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Vortex dynamics in regular arrays of asymmetric pinning centers
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Molecular-dynamics simulations of the current-voltage characteristicsV(I ) have been performed for regular
arrays of asymmetric pinning centers modeled by the superposition of two interpenetrating square lattices of
weak and strong pinning centers with separationDp. In this case, an applied Lorentz forceFL acts as a
depinning force which is directed either from weak to strong pinning site or vice versa, depending on the
polarity of FL . This leads to a pronounced asymmetry of the current-voltage characteristics and of the critical
currentsI c(FL) and I c(2FL) ~‘‘vortex diode effect’’!. In addition to that, theFL-Dp phase diagram reveals a
strong dependence of the different dynamical vortex phases on the shift between the two pinning sublattices.
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The introduction of nanoengineered regular pinning
rays opens new possibilities to investigate the vortex dyn
ics in the mixed-state of type-II superconductors.1–7 Com-
mensurability effects between the flux line lattice~FLL! and
the lattice of pinning sites result in a rich phase diagr
demonstrating the complex behavior of the vortex motio8

Critical currentJc and magnetization measurements on
perconductors with a triangular or square array of artific
defects~antidots or magnetic dots! have demonstrated th
presence of peaks or cusps at specific magnetic field va
or ‘‘matching fields’’H5Hf .2–7 Very recently, experiments
on superconducting thin films covering rectangular sub
crometer magnetic dot arrays have revealed interesting
features of the vortex pinning.6 The reduced symmetry of th
array of pinning centers leads to a reconstruction of the v
tex lattice from rectangular to square in increasing magn
field. Further investigation of the effect of reducing the sy
metry of the pinning array and the pinning sites themselv
will certainly broaden our understanding of vortex pinni
and dynamical phase transitions in artificially nanostructu
superconductors. A simple but effective way to model asy
metric pinning sites, is to superpose two interpenetrating
rays of weak and strong pinning centers.

In the present work, using molecular-dynamics~MD!
simulations, we study the effect of asymmetry of the pinn
sites on the depinning transition and on the dynamical pha
of the driven vortex lattice. We focus on the incommensur
case ofH/Hf51.05, whereHf is the field at which the
number of vorticesNv is equal to the number of strong~or
weak! pinning sitesNp

s(Np
w). We have found that, for the two

interpenetrating pinning arrays with separationDp, the di-
rection of the applied Lorentz force plays an important r
in the FLL depinning and motion, which results in an asy
metric current-voltage characteristic. We will also show th
for H/Hf51.05, the critical Lorentz force needed for th
FLL depinning as well as the dynamical vortex phases
pend on the shift between the two pinning sublattices.

The geometry of the two-dimensional~2D! interpenetrat-
ing arrays of weak and strong pinning centers is shown sc
matically in Fig. 1. Both the strong and the weak pinni
sites form perfect square lattices. The spacinga0 between the
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pinning sites of the strong and the weak pinning array is
same, which we define asa051.

We model all pinning centers by Gaussian potential we
with a decay lengthRp .9–11 The pinning force is taken as

Fp~r i !5 (
G5w,s

F2Fp0
G f 0(

k

Np
G

r i2Rk
G

Rp
expS 2Ur i2Rk

G

Rp
U2D G ,

~1!

where r i represents the location of thei th vortex and
G5w~‘‘weak’’ ! or s~‘‘strong’’ !. Rk

w (Rk
s) stands for the lo-

cation of thekth weak~strong! pinning site in the 2D system
Fp0

w f 0 (Fp0
s f 0) denotes the intensity of the weak~strong!

individual pinning force. In our simulations all forces a
taken in units off 05F0

2/8p2l3, with F0 the superconduct-
ing flux quantum andl the superconducting penetratio
depth. The shift between the two pinning sublatticesDp de-
termines the shape of asymmetric periodic potential as
be seen in Fig. 2, where we show the periodic asymme
pinning potentials along they direction for variousDp. The
applied driving force acting on the vortices is the Loren
force FL5J3F0, where J is the applied current. In the

FIG. 1. An illustration of the two interpenetrating square lattices
pinning centers. The period of both the strong pinning lattice~big hatched
circles! and the weak pinning lattice~small grey circles! is the same.Dp
denotes the shift between the strong and the weak pinning lattice along
y direction.
©2001 The American Physical Society04-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 012504
present simulation, the external current is applied along thx
direction in thex-y plane, so the driving Lorentz forceFL is
always parallel to they axis, i.e.,FL[FLy . The repulsive
intervortex interaction is modeled using the modified Bes
function K1 ~Refs. 10,11! and the intervortex interacting
force is given by

Fvv~r i !5Fvv0 f 0(
j Þ i

Nv

K1S r i2r j

l D r i j , ~2!

wherer i j 5(r i2r j )/ur i2r j u. Fvv0 f 0 denotes the intensity o
the intervortex interacting force and the cutoff length for th
long-range force is taken as 4l. As a result, the overdampe
equation of the vortex motion without thermal fluctuations
given by hvi5FL1Fvv~r i !1Fp~r i !, ~3!

whereh is the viscosity coefficient and taken to be unity.
In our simulation, the equation is solved by taking d

crete time stepsDt in a 2D square sample with side 20a0
520 containing two interpenetrating strong and weak p
ning arrays (Np

w5Np
s5400) with periodic boundary condi

tions in both directions. The other fixed lengths and forc
used in the simulations areRp50.13,l53.6. Fvv0

50.1, Fp0
w 50.5, andFp0

s 51. We have also employed th
same numerical simulations on a sample of various sizes
with the same vortex density and pinning configuration. T
presented results are insensitive to the sample size, prov
the density of vortices and pinning sites remains unchang

To investigate the effect of the asymmetric pinning pote
tial on the vortex motion, it is interesting to vary the di
placement of the two pinning sublattices and to change
polarity of the applied driving force in they direction. This

FIG. 2. The pinning potentials created by the two sets of square pin
sites ~strong Fp0

s 51 and weakFp0
w 50.5) for different shiftsDp5a0

30.0, 0.1, 0.2, 0.3, and 0.4 in~a!–~e!, respectively.
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can be achieved either by fixing the applied driving for
polarity along they direction and changing the shift betwee
the strong and the weak pinning sublattices from2a0/2 to
a0/2 ~see Fig. 1!, or by varying the shift between the stron
and weak pinning sites from 0 toa0/2 and alternating the
polarity of the applied driving force. Both methods yield th
same result. In the present simulation, we always take
latter to calculate the dependence of the depinning Lore
force on the asymmetry of the pinning sites.

We have studied the influence of the asymmetric pinn
potential on the dynamical vortex phase transitions for
incommensurate caseH/Hf51.05. We obtain the initial vor-
tex configuration by an annealing course in the case ofDp
50. After this procedure, all strong~or weak! pinning are
occupied by one vortex, and the remaining 5% ofHf vorti-
ces are located at interstitial positions. In our calculati
each pair of current-voltage curvesvy(FL) is obtained by
increasing the driving forceFL from zero with a small step
DFL50.0005 starting from the same initial vortex config
ration. At eachFL value, we always neglect the first 100 M
steps and average the following 400 ones. The final vor
configuration obtained forFL is used as the starting configu
ration for the calculation atFL1DFL . Figure 3 shows the
average velocity of all vorticesvy as a function of the driv-
ing Lorentz forceFL for different shifts Dp between the
strong and weak pinning sublattices. The velocity vers
driving force plots correspond to the experimental voltag
currentV(I ) curves. We observe several remarkable featu
due to the presence of the asymmetric pinning potential.

In order to characterize the evolution of the dynamic
vortex phases with respect to the shiftDp between the pin-
ning sublattices, we show first the current voltage curves
Dp50 in Fig. 3~a!. In this case, the two pinning sublattice
overlap, resulting invy(FL) curves which are symmetric
with respect to the sign ofFL . The observed dynamica
phases are exactly the ones expected for a symmetric sq
pinning potential, and are very similar to the results repor
by Reichhardtet al.8 At low drive the vortices remain
pinned, forming a flux solid, phase I. As the driving Loren
force is increased beyond a critical valueFL

c , the interstitial
vortices depin resulting in a 1D interstitial flow~phase II!.
The phases for higherFL values are disordered 2D flow
~phase III!, incommensurate 1D flow~phase IV!, and the
incommensurate and commensurate flow~phase V!, respec-
tively.

As seen in Fig. 3~b!, a small shiftDp between the pinning
sublattices results in almost identical transitions from
pinned phase I to phase II, where the interstitial vortices
depinned, for both positive and negative signs ofFL . How-
ever, a weak asymmetry of the other phase transition
observed. Moreover, the feature typical for the phase III, i
a noisyvy(FL) curve associated with the disordered 2D vo
tex flow, becomes weak in this case. It is interesting to n
that for this small shift of the two interpenetrating pinnin
arrays (Dp50 or 0.1a0), the strong and the weak pinnin
potentials overlap to a large extent, and the resulting pinn
potential well becomes quite deep@see Fig. 2~a!,2~b!#. This
is why the positive and the negative Lorentz forces lead

g
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FIG. 3. The dependence of the average velocityvy on the external Lorentz forceFL for different shifts between the two sets of interpenetrating squ
pinning arrays.Dp5a030.0, 0.1, 0.2, 0.3, and 0.4 for~a!–~e!, respectively. The simulations are carried out for the magnetic field slightly higher than the
matching field, i.e.,H/Hf51.05.
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to depinning of all vortices in the system, i.e., at the tran
tion from phase IV to phase V, are large in this case. W
the increase of the shiftDp, the asymmetry between th
positive and the negative phase boundaries becomes
pronounced, as shown in Figs. 3~c!–3~e!. We find that in the
case of the Lorentz driving force applied along the nega
y direction, i.e., pointing from the weak pinning site towar
the strong one, the critical driving forceFL

c for the IV-V
phase transition decreases, while the critical driving force
the I-II phase transition is not sensitive to the increase ofDp.
For the Lorentz driving force along the positivey direction,
i.e., pointing from the strong pinning site towards the we
one, the threshold value ofFL for each phase boundary drop
rapidly to a minimum atDp.0.2a0 and then gradually re
covers up to the saturation at largeDp. In addition to that, in
the case ofDp.0.2a0, we observe clearly that the phase
~disorder 2D vortex flow! completely disappears. Instead, w
find the phases IVa, characterized by 1D zigzag flow in
positivey direction ofFL , and IIIa, where 2D partially dis-
ordered flow occurs, whenFL is along the negativey direc-
tion. Another phase, named IIIb which shows 2D ‘‘spindle
flow, also appears forDp50.12a0. These vortex flow pat-
terns, which we contribute to the effect of the asymme
pinning arrays, cannot be found in the symmetric perio
pinning system. The vortex trajectories of these new dyna
cal phases IVa, IIIa, and IVb are shown in Figs. 4~a!–4~c!,
respectively.

In Fig. 3~d!, one can find that besides some asymme
structures between thevy(FL) curves for positive and nega
tive FL orientations, the phase between II and IV disappe
completely, because of the weak pinning effects when
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two sets of pinning centers are separated. This result is s
lar to the case of a symmetric periodic pinning array of we
pinning centers.8

The Lorentz forcesFL , for which the transitions betwee
the different dynamical vortex phases occur, are shown a
function of the shiftDp between the two pinning lattices i
the FL-Dp phase diagram~Fig. 5!. For Dp50, all phases~I
to V! are symmetric. With increasingDp, the asymmetry
between the two Lorentz force directions appears, both in
critical depinning forceFL

c ~open squares in Fig. 5! and in
the onset of the different dynamical phases II to V~circles,
up and down triangles in Fig. 5!. The highest asymmetry ca
be found forDp50.2a0. For large separation between th
two pinning sublattices (0.4a0,Dp,0.5a0), a symmetrical
behavior with respect to the Lorentz force direction is se
again. To analyze the asymmetry of the critical driving for
FL

c and the dynamical phase transitions, we consider the e
lution of the pinning potential well as a function of the sh

FIG. 4. Trajectories of the new dynamical vortex phases caused
asymmetric pinning centers.~a! IVa, 1D zigzag flow;~b! IIIa, 2D partially
disordered flow;~c! IVb, 2D ‘‘spindle’’ flow. The vortices are represente
by black dots and the strong and weak pinning sites by big and small o
circles, respectively.
4-3



rd
o

ry
ca

ive
e
a
g

ec
a

lso
g
rat-

ed

m-
x

in

of
tly

t

ot
e

n-
t to

me-
he
ting
ng
met-
x
g

he

for

X,
ian
a-

o

r

BRIEF REPORTS PHYSICAL REVIEW B 64 012504
between the sublatticesDp ~Fig. 2!. For small shifts, the
presence of the sublattice of weak pinning centers is ha
visible and it results only in the asymmetry of the slopes
the potential wellsUp(y) @see Figs. 2~a!,2~b!#. Since the de-
rivative 2dUp /dy defines the pinning force, the asymmet
of the slopes will be reflected in the asymmetry of the criti
Lorentz force~open squares in Fig. 5!. It is clear that in this
case it is easier to depin the vortex lattice by applying
current which creates a driving Lorentz force in the posit
y direction ~see Fig. 1!. By increasing the shift between th
two pinning sublattices, separate weak pinning sites
formed which are still partially overlapping with the stron
pinning centers nearby@see Fig. 2~d!#. These weak pinning
sites assist the onset of the vortex motion only in one dir
tion: from strong to weak pinning site. Therefore, the critic

FIG. 5. Dynamical phase diagrams for the FLL motion as a function
the shift between the strong and the weak pinning latticeDp. Here,H/Hf

51.05,Fp0
s 51, Fp0

w 50.5. The same initial FLL configuration is used fo
the simulation in the two directions.
ra
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depinning forceFL
c ~open squares in Fig. 5! is lowered sig-

nificantly at Dp50.2a0 for positive FL . Additionally, the
transition between the dynamical vortex phases II to V a
occurs at a lowerFL . The assisting role of weak pinnin
sites, however, is completely lost when the two interpenet
ing sublattices are well separated@Fig. 2~e!# and thus the
symmetry of the depinning Lorentz force is fully recover
@see Figs. 3~e! and 5#.

The superconductor with an array of pinning sites, asy
metric along they direction, appears to function as a ‘‘vorte
diode’’ impeding flow in one direction but not in the other,12

due to the difference in the critical driving forces. As seen
Fig. 5, the ‘‘vortex diode’’ or ‘‘one-way valve’’ for vortex
motion can be adjusted by varying the shift of the two sets
pinning sublattices. A similar result has been found recen
for the ‘‘ratchet effect’’13 for the removal of the vortices ou
of a superconducting sample.

To demonstrate that the ‘‘vortex diode’’ effects are n
restricted to the caseH/Hf.1, we have examined the cas
H/HF,1. Also here, the asymmetry of the critical depi
ning force and the dynamical vortex phases with respec
the direction of the Lorentz force have been revealed.

In conclusion, we have observed a pronounced asym
try in the critical depinning forces and in the behavior of t
dynamical vortex phases in regular pinning arrays consis
of two interpenetrating square lattices of weak and stro
pinning centers. We have demonstrated that these asym
ric pinning sites can act as ‘‘vortex diodes,’’ allowing vorte
flow only in one direction. The shift between the two pinnin
sublatticesDp can significantly change the asymmetry of t
vortex mobility, as was summarized in theFL-Dp phase dia-
gram. Novel dynamical vortex phases, characteristic
asymmetric pinning arrays, have been found.
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