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Abstract. The Ginzburg-Landau theory, applied to superconducting materials is based on
thermo-magneto-electro-dynamic concepts as phase transitions that enrich the class on this
subject. Thus, in this contribution we expose the Ginzburg-Landau time-dependent equations,
show the mathematical form for two nano-scale superconducting systems, one bi-dimensional
homogeneous al sample with applied external current at zero magnetic field, and one three-
dimensional cube in presence of a tilted magnetic fiel at zero applied current. This analysis shows
the applicability of the three and two-dimensional model to superconductors. The conveniently
Ginzburg-Landau theory show that the magnetic response behavior of the sample is very useful
for applications in fluxtronica, SQUIDS design, magnetic resonance, among others.

1. Introduction

The Ginzburg-Landau theory (GLT) is one convenient tool in studying magnetic response of
superconducting. The vortex state and the confinement effects in superconducting samples
are very important when its size is of the order the coherence length £(7T') or to the London
penetration depth A(7") (mesoscopic sample). The size of the sample is usually considered to
be large enough such that the influence of finite dimensions on their properties are negligible
along the external applied magnetic field [1-5]. It was shown that increase of temperature
could be measured by nanoSQUIDs devices, Magnetic resonance and levitation, optical traps
of vortices in Bose-Finstein condensates, as realized by an arrangement of laser wave. T extra
degrees of freedom could open new phenomena in the studied superconducting systems due
to different possible optical patterns. GLT published in 1950 satisfactorily described several
phenomena related to superconductivity, with a phenomenological and simple aspect, due its
the researchers of the area received such work with skepticism, but in 1959, when Gorkov
showed that the Ginzburg-Landau equations (GLE) were a particular case of the superconductive
theory of BCS first principles, this was popularized in the middle. The interaction of light with
superconductivity in most cases leads to local heating of the condensate [6-10]. In 1966, Schimid
inserted a temporal dependence on GLE and, thus, the dynamics of systems out of equilibrium
could be studied [11-18]. By another handt, there are many experimental and theoretical studies
for three-dimensional-systems using the Ginzburg-Landau model has been proven to give a good
account of the superconducting properties in samples of several geometries [19-22]. GLT is also
used for study the magnetic response of mesoscopic samples in presence of a external dc current,
in this systems is possible to visualized the formation of vortex chains by scanning Hall probe

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1


http://creativecommons.org/licenses/by/3.0

International Meeting on Applied Sciences and Engineering IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 1126 (2018) 012003  doi:10.1088/1742-6596/1126/1/012003

microscopy after freezing the dynamical state through a field cooling procedure at a constant
bias current, also, the presence of vortex-anti-vortex (V' — Av) pair can nuleates in the sample
in a non-symetrical (symetrical) way due to the assymtry (simetry) of the supercurrent in the
sample, so, the V — Av pairs can be controlled experimentally by including defects of other
superconducting materials at different critical temperature.

2. Theoretical formalism

In GLT, the superconducting order parameter is a complex function ¢ (r) which is interpreted
as the pseudo-wave function of the superelectrons |1)(r)|> = ns, where 9 (r) = /nze'® is the
density of the super-electrons. The Ginzburg-Landau free energy is given by:

F:/ (271n

The constants in the equations are: m* = 2m: the mass of a Cooper pair, e* = 2e: the charge
of a Cooper pair,(«, #): phenomenological constants. Variables : the order parameter, A: the
vector potential, B =V x A, B: the local magnetic field.

The equations which describe the fundamental properties of the superconducting state
described by the complex order parameter 1, and the vector potential A can be obtained by
using the Euler-Lagrange general equations [19,20]:
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This produces the non time dependent Ginzburg-Landau equations:

o (it~ S A) b+ st =0 0
VxVxA= %%Re [¢ (—z’hV — iA) w} (5)

The starting point to study the superconductivity of non-equilibrium is the time dependent
Ginzburg-Landau equations (TDGL). The TDGL equations are given by:
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The constants in the equations are: D: the diffusion coeficient, o: the electrical conductivity,
®: the scalar potencial. In dimensionless units and in the gauge of zero electric potenctial ® = 0,
the TDGL equations are given by:

o9 _

=~V + AP+ (1= De(ll* ~ 1) (8)



International Meeting on Applied Sciences and Engineering IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 1126 (2018) 012003  doi:10.1088/1742-6596/1126/1/012003

85? = (1= T)Re["(=iV — A)y] — £’V x V x A 9)

Where ¢ is presented in units of (a/3)'/2, distance in units of coherence length &, time in
units of 7h/96KpT,, A in units of the upper critical field H.o&, the Gibbs free energy G in
units of (a7.)?/f and temperature T in units of the critical temperature T,. & is the Ginzburg-
Landau parameter, Thus, for x < 1/4/2, the surface energy is positive, and we have the type I
superconductors; on the other hand, for x > 1/4/2, the surface energy is negative, which defines
type II superconductors, Is becomes energetically favorable the penetration of quantized flow
(vortices) inside. We use the general boundary conditions for the order parameter and magnetic
field, they are given by the deGennes boundary conditions 7 - (—iV + A)¢|, = —i®)/b, and
V x A = B at the surface of the sample. 7 is the normal vector to the surface and b is the
deGennes parameter [22-24].

3. Results and discussion

The GLT has been widely used for the study of mesoscopic superconductors. In general, in the
steady state the vortices, which in bulk materials are arranged in the network of Abrikosov,
in mesoscopic samples, the influence of the surface is so considerable that the arrangement
of the vortices follows the symmetry of the system, another exotic behavior is the formation
of vortices that have more than one quantum of magnetic flux in their nucleus (giant vortex)
[25,26]. We simulated a mesoscopic superconducting prism with lateral transversal section of size
L = 15¢, immersed in a magnetic field H(t), the Ginzburg-Landau parameter is k = \/{ = 1.3
(typical value for the Al). The sample presents an bi-dimensional thermal gradient with
Tiett = Tiown = 0.25 and T}y = Typ = 0.75 in the superior view of the lonfg prism.

In Figure 1, the square modulus of the order parameter |¢|> and its phase A¢ for H =
0.88,1.16 in the up and downbranch of the magnetic field are depicted. Values of the phase close
to zero are given by blue regions and close to 27 by red regions. As is well know, AT = 0.0,
and the votices entry always occrus by the central region, we have multi-vortex states with
N =2,4(6,8) for H = 0.88,1.16 in the upbranch (downbranch) of H. An increased in H cause
the vortex moves towards the interior of the sample.

H=0.88 m H=1.16 m H=10.88 H=1.16

N=6

N=8

Figure 1. (Color online) Square modulus of the order parameter |1|? at indicated values of H,
for Tiert = Thown = Tright = Tup = 0.0 and a N — N + 2 vortex transition. Blue and yellow
regions represent values of the phase A¢ from 0 to 27 and ¢ ~ 0 to ¢ ~ 1. Arrows indicates
the upbranch and downbranch of the magnetic field.

In Figure 2 , the square modulus of the order parameter |1/|?, its phase A¢ and magnetic
induction B at H = 0.396,0.412,0.456 are depicted. Values of the phase close to zero are given
by blue regions and close to 27 by yellow regions. As we can appreciate the votices entry always
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occrus by the region a higher T" and multi-vortex states with N to N + 1 vortex transition are
presented. An increased in the temperature cause the vortex entry at lower magnetic field and
then, the vortices tend they moves towards the interior of the sample.

y=1.0

H=0.3%6

H=0.412

(©)
N=3
H = 0.456

0.0 02 04 06 08 1.0

Figure 2. (Color online) Square modulus of the order parameter |+)|?, its phase A¢ and magnetic
induction B at H = 0.396,0.412,0.456, v = 1.0 indicate a superconductin-normal boundary and
N = 1,2,3 respectively. Ticry = Tgown = 0.25 and Tyigne = Tup = 0.75. As is well know, the
phase of the order parameter determine the vorticity in a given region, by counting its variation
in a closed path around this region. If the vorticity in this region is N, then the phase changes
by 27 N.

4. Conclusions

In summary, we solve the Ginzburg-Landau equations for studied the Abrikosov state of a Al
superconducting prims. The thermal variation into the sample allows vortices to entry the
sample interior by the regions at higher temperature. We also found that the behavior of vortex
state present N to N + 2 vortex transitions at low magnetic field for a sample submmersed in
a homogeneus thermal bath AT =0, and a N to N + 1 vortex transition for AT # 0.
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