reported in [5].

We obtained then current-voltage characteristics by using method developed in [7] for
three-dimensional Bi2Sr2CaCu2O8-δ superconducting slab. Magnetic moments of defects are
µ ∼ 103–104 Bohr magnetons, which is typical for ferromagnetic materials. We considered a
three-dimensional superconducting slab which contains NL∼10 superconducting CuO2 layers.

2. Results

Let us analyse now the effect of tilted defects for HTSC with different anisotropy. Fig. 1
represents the critical current jc of two superconductive slabs with different concentration of
defects as a function of tilt angle. It can be seen that jc strongly depends on tilt angle for
weakly anisotropic superconductors and is independent of α for high γ. We suppose this effect
to be explained via the peculiarities of pinning pancake stacks by point pinning centers. When
anisotropy is low, the vortex line is rigid and tilted defect does not pin full vortex line since the
bending of vortex requires energy greater than effective depth of defects potential well.

a) b)

Fig. 1. Critical current as a function of α. c is a concentration of defects

Addition of magnetic moment to the point pinning center changes significantly the process of
magnetization by transport current. In particular, the S-type nonlinearity (previously reported
and explained by us for two-dimentional system [5]) is also observed in a more realistic three-
dimensional case (Fig. 2 (a)).

We calculated then critical current of the superconductor in presence of external magnetic
field tilted relative to c-axis. This issue is widely studied (see, for example, [12] — BSCCO,
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a) b)

Fig. 2. Current-voltage characteristics of HTSC with ferromagnetic defects in external dc mag-
netic field (a); Magnetic field angular dependence of jc (b)

[13] — YBCO). We introduce the description of tilted field into Monte Carlo algorithm via
simulation of two interacting vortex systems: Abrikosov vortex lattice (associated with parallel to
c-axis component of magnetic field) and Josephson vortex lattice (associated with perpendicular
component) [14]. Abrikosov vortices are perpendicular to the superconducting CuO2 layers and
Josephson vortices are parallel to the layers. Fig. 2 (b) represents a critical current as a function
of θ – an angle between magnetic field and c-axis. One can easily see, that obtained numerically
critical current is higher if magnetic field is parallel to CuO2 plane which is typical for anisotropic
layered HTSC, but without sharp peak typical for YBCO [13].

Conclusion

To conclude, we obtained the decreasing dependencies of critical current on the tilt angle for
HTSC with columnar tilted defects. The S-type nonlinearity of current-voltage characteristics
of HTSC with ferromagnetic defects in external dc magnetic field was demonstrated in three-
dimensional case. Magnetic field angular dependence of jc in tilted magnetic field was obtained,
the results are in qualitative agreement with experiment. This fact indicates that our simplified
3D simulation model can provide an adequate result in case of tilted magnetic field.

Research was done with the financial support of RFBR (grant no. 15-02-02764)
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Влияние анизотропии на транспортные свойства
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магнитными и немагнитными протяженными дефектами
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Методом Монте-Карло проанализированы транспортные свойства анизотропного сверхпроводни-
ка с точечными, колумнарными и колумнарными наклонными дефектами. Показано, что в случае
колумнарных наклонных дефектов зависимость критического тока от анизотропии γ ослабева-
ет с ростом γ и при определенном γ исчезает совсем. Показано наличие S-образной нелинейности
вольт-амперной характеристики для трехмерной вихревой системы с ферромагнитными дефек-
тами.

Ключевые слова: слоистые сверхпроводники, пиннинг вихрей, магнитные наночастицы, метод
Монте-Карло.

– 230 –


