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a b s t r a c t 

In this paper, we have calculated the dependence of critical current density j c on the radius R and con- 

centration of extended ferromagnetic defects in the system simulating a high-temperature superconduc- 

tor (HTSC) layer. It was shown that at fixed volume concentration of ferromagnetic fraction the j c (R) 

dependence, as against nonmagnetic defects, has one maximum or two maxima at certain magnetization 

values of ferromagnetic fraction. We found that these maxima are due to the interplay of two parameters: 

concentration and effective depth of potential wells of defects. 

© 2016 Elsevier B.V. All rights reserved. 

1. Introduction 

It is well known that the structure of pinning centers strongly 

influence the transport characteristics of type-II superconductors 

and define the dynamic of vortex lattice. One way of increas- 

ing the critical current is enhancement of pinning by means of 

using superconductor-ferromagnetic hybrid structures or embed- 

ding into the superconductor the ferromagnetic impurities as ad- 

ditional pinning centers [1–7] . Superconducting films with mag- 

netic pinning centers have been widely studied both theoreti- 

cally and experimentally [8–16] . Vortices in thin superconduct- 

ing films in presence of the arrays of magnetic dots have been 

studied [8–10] , the reciprocal influence of vortices and mag- 

netic domain structure in superconductor-ferromagnet bilayers has 

been analyzed [11–13] . In particular, the “field-induced supercon- 

ductivity” [9] produced by an array of out-of-plane magnetized 

magnetic dots have been examined, it has been demonstrated 

that the “field-induced superconductivity” strongly depends on ra- 

dius of magnetic disks. Vortex configurations near magnetic disks 

have been obtained numerically within Ginzburg–Landau theory 

[14–16] . The authors of papers [1–3] have studied magnetic prop- 

erties of superconductor/ferromagnet multilayers and analyzed the 

magnetic domain structure and vortex pinning by ferromagnetic 

layer. In Refs. [5,6] the voltage-current characteristics as well AC- 

losses have been studied by numerical simulation and experimen- 

tally. The dynamics of interaction in the vortex-antivortex sys- 
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tem in superconducting layer containing the array of magnetic 

dipoles with square arrangement have been investigated numer- 

ically in [7] . The density of vortex-antivortex pairs n s and the 

vortex-antivortex pairs creation rate r cr as a functions of AC cur- 

rent density J ac applied to the superconducting layer were calcu- 

lated. The authors found that both n s and r cr had the sequence of 

peaks due to vortex movement from defects and annihilation of 

neighboring vortex-antivortex pairs. Effect of ellipsoidal and spher- 

ical magnetic nanoparticles on pinning properties in type-II super- 

conductor has been studied theoretically in the frame of London 

approximation [19,20] and possibility of vortex pinning enhance- 

ment by magnetic particles was shown. The rise of a single vortex 

pinning due to magnetic interaction of vortex with ferromagnetic 

cylinder has been demonstrated in [21] . It was found that mag- 

netic rod may cause the reduction of Lorenz force acting on a vor- 

tex, what, as a consequence, results to growth of critical current 

density for given pinning force. 

Because of high complexity of vortex system, numerical sim- 

ulations are essential for studying type-II superconductors. Direct 

solution of Ginzburg–Landau equations (see, e.g. [14–16] ) is a very 

powerful tool but this method requires, in particular, an exact form 

of vector potential A which is a nontrivial task in case of arbi- 

trary defects configuration. The situation becomes especially com- 

plicated in the case of magnetic defects. For bulk superconductive 

samples or layered superconductors, when magnetic field is per- 

pendicular to the layers, molecular dynamic [17] or Monte Carlo 

[18] methods can be applied. However, in most numerical stud- 

ies which used these methods only vortex-vortex interaction and 

interaction of vortices with pinning centers have been taken into 
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Fig. 1. The geometry of simulations. Ferromagnetic rods and defects have a few nanometers size. 

account or simulations have been made for typical limiting cases 

such as the triangular vortex lattice, constant number of vortices, 

regular array of magnetic or nonmagnetic defects. So that, simula- 

tions do not provide fundamentally correct analysis of vortex pro- 

duction and penetration through Bean–Livingston barrier able to 

form the realistic equilibrium vortex configuration for given trans- 

port current, external magnetic field and arbitrary array of de- 

fects. In our previous work [22] we analyze the effect of ferromag- 

netic nanoparticles on pinning properties of superconductor. But 

the model [22] suggests that the radius of ferromagnetic particles 

is much smaller than superconductive penetration depth λ and is 

not applicable in case of magnetic inclusions of micrometer size. 

In the present work we analyze the pinning properties of the 

array of ferromagnetic nanorods in the superconducting matrix by 

means of Monte Carlo simulations to obtain the value of criti- 

cal current. Our method works with a variable number of vor- 

tices and can be used for estimation of the magnetic and transport 

properties in a wide range of the superconductive parameters and 

at arbitrary size and configuration of magnetic and nonmagnetic 

defects. 

2. Simulation method 

We discuss now the basic principles of our simulations. To ob- 

tain equilibrium vortex configuration, we use Monte Carlo simula- 

tions in the framework of Lawrence–Doniach model [23] . In this 

model, the vortex line is represented as a stack of pancake vor- 

tices with Josephson interaction between pancakes in adjacent lay- 

ers. Let us consider the stack of superconducting layers with finite 

width L x in x direction and periodic boundary conditions in y and 

z directions ( z direction is perpendicular to the layers, Fig. 1 ). Ex- 

ternal magnetic field is directed along z axis, the transport current 

is applied along y -axis. In this case, the Gibbs thermodynamic po- 

tential of vortex system has a form: 
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where ε = ε 0 ( ln [ λ(T ) /ξ (T ) ] + 0 . 52 ) is a self-energy of a flux line 

per unit length, N z is a number of pancakes in the z th layer, the 

second term corresponds to the pair interaction of vortices, the 

third term describes the interaction between vortices and pinning 

centers (both magnetic and nonmagnetic) and the fourth term is 

the interaction of pancake vortices with the surface and Meissner 

current (see [24–30] for further details). Our previous simulations 

demonstrated that in this approximation the Monte Carlo method 

is effective for description of vortex system and the simulation re- 

sults are in satisfactory agreement with experiment [25,31] . 

In the general Lawrence–Doniach model, the superconductor 

acts as anisotropic but three-dimensional system but in the lim- 

iting case of infinitely strong (or infinitely weak) coupling the 

only one plane gives an adequate description of a realistic three- 

dimensional superconductor and the two-dimensional model [27–

29] can be applied. Taking into account the configuration of de- 

fects (infinite ferromagnetic cylinders directed along z -axis in this 

work) we consider the limiting case of strong inter-layer coupling 

and utilize two-dimensional model to examine the magnetization 

by the self-field of transport current and obtain the critical current 

estimation. 

To derive the interaction potential for the vortex line close to 

the ferromagnetic rod, we solve London equation in a supercon- 

ductor and Maxwell equation in a ferromagnetic particle (see Ref. 

[8] ). Thus, the energy of interaction between a ferromagnetic rod 

of radius R and magnetization M and vortex line reads [30] : 
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where r is a distance from the center of the rod, K 0 and K 1 are 

the McDonald functions, δ is a thickness of a CuO 2 superconduc- 

tive layer. At R < < λ (1) reduces to the interaction energy of point 

magnetic dipole with the field of the vortex. In our model, we 

suppose that the ferromagnetic rod is covered by a thin insulat- 

ing layer to eliminate proximity effect. The interaction U pn with 

nonmagnetic pinning centers has a form [24–26] 

U pn = −α
1 

1 + r/ξ
exp 

(
− r 

2 ξ

)
, (2) 

where α is an effective depth of the potential well of the defect 

and has a magnitude 0.01–0.1 eV [24–26] . For individual magnetic 

defect the potential has a form (1) but we can also estimate effec- 

tive depth α as a magnitude of U pn at r = R . 

To obtain the critical current estimation we compute the 

current-voltage characteristics using method developed by the au- 

thors of Ref. [24] . When the transport current density exceeds j c , 

the vortices start to flow towards the center of the wire induc- 

ing electric field E in the superconductor. Whereas one vortex- 

antivortex pair annihilates in the center, the new vortex and an- 
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