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Vortex wandering among splayed columnar defects
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We investigate the scaling properties of single flux lines in a random pinning landscape consisting of splayed
columnar defects. Such correlated defects can be injected into type Il superconductors by inducing nuclear
fission or via direct heavy ion irradiation. The result is often very efficient pinning of the vortices which gives,
e.g., a strongly enhanced critical current. The wandering expdnamd the free energy exponantof a single
flux line in such a disordered environment are obtained analytically from scaling arguments combined with
extreme-value statistics. In contrast to the case of point disorder, where these exponents are universal, we find
a dependence of the exponents on details in the probability distribution of the low lying energies of the
columnar defects. The analytical results show excellent agreement with numerical transfer matrix calculations
in two and three dimensions.
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[. INTRODUCTION the external magnetic field. With randomly splayed defects,
however, the disorder develops long range correlations in

Pinning of vortex lines to defects in superconductorsspace and “time,” and this analogy is less useful. In fact,
plays an extremely important role in determining their splay disorder leads to logarithmically divergent phase fluc-
properties: Motion of flux lines in response to an applied tuations in the boson order paramétdine properties ofn-
current induces a V0|tage and hence dissipation_ On|y if thé"VidU&' flux lines in such disordered environments are just
flux lines remain pinned will the linear resistance be trulybeginning to be investigated.
zero and the material exhibit superconductivity. By introduc-  In this paper we focus on the scaling properties of a single
ing controlled disorder it is possible to significantly improve flux line in a sample with many randomly tilted columnar
the critical currents, temperatures, and fields. A particularlydefects. We consider the flux line as it enters the supercon-
efficient strategy is to bombard the sample with heavy ionglucting sample on one side at some arbitrary but fixed posi-
to produce linear damage tracks which form optimal pinningtion (taken to be the origin and leaves on the opposite.
centers for the vortex linésWhen these columnar defects Physically, this fixing of the starting position could be due to,
are parallel the vortices will, below a critical temperature,€.9., surface pinning as in the experimental setup of Fig. 1
become localized in a Bose glass phase that replaces tielow. The wandering and energetics of the flux line can be
Abrikosov vortex lattice of the clean systéhfurther im-  characterized by two exponents defined by the following
provements were suggested to occur for splayed columndglations:
defects’ where the angle mismatch between neighboring
columns should lead to increased barriers for variable range TS o
hopping and therefore an even stronger enhancement of the (r(2))~z%, (1a)
critical current in the splay glass phase. Even more important
is perhaps the suppression of vortex motion due to forced
entanglement that is created by the splay.

There are several ways in which splayed configurations of
columnar defects can be produced. A narrow approximately
Gaussian angle distribution can be produced by placing a
thin metal foil in front of the sample during irradiation to
defocus the beam of heavy ions as they enter the sample.
Another interesting approach is to induce fission in some of
the nuclei in the material. The fission products will then go
apart in opposite directions creating damage tracks with a

more isotropic distribution of angles. Lastly, heavy ion irra- FIG. 1. Experimental setup that would allow measurement of
diation can be applied at different discrete angles to creatg, wandering exponery. Parallel columnar defects of varying
several families_ of par_allel colum.n.ar defects. In this way itdepth are introduced from the bottom of the sample in order to
has been possible to increase critical currents by more tha},yige a strong pinning mechanism to fix the entry positions of the
an order of magnitude in many cases. _ flux lines. Splayed columnar defects are introduced from the other

The theoretical understanding of the Bose glass, occurringjge, and the relative transverse distance between the starting point
for parallel columnar defects, rests to a large extent on th@ng the exit point of the flux line could then be measured, e.g., in
mapping of the vortex line problem to a quantum mechanicaliouble sided decoration experiments, or using magneto-optical im-
system of (2+1)-dimensional bosons in a random potential, aging. A similar setup could also be used to investigate the vortex
with imaginary time playing the role of theaxis parallel to  wandering in point disordered samples.
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AF2(2)~72°, 1  ~(H=Hw’ with =d¢/(1-w)."" This relation was re-

) o ] cently measured in experiments in af1) dimensional ge-
wherer is the transverse position,is the distance traversed gmetry for samples with point disord&rconfirming the pre-
parallel to the magnetic fieldy IS the free energyAF=F  giction g=1. Furthermore, the nonlinear current-voltage
—F, the overbar denotes a disorder average, @nd) a  (]-V) characteristics at low temperatures and currents is de-
thermal average. _ termined by the depinning of single flux lines from the de-
_ These problems, usually referred to as directed polymergects, If we assume that the free enetmriers scale in the
in random medigDPRM), have received much attention in ggme way as the sample-to-sample free enégyuations
recent.yearé,wnh interesting connections to many other 4 excitation of lengtlz, and widthl ~ 2 would cost pinning
very different physmal systems. The proble'm. can, €.9., PenergyA E~2z“ but gainJlz due to the Lorenz force from
mapped to the noisy Burgers equation describing a randoml%e current density, so that the free energy barrier to over-

stirred turbulent fluid, or equivalently, the Kardar-Parisi- . 147 oS .
' : come isAF(J,z) =k;z°—k,Jz""¢. Optimizing with respect
Zhang(KPZ) model of surface growth. Without disorder, a t0 7 gives AF(J)=AJ*, where = /({+1—w). Ther-

flux line subject only to thermal fluctuations will make a _ . .
diffusionlike random walk as it wanders from the bottom to Mally activated creep over the free energy barriers then gives
the top of the sample witlf=% and w=0. Point disorder "S€ 10 an electric fields~ exp[—[Jo(T)I*}, with Jo(T)
tends to increase the transverse wandering of the flux ling (A/T)™*. Finally, the study of single flux lines also allows
leading to a nontrivial universal exponefit-%. [In (1+1) estimates of entanglement lengths of interacting vortices,
dimensions the exponents are known to be exaith2/3 which may shed light on the still mysterious properties of the
andw=1/3, in (2+1) we have/~5/8 andw~1/48] In this ~ splay glass phase.
case statistical tilt symmetry ensures that 2{—1 for ar- While the single vortex pinning from point disorder and
bitrary d. The fact thatw>0 suggests that energy barriers parallel columnar defects has received much attention, the
become arbitrarily large for large, so that the system is case with splayed columnar disorder has only been addressed
governed by a zero temperature fixed point, where thermajuite recently, and only for the special case of a “nearly”
fluctuations are irrelevant on long length scales. Parallel coisotropic distribution of splay angles. There it was argued
lumnar disorder, on the other hand, tends to localize the fluhat, for very wide angle distributions, the problem would
line, i.e., to reduce its transverse fluctuations. However, irfeduce to a flux line in a disorder landscape with long range
search of ever lower pinning energies it will still wander with spatial transverse correlations but no correlations along the
nontrivial exponentS At zero temperature the exponents de-magnetic field. Explicitly, the Fourier transform of the disor-
pend on the low energy details in the disorder distributionder correlator for general splayed configurations is
e.g.,{=w=v/(d+ v) for bounded distributions of the form A(k, ,k;)=Aqf(k,/vok,)/vok, , for smallk, ,k,, wherev,
Eq. (4) below, while at finite temperature the wandering isis the characteristic width of the distribution of slopes.
slightly sub-ballistic, withr(z)[~z/(In2)?,y=1+2/d, where ~ “Nearly isotropic” splay refers to the limit,— (keeping
d is the number of dimensions perpendicular 28 For  Ao/vo fixed), giving A(k, ,k;)ec1/k, , while a truly isotro-
splayedcolumnar defects one might expect an enhancememgic distribution would giveA (k; ,kz)ocll\/kl2+k22. Neglect
of this wandering since the flux lines try to follow the ran- of the k, dependence is at least plausible in the casd,
domly tilted defects. since the width grows aso~[length]* ¢ under renormal-
The path a flux line takes inside a superconductor is noization and therefore would diverge to infinity on large
easy to measure experimentally. What can be measured is thength scales. Subject to these assumptions, the flux line
positions at which the flux line enters and leaves the supeproblem can then be mapped to a noisy Burgers equation
conductor, e.g., using double-sided decoration experimentsvith spatially correlated noise,for which the universal
In Fig. 1 we propose an experimental setup which wouldresult$® (=3/(3+d) and w=(3—d)/(3+d) have been
allow the end points(z) of the flux line to be measured for conjectured. In this approach, however, higher order correla-
several different disorder realizations of varying height tion functions of the disorder are neglected.
using a single piece of superconductor. Short parallel colum- Here we consider splayed columnar defects for general
nar defects on one side of the sample provide a set of knowangle distributions using a real space approach, similar in
starting points for the vortices as they enter the forest ofpirit to Ref. 9 for parallel columnar defects. This leads to a
splayed columnar defects and traverse the sample. At lowather different physical picture, where the important feature
magnetic field it should be possible to approximately matchis that the flux line keeps following columnar pins with
entry and exit points via double-sided flux decoratiftishe  lower and lower energgand smaller and smaller slopesve
variable length parallel defects simulate the effect of varyingind new exponents that depend on the tail of the distribution
sample thickness. of the energies of the columns. The sensitivity to low ener-
Apart from the intrinsic interest in the behavior of a single gies suggests that higher correlation functions of the disor-
flux line in a disordered superconductor, the physics of aler, which were missing in the previous treatment, may be
single vortex in the presence of splay is relevant for underimportant. The predictions fof and w of the different ap-
standing properties at low magnetic fields, where the fluyoroaches are compared in Table I. We have been able to
density is low. It affects, e.g., the constitutive relati®(H) confirm the results of the real space approach using numeri-
just above theH ., line, where a balance between magneticcal transfer matrix calculations in (11) and (2+1)
field, pinning energy, and repulsive interactions givg@s dimensions.
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TABLE I. Summary of wandering and energy exponents for Y
some selected values of and for other kinds of disorder. The P(e)=J duf ddVPu(u)Pv(v)é e—u— Evz
parametew characterizes the low-energy tail of the pinning energy
distribution[see Eq(4)]. y
=f dvau(e— Evz P,(V). ®)
d=1 d=2
In any realistic case the potential distribution will be
{ o 4 @ bounded, and for convenience we will use
Splayed columnar defecty€0) 1/2 0 1/2 0 ur-1
Splayed columnar defects€1) 3/4 1/2 2/3 1/3 , if O=su=sA,
Splayed columnar defects€2) 5/6 2/3  3/4 1/2 Pu(u)=1 A" (4)
1k, -correlatof 34 12 35 1/5 0, otherwise.
—1\9

iiir:tuzlis?rgj;nsé_l) 1/233 1/133 ~15//‘:’3 ~11//i A uniform bounded distribution is perhaps the most natural

. . choice and corresponds io=1, while the limitv—0 gives
Splay with fragmentation 8/4 172 ~5/82 ~1/47 4 qelta function, i.e., all columns have the same depth. In the

general case>0. We have further chosen the energy scale
such that zero corresponds to the deepest possible pin. We
In Sec. Il we use a combination of scaling arguments anéssume a continuous symmetric distributiBp(v) of the
extremal statistics to derive analytic expressions for the wanslope of the columnar defects, with a finite value fer0
dering and energy exponents. We also discuss crossover éfd a characteristic widthy,. Low energies turn out to be the
fects and other complications, such as inhomogeneities of th@0st important ones, and we find
columnar defectsfragmentation and the influence of tem- ” d/2d
perature. Section Il describes our numerical work. We intro-  p(¢)deo f) ( € _6, 0<e< ZvS,A, (5)
duce a model well suited for transfer matrix calculations of Al \ (yi2)v} € 2
supergqndu_ctors containing splayed columnar defects, d'?.'e., a power law behavioP(e) ~ %~ * with
cuss finite size effects, and present our results. In Sec. IV wé
review some open questions. d
a=-+v. (6)
2
Under the assumptions made above this relation should hold
in the tail even in the presence of weak correlations between
A. The model Pu(u) andP,(v).
A complication may arise from the fact that the defects
. . . . are not necessarily uniform along their extension. Since the
energy and an interaction with the disorder heavy ions creating the damage tracks lose energy to the
material as they travel through it, there may be a systematic
dependence of the diameter and angle onThe tracks
o f‘-zdz[z(ﬂ +U[r(2) z]] @ formed by low-energy ions are furthermore often frag-
o 21dz e mented. We will neglect these effects for now and return to
them in the discussion below. With a good model of these
processes it should be possible to extend the arguments given
wherer is the transverse-dimensional positionz the dis-  below to take into account these facts. In prack¢e) could
tance parallel to the magnetic field, apds the line tension. have several regimes with an approximate power law behav-
Splayed columnar defects are distributed throughout the syd2": leading to crossovers between different scaling regimes
tem, giving a disorder potentiaj(r,z)=EiUi(r—viz—ri°), efoLe the %syfmptotlc result determined by HG), is
with random slopes; and random potential wellg); . The reached(see below
r"s are the positions where the columns cross the plane B. Scaling theory from extremal statistics
=0. We are interested in the low-temperature regime where

the flux line is tightly bound to_ the defects. Thepg%ng ture it seeks out pins with lower and lower energy. At a given
energy pet length of a flux line plnnedzto a Cg"“m” IS BN gistancez the flux line has had a chance to find the optimal
€= (y/2)vi+u;, whereu;~U;(0)+cT*/(2yb}), bi being  columnar pin within a region of siZéX z, with |~ Z£. In this
the radius of the defects, amda constant of order unity. region there are on averadje= pl9 pins, wherep is the areal

The probability distributiorP(e) of the binding energies density perpendicular ta. For a given length scalé the
depends on details of the injection process in the materiaphysics will be dominated by the pin with lowest energy
Below we will need information about the low energy tails of among thes& pins. The typical enel’gyéyrf’t per unit length
this distribution. Given the probability distributiof,(u) of  of this optimal column can then be estimated using argu-
the depths an®,(v) of the slopes, which we assume to be ments of extremal statistitsif N is large enough, i.e., for
independent, we get for the probability of having total energylarge z. Upon introducing the probability that a pin has an
per lengthe the expression energylessthane,

II. ANALYTIC ARGUMENTS

The Hamiltonian of the flux line consists of an elastic

2

As a flux line travels through the sample at low tempera-
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F(E)ZJEWP(G')dE’OC (7)

A¥(yojl2)%2
we have

for N large.

(tS)
For a typical energy of the optimal column we have
NF(egm~1, i.e.,

Prol egp> €) =[ 1~ F(&) N e NF(9,

9

typ__ N~ LYea, _5—¢dla
€opt— N z .
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giving /=3 andw=0. This means that th€=0 fixed point
becomes marginal and thermal fluctuatigas well as point
disordej could become important. Fal—« the exponents
smoothly attain their thermal valués=3,0=0. If P,(u) is
replaced by a Gaussian distributiGhus allowing arbitrarily
low pinning energieswe find {=w=1, described by the

—oo limit, but in this case there may also be logarithmic
corrections. A distribution with power-law taild,(u)
~Ju|7*"1, u<—1, would give /=1 and w=1+d/v. In
Table | we summarize the exponents found for splayed co-
lumnar defects and compare them with the exponents for
other kinds of disorder. Comparing with the results found in

The total energy of the whole optimal path will then scale asRef. 7 for a disorder distribution with long range transverse

z
Eyp~ L eom(z')dz ~zt ez, (10
Thus we have obtained the relation
w=1-{d/a (11

correlationsA (k) ~1/k; the exponents agree for the special
cased=1,v=1, but disagree in general.

Another interesting quantity to look for is how often the
flux line changes direction. Let us define the total number of
intercolumn jumps the flux line has made up zikhsn,. The
turning probability in an infinitesimal intervdlz,z+dz] is
given by the number of new columns explored times the

between the energy exponent and the wandering exponergrobability of any of them being lower in energy than the

Note the dependendéhrougha and Eq.(6)] on the detailed
behavior ofP,(u) at low energies.
Now we will turn to the determination af itself. Assum-

current energydn,~ F(eg’g’,)d N~dN/N, which gives

n,~INN(z)~Inz. (15

ing that the flux line is mostly localized along the columns From this follows that the spacing alomgetween two turns

with lowest energy, we only need to know how the slogg
of the optimal pin encountered decreases witifhe prob-
ability of vy is, for largeN, given by

€— —

2

Uopt

Y
P (Uopt)ddvopt:Nf dEPu( Utz)pt)

XP,(voppe NFOdyy.  (12)

A simple calculation shows thas 35~ 2l y~N~2
~7 ¢42a for YP<y12/2, and for the typical value of the
endpointr(z) of the flux line at distance we then obtain

z
rtyp(z)~J vom(z')dz ~zt - édRa— 7, (13
0
Thus {=1/(1+d/2a)=2al/(2a+d), and via Eq.(11), o
=(2a—d)/(2a+d). From Eq.(6) we then obtain our final
result

_d/2+v "
T od+v (143
0=97, (14b

Remarkably, these exponents satisfy forcaind v the rela-
tion w=2¢—1 valid for systems obeying statistical tilt
symmetry? even though strictly speaking, thereris exact
tilt symmetry in the present case.

Since < v<w, we always haveg</<1 and O<w<1.
For a uniform bounded disorder distribution=1) we get
{=3l4,w=1/2 in (1+1)D and{=2/3,0=1/3 in (2+1)D,

increases adz~z on average.

C. Crossover effects and scaling regimes

The results above hold asymptotically for largand de-
pend only on the parameterin the pinning energy distribu-
tion. Realistic pinning energy distributions can be expected
to be more complicated than the simple form E4). used
above and this may lead to various crossover effects between
different scaling regimes, depending on the energy scale
probed at a given length scale. This may effectively lead to a
z-dependent parameter, and may also disrupt the relation
v~ /e3P, and hence the relatiom=2¢—1 over certain
length scales, although asymptotically the behavior should
be that of the previous section.

For the bounded distributions used above, E, the
asymptotic behavior sets in Wheﬁg’ts min{A,y¥2}, or, us-
ing N(2) ~1/F (g,

d/2

N(z)>max (16)

A ’

where N(z) is the number of columns explored up til
Finally, we expect behavior typical of parallel columnar de-
fects whenz<a, /vy, wherea, =p . As vy—0 this
crossover scale diverges as expected.

D. Fragmented columnar defects

In some cases the columnar defects created by the ion

leading to an enhanced wandering compared to point disoirradiation (or fission fragmenis are highly nonuniform

der. If all splayed column well depths are identicak-0

along their axis(see Fig. 21° This fragmentation depends

144512-4



VORTEX WANDERING AMONG SPLAYED COLUMNAR DEFECTS PHYSICAL REVIEW B4 144512

>d? Although the disorder along the columns is correlated
only over the microscopic scakof the fragments the prob-
lem still has long ranged correlations in that the disorder is
restricted to the tracks of the columns. There @eleast

two possible scenarios. If the pointlike contribution to the
disorder from many columnar fragments is strong enough to
completely delocalize the flux line, this would presumably
lead to a crossover to the physics dominated by point disor-
der, with a corresponding change in the critical exponents.
However, if the fragmentation is weak, the flux line could
remain pinned to the best fragmented column available in the
region explored, occasionally making excursions to take ad-
vantage of favorable fluctuations in the disorder. In Ref. 16
the depinning of a flux line from a single columnar defect in
the presence of point disorder was studied. These authors
crossing columnar defects at finite temperatuight). The entropic found a transition from a localized to a delocalized state for

contribution to the free energy from the crossing points, which ap-d>1 as a functlon _Of dlsorder_strer_lgth, while the _cats_e
pear randomly along the defects, act very similar to fragmentation=1 Was marginal with the flux line pinned by an arbitrarily
weak attractive column. In analogy with these results we do

on, e.g., the kinetic energy and the type of ions used. In thi§0t expect the first scenario to be realizedder1, whereas

subsection we discuss the influence of this fragmentation off higher dimensions either scenarioasriori possible and

the flux line wandering. a phase transition between the two cannot be excluded.
We first consider the stability of the results derived in Sec. We now take a closer look at the second scenariwark

Il B. With fragmentation the energy of a flux line pinned to a fragmentation. The flux line will then effectively see splayed

columnar defect will be subject to two kinds of disorder. Ascolumnar defects with a Gaussian distribution of pinning en-

before there is a randomindependent part constant along €rgies with variance- f?a/Az, that explicitly depends on the

the columns, given by Ecﬁ4) We assume that fragmenta’[ion distancez (reca” thatAZ"‘Z). Repeating the extremal statis-

Superimposes a random short range correlated energy modepS calculation of Sec. Il B for this choice of pinning ener-

lation along the columns with zero mean. gies leads tOEggthf\/a/AZ up to logarithmic corrections.
Let us now consider a segment of a flux line pinned to aThe typical optimal slope i®f)y§~ \/253,51/7 again ignoring

defect over a lengtlhz>a, wherea is the microscopic size logarithms. The total energy of the flux line then scales

of the fragments. The fluctuation in the average energy pesis Etyp(z)~21’2, and the endpoint position a$yp(z)~z3/4,

unit length then gets a contributione;=f\a/Az from the  so that

fragmentation, wheré is the root mean square strength of

the disorder. Fragmentation should be relevant only if this {=3/4, (199

energy exceeds the fluctuations in the constant part of the

energy. The density of columns with energy less than this

energy isp-=pF(e€;), and their mean transverse distamce w=1/2, (19b

~(p<) . The mean longitudinal distance between crossyhen weak fragmentation dominates.

ings (or close encountersof these low energy columns is

then Az* ~1/v*, where thev* is the maximum typical

slope,v* ~ 2/ y~ \2f[y(alAz)Y* Introducing the mean
transverse spacing of defeas=p~ 1 we find We have assumed thus far that temperature was low

enough to be ignored and the problem could be analyzed
solely in terms of energetics. As the temperature is increased
entropy becomes more important. At relatively low tempera-
17 tures the main contribution will come from regions where
two or more columns come closer thdp~T/\2yAU,
Fragmentation can only be important Afz* <Az, i.e.,, on  whereAU is the energy difference between a columnar de-
large length scales i<<d, and otherwise on short length fect and the surrounding material. The flux line will then
scales, with the crossover scale given by the requiremerfain entropy by fluctuating back and forth between these
AZ*~Az, column$ (see Fig. 2 Since these crossing points occur ran-
domly along the splayed columns the situation becomes very
)2/(1 vid) similar to that of fragmented columnar defects at zero tem-

FIG. 2. lllustration of a couple of fragmented columnar defects
(left) and a flux line which fluctuates back and forth between two

E. Finite temperature

a (’)’US/Z)A”/d (1+vid)2

Vo f1+V/d

Az
a

*

a, (yvg2Ave

s (18) perature. Therefore, we expect the argument of the previous
voa f1+ vid

subsection to apply, i.e., temperature will be important when-

ever fragmentation would be important, and the wandering
What happens when the fragmentation dominates, i.e., oand energy exponents should be the same as for that case. If

long length scales for<<d or on short length scales far  the temperature is increased even further the flux line will no

AZgoss0ver™ a(
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z=6 L-1

H= ZO AE; i (2), (21)

ierl'iz
where AE;;(2) is the energy of thestraigh) line segment
betweenr;(z+1) andr;(z). We take

AE (D=2 [n(z+ D[4y, (22

where the first term is the elastic enelgye distance appear-
ing in brackets is understood to be the shortest distance using
the periodic boundary conditionsnd the second is a ran-

FIG. 3. Discretization used for transfer matrix calculations in dom site energy of column consistent with the continuum
1+1 dimensions. At each step the flux line has the possibility tomodel Eq.(2). More elaborate forms could be used but will
jump to any one of the other columnar pins at the next congtant-presumably not change any universal properties. Fragmenta-
section. A similar picture obtains in21 dimensions. tion of the columnar defects is modeled below by adding
an uncorrelated uniformly distributed terrfy(z) e[0,f]

longer be pinned to individual defects, but rather collectiond© EQ.(22).
of them. In this case the situation becomes far more compli-

cated, and beyond the scope of the present paper. B. Recursion relations
The partition function for the flux line now obeys the
IIl. TRANSFER MATRIX CALCULATIONS recursion relation
To check the analytic arguments in Sec. I, we have per- N
for matth caloulations of drected polymers are performed 2+ =2, &R0z, @

on a modefl d¢f'.”6d on a regular lattice, bl.Jt for the presen\;vhere,(%:lfr is the inverse temperature, and we use units
prqblem_ it is difficult to account for the varying splay angles such thatkg=1. At zero temperature this reduces to an op-
using this approach. Ingtead we have develpped a m(_)del Yiization problem for the total energy of the path
an irregular random lattice defined by a particular configura-

tion of randomly splayed columnar defects.
i

A. Model ) TR
The sum in Eq{(23) and minimization in Eq(24) are over

The disorder landscape consists Mfsplayed columnar 5| possible columns, thus jumps between columns are not
defects embedded randomly in a system of bive L.. The |imited to just nearest neighbors, but instead restricted by the
transverse positions of the columnar defects are given by g|astic line tension. These relations are easily iterated on a

computer, and averages are then calculated from

r(z)=r’+vz, (20) -
> 0i(2)Z(2)
where ther? are distributed uniformly in the plare=0, and _

, . e (0(2)) : (25)
the v;'s are chosen randomly with some distribution 2 7.
P(v)d%. We also assign a random energy cest[0,A] to i i(2)
each column, with probability?,(u)du from Eg. (4). Peri-
odic boundary conditions are employed so that we alwayd he free energy is given bl (z)=—T InZ(z), whereZ(z)
haver,(z) e [—L/2,+L/2]. In addition we use a discretiza- ==2iZi(2). (At zero temperature the free energy is of course
tion in the z direction with lattice constara,=1. equal to the energyThe overbar denotes the quenched av-

A flux line enters the system &,=(0,0) and leaves at erage over different disorder realizations.

someR=(r,L,). The model is defined by restricting the po-
sitions of the flux line to the columnar defects. The space C. Finite size scaling
between pins is excluded, except to allow jumps from one
column to anothefsee Fig. 3. The flux line can then be
parametrized by the sequer{dg}tio of columns visited as it
traverses the sample from bottom to top. The actual path a
vortex takes is given byiz(z)=rioz+vizz, and the total en-

ergy of the flux line is given by while the free energy fluctuations satisfy

In a system of finite transverse sikzewe expect that the
mean square fluctuations of the end point will obey

(r¥(z)y=L2C(z/LY), (26)
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AF%(z)=L2Xf(z/LY), (27

where y=w/{. For small arguments the functiol®s and f
should become power laws, such that the right hand sides
become independent &f In the opposite limit of large ar-
gumentsC(x)—d/12, andf(x)~x2" The crossover hap-
pens at some value af=x., i.e., forz=x,L¢. Thus, when
(r?)/L? and AF?/L?X are plotted against/L**, the data for
different L should collapse onto a single curiat least for
large enougte).

Energy

D. Results and discussion

The recursion relation@3) and(24) were solved numeri-
cally and averaged over 2000—10 000 disorder realizations to
get small error bars. Figure 4 shows an example of the opti-
mal path(corresponding t@=0) of a flux line for a particu-
lar disorder realization. The number of defects were taken to
beN=LY so that the mean spacing between defects is unity.
The line tension is set to unity, equivalent to measuring all
energies in units ofy. We further choose the distribution of
tilts P(v) uniform in[ —vg,+v,]% Apart from the shape of
the tail of the pinning potential, given by the exponenthe
asymptotic behavior on long length scales should be inde-
pendent ofA andv,. However, these values will influence
the length scales where the system crosses over to the
asymptotic regime. Since the system sizes possible to study

FIG. 4. Example of the optimal paths with variable endpoints innumerically are limited, care must be taken in choosing the
a particular disorder realization i1l dimensions. The light gray values of these parameters to reduce crossover effects, oth-
lines represent the randomly splayed columns with random energiesrwise inaccurate results can easily be obtained. The analysis
given by Eq.(4) with v=1. The solid lines are the optimal paths if of Sec. Il C suggests that the crossover length scales are
the end point is restricted to a given position. The thickest line is theminimized Whenyvg/2~A. With this in mind we usually put
optimal path among all of them, i.e., without any restrictions. Thev =1/2,A=0.125 and sometimeas,= 1/4,A=0.03.
upper panel shows the corresponding energies as a function of end The inset of Fig. &) shows the mea’n square positional
point position. fluctuations as a function of for d=1 andv=1 at zero
temperature. Note that the curves saturate for largensis-

10-‘ T T o 10‘ T T T T
(b) d=1,T=0,v=1,{=3/4,x=2/3
10°F  — i
10 L=800
10” .
10°
&
I'% |,§10" 5
10™
10° 4
-5
10 10* i
1 -8 1 1 1 10'5
040" 10° 10;“ 10° 10' E 10°
zL

FIG. 5. (a) Scaling collapse according to E@6) of mean square fluctuations of the end point position of a flux line+irl [dimensions
for different system sizes dt=0. The topmost curve corresponds to the largest system, etc. The statistical errors are small and hardly visible
in the figures here and below. A clear power law behavior with exponért3?2 (dashed lingis observed. The inset shows the unrescaled
data, i.e.r? vs z (b) Scaling collapse of the energy fluctuations of the optimal path. The dashed line is a power law with expenent 2
=1. The inset shows the unrescaled data, A& vs z.
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(b) d=2,T=0,v=1,{=28,0=13,3=12

L=100
L=50
L=25
-- o=1/3

10'
"

FIG. 6. (a) Scaling collapse of mean square fluctuations of the endpoint position of a flux line Indmensions for different system
sizes afT=0. A power law behavior with exponent'2 4/3 (dashed lingis observed. The inset shows the unrescaled datar3.es,z. (b)
Scaling collapse of the energy fluctuations of the optimal path. The dashed line is a power law with expon@iB.2The inset shows the

unrescaled data, i.eAF? vs z

tent with expectations from Eq26). The main part of the given by Eq.(14). It is also possible to collapse the data for

figure shows a scaling collapse of the same data using thdifferent system sizes in each of these cases in a similar way
theoretical value of=3/4. In Fig. 3b) we show a scaling

collapse of the energy fluctuations using-1/2. Here there

are clearly visible corrections to scaling for smalland no

to Fig. 5.

In Fig. 8 we show results for fragmented splayed colum-

nar defects. In@) we plot the positional fluctuations far

power-law behavior is observed for the smallest system=1,v=0, for increasing strengths of the fragmentation
sizes. However, ak is increased, the range over which scal- Sincer<<d fragmentation should be relevant, and already for

ing occurs increases. In Figsiab and §b) we show similar
results ford=2 andv=1, where Eq.(14) predicts{=2/3
and w=1/3, and again the agreement is excellent.

small values off we see deviations from thé=0 result,
where/=1/2. Asf is increased furthe{ increases and sta-
bilizes to a larger value. For large valuesfaf power-law fit

To test the dependence of the exponents on the tail of thgives {~3/4 in agreement with Eq19). In (b) we plot the
pinning energy distribution we calculate the mean square pcsame quantity ford=2. For these parameters the scaling
sitional fluctuationgFig. 7(a)] and the energy fluctuations crosses over to that of point disorder witk-5/8. Thus, frag-

[Fig. 7(b)] for several different values of. For largez the

mentation seems to lead to pointlike wandering @+ 2,

data is accurately described by power laws with exponente/hile the results ford=1 are consistent with the second

10* .
(@) d=1,T=0, L=400
10° £ .
10° £ .
P10t L 3 [‘h
G-Ov=3, =118
10° Bav=2, {=5/6 J
oo v=1l, {=3/4
&-Av=1/4,4=3/5
10" <G+<v=0, §=l/2 i
-2 1 L
10 10° 10' 10° 10°

10°

(b) d=1,T=0,L =400

G-Ov=3, n=3/4
GBv=2, 0=2/3
= v=1, 0=112
LA v=1/4, @=1/5
F+<lv=0, =0

10'

FIG. 7. (a) Mean square positional fluctuations for several different pinning energy distribution&})Egarametrized by. Power-law
fits (not shown to the straight parts of the curves give exponents that agree wittlBao within 1%. (b) Energy fluctuations for different

V.
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. . . 10° . . -

10° |
(a) d=1, T=0, L=400, v=0, v,=1/2

() d=2,T=0,L=50,v=0,v,=1/4

10°
10°
P

10'

10

10”7

10 10' 10¢ 10°

FIG. 8. Positional fluctuations for fragmented splayed columnar defed® ih+1 dimensions andb) 2+ 1. As the strength of the
fragmentation increases the wandering exponent changes{frobi2 to a larger value. The dashed lines are power laws with exponents
{=3/4 and{=5/8, respectively.

weak fragmentation scenario of Sec. Il D. Ferd weak IV. FUTURE DIRECTIONS

fragmentation should be irrelevant, and we do find that the our results indicate that the values of the wandering and
exponents for homogenous columns, Efi4), are much u Uits Indi valu w Ing

more stable for smaflthan they are fow<<d. For largef the energy expongntg depend ser!siti.vely on the Iow-gnergy prop-
behavior is still dominated by fragmentation on short length"ies of the pinning energy distribution. In experiments one
scales. An accurate verification of the crossover scale, Ed‘.“'ght therefore expect the;e exponents to depeljd on 'the
(18), is very difficult with the limited system sizes we have Method of sample preparation. A detailed comparison with
studied, and has not been attempted. experiments would require information about the pinning en-
Finally, we explore the influence of finite temperature in€rgy distribution of the columnar defects for the particular

Fig. 9. As proposed in Sec. Il E the scaling shows strongsamples studied. In case the columnar defects are fragmented
resemblance to that of fragmented columnar defects, confand»<d) this dependence should disappear and universal-
pare Fig. 8. In(1+1) dimensiongFig. Aa)] a powerlaw fit ity be restored. The prospect of having a phase transition
gives {~0.75-0.8, which is consistent with 3/4, the value between the two fragmentation scenarios of Sec. Il D is in-
for fragmented columnar defects. In{2) dimensiong(b)]  teresting and deserves further study.

we get instead,~0.6—0.65, consistent with the value for In this paper we have focused our attention on the prop-
point disorder{~5/8. erties of single flux lines in superconductors with splayed
10° T r -
w0t [ ' ' L ] () d=2, L=50, v=0, v=1/4

(a) d=1, L=400, v=0, vy=1/2
10°

3 |-€1o’

1

1 ' 1
10° 10’ 10° 10° 19 10 10' 107 10°

z z

FIG. 9. Positional fluctuations for different temperatureganl+ 1 dimensions angb) 2+ 1. The dashed lines are power laws with
exponents = 3/4 and{=5/8, respectively.
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columnar defects. At high vortex densities, i.e., at high mag- ACKNOWLEDGMENTS
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