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Abstract.

In general, the studies of finite size effects in mesoscopic superconductors have been
carried out in such a way that the temperature parameter is constant in the entire system.
However, we could have situations where a real sample is near a heater source, as an example.
In such situations, gradients of temperature are present. On the other hand, mesoscopic
superconductors are interesting systems due to the fact that they present confinement effects
which influence all the vortex dynamics. Thus, in this work we studied the influence of
thermal gradients on the vortex dynamics in mesoscopic superconductors. For this purposes,
we used the time dependent Ginzburg-Landau equations. The thermal gradients produce an
asymmetric distribution of the currents around the system which, in turn, yield interesting
vortex configurations and difficult the formation of giant vortices.

1. Introduction

The time dependent Ginzburg-Landau (TDGL) theory has been successfully used in the last
decades to describe several aspects of mesoscopic superconducting systems. Such systems present
small size of the order of penetration depth A(T") and/or the coherence length £(7"), where T'
is the temperature. By using the TDGL formalism, several works have demonstrated that the
confinement effects induce the formation of multi-vortex (MV) and giant vortex (GV) states
[1]-[4]. This depend of the temperature and the system geometry [5]-[11]. Also, the presence of
surface defects and De Gennes boundary conditions modify the vortex dynamics of mesoscopic
systems [12], in such way that differs from the dynamics presented by the macroscopic ones
[13]-[14]. In this work, we study the behavior of the vortex dynamics in mesoscopic systems in
the presence of linear thermal gradients. Then, we analyze their magnetic properties, the vortex
configurations, and the possible formation of a GV state.

2. Theoretical formalism
The formalism which we used was firstly proposed by Schimid[15], and it is a generalization
of the Ginzburg-Landau (GL) equations, where a temporal evolution of the order parameter
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and the potential vector A was inserted; |¢|? is the density of superelectrons and the induction
magnet field is given by B =V x A. In dimensionless units, the TDGL equations are given by

?f+w¢:c4V—Aﬁw+wu—Tmrﬁw%, (1)

0A
Tor
where de superconductivity current density is given by

+Vp=Js -’V xVxA, (2)

Js = Re(¢y*(—2V — A)) . 3)

For the thermal gradient we assumed a linear dependence of T' along the x axis which is given
by
T'r B Tl

T(x)=T + x, (4)

where T, and T} are the temperatures at the right-hand (hottest) and left-hand (coldest) side of
the superconducting square. All equations have been normalized. The distances are in units of
the coherence length £(0); the magnetic field in units of the bulk upper critical field H.2(0) and
the temperature in units of the critical temperature T; k = A\(T")/&(T) is the GL parameter.
The TDGL equations are gauge invariant under the transformations: 1’ = 1e’X, A’ = A 4+ Vy,
o =¢p— %f. We have worked in the Coulomb gauge where ¢’ = 0 for all times and positions.
We numerically solved such equations by using the link variable method [16]. This method
is preferably used because it preserves the gauge invariance of the equations once they are
discretized. The TDGL equations will be used only as a relaxation method to obtain the steady
state, that is, we are solely interested in the equilibrium vortex configurations.

3. Results and Discussion

We carried out the numerical simulations considering square systems with lateral size of 12£(0)
and GL parameter x = 5, which is equivalent to a Pb-In alloy[17]. We also used the following
simulation parameters: [ = 1; the size of the mesh was taken as Az = Ay = 0.125¢£(0) and
the steps of the external magnetic field AH = 1073, All the dynamics were analyzed under a
thermal gradient which changes the value of v along the x axis of the system. In this work, we
investigated the dynamics of two systems under two different thermal gradients, i.e, one in which
the temperature varies from 0.77, to 0.97, label by S; and another one from 0.87, to 0.857,
labeled by S3. We also compared the results with a system at a homogeneous temperature (HT
for brief) distribution by taking 7' = 0.857.. In Fig. 1 we present the magnetization curve as a
function of the applied magnetic field of the systems under investigation. The behavior of such
curves are similar to those ones exhibited by the HT systems, i.e., each discontinuity is due to
one or more vortex penetration. Note that, the field corresponding to the first penetration for
the S; system is lower than for the Sy one. This is due to the fact that S; has its right-hand
side hotter than Sy which, on its turn, has a similar behavior presented by the HT system.
The field sufficient for the destruction of superconductivity is higher for S; than for Se because
temperature in the colder region is lower for the former system. In Fig. 2 we illustrate the profile
of the modulus the current density, J/Jy, where Jy is the despairing current, along the x axis
and for three different distances w from the bottom side of the system (see inset of Fig. 1).
A comparison between S; and Sy is showed in Fig. 2. It is worth noticing the asymmetric
distribution of J in comparison with the inset of this same figure for the HT system. However,
So presents a less asymmetric profile when it is compared with S;. Also, it can be observed
that J presents a higher value in the colder region and a degradation of superconductivity in
the hottest one. We notice that with both perturbations S; and Sy the vortices nucleate inside
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the superconductor one by one. As expected, the penetration always occurs at the right-hand
side of the system.

We also studied the influence of non-homogeneous distribution of temperature on the giant
vortex state which has been found for the HT systems [18]. In Fig. 3 we show two vortex state
for S, So and HT. In the panel 3(a) it is shown the intensity of |¢| superimposed by the
streamlines J. In such figure is clearly seen two separate vortices which is confirmed by the
phase of ¢ in panel 3(b). The other hand, the equivalent panels 3(c) and (d) for Sz, and 3(e)
and (f) for the HT system, we clearly see the formation of giant vortex state. As a consequence,
we can say that a rather non-homogeneous temperature like Sy is not sufficient to avoid the
nucleation of such state.
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Figure 1. The magnetization curve as a Figure 2. Profile of the modulus of the
function of the external applied field for the current along the z axis for three different
S1, S3 and HT systems. The inset shows levels of the square shown in the inset of
the intensity of the order parameter in the Fig. 1 for S; and S5. In the inset of the
initial state (without applied magnet field) present figure it is shown the symmetric
under a thermal gradient. profile of the current for the HT system.

Fig. 4 illustrate the scenario associated with the third penetration. S; and S present the
same penetration dynamics with three nucleated vortices in the stationary state. However, the
HT system presents four vortex state just after the third penetration (see panels 4(e) and (f)).
This indicates that the thermal gradient breaks the fourfold symmetry of the multi-vortex state
in those systems. On the other hand, it is interesting to note that giant vortex is created in
S1, which means that a greater variation of the temperature induces a non-conventional vortex
interaction.

4. Conclusion

In this work we studied two systems with different thermal gradients by using the time dependent
Ginzburg-Landau equations. It was shown that a variation of the temperature induces an
asymmetric distribution of J along the system which is responsible for non-conventional behavior
of the vortex dynamics. Depending on the conditions, such the range of variation of T" and the
number of penetrated vortices, giant vortex states can be avoided. Another interesting behavior
is the break of the fourfold symmetric of the third penetration presented by the systems with
thermal gradients in comparison with a system in a uniform temperature.
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Figure 3. Left: intensity of the order

parameter; right: phase of the order Figure 4. The same as for Fig. 3; 5]
parameter; S (a,b); So (¢, d); HT  (ab); Sy (¢,d); HT (e,f).

(e,f).
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