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The dynamics of the annihilation of a vortex-antivortex pair is investigated. The pair is activated magneti-
cally during the run of a simulated hysteresis loop on a square mesoscopic superconducting cylinder with an
antidot inserted at its center. We study the nucleation of vortices and antivortices by first increasing the
magnetic field, applied parallel to the axis of the sample, from zero until the first vortex is created. A further
increase in the field pulls the vortex in, until it reaches the antidot. As the polarity of the field is reversed, an
antivortex enters the scene, travels toward the center of the sample, and eventually the pair is annihilated.
Depending on the sample size, its temperature, and Ginzburg-Landau parameter, the vortex-antivortex encoun-
ter takes place at the antidot or at the superconducting sea around it. The position and velocity of the vortex and
antivortex singularities were evaluated as a function of time. The current density, magnetization, and order-
parameter topology were also calculated.
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Achieving a deep understanding of the nucleation and
propagation of vortices in real superconductors is a truly
complex task, since these entities interact with almost every-
thing: first, with the surface of the specimen, to surpass it;
upon entrance, with other vortices that might have already
penetrated, and also with defects, which might attract them
and even act as pinning centers. Additional difficulties to
emulate the problem arise from the fact that vortices generate
heat while propagating, what can be harmful to the robust-
ness of the superconducting properties, if not catastrophic, as
is the case of vortex avalanches observed in some supercon-
ducting films.1–6 It is quite common, however, that the exis-
tence of pinning potentials represent a beneficial feature,
since vortices can thus be prevented from undergoing dissi-
pative motion. An interesting approach to the problem,
which enables one to address most specificities without ex-
cessive complexity, is to work in the small universe of me-
soscopic samples. In such an ambient, one can accommodate
the essential ingredients: relatively important surface-to-
volume ratio, only a few vortices on scene, and a number of
defects—the so-called antidots—usually arranged in a regu-
lar pattern. Furthermore, one can study the interaction of an
individual vortex-antivortex �V-AV� pair and, eventually,
witness their mutual annihilation.

Recently, there have been many studies about V-AV con-
figurations in mesoscopic superconductors �see for instance
Refs. 7–11�. The authors of these references have found that
vortices and antivortices may coexist in equilibrium in con-
figurations which look like a V-AV molecule. A somewhat
common approach is to assume an a priori configuration and
minimize the free energy in terms of some relevant param-
eter for which the V-AV molecule is a stable configuration.
Here, we will focus in a rather different approach concerning
more with the dynamics of a V-AV encounter. The aim of the
present work is to elucidate the details involved in the pro-
cess of creation of pairs, following their time evolution and
ultimate disappearance. We opted to do this making no use of

a priori assumptions regarding symmetries, but simply vary-
ing the applied magnetic field, allowing for the spontaneous
nucleation of a vortex and, cycling the field, of an antivortex,
which form a pair of interacting entities, whose subsequent
time evolution is monitored.

In this Brief Report we present the dynamics of the anni-
hilation of a V-AV pair activated magnetically during a short
hysteresis loop. The geometry we consider is a square meso-
scopic superconducting cylinder with an antidot placed at its
center. Simulations are made in the presence of an applied
magnetic field parallel to the axis of the cylinder. We study
the nucleation of vortices and antivortices by first increasing
the magnetic field from zero until the first vortex is created.
The field was then decreased toward negative values. During
this process the vortex travels heading the center of the
sample, is trapped by the antidot and is then annihilated by
an antivortex as the polarity of the applied field is reversed.
To monitor the whole process, we evaluate the position and
velocity of the vortex and antivortex singularities as a func-
tion of time. We also calculate the order-parameter topology,
the current density, and the magnetization. In order to follow
the dynamics of the physical quantities we use the gauge-
invariant time-dependent Ginzburg-Landau �TDGL� equa-
tions. These equations describe the time evolution of the
complex order parameter � and the vector potential A, which
is related to the local magnetic field through the expression
h=��A. In dimensionless units these equations are given
by

� �

�t
+ i��� = − �− i � − A�2� + �1 − T���1 − ���2� ,

�� �A

�t
+ ��� = Js − �2 � � h , �1�

where the supercurrent density is
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Js = �1 − T�R����− i � − A��� . �2�

Here, the distances are measured in units of the coherence
length at zero temperature ��0�; the magnetic field is in units
of the upper critical field at zero temperature Hc2�0�; the
temperature is in units of the critical temperature Tc; the time
is in units of the characteristic time t0=�	 /8KBTc;

12 � is the
Ginzburg-Landau parameter; � is the relaxation time of the
vector potential and is related to the conductivity; and � is
the scalar potential. Notice that Eqs. �1� and �2� are gauge
invariant since they do not change under the transformation

�̄=�ei
, A=A+�
, and �̄=�−�
 /�t. We choose the zero-
scalar potential gauge, that is, �̄=0 at all times. We have
solved the TDGL equations upon using the link-variables
method.13–15 Since we consider invariance of the system
along the z direction, our approach could only be applied to
a square mesoscopic superconducting cylinder. However, it
might also be used for a very thin superconducting film of
thickness d, provided that the effective penetration length
�=2�2 /d is larger than the lateral dimensions L of the
film.16,17 In this scenario, the z component of the magnetic
film outside the film is nearly the same as the applied mag-
netic field, so the demagnetization factor can be neglected.
The dimensions of the samples used in the present work are
within this limit.18 The geometry we have considered is de-
picted at the top left corner of Fig. 1: the lateral sizes are dS
for the sample and dAD for the antidot.

For the study presented in this paper, the relaxation time
is kept fixed at �=1. The GL parameter was also maintained
at �=5. For T=0.53, Fig. 1 shows a short hysteresis loop
which was made for a mesoscopic superconducting square
�hereafter referred to as sample S1� of dimensions dS=12,
with a small antidot at the center, with size dAD=2. Points
marked with letters, �a� , . . . , �f�, indicate the values of H
where a vortex �antivortex� either enters or exits the sample.
The magnetic field is increased from zero until a value some-
what above that at which the first two vortices penetrate in

�a�. It is then reversed until the opposite value is achieved
and then reversed once more. At point �d�, two antivortices
penetrate the superconductor. Points �b� and �e� correspond
to the exit of a vortex and an antivortex, respectively, imme-
diately after which one flux quantum still remains in the
antidot. The point we will be mainly focusing on is �c� �or,
equivalently, �f��. This point corresponds to the entrance of
an antivortex, which will encounter a vortex trapped in the
antidot. The V-AV pair will annihilate either inside or outside
the antidot.

We have made a systematic study of the V-AV annihila-
tion process, varying the experimentally accessible relevant
parameters: T, dS, and dAD. The other parameters were kept
fixed as specified above.

We turn now into a brief discussion of our results. First,
we found that for dS and dAD fixed, the V-AV annihilation
occurs at a limited temperature interval. Above the upper
limit of such interval, the vortex trapped at the antidot leaves
the sample before the entrance of the antivortex, and no col-
lision can possibly occur. For the sample S1 this upper
threshold is somewhat above T=0.53. As a matter of fact,
since the penetration length increases as the temperature ap-
proaches Tc, the supercurrent density associated with the
pinned vortex spreads to distances large enough to reach the
external border of the sample. This enhances an attractive
interaction between the surface and the trapped vortex, fa-
cilitating its escape.

At a given temperature, there is a minimum width of the
superconducting frame to allow for a V-AV collision outside
the antidot. For example, for T=0.23 and dAD=2 the mini-
mum size of the frame19 is 6 �these dimensions define sample
S2: dS=8 and dAD=2�. Our reasoning is as follows: the anti-
vortex nucleated at the external border is kept pinned by the
surface barrier at the external border while, in turn, the vor-
tex remains pinned at the antidot. Both entities attract each
other and the interaction is larger for smaller superconduct-
ing frames. It is then easier to pull the vortex out of the
antidot for shorter distances. On the other hand, if the super-
conductor width is increased, the antivortex starts its excur-
sion toward the center before the V-AV attraction becomes
appreciable. Being thus less anchored by the surface, the
antivortex travels all the way to the antidot and the annihila-
tion process completes there. In support to this argument,
Fig. 2 depicts the values of the x component of the supercur-
rent density at the surfaces y=12 and y=8 for both samples
S1 and S2, respectively. These values of Jsx were calculated in
the absence of applied field, H=0, and thus represent the
supercurrent due only to the vortex inside the antidot. The
V-AV attraction �Lorentz force� will be proportional to Jsx.
Notice that, for both samples, the absolute value of Jsx is
maximum at the center of the square edge. One can clearly
see that, in the middle of the sample edge, x=dS /2, the in-
tensity of the Lorentz force is larger for the sample S2 than
for S1.

Figure 3 shows the dynamics of the V-AV collision for the
sample S1 at T=0.53. Immediately after entering the sample,
only the antivortex is in the superconducting sea. As it moves
forward to the antidot, at some instant the trapped vortex will
come out and both will collide and annihilate.

Another interesting characteristic we have found was that

FIG. 1. The magnetization curve normalized to its maximum
value as a function of the external applied magnetic field. The
meaning of the points marked in the figure are explained in the text.
The arrows indicate the direction of the hysteresis loop. The inset
illustrates the geometry of the problem.
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as the antivortex penetrates, its interaction with the vortex is
so strong that both appear entirely deformed. Usually, vorti-
ces look like a composition of core surrounded by whirling
supercurrents. However, when the vortex and the antivortex
approach one another while still partially pinned at the cor-
responding surfaces, they become elongated, as if squashed,
and form a narrow channel between the external surface and
the antidot. This can be seen in Fig. 4, which represents the
topology of the order parameter � and the supercurrent dis-
tribution at the very moment when the collision takes place
for the sample S1 at T=0.53. Very recently, Gurevich and

Ciovati20 have studied a V-AV collision in a semi-infinite
sample in the context of rf fields. However, they were not
able to observe the dramatic deformation of the V-AV cores
since their analysis is based on rigid circular-shaped vortex
cores.

We also have estimated the instantaneous velocity of the
vortex on its way from nucleation at the surface through its
capture by the antidot �point �a� of Fig. 1�. In addition, the
velocities of both the antivortex entering the sample and that
of the vortex exiting the antidot, on their route to annihilation

FIG. 2. The supercurrent density along the top surface of the
superconductor. The parameters used are specified in the figure. The
inset shows the Lorentz force on the antivortex due to the vortex in
the antidot.
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FIG. 3. �Color online� The pic-
tures show the topological shape
of the phase of the order param-
eter; the phase goes from −�
�blue/dark gray� to � �red/mid
gray�. The last picture �IV� corre-
sponds to the stationary state of
point �c� of the hysteresis loop of
Fig. 1.
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FIG. 4. �Color online� The absolute vale of the order parameter
�left� and the supercurrent distribution �right� for the sample S1;
very dark color means order parameter is very depreciated. The size
of the arrows �right� are not real; they were enlarged for better
viewing.
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�point �c� of Fig. 1�, were also determined. The results are
shown in Fig. 5. It is clearly seen that the velocities achieved
during the collision process are much larger than those of a
vortex penetrating the sample �at least one order of magni-
tude, as shown in the inset�.

As we have observed previously, during the V-AV colli-
sion the order parameter is very small along a straight line
but is zero only at two distinct points. The oscillations of the
order parameter connected by these two singularities are usu-
ally called kinematic vortices and it was proposed in Ref. 21
and experimentally observed by Sivakov et al.22 In this last
reference it was estimated that a kinematic vortex can
achieve a velocity vkv�105 m /s which is two orders of

magnitude higher than the velocity of an Abrikosov vortex
vAv�103 m /s. On the other hand, the velocity of a kine-
matic vortex is two orders of magnitude smaller than that of
a Josephson vortex vJv�107 m /s. For the sample S1, the
window during which the antivortex remains visible is 
t
=0.5517t0 and the distance it travels is 
y=2.875��0�; in-
serting Tc=3.72 K and ��0�=230 nm �the relevant param-
eters for Sn, which were used by Sivakov et al.22�, the aver-
age velocity is vAV=1.5�105 m /s. On the other hand, for
the vortex exiting the antidot we obtain 
t=0.2135t0 and

y=1.625��0�; which gives vVs=2.2�105 m /s. Thus, the
velocities involved in the annihilation process are very simi-
lar to those of kinematic vortices. It is worth noticing that the
large velocities anticipated for the V-AV pair along the col-
lision process, are similar to those developed during the early
stage of a vortex avalanche, as observed by the authors of
Ref. 6, who reported velocities as large as 1.8�105 m /s for
avalanches in YBCO films. Very recently, Berdiyorov et al.23

have investigated the activation of a kinematic vortex by
using a transport current along a superconducting stripe, ob-
taining experimental results very close to our estimates.

For the vortex first entering the antidot we found an av-
erage velocity slightly larger then that for a regular Abriko-
sov vortex: 
t=17.2792t0, and 
y=4.125��0�, which yields
vVe=6.8�103 m /s. This somewhat larger value—although
in the same order of magnitude—might be attributed to the
additional attraction exerted by the antidot.
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