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Individual and multiple vortex pinning in systems with periodic pinning arrays
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We examine multiple and individual vortex pinning in thin superconductors with periodic pinning arrays.
With simulations for multivortex pinning we observe peaks in the critical current of equal magnitude at every
matching field, while for individual vortex pinning we observe a sharp drop in the critical current after the first
matching field in agreement with experiments. We examine the scaling of the critical current at commensurate
and incommensurate fields with simulations for varied pinning strength and show that the depinning force at
the incommensurate fields decreases faster than at the commensurate fields.
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Vortex matter in superconductors with periodic pinning highly ordered crystals with the crystal symmetry depending
arrays has been studied for several years now starting witbn the particular matching field. Subsequent simulations of
the pioneering work of Fiornet al! Recently considerable vortices in periodic pinning arrays where only one vortex can
renewed interest in this system has come about due to athe trapped at a pinning site also produced the same types of
vancements in nanolithographic techniques in which arraysortex crystals observed in the Lorenz microscopy experi-
of holes?=® defecté or magnetic dofs*® can be created ments at the matching fieldé.In addition the simulations
where various parameters such as the pinning strength, sizalso showed that peaks in the critical current occur at those
and periodicity can be carefully controlled. These experi-matching fields where the interstitial vortices can form a
ments have produced interesting commensurability effectbighly ordered structure; however, some matching fields did
where the critical current shows a maximum and the magnenot show a peak in the critical current, and the magnitude of
toresistance a minimum when the number of vortices equalie commensuration effect varied considerably at different
an integer multiple of the number of pinning sites. In addi-matching fields. Recent experiments with small pinning site
tion peaks in the critical current have also been observed athere it is expected that only one vortex can be pinned at an
some fractional matching fieldsMany applications of su- individual pinning sites produced commensuration peaks in
perconductors require high critical currents and the nanoagreement with these simulatioh&here is also evidence
engineered periodic pinning systems may be able to providéfom decoration experimerftshat multivortex pinning at in-
optimal pinning. Key questions that need to be understood inlividual pinning sites in periodic pinning arrays occurs.
order for optimal pinning arrays to be constructed are wher®ther recent imaging experiments with Hall probe arrays
and how the vortices are arranged at the varied matchingave also observed multivortices at individual pinning sites
fields. In particular, it is not clear whether there are multipleand show that above a certain field, additional vortices sit in
vortices located at individual pining sites above the firstthe interstitial region§.These experiments seem to indicate
matching field or whether only one vortex sits at an indi-that when multivortex pinning occurs the vortices in the pin-
vidual pinning site, nor has it been shown how this orderingning site merge to form a macrovortex.
affects the observed commensuration effects. Another open question in vortex pinning in periodic ar-

In magnetization experiments with antidot lattitésvas  rays is why the commensuration effects are only pronounced
observed that the critical current dropped abruptly beyond aearT.. One proposal is that the bulk pinning increases at
specific matching field that depends on temperature. It wakbw T and washes out the effect of the periodic pins; how-
inferred that below this field the pinning sites were capturingever, samples with periodic pinning always show a much
multiple vortices that could be strongly pinned, and that be-higher critical current than comparison samples without the
yond this field the additional vortices were located in theperiodic pinning even for lowl, indicating that the periodic
interstitial regions and were not pinned directly by the pin-pinning is still effective at lowT.
ning sites. On the other hand imaging experiments using Lor- In this work we present results from simulations to eluci-
entz microscopy of vortices in periodic pinning arrays ob- date the response of the critical current with multivortex vs
served only one vortex being trapped per pinning site andhdividual vortex pinning. We model the multiple vortices as
showed that at the integer matching fields the vortices fornindividual vortices with increased flux quanta. We find that
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with multiple vortex pinning, peaks in the critical current of 0.6
the same magnitude occur at every matching field. For indi-
vidual vortex pinning the critical current drops off after the g
first matching field. These results agree well with experimen-
tal results for vortices interacting with magnetic dots where,,
with large dots multivortex pinning could be expected. We ;°°'4
also examine the scaling of the depinning force at commen §
surate and incommensurate fields as a function of the pinnindg, 0.3
strength. For all pinning strengths examined we find thatg
depinning force scales linearly with pinning strength at Com-'q%
mensurate fields. For incommensurate fields the depinnin@
force scales linearly for large pinning forces but shows a
crossover to a faster than linear scaling with smaller pinning 91|
strengths. This result may explain why commensurability ef-
fects are most pronounced for high temperatures where th ¢ ‘ ‘
pinning is reduced. In addition we also examine the scaling £ B/B¢3
of the critical current at the second matching field for multi-
vortex pinning and individual pinning and find that as the FIG. 1. Critical depinning force as a function of vortex density
pinning strength is increased the critical current saturatefor samples with square arrays of pinning sites obtained from simu-
when individual vortex pinning is present. lations. The upper curvéhick lines is the depinning system with
We model vortices in a two-dimensional superconductomultiple vortex pinning folB/B,>1.0,r,=0.5 and the lower curve
interacting with a square pinning array. The overdampeds the depinning line for a system when only one vortex is captured

02}

equation of motion for a vortekis at a pinning site.
f:%:f;}v”ppﬂd:nv_ (1 annealing with the number of multiple quantized vortices
bodt ! ! ' already fixed so that we do not actually model the merging of

the vortices. The multiquantized vortices will still feel the
same pinning force as the individual vortices. This is a rea-

— > f ¢ lied t ands th sonable assumption if the core of the vortex is smaller than
INg 1o a Lorentz force Irom an applied current, ands the pinning site, since the maximum pinning force is deter-

damping, which we set to unity. We model the vortex-vortex e by the gradient of the potential energy of the pinning

m;er?;:tion potentizl atSJU=\I/r\}(r)r,] Whid; is app(;op:izzte _for | site, which should not be affected by the size of the vortex.
In-film Superconductors. YWe have also conducted simufa- ., ri4 9 \ve show the critical depinning ford§ versus

tions using the modified Bessel function interaction potentia#ield for the case where multiple vortex pinning occ(tick
Ko(r), which is appropriate for bulk superconductors. Thecurve and for the case of single vortex pinnifiin curve.

total force on vortexi from the other vortices Iis For B/B,<1.0 the depinning force is the same for both pin-

Ny . i iodi iti
.EJ’&' V'Uv(r'l).' W(_a impose periodic boundary (:_ond[thns ning radii which is due to the fact that the maximum pinning
in the x andy directions. For the long-range logarithmic in- force for the pinning sites are the same. A peakB4B
' &

teraction we use an exact and fast converging Suithe L .
inning is modeled as attractive parabolic wells of radiys ~ __2 oceurs Whlc.h 'S dL.Je to the formation of_an ordered state
P 4 as seen in previous simulations and experiments. There is a

f:’p:(fp/rp)(ri_rE)@(“i_rm/)\)_ 2) peak in bpth curves at the first matching fielq vyhere t.he
vortex lattice has the same symmetry as the pinning lattice.

Here,® is the Heaviside step function(” is the location of ~ For fields greater thaB/B,=1.0 the curves deviate, with
pinning sitek, f, is the maximum pinning force, andis the  the single vortex pinning curve dropping substantially while
penetration depth. The pinning is placed in a square arrayhe multiple vortex pinning curve only decreases by a small
The initial vortex positions are obtained from annealing fromamount. The height of the peak for the multivortex curve at
a high temperature where the vortices are in a molten stat8/B,=2.0 and the higher matching fields is the same as that
and gradually cooling ta'=0. After the vortex configura- for B/B,=1.0 since in our model the multiple vortices ex-
tions are obtained the critical depinning force is determinegerience the same pinning force as the singly quantized vor-
by applying a slowly increasing uniform force. We simulate tices. The multivortex curve also shows matching peaks at
two models. In the first, the pinning sites are small and carthe fractional fields1/2. For the single vortex pinning curve
capture only one vortex each, so for fields greater than théhe maximum critical depinning force 8/B ,=2.0 is much
first matching field additional vortices are located betweerlower than that for the multivortex case. The fractional
the pinning sites. In the second model, multiple vortices camimatching peaks are also suppressed for the individual vortex
be captured by larger pinning sites, and we assume that th@nning case.
vortices in the pinning sites coalesce and form a single mul- The vortex configurations where only one vortex is cap-
tiple quantized vortex. The multivortices interact with othertured per pinning site are the same as those observed in pre-
vortices as In(r) wheren is the quantization of the vortex. vious experiments and simulations. The vortex configura-
Beyond the first matching field we start the simulation bytions for the multivortex pinning case repeat for each

Here,f} is the force from the other vortice is the force
from the pinningf4 is the applied driving force correspond-
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FIG. 2. Experimental values of(H) for Nb samples with FIG. 3. The normalized depinning force BB, for f,=0.8,
square arrays of Ni dots for two different dot diameters of 530 NMypper curvelthick lines and f,=0.1, lower curve(thin line), ob-
(solid ling) and 400 nm(dashed lingat T/T.=0.98. tained from simulations. Multivortex pinning occurs f@/B,,

h~>1.0. Here the commensurability effects can be seen to be more

matching field with a square overall vortex lattice at eac o
pronounced for the weaker pinning sample.

matching field composed of multiply quantized vortices.
In Fig. 2 we show the results of transport experiments for . hi-h f 0.2 th .
Nb films with square periodic arrays of magnetic Ni dots for WIth Tp: however, neart,=0.2 there Is a crossover to a

H 1.42
two different sized dots. Here the periodas-600 nm and faster than linear decrease withec f %%, We have found the
the upper curve has a dot diametercbf 400 nm and the same behavior for other incommensurate fields; thus, the dif-

lower curve hasi=530 nm andT=0.98T. . Additional in- ference in the critical current between the commensurate and

formation about the fabrication of the arrays can be found i€ iIncommensurate fields grows gsis lowered. This be-

Ref. 8. The values g#(H) for both sized dots is roughly the havior could account for the pronounced matching peaks
same forB/B,=1.0 with the p minima values atB/B, only nearT. where the pinning is weak. We were not able to

=1.0 being the same. F&/B > 1.0 thed=400 nm pinning

is greatly reduced as seen by the increase(i); however, 10’ ; —
S . . . . (a) 7

minima still occur at the higher matching fields. In contrast o - o

the p values for thed=530 nm show only a minimal in- 1074

crease withH and pronounced matching minima of approxi- o 107 |

mately the same magnitude at each field are observed. This - ./-/'/

result agrees well with the simulations, suggesting that for 102 LY

the larger dots, multivortex pinning is occurring at each

matching field, while for the smaller dots, only one vortex is 1073 1

being trapped at each dot and additional vortices are located o [ ® *®

in the interstitial regions. 100
In Fig. 3 we show that commensurability effects become » /

more pronounced for weaker pinning. We consider multivor- 207} /o‘//r‘

tex pinning forf,=0.8 and 0.1. Figure 3 show§/f, for the o r‘.//'

two pinning strengths. At the matching fields the depinning ]

force equals the pinning force. At the incommensurate fields -

the relative depinning force is much lower for the weaker 10 102 0 100

pinning sample. Pinning Force f,

In order to quantify the behavior observed in Fig. 3, in
Fig. 4a we examine the depinning force for the commen-
surate fieldB/B,=1.0 and the incommensurate fiegBiB,

FIG. 4. (8 The depinning force vd, for B/B,=1.0 (filled
circles andB/B,=0.64 (open squargsobtained from simulation.
’ - . . ; . The depinning force foB/B, goes linearly withf ; as shown with
f0.64 for a series of simulations with yanég. Thecdepm- the fit while the depinning¢force foB/Bd,:O.64pgoes aggAZ as
ning force forB/B,=1.0 decreases linearly withy<fp,  shown with the fit Forf,>1.0 the depinning force foB/B,
which is the individual pinning regime. Since the vortex lat- — ¢ 64 crosses over to a linear behavibi. The depinning force for
tice is perfectly symmetric at the matching field, the vortex-g/g ,=2.0 for multivortex pinning(filled circle and for single
vortex interactions cancel so the depinning force is deteryortex pinning(filled squares obtained from simulation. For the
mined only by the pinning energy. F&/B ,=0.64, where single vortex pinning there is a saturation in the depinning force for
vortex-vortex interactions should be relevant, we observed,>0.3 while the multivortex pinning case increases linearly
that for largef , the depinning force again decreases linearlywith f .
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go to weaker pinning where one might expect a crossover tmultiple vortex pinning, peaks in the critical depinning force
a collective pinning regime witrﬁ,‘jocfs. occur at every matching field with the same amplitude. For
To compare the effect of pinning strength on the criticalindividual vortex pinning the depinning force drops mark-
current for individual versus multiple vortex pinning we edly for B/B,>1.0; however, peaks at the matching field are
have conducted a series of simulation8#8 ,=2.0 for var-  still present. These results are in good agreement with trans-
ied f, for the two cases. In Fig.() we show thatff, forthe  port measurements on periodic magnetic dot arrays for dif-
multivortex pinning case increases linearly with We have ferent dot sizes with the smaller dot systems showing results
also found the same linear increase at the other matchingonsistent with individual pinning while the larger dot sys-
fields for the multivortex pinning case. The depinning in thetems show results consistent with multiple vortex pinning.
multivortex case occurs in one Stage with the entire |attiCQNe also show that the commensuration effects are more pro-
depinning at once. For the individual vortex pinning casenounced for weak pinning, with the critical depinning force
there is an initial increase iff; for low values off , followed  gecreasing linearly with decreasing pinning force while the
by a saturation. This saturation can be understood by consigtepinning force at incommensurate fields decreases faster
ering that the pinning of the interstitial vortices is caused byihan, the linear. For multivortex pinning the critical depinning
the repulsion of the vortices at the pinning sites which iStqrce scales linearly with the pinning force at all matching

independent of the pinning strength. The saturation poinfie|ys while for individual pinning there is a saturation effect
also marks the onset of a two-stage depinning process wheg? the critical depinning force

the interstitial vortices depin first followed by the vortices at
the pinning sites at a higher drive. A two stage depinning We thank C.J. Olson for a critical reading of this manu-
transition a3/B ,= 2.0 has been observed in experiments forscript, and S. Bending, S. Field, and V. Metlushko for useful
widely spaced hole array8.Below the saturation point the discussions. This work was supported by NSF-DMR-
entire lattice depins simultaneously. 9985978, CLC and CULARLos Alamos National Labora-

In conclusion we have compared multiple and individualtory) and by the U.S. Department of Energy Grant No.
vortex pinning in periodic pining arrays. We find that with W-7405-EBG-36.
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