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Abstract

Solving the Ginzburg-Landau equations, we analyzed the vortex matter in a superconducting square with a Dimer
structure of circular pinning centers generated by a pulsed heat source in the presence of an applied magnetic field.
We numerically solved the Ginzburg-Landau equations in order to describe the effect of the temperature of the circular
defects on the Abrikosov state of the sample. The pulsed laser produced a variation of the temperature in each defect.
It is shown that an anomalous vortex-anti-vortex state (A-aV) appears spontaneously at higher magnetic fields. This
could be due to the breaking of the symmetry of the sample by the inclusion of the thermal defects.

Keywords: Ginzburg-Landau; mesoscopic; magnetization; vortices.
Resumen

Resolviendo las ecuaciones de Ginzburg-Landau, analizamos el estado de vértice en un cuadrado superconductor con
centros de anclaje circulares en forma de una estructura de Dados, generados por una fuente de calor pulsada y en
presencia de un campo magnético aplicado. Resolvimos numéricamente las ecuaciones Ginzburg-Landau para
describir el efecto de la temperatura de los defectos sobre el estado Abrikosov de la muestra. El l&ser pulsado produce
una variacion de la temperatura en cada defecto. Se muestra que un estado anémalo vértice-anti-vortice (A-aV),
aparece espontaneamente hacia campos magnéticos altos. Esto podria deberse a la ruptura de la simetria de la muestra
por la inclusion de los defectos térmicos.

Palabras clave: Ginzburg-Landau; mesoscopico; magnetizacion; vortices.

1. Introduction temperature superconducting materials [1, 2, 3, 4, 5, 9,
10, 11].

Over the last few decades, due to advances in technology,

many theoretical and experimental investigations have  Historically, several kinds of lasers have been used, such

shown that pinning and anti-pinning array centers (dots  as the yttrium-aluminium-garnet, Ruby, free electron,

or anti-dots) enhance the critical parameters of low-  and semiconductor types, among others. As is well
known, a laser is concentrated light radiation of a quasi-
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single monochromatic wavelength, which depends on the
active medium used for its generation. The technology of
the fabrication of pinning centers with a laser is based on
the timely concentration of light on the surface of the
sample, producing an increase in temperature on the
surface of the material [6, 7, 8].

Topological centers can be produced by several physical
and chemical methods [12, 13, 14]. Several
investigations have been carried out on defects within a
Dimer lattice. For example, A. He et al. studied the
degeneracy of the Abrikosov matter in a Dimer network
of anti-dots with the Ginzburg-Landau model. They
found interesting vortex configurations and demonstrated
that certain vortex states can be determined by local
constraints [15].

V. Kapaklis et al. proposed spin ice configurations in
order to analyze monopole-like magnetic excitations,
finding dynamic effects [16]. A. Farhan et al. directly
visualized the creation of a magnetic charge in a bi-
dimensional spin ice system. They found a temperature
dependence of screened magnetic charge defects [17]. S.
Korshunov investigated the structure of the ground state
of an XY model in a Dimer-lattice configuration, the
results constituting a tool applicable to the study of
Josephson junctions in an external magnetic field [18]. C.
Xue experimentally studied Shubnikov matter in a
Kagome structure of elliptical anti-dots. They found that
the vortex patterns are very close to those found by
solving the GLE [19, 20].

On the subject of non-conventional vortex-anti-vortex
generation pairs, one of the authors of the present paper
theoretically investigated superconducting matter in a
bidimensional square with a square defect. The results
showed that the vorticity decreases when the applied
magnetic field is increased, due to the symmetry breaking
in this sample [21]. Kosterlitz et al. predicted that
vortexanti-vortex pairs dissociate into free fluxoids in
neutral superfluids [22, 23]. Misko et al. found a
thermodynamically stable vortex-anti-vortex pattern in
mesoscopic triangles due to the change of sign of the
vortex-vortex and vortex-anti-vortex interaction forces
[24].

In the present paper, we used the GL model to analyze
the magnetic moment density and Abrikosov-Shubnikov
matter of a superconducting square immersed in an
applied external magnetic field. We considered a Dimer
structure of pairs of circular defects with different
temperatures in the sample.
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This Dimer landscape is produced by a laser that emits
light coherently at chosen points on the material. The
laser produces pulses of light, making possible the
fabrication of this structure in the superconducting
sample. We found a non-conventional vortex-anti-vortex
configuration under a high magnetic field for one studied
case.

2. Theoretical formalism

We considered a thin slab of a superconducting square

with thickness d = 0,1¢,d << & with circular pairs of

pinning centers at temperatures Te and T; and radius .

The time-dependent Ginzburg-Landau equations in

dimensionless units for the pseudo-function w and the

vector potential A are given by [25, 26, 27, 28, 29, 30]:
o _

o= VAP + (=T )y (1P (@)

B = (1= T, YRE[FAT-A) y]-2TxTx A (2)

We take the usual superconducting-vacuum interface
idealized by: n - (iV + A)y =0 [31, 32]. The equations 1
and 2 are in dimensionless units, as follows: y in units of
woo = y/—alB, where « and f are two adimensional
phenomenological parameters, lengths in units of the

coherence length & = /%/,/—4ma,; time in units of
to = wnA/8KgTe; and A in units of HeE where

He, = ¢/ 12e£ 2 = x ,/2H,; is the upper critical field. The
function T(x, y) provides the regions where T=Teand T
=Tiareused. x = /& = 1,3 is the typical Ginzburg-Landau
parameter value for an Al alloy [33, 34], with mean free
path ~ 1pm, A = ¢ vm*n /2e*y is the magnetic field
penetration depth.

3. Results and discussion

We analyzed a superconducting flat square with area L x
L = 30 x 30. The radius of the circular internal defects
was r = 1&. Te and T; are the temperatures of the external
and internal circular defects, respectively. The size of the
grid ox = dy = 0,1. We take T = 0,2 for all samples (see
Figure 1(a)) where the layout of a possible experimental
setup of the studied sample immersed in a magnetic field
H. In the Figure 1(b), we plot the studied sample of L =
30, (and the Figure 1(c) L = 60). The Dimerstructure
made of two circular defects with radius r = 1& at
temperatures (external defect) Te > T and (internal defect)
Ti > T is shown in the Figure 1(d). We considered the
three following scenarios:

= Casel:Te=0,4andT;=0,8
= Case2:Te=0,8andT;=0,4
= Case3:T.=08and Ti=0,8
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Figure 1: (a) Layout of a possible experimental setup of the studied sample immersed in a magnetic field H

at T = 0,2 by using a laser light at the far field passing through a metallic mask to create spatially modulated

depletion of the superconducting condensate. Superconducting square of side (b) L = 30 ((c) L = 60) with a

Dimer-structure made of two circular defects with radius r = 1& at (d) temperatures (external defect) Te > T
and (internal defect) Ti> T.

With these considerations, in Figure 2 (a), the vorticity N
or number of fluxoids, and (b) the magnetization —4zM
as a function of H for the three indicated cases are plotted.
As we can see, the vorticity increases with H, as is usual
in a mesoscopic superconductor. On increasing H, more
vortices enter the sample when the temperature of the
external defect is higher (T.). However, a
nonconventional behavior can be seen in the vorticity for
case 3, a transition from N =40 at H = 0,90 to N = 32 at
H = 0,91. (See Figure 2). In Figure 3(a-d), the magnetic
induction B for the indicated values of H for the studied
cases is shown. All panels are the frontal view of the
magnetic induction at z = 0 and (x, L/2). As expected, in
all the figures we observed an increase in the number of
oscillations in the zone (x; L/2, 0) when the vorticity N
increases. In Figure 3 (a), for case 1, we found 1, 4, and
6 oscillations for N = 6, 22, and 38 at H = 0,890, 0,908,
and 0,920, respectively. It is interesting to note that for
case 1, the amplitude of the oscillations is constant.

This means that in all the zx planes there is the same
number of vortices N. This situation does not occur in
cases 2 and 3. Given that in case 3 both defects exhibit
temperatures near T, the Debye energy window is
smaller than in cases 1 and 2.

In terms of the energy, the probability of the appearance
of anti-vortices increases with the arrival at the limit,
where the mediation of the network and the interaction
between the vortices exhibits a coherent phase. In Figure
3 (b) for cases 1 and 2, we see N = 6, 6, and 26 at H =
0,890, 0,836, and 0,848, 1, 1, and 5 oscillations with
different amplitudes, respectively. Finally, in Figure 3
(c), we can see for N = 20, 28, and 40 at H = 0,880, 0,886,
and 0,900, 3, 6, and 6 oscillations, and N = 32, 26, 20 at
H = 0,910, 0,916, and 0,924, with 6 oscillations,
independent of N (Figures 3 (d)).
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Figure 2. (Color online) (a) Vorticity N , (b)
Magnetization —4zM and as a function of H for a Dimer
structure for the studied cases. (Inset) superconducting
electronic density |y|? at indicated H.

In this last figure, it can be seen that B increases with H,
so the possible anti-vortex states do not appear in the
central region of the sample. In Figure 4, the density of
the Cooper pairs and the Ap phase difference can be seen
for the indicated H. The vortices enter the sample by the
close regions to the defects with a higher temperature.

Furthermore, due to the effects of the proximity, and the
possible anharmonic vibrations in the network, there are
regions where the vortices overlap. Although these
vibrations are anharmonic, the superposition of the two
vibrations doesn’t cause a departure from coherent phase
(Debye energy), which allows the appearance of huge
vortices to be possible, even when they have different
phases and energies.
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Figure 3. (Color online) (a-d) Magnetic induction B for
indicated H and cases. All panels are the frontal view of
magnetic induction in z = 0 and (x, L/2).

In Figures 4 and 5, we plot (a) the square modulus of the
order parameter |y| 2 , and (b) its A phase, at the H fields
indicated for case 3. In all the cases studied, the vortices
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enter the sample through the sides, with defects closer to
its edges. This behavior is to be expected, with a
stationary vortex state with N = 2, 4, 12, 16, 20, and 28 at
H = 0,764, 0,830, 0,874, 0,876, 0,880, and 0,886,
respectively (Figure 4). As is well known, the vortices
generate a local interaction between the more distant
ones, in turn, there is confinement exhibited because of
the effects of the proximity between the vortices. This
causes, in the vicinities, the inclusion of vortices to need
greater energy in order to break the superconductor

pairing.

M
R, 0 0
e e W W P

|
Figure 4. (Color online) (a) Order parameter || 2 and
(b) its phase Ag for determinate H, for the case 3.
w = 0 (normal state - blue zones) and y =1
(superconducting state - red zones). From blue to red
zones represent Ag from —7z 10 7.

o o

Case3| N=40. N, =40 N=32. N;y=44| N=26 N;=46

N=20. N,;=48

. Al
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Figure 5. (Color online) (a) Order parameter |yf? , and
(b) its phase Ag, at indicated H for case 3. N is the
vortex number, Nav is the number of anti-vortices, and
N is the total vorticity, so Nt = N + Nav. =0 (normal
state) and w =~ 1 (superconducting state). From blue to
red regions represent Ap from -z to 7

In Figure 5, we can see a traditional behavior, with the
total vorticity Nt =40, 44, 46, and 48 at H = 0,900, 0,910,
0,916, and 0,924 (N increases with increasing H). But if
the number of vortices plus the number of anti-vortices is
calculated, we see N = 40, 32, 26, and 20 (see Figure 2(a)
in the anomalous region), and a decrease of the net
magnetic flux can be seen. An appreciable decrease of
the net quantized magnetic flux is found. Unfortunately,
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an anti-vortex is not visible in the |y|* graph, but on
carefully observing the phase of the order parameter Ag
(Figure 5(b)), and knowing that the circulation is in a
closed path from blue to red regions, representing
changes of the phase from —z to z, indicating the
presence of a N = 1 vortex, changes of the phase from =
to —z would indicate a presence of a N = —1 anti-vortex.
A possible explanation for this fact could be a
spontaneous generation of anti-vortex states due to
possible oscillations in different normal modes in the
network, with Nay = 12, 20, and 28 anti-vortices,
respectively [21].

In Figure 6, we show (a) |y? , (b) its phase Ag, and (c)
the supercurrent J at the indicated H. For case 3, for a
sample L = 60, stationary vortex states with N =4, 8, 32,
and 40 at H = 0,764, 0,830, 0,874, 0,882, and 0,892 can
be seen. The super-current J exhibits circulation in the
direction opposite from the Meissner current, as is well
known.

H=0830 N=8

H=0874 N=32 H=0882 N=40 H=0892 N=44

[Case3]H=0.764 N=4

0 0
o 5 gov o
° o0

° ° o ofle oo o

e ST e
T R
L VvvY

#
La 4

Figure 6: (Color online) (a) Order parameter |y, (b) its
phase Ag, and (c) the supercurrent J at indicated H for
the case 3, for L = 60&. y=0 (normal state) and y ~1

(superconducting state). From blue to red zones
represent Ag from —z to .

4. Conclusions

We show how to generate a Dimer-type network at
different local temperatures by directing laser pulses at a
meso-square superconductor. We also show how an
anomalous vortex state decreases as the magnetic field
increases. Its behavior is generated under strong fields
when both pairs of circular defects are considered with
the same temperature T = 0,8. We try to explain this
phenomenon by including a spontaneous generation of
vortexanti-vortex states due to the Dimer structure of the
system. Furthermore, we show that the coherent behavior
of the optical phonons, which takes into account the
anharmonic oscillations of the crystal network, causes the
appearance of anti-vortices, given a smaller Debye
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window. The magnetic field at the first vortex pairas
entry occurs in sample Hi, and depends on the local
temperature of the defects generated by this pulse. H;
increases as Te increases, diminishing the surface energy
barrier. Additionally, we show the behavior of Ag, |w]? ,
and the magnetic induction B for the Dimer
configuration, showing that if the field is strong, so is the
central attenuation.
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