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Numerical study of the influence of the distribution of pinning centres on the dynamics of a two-dimensional

vortex system is performed. The superconductor sample has a periodic structure with a pinned region of length L,
and an unpinned region of length L;-L; along the direction of driving force (Lorentz force). Results show that, at zero

temperature, the critical force F¢ increases with the increase of Lj, indicating that the homogeneity of pinning centres
helps to enhance the critical electric current of the superconductor. At large driving forces, vortex static channels form

in the pinned region even for L, < L.
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I. INTRODUCTION

The physics of a vortex lattice (VL) in type II
superconductors has been a central interest since the
beginning of high-T. superconductor research. The
dynamics of VL is governed by the competition be-
tween vortex interactions, which favour the formation
of an ordered Abrikosov lattice, and pinning by a ran-
dom distribution of material defects, which favour a
disordered VL. Vortex pinning by defects has recently
been the subject of intense investigations because of
its ability to immobilize vortices, reduce dissipation
effects and create high critical currents.[!]

Particularly, the dynamics of driven VL inter-
acting with quenched random pinning has attracted
considerable attention.?] At zero temperature, these
systems exhibit a sharp depinning transition from a
pinned state below a critical driving force F¢ to a slid-
ing state above F;. The transition can be described
as a critical phenomenon in terms of scaling laws and
critical exponents.!3] The critical force F, is related to
the critical electric current density J. of a real super-
conductor. It is demonstrated that F. or J. is affected
by many factors, such as pinning strength, pinning
centre density, temperature and field.2~5] Above the
critical force Fg, the vortices form a pattern of pinned
and unpinned regions, often described as an incoher-
ent or a plastic flow.['] At large driving forces, disor-

der would produce little effect since the pinning force
on a given vortex varies rapidly. Thus by increasing
the driving force beyond some critical values a change
from incoherent to coherent vortex motion occurs and
the vortex system forms a moving glass.[7] Several
experiments indeed suggest that a fast moving VL is
more ordered and often forms static channels.®:]

Numerical simulations on the behaviour of the
VL in an inhomogeneous environment help to estab-
lish a correlation between the structure of microscopic
defects and the macroscopic response of the system.
Most simulations have been devoted to the simplest
case of a two-dimensional (2D) vortex system inter-
acting with point-like pinnings, which describes the
behaviour in superconducting thin films or materials
with columnar defects created by heavy-ion irradia-
tion.

In this work, we will address the influence of pin-
ning centre distribution on the dynamics of a 2D vor-
tex system. In a real superconductor, the distribution
of pinning centres is usually inhomogeneous. Our sim-
ulation has been devoted to a simple case: the pinned
region (PR) and unpinned region (UR) are arrayed
periodically in the direction of the driving force. This
kind of periodic structure has been prepared for some
special cases by heavy-ion irradiation.['%11] In the sim-
ulations, we investigate the dependence of the vortex
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velocity on the driving force by changing the size of
the PR while keeping the number of pinning centres
constant.

I. MODEL

We employ overdamped molecular dynamics
(MD) simulation at zero temperature to study 2D
interacting vortices in the presence of point-like

pinnings,[12’13]
N,
dr; =
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Here 7 is the viscosity coefficient, { Ry} specifies the
N, pinning centre positions, r; denotes the location
of the ith vortex, and F' is the Lorentz force, exerted
by the external driving current. The parameter 7 is
fixed to unity. The force between vortices is given by

Foo(ri —7;) = foKi(|ri — |/ A7, (2)

where K (r/)) is a modified Bessel function, X is the
penetration depth, and #;; = (r; —r;)/|ri — rj|. A
cut-off is placed on Ki(r/)) after it reaches an ex-
tremely small value at r = 6A. The pinning force is
taken to be

va('rz'
3)
Here, O is the step function, f is the maximum pin-
ning force, r, is the pinning force range which is fixed
as rp, = 0.3), and 7p; = (R — 7r3)/|Rr — 73| All
lengths, fields and force are given in units of A, $y/\?
and fo = &2 /8m2\3, respectively. Here, & is the flux
quantum.
Simulations are performed on the system of size
L? = L, x L, with periodic boundary conditions in
both directions. The driving force F' is assumed to
be along the x direction. The superconductor sample
has a periodic distribution with a pinned region of size
L, x L, and an unpinned region of size (L, — L) X L,,.
Each simulation starts with a different random initial
configuration of the vortex positions and pinning cen-
tre positions. We discard the first 50 000 MD steps to
assure achievement of a steady state of vortex motion
and use the consequent 20000 MD steps for measure-
ments of the velocity of vortices and other quantities.
Each MD step ensures every vortex attempts to oc-
cupy a new site.

—Ry)=(fo/ro)lri—Ri|O((rp—|ri—Ri[) /)7 k-

The average motion of the vortices is described by
the drift velocity in the direction of the driving force
F given by

Ny
ve =< (1/Ny) ) (vi- F) >. (4)
i=1
The angular brackets denote the average over the
last 20000 MD steps and five initial configurations.
Curves of vr versus F' correspond to the macroscopi-
cally measured voltage—current V (I) curves.

Faleski et al.l?) showed that the value F, is clearly
nonzero for N, > N, so, in this paper, we choose
N,/N, = 5. In each simulation, the vortex density
N,/L? is fixed to 0.25, and L, is also set to be 20.
The length of pinning region Lj is smaller than L,,
L, < L. The case L, = L, corresponds to a con-
ventional system of random pinning centres, which is

widely used in computer simulations.!2:4:5:7]

II. RESULTS AND DISCUSSIONS

In order to investigate the influence of the pinning
centre distribution on the curves of the vortex velocity
vp versus the driving force F', the pinning region size
Ly, is varied from 4 to 20, while L, is fixed as L,=20.
Results for f,=2.0 are presented in Fig.1. For the
case of L, = L, one can see that three phases exist:
a pinning glass, a plastic flow regime, and a moving
vortex glass and a clearly nonzero critical pinning force
F,. This agrees with previous simulation results.!??!
When L, < L,, aclearly nonzero critical pinning force
F. still exists, but it decreases with the decrease of
L. This indicates that F, drops when pinning centres
are aggregated to a small area. Therefore, the homo-
geneity of pinning centres helps to enhance the critical
electric current of the superconductor. Moreover, the
depinning process becomes more abrupt with the in-
crease of the pinning region length L,. And all these
curves converge at large driving force. The vp ~ F
curves of f,=0.5 and f,=1.0 are similar to that of
f»=2.0; the one obvious difference is that the critical
pinning force F increases with the increase of f, (see
Fig.2). For this reason, these curves are not shown
here.

Figure 2 shows the relation between the critical
pinning force F, and the ratio L, /L, for different pin-
ning force f, while L, is fixed as L;=20. One can see
that F; is almost in linear proportion to ln(L,/L,)
and can be expressed approximately as

F,=F? —aln(L, — Ly,). (5)
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The value F?, the maximum critical pinning force, or
the critical force of the case L, = L,, increases with
the increase of the maximum pinning force f,. We
have also checked for the finite size effects using sys-
tem size from 20 x 20 to 40 x 20, but keeping the ratio
Np /Ny, the vortex density N,/L?, and f, fixed. The
result of f,=2.0 is shown in Fig.3. It indicates that
F? is almost of size independence.
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Fig.1. Plots of the vortex velocity v versus the driv-
ing force F' for different pinning region length L. Sys-
tem size is 20 x 20.
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Fig.2. Plot of the critical pinning force F. versus
In(Lz/Lyp) for different f,. Lo is fixed as 20. The
solid lines are the linear fits.
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Fig.3. Plot of the critical pinning force F. versus
In(Lz/Lyp) for f,=2.0. The solid line is a linear fit.

To correlate the macroscopic response of the VL
with the details of the microscopic vortex distribution,
we have performed a variety of visualizations and stud-
ied the spatial distribution of vortex positions. After
the vortex system reaches a steady state, we record
the vortex density n, (vortex number per unit length)
in the direction of the driving force for every MD step.
These data are then averaged over the last 20000 MD
steps and five initial configurations. Figure 4 shows
the vortex densities n, versus site x for L,=20, L,=10
at various driving forces for the case f,=2.0.

At a small driving force, F' < 1.5, the vortex are
almost immobile (see Fig.1). One can see that, from
Fig.4, the maximum density n, is at site z=11, in-
dicating that many more vortices are pinned in the
PR near the interface. These pinned vortices near the
interface would prevent other vortices from crossing
over the interface. So, there are still some vortices
remaining in the UR. The values n, in the UR de-
crease with increasing F', indicating that more and
more vortices enter the PR with the increase of F.
Comparing these curves, we find the maximum value
of n initially increases with the driving force, then it
nearly remains unchanged for a large scale of F' (from
F=0.5 to F=1.5). Therefore, with the increase of the
driving force, the vortices are redistributed after some
vortices are pulled into the PR. The reason may be
that a large vortex density will produce a large repul-
sive force because the force range between vortices is
much larger than that between the vortex and pin-
ning centre. Since the vortex densities are large in
the PR, some vortices, especially those located near
the interface, suffer a much stronger repulsive force.
Thus, those vortices would move into the PR with the
increase of F'.

As the driving force goes beyond critical force Fr,
the density n, in the PR drops with F' (see the inset
in Fig.4). At large F, for example F'=3.0 in this sit-
uation, no peak is found evidently and the density n,
in the PR is only slightly bigger than that in the UR.
Thus, the difference of vortex distribution between PR,
and UR almost disappears, and then we see that the
vortex velocities are almost the same for different L,
at large F' (Fig.1).

When all the vortices remain pinned, the total
force on a vortex thus consists of the driving force F,
pinning force f,, and the force Fy, from other vortices.
The vortex will remain pinned as long as the following
inequality holds!*?]:
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Fig.4. The dependence of the vortex density n. (vor-
tex number in unit length in the x direction) on site
z. The driving force is also in the z direction. System
size is 20 x 20, the pinned region length L,=10 and
pinning centres locate from =10 to =20 (or from
z=11 to £=20 in discrete).

Fig.5. The static channels in the steady state for
L;=20, L,=10 and F'=3.0. Pinning sites are indi-
cated by open circles which locate from =10 to =20,
while the maximum force f;,=2.0.

fp>F+F,. (6)

That is, the critical force F, can be determined as
Fczfp_vaax (7)

where Fypax is the maximum force along the driv-
ing force that one vortex suffers. The value Fymax
depends on the distribution of vortices, and thus de-

(1] Even

pends on the distribution of pinning centres.
for L, = L,, the distribution of vortices is not uni-

form because of random pinning, so Fymax iS not zero,

and thus we have F? < [p» though it increases with
[, (Fig.2). When L, < L,, we find that the vortex
density ny in the PR increases with the decrease of L
and, as a result, Fynax increases too. Therefore, F,
decreases with the decrease of Ly,

We have also checked whether the static chan-
nels still exist at a high driving force for the case of
aggregated pinning centres, L, < L,. For the case
of L,=20, Ly,=10 and f,=2.0, we divide the sample
into a 200 x 200 grid to identify the vortex channels.
When a vortex enters a grid element, the counter as-
sociated with that grid element increases. All the grid
elements that are visited at least once are considered
part of the channel network. Indeed, we see the static
channels in the steady state at large velocity. Fig-
ure 5 demonstrates that the moving vortices really
form static channels even if the pinning centres are
aggregated to a smaller area. But we find the width
of these channels in the PR is narrower than that in
the UR. Due to the interaction between vortices, the
channels in the UR become wider and wider along
the direction of the driving force. Thus, if the UR
is sufficiently long in the z direction, these channels
will meet each other and the channels disappear near
the interface. But in the PR, vortices will still form
narrow static channels. Thus, we can conclude that
it is the pinning that attracts vortices to form vortex
channels.

In conclusion, with a dynamic approach we have
investigated numerically the influence of the distribu-
tion of pinning centres on the dynamics of a 2D vortex
system. The superconductor sample has a periodic
structure with PR and UR along the direction of the
driving force. Results show that, at zero tempera-
ture, the critical force F; increases with the increase
of L, indicating that the homogeneity of pinning cen-
tres helps to enhance the critical electric current of the
superconductor. The critical pinning force F is lin-
early proportional to In(L,/Ly) and can be expressed
The val-
ues F? depend on the maximum pinning force [y, but

approximately as F, = F? — aln(L,/Lp).

are almost size independent. At a small driving force,
the density of vortex in the PR is higher. At a large
driving force, the difference of vortex density between
PR and UR dies away with the increase of the driv-
ing force. Also at large driving force, vortex static
channels in the PR are found even for L, < L.
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