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Vortex dynamics in regular arrays of asymmetric pinning centers
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Molecular-dynamics simulations of the current-voltage characterig{icshave 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 separatiop. In this case, an applied Lorentz forég acts as a
depinning force which is directed either from weak to strong pinning site or vice versa, depending on the
polarity of F_ . This leads to a pronounced asymmetry of the current-voltage characteristics and of the critical
currentsl .(F.) andl (—F_) (“vortex diode effect”). In addition to that, thé-, -Ap 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 ar-pinning sites of the strong and the weak pinning array is the
rays opens new possibilities to investigate the vortex dynamsame, which we define ag=1.
ics in the mixed-state of type-Il superconductbr§.Com- We model all pinning centers by Gaussian potential wells
mensurability effects between the flux line lattigd.L) and ~ with a decay lengtiR,.*** The pinning force is taken as
the lattice of pinning sites result in a rich phase diagram
demonstrating the complex behavior of the vortex mofion. N fi—Rﬂz
Critical currentJ. and magnetization measurements on su- Fp(ri)zrz )

-
pr—RI

—FlofoX il RRk exp( TR
perconductors with a triangular or square array of artificial e : P P 1)
defects(antidots or magnetic dotshave demonstrated the
presence of peaks or cusps at specific magnetic field valueghere r; represents the location of thih vortex and
or “matching fields” H=H .2’ Very recently, experiments I'=w("weak”) or s(“strong”). R, (R}) stands for the lo-
on superconducting thin films covering rectangular submi<cation of thekth weak(strong pinning site in the 2D system.
crometer magnetic dot arrays have revealed interesting nefwpo fo (Fpo fo) denotes the intensity of the wedktrong
features of the vortex pinninThe reduced symmetry of the individual pinning force. In our simulations all forces are
array of pinning centers leads to a reconstruction of the vortaken in units off ;= ®3/87%\3, with &, the superconduct-
tex lattice from rectangular to square in increasing magneting flux quantum and\ the superconducting penetration
field. Further investigation of the effect of reducing the sym-depth. The shift between the two pinning sublattidgs de-
metry of the pinning array and the pinning sites themselvesiermines the shape of asymmetric periodic potential as can
will certainly broaden our understanding of vortex pinning b€ seen in Fig. 2, where we show the periodic asymmetric
and dynamical phase transitions in artificially nanostructuredinning potentials along thg direction for variousAp. The
superconductors. A simple but effective way to model asym_apphed driving force actmg on the vqrtlces is the Lorentz
metric pinning sites, is to superpose two interpenetrating arlP’c® FL=JX®,, whereJ is the applied current. In the
rays of weak and strong pinning centers.

In the present work, using molecular-dynami@gD)
simulations, we study the effect of asymmetry of the pinning
sites on the depinning transition and on the dynamical phases 1L y i
of the driven vortex lattice. We focus on the incommensurate
case ofH/H,=1.05, whereH, is the field at which the
number of vorticedN, is equal to the number of stror(gr > ol N _
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weak pinning sitesN,S)(Ng). We have found that, for the two ® o o
interpenetrating pinning arrays with separatitp, the di- @ @ @
rection of the applied Lorentz force plays an important role At .
in the FLL depinning and motion, which results in an asym- é é é é
metric current-voltage characteristic. We will also show that

for H/H,=1.05, the critical Lorentz force needed for the 2 . m - 5
FLL depinning as well as the dynamical vortex phases de- X

pend on the shift between the two pinning sublattices. _ _ _ _ _
FIG. 1. An illustration of the two interpenetrating square lattices of

The geometry of the two-dimensioniD) interpenetrat- inning centers. The period of both the strong pinning lattlig hatched

ing arrays of weak and strong pinning centers is shown SCh‘%rcles) and the weak pinning latticesmall grey circlesis the sameAp

matica”y in Fig. 1. Both the. strong and the weak pinning genotes the shift between the strong and the weak pinning lattice along the
sites form perfect square lattices. The spaaptpetween the vy direction.
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can be achieved either by fixing the applied driving force
polarity along they direction and changing the shift between
the strong and the weak pinning sublattices fremay/2 to

ay/2 (see Fig. 1, or by varying the shift between the strong
and weak pinning sites from 0 tay/2 and alternating the
polarity of the applied driving force. Both methods yield the
same result. In the present simulation, we always take the
latter to calculate the dependence of the depinning Lorentz
force on the asymmetry of the pinning sites.

We have studied the influence of the asymmetric pinning
potential on the dynamical vortex phase transitions for the
incommensurate cas¢/H ,=1.05. We obtain the initial vor-
tex configuration by an annealing course in the casa pf
=0. After this procedure, all stronfpr weak pinning are
occupied by one vortex, and the remaining 5%Hof vorti-
ces are located at interstitial positions. In our calculation,
each pair of current-voltage curves(F) is obtained by
increasing the driving forc& from zero with a small step
AF|=0.0005 starting from the same initial vortex configu-
ration. At eachF| value, we always neglect the first 100 MD
steps and average the following 400 ones. The final vortex
configuration obtained fdf, is used as the starting configu-
ration for the calculation af +AF, . Figure 3 shows the
average velocity of all vortices, as a function of the driv-

FIG. 2. The pinning potentials created by the two sets of square pinningng Lorentz forceF for different shiftsAp between the
sites (strong Fp,=1 and weakFy,=0.5) for different shiftsAp=a,  strong and weak pinning sublattices. The velocity versus
%0.0,0.1,0.2, 0.3, and 0.4 i@—(e), respectively. driving force plots correspond to the experimental voltage-

] ] ) ) currentV(l) curves. We observe several remarkable features
present s_lmulatlon, the external current is applied along<the due to the presence of the asymmetric pinning potential.
direction in thex-y plane, so the driving Lorentz fordg_is In order to characterize the evolution of the dynamical
always parallel to they axis, i.e.,F =F,. The repulsive yqrtex phases with respect to the shifp between the pin-
intervortex interaction is modeled using the modified Bessehing sublattices, we show first the current voltage curves for
functiqn Kl (Refs. 10,11 and the intervortex interacting Ap=0 in Fig. 3a). In this case, the two pinning sublattices
force is given by N, e overlap, resulting invy(F.) curves which are symmetric

Foo(r)=Fu0fo2, Kl(T)rijv (2 with respect to the sign oF, . The observed dynamical

17 phases are exactly the ones expected for a symmetric square
wherer ;= (r;—r;)/|[ri—rj|. F,,0 fo denotes the intensity of pinning potential, and are very similar to the results reported
the intervortex interacting force and the cutoff length for thisby Reichhardtet al® At low drive the vortices remain
long-range force is taken as\4As a result, the overdamped pinned, forming a flux solid, phase I. As the driving Lorentz
equation of the vortex motion without thermal fluctuations isforce is increased beyond a critical valB€, the interstitial
given by Vi =FL+ Fyy (1) +Fp(r), (3  Vvortices depin resulting in a 1D interstitial floyphase 1.
The phases for higheF, values are disordered 2D flow

where 7 is the viscosity coefficient and taken to be unity. (phase Il), incommensurate 1D flophase IV, and the

In our simulation, the equation is solved by taking dis-incommensurate and commensurate fiphase V, respec-
crete time stepg\t in a 2D square sample with side &0 tively.
=20 containing two interpenetrating strong and weak pin- As seen in Fig. @), a small shiftAp between the pinning
ning arrays Nj'= Nf;:400) with periodic boundary condi- sublattices results in almost identical transitions from the
tions in both directions. The other fixed lengths and forcepinned phase | to phase I, where the interstitial vortices are
used in the simulations areR,=0.13,A=3.6. F,,,  depinned, for both positive and negative signgpf How-
=0.1, F‘,’JVOZO.S, andF,§0=1. We have also employed the ever, a weak asymmetry of the other phase transitions is
same numerical simulations on a sample of various sizes bwpserved. Moreover, the feature typical for the phase Ill, i.e.,
with the same vortex density and pinning configuration. Thea noisyv(F ) curve associated with the disordered 2D vor-
presented results are insensitive to the sample size, providéex flow, becomes weak in this case. It is interesting to note
the density of vortices and pinning sites remains unchangedhat for this small shift of the two interpenetrating pinning

To investigate the effect of the asymmetric pinning poten-arrays Ap=0 or 0.1ay), the strong and the weak pinning
tial on the vortex motion, it is interesting to vary the dis- potentials overlap to a large extent, and the resulting pinning
placement of the two pinning sublattices and to change thpotential well becomes quite de¢pee Fig. 2a),2(b)]. This
polarity of the applied driving force in the direction. This is why the positive and the negative Lorentz forces leading
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FIG. 3. The dependence of the average velogjyon the external Lorentz force, for different shifts between the two sets of interpenetrating square
pinning arraysAp=a,x 0.0, 0.1, 0.2, 0.3, and 0.4 f¢a)—(e), respectively. The simulations are carried out for the magnetic field slightly higher than the first
matching field, i.e.H/H ,=1.05.

to depinning of all vortices in the system, i.e., at the transitwo sets of pinning centers are separated. This result is simi-
tion from phase IV to phase V, are large in this case. Withlar to the case of a symmetric periodic pinning array of weak
the increase of the shifAp, the asymmetry between the pinning centers.

positive and the negative phase boundaries becomes more The Lorentz force$ | , for which the transitions between
pronounced, as shown in FiggcB-3(e). We find that in the  the different dynamical vortex phases occur, are shown as a
case of the Lorentz driving force applied along the negativdunction of the shiftAp between the two pinning lattices in

y direction, i.e., pointing from the weak pinning site towardsthe F -Ap phase diagraniFig. 5. For Ap=0, all phasesi|

the strong one, the critical driving fordeé{ for the IV-V  to V) are symmetric. With increasingp, the asymmetry
phase transition decreases, while the critical driving force fobetween the two Lorentz force directions appears, both in the
the I-1l phase transition is not sensitive to the increas&pf  critical depinning forceF{ (open squares in Fig.)%nd in

For the Lorentz driving force along the positiyedirection,  the onset of the different dynamical phases Il tqditcles,

i.e., pointing from the strong pinning site towards the weakup and down triangles in Fig)5The highest asymmetry can
one, the threshold value &f_ for each phase boundary drops be found forAp=0.2a,. For large separation between the
rapidly to a minimum atAp=0.2a, and then gradually re- two pinning sublattices (0a4<Ap<0.53,), a symmetrical
covers up to the saturation at larg@. In addition to that, in  behavior with respect to the Lorentz force direction is seen
the case ofAp=0.2a,, we observe clearly that the phase IIl again. To analyze the asymmetry of the critical driving force
(disorder 2D vortex flowcompletely disappears. Instead, we F{ and the dynamical phase transitions, we consider the evo-
find the phases IVa, characterized by 1D zigzag flow in theution of the pinning potential well as a function of the shift
positivey direction of F_, and llla, where 2D patrtially dis-

ordered flow occurs, whehR, is along the negativg direc- 8 & & 8 8(g) [Re ® oo
tion. Another phase, named lllb which shows 2D “spindle” |® 8 & ® &g
flow, also appears foAp=0.12a,. These vortex flow pat- 2 o g ! : : :
terns, which we contribute to the effect of the asymmetric |g 8 & ® ° o 4
pinning arrays, cannot be found in the symmetric periodic|g ) ® o0 &
pinning system. The vortex trajectories of these new dynami-{& g & ® o8
cal phases IVa, llla, and IVb are shown in Fig$a)4-4(c), ® & 8 ® ®eH

respectively.

. . : : FIG. 4. Trajectories of the new dynamical vortex phases caused by
In Fig. 3(d), one can find that besides some <asymmemcasymmetric pinning centerga) 1Va, 1D zigzag flow;(b) llla, 2D partially

S_trUCturesf between thﬁ‘/(FL) curves for positive a”‘?' N€ga- gisordered flowy(c) IVb, 2D “spindle” flow. The vortices are represented
tive F_ orientations, the phase betwe_en_ Il'and IV disappearsy black dots and the strong and weak pinning sites by big and small open
completely, because of the weak pinning effects when theircles, respectively.
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depinning forceF| (open squares in Fig.)5s lowered sig-
nificantly at Ap=0.2a, for positive F_ . Additionally, the
transition between the dynamical vortex phases Il to V also
occurs at a lowel, . The assisting role of weak pinning
sites, however, is completely lost when the two interpenetrat-
ing sublattices are well separatéfig. 2(e)] and thus the
symmetry of the depinning Lorentz force is fully recovered
[see Figs. &) and 5.

The superconductor with an array of pinning sites, asym-
metric along they direction, appears to function as a “vortex
diode” impeding flow in one direction but not in the othér,
due to the difference in the critical driving forces. As seen in
Fig. 5, the “vortex diode” or “one-way valve” for vortex
motion can be adjusted by varying the shift of the two sets of
pinning sublattices. A similar result has been found recently
for the “ratchet effect'® for the removal of the vortices out
of a superconducting sample.

To demonstrate that the “vortex diode” effects are not

FIG. 5. Dynamical phase diagrams for the FLL motion as a function offestricted to the casel/H,>1, we have examined the case
the shift between the strong and the weak pinning lattipe Here,H/H , H/Hg4<1. Also here, the asymmetry of the critical depin-
=1.05,F},=1, F};=0.5. The same initial FLL configuration is used for ning force and the dynamical vortex phases with respect to
the simulation in the two directions. the direction of the Lorentz force have been revealed.

In conclusion, we have observed a pronounced asymme-
try in the critical depinning forces and in the behavior of the

ynamical vortex phases in regular pinning arrays consisting
of two interpenetrating square lattices of weak and strong
pinning centers. We have demonstrated that these asymmet-
ric pinning sites can act as “vortex diodes,” allowing vortex

H/MH, =1.05 ]

Ap

between the sublatticeAp (Fig. 2). For small shifts, the
presence of the sublattice of weak pinning centers is hardl
visible and it results only in the asymmetry of the slopes o
the potential welldJ ,(y) [see Figs. @),2(b)]. Since the de-
rivative —dU,/dy defines the pinning force, the asymmetry

of the slopes will be reflected in the asymmetry of the critical - N . -
Lorentz force(open squares in Fig)5lt is clear that in this flow only in one direction. The shift between the two pinning

case it is easier to depin the vortex lattice by applying asublatticesAp can significantly change the asymmetry of the

current which creates a driving Lorentz force in the positivevOrtex mobility, as was summarized in thg-Ap phase_ d!a—
gram. Novel dynamical vortex phases, characteristic for

y direction (see Fig. 1 By increasing the shift between the tic pinni h b found
two pinning sublattices, separate weak pinning sites ar8SYMMELrc pinning arrays, have been found.

formed which are still partially overlapping with the strong  This work was supported by the ESF Program VORTEX,
pinning centers nearbjsee Fig. 2d)]. These weak pinning the bilateral BIL 97/35 China/Flanders Project and Belgian
sites assist the onset of the vortex motion only in one directUAP, the Flemish GOA and FWO Programs, and the Na-
tion: from strong to weak pinning site. Therefore, the criticaltional Natural Science Foundation of China.
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