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Critical depinning force and vortex lattice order in disordered superconductors
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We simulate the ordering of vortices and its effects on the critical current in superconductors with varied
vortex-vortex interaction strength and varied pinning strengths for a two-dimensional system. For strong
pinning the vortex lattice is always disordered and the critical depinning force only weakly increases with
decreasing vortex-vortex interactions. For weak pinning the vortex lattice is defect-free until the vortex-vortex
interactions have been reduced to a low value, when defects begin to appear with a simultaneous rapid increase
in the critical depinning force. In each case the depinning force shows a maximum for noninteracting vortices.
The relative height of the peak increases and the peak width decreases for decreasing pinning strength in
agreement with experimental trends associated with the peak effect. We show that scaling relations exist
between the distance between defects in the vortex lattice and the critical depinning force.

DOI: 10.1103/PhysRevB.64.024518 PACS nuniber74.60.Ge, 74.60.Jg

[. INTRODUCTION observed in neutron scattering measurememsreentrant
disordering has been found in the low field regime where the
A large class of condensed matter systems can be repreertex lattice again softerfs: Bitter decoration experiments
sented as an elastic lattice interacting with a quenched rarave also provided evidence for the disordering of the vortex
dom substrate. Vortices in type Il superconductors, whicHattice at low fields'! In each of these cases the critical cur-
can be pinned by random defect sites in the material, are gentJ. is high due to the dominance of pinning.
particularly ideal example of such a system since the sub- Experiments on superconducting samples with different
strate and lattice interactions can be readily tuned experimeramounts of pinning have revealed some systematic trends.
tally. In this case, a rich variety of stati® and dynamical The peak effect is much sharper and more pronounced in
phase%’® can occur due to the competition between the recleaner sample®>*?while in samples with stronger pinning
pulsive vortex-vortex interactions, which tend to order thethe width of the peak region increases diné relative valley-
vortex lattice, and the attractive vortex-pin interactions,to-peak height decreasealthough the overall critical current
which tend to disorder the vortex lattice. Unlike the earlyis higher®!?In samples with the strongest pinninl,is high
studies of collective pinning of a defect-free elastic lattice,through most of the applied field range, and the peak is com-
recent experimental and theoretical work points to the imporpletely absent. A possible interpretation of this behavior con-
tance of topological defects in pinned vortex matter. If thenects vortex lattice defects with high critical currents. A de-
pinning in the sample is sufficiently strong, the vortex latticetailed understanding of the observed effects as a possible
will be highly defected; conversely, in a sample with weaktransition/crossover between regimes with low and high criti-
pinning the vortex lattice can be relatively ordered and con<al currents, i.e., between, say, a Bragg-glass-like ordered
tain only a few defects. In contrast with the purely elasticphase with few defects and a vortex-glass/pinned-liquid-like
model, however, the relationship between the critical forcedisordered vortex phase is still lacking. A key reason for this
and the density of flux line defects is not known. Moreover,uncertainty is the absence of a systematic connection be-
applications of superconducting materials require that théween the number of defects in the vortex lattice, the softness
critical current be high, and so a key question is how theof the lattice, and the critical current.
number of defects in the vortex lattice can affect the critical In this work, we directly examine the effect of vortex
current. lattice softness on the critical current through a series of
In a given sample, i.e., with a given realization of numerical simulations of samples with different pinning
quenched disorder, the relative strength of the pinning can bstrengths. For strong pinning the vortex lattice is highly de-
increased by lowering the vortex-vortex interaction strengthfective for the entire range of vortex-vortex interactions in-
i.e., by softening the lattice. Vortex-vortex interactions be-vestigated. The critical depinning force, which is propor-
come weak at low applied fields, when vortices are dilute, asional to the critical current, only weakly increases with
well as very neaH., and T., where the induction of the decreasing vortex-vortex interaction strength, reaching a
vortices overlaps significantly. In the latter regime one en-maximum for noninteracting vortices. For the weakest pin-
counters the peak effect: a rapid increase in the critical curning strengths, on the other hand, the lattice is almost defect-
rent before it collapses to zero at the superconducting-normditee over a large range of vortex-vortex interaction strengths.
phase boundary. At these two extreme field values, the pinwhen defects begin to appear in the softest vortex lattices,
ning interaction dominates and the vortex lattice is expectethe critical depinning force increases sharply from its low
to be highly disordered. Indeed, direct evidence for vortexvalue to a peak at zero vortex-vortex interaction. The behav-
lattice disordering through the peak effect regime has beeior for intermediate pinning is intermediate between these
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for the weakest pinning. These results are in agreement witt
the experimental trends described above. We discuss hov &%
these results can be connected to the behavior of the pea%
effect in superconductors with varying pinning strength.
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II. SIMULATION
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We consider a two-dimensionéD) slice of a system of
superconducting vortices interacting with a random pinning
background. The applied magnetic fiett=Hz is perpen-
dicular to our sample, and we use periodic boundary condi-
tions inx andy. The T=0 overdamped equation of motion
for a vortexi is
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wherey; is the velocity of vortex and »=1 is the damping Ta¥ Z:t’:%'ﬁ?:‘
coefficient. The total force on vortéxrom the other vortices

is ff”zE}“:“lAvfoKlﬂri—rj|/)\)ﬂj , Wherer; is the position

of vortexi, \ is the penetration deptHy=®3/872\3, the
prefactorA, is used to vary the vortex lattice softness, and
K, is the modified Bessel function. The pinnifigf is mod-
eled as randomly placed attractive parabolic wells of radius’}
r,=0.1% with fP=(f o ) (Iri—rPNO(r,—|r ¢
—rPNr, wherer{” is the location of pink, f, is the
maximum pinning force, which is varied from @l to
3.0f;, © is the Heavside step function, and®=(r;
—r{P)/|r;—r{P|. The pin density is1,=3.0A? and the vor-
tex density isn,=0.75A2. We simulate a 36X 36\ system ©
containingN, =864 vortices andN,= 3887 pins. We initial- FIG. 1. The Delaunay triangulation of the vortex lattice for de-
ize the vortex positions by performing simulated annealingcreasing vortex-vortex interaction strength in a sample withf ,
starting from a high temperature and slowly coolingTo  =0.25. Dark circles indicate fivefold coordinated vortices; open
=0. This method of preparing the lattice is similar to field circles indicate sevenfold coordinated vorticas= (a) 4.0, (b) 3.0,
cooled experiments. To identify the depinning foricewe  (c) 2.0,(d) 1.0, (e) 0.75, andf) 0.50. The vortex lattice is relatively
apply a slowly increasing uniform driving forcly on the  ordered in@). In (b) more defects appe&rc) and(d) show different
vortices in thex direction, which would correspond to a Lor- domains of vortex orientation. Ife) and (f) the vortex lattice is
entz force from an applied curredit=Jy. We use a time step Nighly disordered.

of dt=0.02 and spend fQime steps at each current value.

For each drive increment we measure the average vortefior A,=3.0 a small number of 5-7 defect pairs appear. In
velocity in the direction of drive\/x:(lle)E’f”vx. Thefy Fig. 1(c), atA,=2.0 the vortex lattice is considerably disor-
versusV, curve corresponds experimentally t&/él) curve.  dered but some domains of order are still present. For softer
The depinning force‘c is defined as the drive at whicl, vortex lattices in FIgS ®)—1(f), the vortex lattice becomes
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>0.03. progressively more disordered by the underlying random
pinning. Since the simulation is for a two-dimensional sys-

Ill. VORTEX ORDER AND PINNING FOR VARIED tem, Wﬁlse’ﬁ)]ec:j”;e 5¥Stem.t° be d?{(e‘f“ve f0||r arf‘y p'”rll'”g
VORTEX-VORTEX INTERACTION STRENGTH strength:. e defect-free situation likely results from the

finite size of the sample.

We first consider the effect of the vortex lattice softness By applying a transport current to the annealed lattices,
on the stationary vortex lattice. In Fig. 1 we show the De-we determine the critical depinning forde that must be
launay triangulation for a system witfy,=0.25f, for de-  applied before the vortices begin to move. In Figa)2ve
creasing vortex-vortex interactiof, , after the lattice has plot f; versusA, for a sample withf ,=0.25f ;. For compari-
been annealed and with no driving force applied. Defect siteson, we measure the amount of order in the lattice before
in the vortex lattice are indicated by circles. In Figajlfor ~ depinning using the Delaunay triangulation, and in Figp) 2
A,=4.0, the vortex lattice contains no defects. In Fi¢p)1  we plot Pg, the fraction of sixfold coordinated vortices, ver-

024518-2



CRITICAL DEPINNING FORCE AND VORTEX LATTICE . ..

PHYSICAL REVIEW B 64 024518

0.2 T I T T T T T T T T T
@ |
0.15
- ]
= 01 I
A
0.05 O
S— e
="
| :‘
e ] +
] ®
) T 04 1 ] 1 ] ! ] 1 ] 1 1 !
6 0 1 2 4 6
A A,

FIG. 2. (8 The critical depinning forcef, versusA, for a FIG. 3. Scaled critical depinning force ari®; versusA, for
sample withf,=0.25,. (b) The fraction of sixfold coordinated samples with different pinning strengths. Open circgs; 0.10fo;
vorticesPg versusA, . As the vortex-vortex interaction is lowered filled squares,fp=0.25f(_,; open diamondsf,=0.75; filled tri-

f. increases whild®,, decreases. angles,f,=1.5f; plus signsf,=3.0f. (@ The plot off./f, ver-
susA, shows that the peak at lo#, becomes sharper for weaken-
ing pinning strengtif, . (b) The correspondinge values show that
for large f,=3.0 the vortex lattice is disordered over the entire
range ofA, .

susA,. Here Pg=1.0 indicates a perfect triangular lattice.
As A, is loweredf, increases and simultaneously the order
in the lattice,Pg, decreases. The maximum value ffoc-

curs atA,~0 which coincides with the minimum value of . .
Pe. Thus the softer lattices with low values Af and large 1= fc(A,=0.01)/f¢(A,=6.0) and the width at half maxi-

amounts of disorder are more strongly pinned than stiffer™um dW vary with pinning strengtif,. Here we see that
more ordered lattices. the relative strength and sharpness of the peak increase with

weaker pinning. The widtrdW depends linearly orf,,
while the relative heightd shows a nonlinear increase that

IV. HEIGHT AND WIDTH OF CRITICAL DEPINNING cannot be fitted by a simple functional form.

FORCE PEAK

The shape and magnitude of the critical current peak at
A,=0 are affected by the strength of the pinning in the
sample. To demonstrate this, in Figagwe plotf./f, ver-
susA, . Scaling the curves with, in this way causes all of
the curves to approach./f,=1 atA,=0. We find that the
relative height of the peak increases as the pinning becomes
weaker. For example, comparirfg=0.25 (bottom curve
with f,=3.0(top curve, the critical current increases by a
factor of 8 fromf.=0.1 atA,=6.0 tof,=0.8 atA,=0.01 in
the weakly pinned sample, whereas in the strongly pinned
samplef, increases only by a factor of 2 froiip,=0.38 at
A,=6.0tof.=0.8 atA,=0.01. The peak not only becomes
higher for weaker pinning, but also it becomes much nar-
rower as can be seen by comparing the widths of the peaks in
Fig. 3@. As shown in Fig. &), in the strongly pinned
samples such ak,= 3.0f, with broad low peaksPg is low
over the entire range @&, , indicating that the vortex lattice
is always strongly disordered by the pinning. In contrast, for e

weakly pinned samples such §s=0.25,, P drops a large FIG. 4. Squares: the relative height=f,(A,=0.01)/ (A,

amount fromPg~1 at largeA, , indicating a nearly perfect —¢.0) of the peak irf, for samples with different pinning strength

lattice, to P~0.4 at the lowestA,, indicating a large f,. Circles: The width of the peallW at half maximum as a

amount of disorder in the lattice. function off,. The peak becomes sharper and more pronounced for
In Fig. 4 we show explicitly how the relative peak height weaker pinning.
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The results in Fig. 3 and Fig. 4 suggest that in clean 1
superconductors, where the vortex lattice softness has
much more significant impact on the effectiveness of the
pinning, the critical current enhancements should be both
sharper and of larger relative height than in strongly pinned:\:f 0.1
superconductors. This behavior agrees with the results of re
cent experiment® on the peak effect. Our results also sug-
gest that the peak can be made arbitrarily sharp simply by
adjusting the disorder strength, and that such large peaks i ¢ L(2) s . A A .

T T T TTTTH

the critical current must be accompanied by the proliferation P, 1
of defects. - T T T ' T ' T

0.8 —

V. CRITICAL DEPINNING FORCE DEPENDENCE ON 0.6 —

DEFECT DENSITY = 1

« 04 —

Using the data obtained by varyidg, , we can determine
the relationship between the critical current and the density o2
of defects. In Fig. &) we plotf./f, versusPs, showing that
the curves for samples with different pinning strengths 0
roughly collapse. At lower values dPg when the vortex
lattice becomes defected, the critical current increases rap 4
idly with the onset of defects. In Fig.(B) we plot f./f,
versus the distance between vortex lattice defeds,
=1/{1.0— Pg. In samples with weak pinning there is a range
of high A, values that produce well ordered vortex lattices.
In this regime, when there are very few defects in the vortex/f,, increases rapidly with decreasidg. The behavior of
lattice which are far apart, we find that tfig/f, values do  f_ versusdy suggests that there is a critical distance between
not collapse, and that the rate at whitfYf, changes with  defects below whicl. begins to rapidly increase.
dq is slow. Ford4<3.0, or when the lattice contains approxi- ~ We can compare the dependence of the critical depinning
mately 10% or more defects, all the curves collapse andorce on the defect density with the collective pinning results

FIG. 5. (a) Scaled critical depinning forck./f, versusPg. (b)
fc/f, versus the distance between defakishowing a collapse for
dy<3.0 coinciding with a rapid increase iy .

- T IIIIIIII T T TTUTT0IT T IIIIIIII T III: T IIIIIIII LILLELLLLL T T VTTITIT T Illll?l
100 | L 3
E_ _E 0.1
o 1 F = =
H—4° : : q_‘o
3 E 0.01
0.01 - 3
E (Ia)l IIIIIII 1 IIIIIII 11 IIIIIII 11 ||§ (IC)I IIIIIII 1 IIIIIIII 1 IIIIIIII L1 11811l 001
0.01 0.1 1 10 0.01 0.1 1 10 100°
AL At
1_ T T TTTITIT LILLBLLLLL T TTTITIH H i Nl &
F< A ! i E !
B E 3 E 0.1 g
- 3 [l
o, r - [}
= O1F " 1 <
: 1 E <0015
(t?)llllllll 11 IIIIIII 1 IIIIIIII L1 i [ ((Ii)l IIIIIII 1 IIIIIIII 1 IIII | 1
0.9 o1 0.1 A 1/f 10 100 0.01 0.1 1 10 1009
v'p v'p

FIG. 6. (a) Shaded symbols.;/f, as predicted by LO theoryb) Open symbolsf./f, measured in the simulation&) Filled symbols:
f./f, computed from the distance between dislocatidds All three methods of obtaining. are scaled by the value &,=0.01, and
plotted together. For all panels, circles,=0.10f,; squaresf,=0.25y; diamonds,f,=0.75; triangle up,f,=1.5f,; triangle left, f,
=30f0
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of the Larkin-Ovchinnikov(LO) theory* In Fig. 6@ we  have, in addition, studied the systematic variatiorf oWith
plot f. as predicted by LO, usingcocf,%/Av. Figure &b)  varying pinning and intervortex interaction. The results show
showsf, computed from the distance between dislocationsthat the pinning force variation departs significantly from the
using fcxf,/dy. The value off. measured in the simula- expectations of an elastic picture. The increasé.itoward
tions is shown in Fig. &). We compare . obtained by the the maximum occurs very rapidly with decreasing interaction
LO and dislocation distance methods with the actijaln or increasing pinning. The relative height increases while the
Fig. 6(d). The agreement with the LO prediction is poor, butwidth decreases with decreasing pinning strength, strongly
that with the dislocation distance is good out to valuesreminiscent of the peak effect phenomenon. Furthermore, a
A,/f,~5, beyond whichdy becomes of the order of the pseudo-Larkin picture where a plastic length, the distance
system size. between topological defects, replaces the elastic correlation
length, provides a good account of the variationf of We
VI. CONCLUSION also find evidence that there is a critical value of the plastic
. ) N length, typically spanning 3-5 vortices on each side, at
We have investigated the dependence of the critical dewnich the rapid crossover occurs. These results should be
pinning forcef; and vortex lattice topological ordé?s on  relevant to experiments in very weak pinniftgiasi-2D flux
the vortex lattice rigidity for different values of pinning |attices, as well as to general systems of two-dimensional

strength. The study is restricted to the two-dimensional casgyttices with quenched disorder where the lattice interaction
which is appropriate for vortex lattices where the longitudi-can be tuned.

nal correlation length is large enough to be effectively given
by the sample thickness. In all caség,increases with de-
creasing vortex-vortex interaction strength, reaching a maxi-
mum for noninteracting vortices, as expected. Although for
very weak pinning and strong vortex-vortex interaction the We thank P. LeDoussal, T. Giamarchi, M. Higgins, P.
lattice is relatively defect-free, for strong pinning the lattice Kes, M. Marchevsky, and V. Vinokur for helpful discus-
is defective for the entire vortex interaction range investi-sions. This work was supported by CLC and CULAR
gated. These results are in accord with previous studies. W ANL/UC) and by NSF Grant No. DMR-9985978.
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