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Vortex pinning by natural linear defects in thin films of YBa ,Cu3;0,_5
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The behavior of the superconducting current dengit3, T) and the dynamical relaxation ra@B,T) of
YBa,Cu;0;_ 5 thin films exhibits a number of features typical for strong pinning of vortices by growth induced
linear defects. At low magnetic fields(B) and Q(B) are constant up to a characteristic fi@d, that is
directly proportional to the linear defect density . The pinning energy) .(B=0)~600 K can be explained
by half-loop excitations determining the thermal activation of vortices at low magnetic fields. Extending the
Bose glass theor{D. R. Nelson and V. M. Vinokur, Phys. Rev. 88, 13 060(1993], we derive a different
expression for the vortex pinning potentigl(R), which is valid for all defect sizes and describes its renor-
malization due to thermal fluctuations. With this expression we explain the temperature dependence of the true
critical current densityj.(0,T) and of the pinning energy.(0,T) at low magnetic fields. At high magnetic
fields ugH>B* the current density experiences a power law behaj@)~ B¢, with a~ —0.58 for films
with low ngg and a~—0.8 to —1.1 for films with high ngg. The pinning energy in this regime,
U.(high B)=60-200 K is independent of magnetic field, but depends on the dislocation density. This implies
that vortex pinning is still largely determined by the linear defects, even when the vortex density is much larger
than the linear defect density. Our results show that natural linear defects in thin films form an analogous
system to columnar tracks in irradiated samples. There are, however, three essential differénhtgsical
matching fields are at least one order of magnitude smaéillgtinear defects are smaller than columnar tracks,
and (iii ) the distribution of natural linear defects is nonrandom, whereas columnar tracks are randomly distrib-
uted. Nevertheless the Bose glass theory, that has successfully described many properties of pinning by
columnar tracks, can be applied also to thin films. A better understanding of pinning in thin films is thus useful
to put the properties of irradiated samples in a broader perspective.
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[. INTRODUCTION The most extensively studied method to increase the criti-
cal current density, especially of single crystals, is the irra-
In high-T. superconducting YB&£u0,_, thin films, diation by heavy ion€® The columnar tracks with diameter
very high critical currents up to ¥Am~2 are observed. D~50-100 A that are formed constitute effective linear
This is roughly two orders of magnitude higher than in highpinning centers. As a result the critical current increases by
quality single crystals, and comparable to the depairing curmore than one order of magnitude, while the irreversibility
rentj,. These current densities indicate that a large amourline shifts to higher fields. This behavior can be understood
of correlated defects is present in thin films, providing for within the Bose glass theofy.However, even after heavy
strong vortex pinningd. In single crystals vortices are only ion radiation the critical current of single crystals is still con-
weakly pinned by randomly distributed point defects. Strongsiderably lower than in thin films. Moreover, in
vortex pinning is an important aspect for high-applica- YBa,CuO;_ s thin films, where the critical current density is
tions, but the nature of the defect responsible for the obalready close to the depairing curreip to j.~0.25, at
served large current densities in thin films remained unreT=4.2 K), the introduction of artificial defects proved to be
solved for a long time. Many different defects can act as dess effective, sincgs is increased by typically a factor 2-5
strong pinning sourcétwin boundaries, (low angle grain  at low temperatures, depending on the type of
boundarieé, large extended precipitafesor oxygen irradiation?®=3°Only at temperatures close Tq the effect is
vacancie$, surface roughnes€ and (screw dis- larger due to the shift of the irreversibility line.
locations®®~2The effect of grain boundaries was studied on  In order to identify the mechanism responsible for strong
films grown on bicrystal substraté! while the effect of  pinning in as-grownthin films it is essential to analyze sys-
antiphase boundaries was studied on films grown on miscuematically and quantitatively the intrinsic pinning properties
substrate$® Other groups sought ways to explginby ar- in connection with the defect structure. In an early attempt to
tificially introducing various types of defects, such as colum+elate the critical current to the number of dislocations,
nar defects®-*® antidot%?° or (magneti¢ impurities®>~2>  growth spirals were taken as a measure for the number of
Most studies are based on samples withaatificially in-  natural linear defect$!°3'However, as the formation of spi-
duceddefect structure, by using doping or heavy ion irradia-rals is a growth kinetic process, screw dislocations do not
tion, or specially chosefmiscut, bicrystal substrates in or- always form growth spirals. This is evident from pulsed laser
der to study various pinning mechanisms. However, theleposited(PLD) YBa,CusO,_ s films, which always have
reason for the near to perfect pinning properties, j&sj,  high critical currents although the formation of growth spi-
of high quality as-grownfilms remained unexplained for a rals is usually prohibited by the growth conditictisMore-
long time. over, edge dislocations pin vortices equally well, as was
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shown by Diazet al,** who considered vortex pinning by a stronger renormalization of the pinning potential than was

low angle grain boundary consisting of a dense row of edgeassumed before. This could explain the strong decrease of

dislocations. This indicates that the as-grown surface momB* (T) with temperature, both in thin films and in irradiated

phology is not a proper measure for the linear defect densitycrystals. In Sec. VI we summarize our results and give an
As an alternative model, Mezzett al*3relate pinningin  overview of the remaining questions.

thin YBa,Cu0O;_ 5 films to the island structure of the films.

It is assumed that the islands are separated by planar defects

situated in the trenches between the islands. Planar defects, . THEORY

for example low angle grain boundaries @ridden weak In single crystals the pinning and dynamics of vortices is
links, can have strong pinning properties. They can be effecjescriped by the theory of weak collective pinnifig® A
tively described as a network of Josephson junctions, wherging|e vortex is pinned by many pinning centers, that are
the critical current of each junction is given by a Fraunhofer-randomly distributed and have a random pinning force. The
I|_ke expressiort® Mezzetti et_ al. fit the measur?d magnetic yortex tries to increase its pinning energy by taking advan-
field dependence of the critical current densjtyB) to a tage of as many pinning centers as possible, and secondly a
distribution in the length of these Josephson junctions. Theijortex wants to remain straight in order to minimize its elas-
approach fits the experimentally observed current dens_ityIC energy. As a result of this competition between pinning
js(B) well at intermediate temperatures, but no proof isang elastic energy, the vortex breaks up in correlated pieces
given of the actual existence of such a network of planapf jengthL , the correlation length. This picture works very
defects in thin YBaCwO;_; films. Moreover, this model e in describing the situation in single crystals of higjh-
does not explain the temperature dependenci @ihdB*  superconductors, but it is not appropriate for strong pinning.
nor the field dependence at loW{0.3T;) temperatures.  particularly, it cannot explain the plateau like features in
Recently* we developed a technique to determine the lin-j_(B) observed in thin films at low magnetic fields, nor the
ear defect densityiyg Of both screw and edge dislocations in strong magnetic field dependencejgfB) at high magnetic
thin YBa,Cus0; 5 films. We proved that upon wet chemical fields. In the case of strong pinning, vortices are pinned over
etChing in a 1% Br in ethanol solution both type of disloca'their full |ength by an extended defect, that |oca||y sup-
tions form etch pits. Measuring the superconducting currenpresses the superconducting order parameter. The Bose glass
densityjs(B) at T=4.2 K, we find a plateau below a char- theoryf” has successfully described the strong pinning results
acteristic fieldB*. The size of this plateau is directly pro- of jrradiated single crystals. We will show that the same
portional to the dislocation density With a proportional-  theory can also be applied to describe pinning by natural
ity constant 0.®@,. From this we conclude that, at low |inear defects in thin films. The essential parameter in this
magnetic fields, dislocations are the most important pinningjescription is the ratioc=r, /v2¢ between the radius of a
source in thin YBaCwO;_ ;5 films, and that every defect can |inear defectr, and the vortex cor@2é. In thin films both

pin one vortex. _ quantities are comparable in size, which complicates the de-
In this paper we present a systematic study on the behascription appreciably.

ior of the superconducting current densjty(B,T) and the
magnetic relaxationQ(B,T) in YBa,CusO;_s films. We
demonstrate the existence of a matching effect in the relax-
ation, similar to that injgy(B). The magnitude of the zero  The irradiation of single crystals or films with heavy ions
field pinning energy we measured,(B=0)~600 K, sug- creates columnar tracks where the crystal structure is heavily
gests that half-loop excitations are the elementary vortex exdistorted, causing a suppression of the superconducting order
citations in thin films at low magnetic fields. Moreover, it parameter. Also the core of a dislocation in thin films is
appears that far abov@* the critical current is still deter- characterized by a strong deformation of the crystal lattice
mined by (collective) strong pinning due to linear defects. and a corresponding suppression of the order parameter.
We focus on the behavior at low temperatuies70 K,  Mkrtchyan and Shmid? calculated the pinning properties of
since at higher temperatures the true critical current densitg cylindrical hole in a superconductor, which provides an
j¢ cannot be easily related to the measured superconductiregcurate description for large linear defexts1. Nelson and
current density . Moreover, at temperatures closeTigthe  Vinokur?”*! observed that the problem of linear defect pin-
vortex glass transition and the melting transition have alning is analogous to the quantum problem of interacting
ready been investigated extensively by many grotps. bosons in two dimensions, trapped in a static random poten-
The paper is organized as follows. In Sec. Il we describeial. Due to this analogy many properties of the vortex sys-
the main theoretical concepts used to explain our resultsem can be derived easily and this so-called Bose glass
Section Ill is devoted to the preparation of the films and to aheory gives an accurate description of strong pinning by
description of the experimental techniques. In Sec. IV wecolumnar or linear defects. In this section we describe the
present the general features of .BasO,_; films, in terms  main aspects of the Bose glass theory, that are relevant for
of the current density,, the relaxation rat€, and the pin- vortex pinning in thin films. We mainly follow the descrip-
ning energyJ, . Section V is devoted to a discussion mainly tion used by Blatteet al,*? which is completely analogous
in terms of the Bose glass theory. We explain the observetb the original paper by Nelson and Vinolirin the next
temperature dependence {B=0,T) andU.(T) and we section we derive a general formula for the pinning potential
show that for small defects thermal fluctuations lead to a,(R), which is valid wherx=1 as well.

A. Strong pinning by linear defects
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The starting point in the Bose glass theory is, that at low B. The pinning potential £,(R) for x=1

magnetic fields a single vortex is strongly pinned by a linear  \yhen the vortex core and the defect size are comparable,
(columnay defect. The vortices can freely accommodate tohe solutions, given by Eq$2) and (3), are not applicable.
the lattice of pinning sites until the shear energy exceeds they, o expressions2) and (3) connect only forR—, i.e.

pinning energy per unit length, . Then a crossover 10 @ \yhen the vortex is far away from the linear defect, whereas
coIIect_|ve plnmgg regime occurs at the crossover or accomg,, R=<r,, i.e., when the vortex is pinned in the defect, both
modation field! equations deviate strongly. Note, that since the coherence
length &(T) increases with temperature, there is always a
crossover in behavior from>1 to x<1. In thin films the
defect core is typically of the order of a few Burgers vectors,
which would giver,~2 -3 nm for screw dislocations, some-
what larger thar¢(0). This shows that a general equation is
needed, which is valid not only for very large or very small
efects, but also wher~1. This is in fact also true for
columnar tracks, that have a radigs=3—5 nm not much

B*~4(g,/e¢)Bg, (1)

with £,=®3/4m\? a characteristic vortex energy per unit
length andBg,=ng®P, is the matching field, at which the
vortex density exactly equals the defect density.

Experimentally, the matching fielB4 can be determined
unambiguously from the irradiation dose or, in the case o
dislocation pinning in thin films, by counting the number of larger than the coherence length
_etchpits_‘.“‘ The accommodation fie_ld is determined by t_he To obtain the pinning potentiél for all defect sizes we
Interaction be_tween the vortex lattice and thg defect I.a.tt'C‘:“Calculate how much the order parameter is reduced at the
In thin films it marks the end of a plateau in the critical

. . ) . X osition of the defect. For a vortex which has its center at a

g;ri?rg;gr‘]sgﬁ;nga?ﬁf (;f (tg()e ?Ja;??ﬁelzi?r?;?er@rﬂgﬂgth ositionR from the center of the defect, put at the origin of
«(B), . S o

I.(B*)/}<(0)=0.9% In this paper we use the term charac- the coordinate system, the pinning potential is
teristic field forB*, as in Ref. 34, to denote the fitted size of 1
the plateau ofj¢(B). In irradiated single crystals a plateau g (R)=— EMOHEJ f [1-|¥(]r—R])|?]rdrd¥d, (6)
has not been observed. Inste@ has been defined as the
field that marks the transition of the field dependence of theyith | W (|r — R|)|? the size of the superconducting order pa-
critical current from an exponential decrease towdi§B)  rameter at a pointr, 9), and the integration done over the
«1/B. Alternatively, a similar value foB*(T) was derived fy|l defect. Taking for the vortex cor@([r—R|)=¥(R’)
from the maximum ind Ian/dTIB.45 The absence of a pla- If(R,)EXF[igD] with f(R')ZR’/(R,Z-FZ§2)l/2 (from Ref
teau injq is attributed to strong vortex-vortex interactions at 46), we obtain&see Appendix A for a derivation '
the matching fieldnote that the typical distance between the

columnar tracksd,~20-50 nm<\). In this films vortex- o [[1(v2E| (r2—R2+2¢2)
vortex interactions are less important at the matching field, g (R)=— ?{ E(W)z—gz
because the linear defects in films are much further apart
In the limit of very large,x>1, and very small defects, “\slTsrl——==—1- (7)
x<1, the pinning potential yield$ 2\ IR 2¢

The depth of the pinning potential B=0 is given by

€p rrz
sr(R)zzln 1—¥ for x>1, (2 . 80' ) rrz - 80' L .
&, (0)=~ ?n +2—§2— ?n[ +x4]. (8)
2
r
g (R)=— % R2+—r2§2 for x<1, 3 Note that Eq(8) is exactly the interpolation formula, pro-

posed by Nelson and Vinokur. In Fig. 1 the pinning poten-
tials according to Eq(7) are drawn forr,=2¢ andr,=¢,
together with their Taylor's expansion to lowest order, and
e results for large and small given by Eqs(2) and(3). In

e limit of largeR Eq. (7) correctly approaches the theoret-
ical results derived in Refs. 40 and 39. The depth of the
. potential, Eq.(8), is smaller than in Eqs2) and (3) when

P r.~¢, but for very small and very large it correctly ap-

proaches Eq(3) and the cutoff of Eq(2).

with R the distance of the vortex from the center of the
pinning site. The critical current density is determined by
the balance between the Lorentz force and the maximur{'E
pinning force—de, /dR|max. Since the pinning potential di- t
verges in Eq(2) atR=r,, a cutoff ofe,(R)=In(r, v2£) was
introduced to determing. for large defects, givingf
~¢g, [v2&. The critical current density is now

%jozjo, for x>1, (4) C. Temperature effects

Sy
There are two effects that determine the temperature de-
) pendence of.(T). The first is an intrinsic temperature de-
27‘5( I ) io, for x<1 5) pendence, due to the paramet&(d) and &(T). Equations

le= 64 |\ 2&(T) (4) and(5) directly lead to
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Pinning potential (in units of )

R (in units of &)

FIG. 1. Vortex-pinning potentials for,=2¢ andr,=¢. Solid
lines are the true pinning potentials, given by Ef. Dashed lines
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that the depinningenergyis temperature dependent itself,
Tip(T)~1NX(T), and we havely (Tgp)=Tgp, With Ty,
the depinningtemperature For very large defects it is rea-
sonable to approachk,(R), given by Eq.(2), with a square
well potential, but in general the form of the pinning poten-
tial is different. To calculate the effect of thermal fluctuations
at low temperatures we use the Taylor’s expansion of(Eq.
to lowest order, i.e.,

2

r )2 RZ'

oy v
g(R)~¢&(R=0)+ 2 (rr2+2§2

(11)
which is a harmonic oscillator potential. From the eigenval-
ues of the harmonic oscillator and the correct boson-vortex
mapping(see Appendix B for a derivationwe obtain

e(T)=%,(1-T/Ty,) at low T. (12)

are the theoretical calculations for large defects, by Mkrtchyan and

Shmidt(Ref. 40 and for small defects, by Blattet al. (Ref. 39.
Dotted lines denote the lowest order Taylor's expansion (Eg),
which is used to calculate the effect of thermal fluctuations.

Jo(T)=LN(T)EM(T)), 9

with v=1 andv=3 for large and small defects, respectively.
For the real pinning potential, E¢7), one can show that the
maximum pinning forcef .= —de, /dRya=—de, /dRR= -
The relative error in this approximatioA f ,,,/fmax IS 1€SS
than 4% forx>0.6, and using this approximation we find for
the critical current density

80 1
200 1,

jo(T)=~

r2+4 &2
V2r2+ g2 ¢

rr2+§2 £l T 10
W r jo(T). (10

Note that the prefactor befoig(T) is an increasing function
of r,, which means that the maximum pinning force in-
creases with increasing defect size. Equatid@) is not a
convenient expression, but it can be fitted fo(T)
~1/(\?(T)&"(T)), with » a fit parameter ranging fromy

33
-8

=1 tov= 3, depending on the defect size. In other words Eq

(9), describingj(T) for very large or very small defects, can
be used generally for all defect sizes, withreflecting the
crossover from very larg&x>1, v=1) to very small defects
(x<1, v=3).

The second effect influencing(T) are thermal fluctua-

tions. Due to the confinement of the vortices onto the thei
pinning sites, the loss of entropy reduces the effective pin
ning depth of the pinning potential. The influence of thermal
(entropig fluctuations was calculated by taking a square well

of depths, and extensionby=max(,v2¢) as the vortex
pin potential*? giving for the pinning energy per unit length
s,(T)zE,((l—(T/TF[,p)Z) for low temperatures, whefg, is

I

The thermal fluctuation factor is now linear Trﬁ'{,p, indi-
cating that thermal fluctuations have a stronger effect on the
pinning potential than was assumed in the Bose glass theory.
An estimate for the depinning energy at zero temperature,
taking &;=e,=0.2e9 and by=r,=2¢, yields Tj,~400 K
>T.. This indicates, that at low temperatures:0.5T. the
effect of thermal fluctuations in thin YB&u;O; _ 5 films will
not be very large, although the strong temperature depen-

dence ofB*(T) could indicate thaﬁ'{,p(O) is lower (see the
discussion in Sec. VB Upon approaching the depinning
temperature J, the depinningenergy~'gp(T)~1/)\2(T) de-
creases quickly and thermal fluctuations reduce the effective
pinning strength considerably.

I, EXPERIMENT
A. Sample preparation

YBa,Cu;0;_ 5 thin films were deposited by means of
pulsed laser depositiofPLD) on (100) SrTiO; substrate§’
The PLD system consists of a KrF excimer laggavelength
248 nm, pulse time 30 ns, frequency 5)Hmd a UHV sys-
tem in combination with projection optics to ensure a sto-
ichiometric deposition from the YB&u;O,_ 5 target. By us-
ing different substrate temperatures during deposition
betweenT ¢~ 700 °C andT,;~850 °C we are able to tune
reproducibly the island size of the films betwedn
=80 nm toD=500 nm?** The films are allc-axis oriented
and have a thickness df~140 nm. XRD analysis shows a
good overall crystallinity of all films. The axis of the films
c=11.68(3) A is very close to the single crystal value of
11.677 A, while the(005 rocking curve full width at half
maximumA  g05<0.1°. The average transition temperature
T., measured resistively using a four point methdq,
90.4 K with a standard deviation of 0.4 K and a typical
transition width AT,<0.5 K.*® To determine the defect
structureandthe pinning properties of the same film, we cut
each film into four pieces. For critical current measurements

the depth of the pinning potential without thermal fluctua-gne piece was patterned by standard UV photolithography

tions, and'Nr[,pE bgVe g, is the depinning energffor conve-
nience we have omitted the Boltzmann constieglit Note

into a ring of typically 3—5 mm in diameter and 125-500
pm width. In this geometry we can safely assume a well

184523-4



VORTEX PINNING BY NATURAL LINEAR DEFECTS IN . .. PHYSICAL REVIEW B64 184523

TABLE I. General properties of pulsed laser depositetiD)  image is shown of filmC496. Characteristic for all laser
and sputtered YB&u0;_; films on SITiQ investigated in this  aplated films is the island structure, with an island diameter
work. d is the film thicknessT. the transition temperaturiot  of typjically 100-500 nm, separated by deep trendlgsto
measurgd for al! films AT, the width of the trangltlonndis| the 20% of the film thickness By means of wet chemical etch-
dislocation density, and, the average defect spacing. ing in a 1.0 vol % Br-ethanol solution we obtain the linear
defect densityng from the density of etch pits. By etching

Film D;ﬁﬁggn (n?n) (LC) ?KT)C ( Mnrf;i'z) (:r;n) a very short time, the etch pits are visible together with the
as-grown, not yet erased island structure. Most linear defects
A67  dcsputtering 192 90.6 0.6 7 378 are situated in the trenches resulting in a linear relationship
B670 PLD 110 904 06 28 189  petween the island density and the linear defect density, with
C496 PLD 140 906 03 34 171  on average one linear defect per isldfd=rom the radial
D203 PLD 140 91 57 132 (distribution function of the etch pits, we see that the defects
E493 PLD 70 897 04 72 118  are nonrandomly distributed, with almost no defects close to
F554 PLD 140 90 105 each other. As the defect density in films remains constant

with thickness, we learn that the dislocations are formed at
the substrate-film interface and persist up to the surface of

defined current distribution and relaxation rate, which we . . ;
confirmed by magneto-optical measureméftIhe other N}nri WCBg;(Ci:f? 7- film, i.e., they thread through the entire

ieces were used for microstructural analysis, such as AFM, . S .
y y Previously, we found indications for an antiphase bound-

XRD, and wet chemical etching to determine the linear de- : )
fect density(see the next section ary network, due to thec-axis mismatch between

For comparison we measured a 70 nm thin fiEg3)  YBaCO;_;and the SrTiQsubstrat@:>2However, recent
and a film (A67), prepared by means of dc sputtering. The T EM observations on our films show, that antiphase bound-
latter was sputtered &t=840°C and 3 mbar oxygen pres- &/ies are not a general feature in thin films, whereas the
sure with a substrate-target distance of 2 cm. After depositiofland morphology is. Moreover, no grain boundaries or
the film was postannealedrfda h at 650°C in 1®mbar G Weak links separating the islands were fodhdnstead our
in order to optimize the superconducting properties. In thigilms consist of large well connected islands, and the dislo-
way, films containing large growth spirals are obtained,cations found by TEM appear to be screw dislocations. We

forming island sizes up t® =2 um.>° conclude that the trenches between the growth islands only
In Table | an overview is given about the deposition andreflect a reduction of the film thickness and that there is no
structural details of all films treated in this paper. network of planar defects related to them. Therefore, the
model of Mezzettet al*3is not applicable to our films. Note
B. Defect structure that the defect distanad ~200 nm is much larger than the

The surface morphology of the films is studied by a tap—d_efect radlus.rr~1—_3 nm, which makes_|t impossible to
ping mode AFM, using a Nanoscope llla. In Fig. 2 an AFM view these dislocations to be correlated in such a way that

they form a planar defect. In low angle grain boundaries the
array of dislocations is much denser. For example, in the 4°
grain boundary YBguO,; s film, investigated by Diaz
et al,'* the distance between adjacent edge dislocatibns
~5.6 nm=r,, which means that the defect core sizes are
almost overlapping. Even if all dislocations in our film
would be aligned, we finfusing the Shockley-Read formula
d,=|b|/(2 sin(®/2)), with |b|=0.4 nm the magnitude of the
Burgers vector, andl, =200 nm, that the grain boundary
angled~0.1°. This is clearly too small to give any notice-
able grain boundary effect, for which the minimum angle
would be 9= §y~3-5° > Hence we may safely assume
that in our films we are dealing with pinning atdividual
linear defects.

For sputtered films the one to one correspondence be-

FIG. 2. 1.5¢1.5 um? surface topography of a 140 nm thick _tween island density and defect density does not hold. The
YBa,Cw0,_, film (film C496), obtained by atomic force micros- iSlands are very large and do not show deep trenches. Instead

copy. The island structure can be clearly distinguished. The averag®OWth spirals are observed, that can be associated with
island diameter i® =200 nm. The dislocations are mainly situated SCrew dislocations. After etching other dislocatidnsostly

in the trenches around the islan@®ef. 44. As a result their distri- €dge dislocationsare observed as well, which makes the
bution is not random in the sense that the nearest neighbor distanééslocation density relatively large compared to the island
exhibits a relatively small variation. Vertical scale: black-white size. Nevertheless, in sputtered films the matching effect is
~40 nm. still related to the total measured linear defect density.>*
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This proves once more that the linear defect density, and natopper-wired coil of known dimensions onto the plate, and
the island size, determines the size of the low field plateau imeasure the torque exerted by the coil, as a function of ap-
the current density. plied current through the coil.

Note that the measured superconducting current depisity
is in general not the true critical current densjty, i.e., the
current density for which the pinning force and Lorentz force
. o are equal. The difference is caused by the relaxation of the

The superconducting current density is measured byjortex lattice due to thermally activated vortex hopgtor
means of capacitive torque magnetometry. When we place @,antum creefl! In YBa,Cu:0;_ ;5 films the relaxation rate
superconducting sample in a magnetic figlgH under a s typically a few percent at low magnetic fields and tempera-
specific angle and sweep the field with constant sweep ratgres. This difference betwedg and | is a general experi-
mo(dH/dt), superconducting currents are induced in themental feature, also encountered inV measurements. The

sample, which set up a magnetic momehperpendicular to  gjectric field associated with the induced current in a ring
the plane of the ring. The sample experiences a torque aGccording to Faraday’s law is

cording to

C. Determination of the superconducting current density
and the relaxation

grydaj rdB dB
7=po(MXH). (13 BN =S % s @ ar (19

We determine the irreversible torqug at a certain mag- with £(r) the self-inductance of the ringl the film thick-
netic field by taking half the difference between the ascendness, and the radius of the ring. Because<r the term with
ing (7) and the descending-() branch of a magnetic hys- 9j/dt can be neglected. From E(L5) we see that fixing a
teresis loopr,,= (7, — 7_)/2. We assure that the sample is in sweep rate corresponds exactly to choosing a certain voltage
the fully penetrated state by performing sweeps over a muchriterium as is usually done ih-V measurements to deter-
larger range than the penetration field. Since the current in mine j.. The equivalence of torque aneV measurements
thin film is confined to the film plane, we can calculate thehas been confirmed also experiment&fly.
irreversible magnetic moment using;,= i, /(xoH sin ). The relaxation rate is usually determined by measuring
The current density is directly proportional to the magneticthe decay of the magnetic moment in time after having
moment, depending only on a geometrical factor. Using thestopped a field sweep. The normalized relaxation rate is then
Bean critical state modéf, we obtain for ring-shaped defined as

samples
S= dinjs 16
Mo = (m/3)d(r3— )]s, (14 = dint (10
with d the sample thickness amg andr; the outer and inner There are, however, a few drawbacks in using this method
radius of the ring, respectively. to determine the relaxation rate in thin films. First of all the

The setup consists of a 7 T magnet in a Oxford cryostamethod is time consuming, since the relaxation, especially at
that enables us to measure over a temperature range from Io{v temperatures, is very slow. Secondly, because of the
to 300 K. The magnetic field is applied at an angle of 10°large demagnetization factor of a thin film, the penetration
from the c axis. As this angle is well within the trapping field is small. Therefore a small overshoot at the end of a
angle for columnar tracks, we can safely assume that thfield sweep causes dramatic changes in the microscopic field
vortices are parallel to the axis. Moreover, as shown by and current distribution, thereby making it impossible to re-
Brandt?’ vortices are straight and perpendicular to the surdate the measured magnetic moment to the current density,
face over a length~N\, indicating that even without linear especially at short time scales. Since most of the relaxation
defects vortices would be aligned with thexis over almost  takes place in the first few seconds after a field sweep has
the full film thickness. Vortex kink creation at the surface, asstopped, this overshoot seriously hampers an accurate mea-
proposed by Indenborat al,*® does therefore not occur in surement of the relaxation in thin films. There is, however, a
thin films with thicknesgd=<\. convenient way of avoiding these problems by making small

Douweset al® showed by comparing transport measure-hysteresis loops around a certain field, with ever decreasing
ments with torque magnetometery, that the applied magnetisweep rates. Due to relaxation, the width of the hysteresis
field can be scaled to an effective field along thexis loop decreases with decreasing sweep rate, and we obtain the
toHer= o Happicosd, for angles at least up t8=30°. In  dynamical relaxation rate
our measurements, with c9s=0.985, we set thugioH ¢
= o Happi- _ dlnjs

The torquemeter consists of two fixed copper plates, and Q= dIn(dB/dt) (17)
one movable phosphorous-bronze plate. This plate with the
sample is mounted 0.5 mm above the fixed plates. It has twby plotting the hysteresis against the sweep rate on a double
U-shaped cuts that enables the plate to slightly rotate whenlagarithmic plot. Due to the ring shape of our sample, we
torque is exertedsee Ref. 51 for a detailed pictyreThis  obtain a well defined, uniform relaxation rate. It was shown,
torque is measured capacitivéRfor calibration we mounta both experimentally and theoretically, that both conventional
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FIG. 4. Current density,(T) for various magnetic fields df)
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0.05(0), 0.1 (@), 0.3(O), 0.5(A), 1.0(A), 2.0(V), 3.0(V), 4.0
(#),5.0(¢), and 6.0 T(*).

FIG. 3. Superconducting current density(B) for two films
with different dislocation density(a) C496 with ngq=34 um 2
and(b) E493 withngg=72 wm2. From top to bottonT=4.2, 10,
20, 30, 40, 50, 60, 70, and 80 (only E493. The arrows indicate

the characteristic field a[=4.2 K. In Fig. 5 we plotted the value dB* and the zero field

] ) . . current densityjs(B=0) atT=4.2 K versus the dislocation
and dynamical relaxation measurements essentially yield thgensity for many films. We find that the characteristic field is
same value for the relaxatié. directly proportional to the linear defect density as deter-
mined by wet chemical etchin@g* =0.7n4®, [Fig. 5a)].
This implies that linear defects are the most important pin-
ning centers in YBgCuwO;_ 5 thin films, and that every lin-
ear defect pins one vortex.

Both j¢(B=0) andB* depend strongly on temperature.
The general behavior of the superconducting current denfhe current densitys(B=0) however doesot depend sys-
sity j¢ in thin films of YBa,Cu;0,_ s has a number of distinct tematically on the dislocation densifiFig. 5b)]. The latter
features. The most remarkable property is, that at low magpoint is due to the fact, that at low magnetic fields, vortices
netic fields, the current densify(B) exhibits a plateagFig.  are individually pinned and the pinning force depends only
3 and Ref. 34 Note that this plateau is not an artifact of the on the (single vortex-pin potential. This point also shows
logarithmic scale, used fougH; it persist in a linear plot. that the self-fieldugHgse~1/2jd (Refs. 64,65 (d is the
In Fig. 3 and Fig. 4 we plot{(B,T) as a function of mag- thickness of the sampleloes not influence the measurement
netic field and temperature respectively, for two films with of B*. Although the self-field is of the same order of mag-
low and high dislocation density. Comparing many films wenitude as the characteristic fielB} is proportional tongy
typically find that at T=4.2K, j(B=0)~(2to6) and does not depend gn or the sample dimensions like
X10" Am™2, while at T=775K, j=2-4x10°° Am™2  uoHs. We conclude therefore that the plateaujgB) is
These high critical current values confirm, that the films arenot an experimental artifact connected to the self-field, but
of excellent quality, like the materials parametécgé Sec. indeed related to the strong pinning of vortices by linear
[IIA) already suggested. defects. In addition the field of first penetration, measured for

IV. RESULTS

A. General properties of the superconducting
current density j
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D, * o X
N . ] Eventually also in films with a large defect density a
2 FoX " " 1 power law behavior is reached. However, as shown in Fig. 6,
3 0 * * ] for films with high ngg, «(T) decreases with temperature
T 1tk * * . to a~—1.1 atT=50 K, whereasy(T)~ —0.58 constant for
2 r ‘ . . . . ooy ] all T for the films with lowngg. The crossover in behavior
3 00 0 20 30 40 50 60 <70 80 90 at high magnetic fields occurs when the dislocation density

Ngis™~60 um 2. The reason for this crossover is possibly
related to the distance between the linear defects in the film.
For film D203 (ngg=57 um 2, the distance between de-
=4.2 K versus the dislocation density;, showing that linear fects 'Sdr:15,0 nmE.)\, whereas forE493 -andl.:554, that
defects are the most important pinning source at low magnetid@v€ many dislocations},~100 nm<A\. Sinces~1/B is
fields. (b) The superconducting current densifi(B=0) at T  the typical behavior for a collective pinning of the disloca-
=4.2 K is roughly constant for the many films we investigated, tion lattice, our result implies that the pinning mechanism

independent of the dislocation density. Solid circles denote th&€hanges from a shean —1/2) to a collective pinning re-
samplesC496 andE493 from Figs. 3 and 4. gime (@=—1) for d,<\. Note that also in irradiated single

crystals(with d,<<\) collective pinning withjs~1/B is ob-

various samples both by torque magnetometery anderved aboveB*.*® In Sec. VC we will address the high
magneto-opticguoH per~ 10— 25 mT B* .4 field behavior ofjs more thoroughly.

At higher magnetic fields we observe a transition to a
power law behavior for films with a low dislocation density . ) .
j(B)~B®, with «~—0.58. This is close tch(B)~1/\/§. B. General properties of the dynamical relaxation rateQ
Typically such a field dependence is described by plastic After describing the general properties jaf, we turn to
pinning?’ or a flux line shear model where the unpinnedthe dynamical relaxation rate. First we investigate the behav-
vortices are moving by shear forces through the lattice ofor of Q at low fieldsugH<<B*, wherej exhibits a plateau.
strongly pinned vortice® The power law behavior sets in at To measure the relaxatio@ at these fields, we have to use
noH=0.5T and extends to 7 T at low temperatures. Atvery low sweep rates to acquire sufficient data points. More-
higher temperatures a faster decreasg,@) develops, that over, the torque disappears at vanishing magnetic field. We
is accompanied by an exponential increase of the relaxationse an external current source in combination with the mag-
rate Q (see Fig. 9 and the next sectjoiThis does not nec- net power supply to obtain sweep rates down tqudUs. In
essarily mean that there is a crossover to another pinningig. 7 the current density at four different sweep rates is
mechanism. Merely the relaxation in this region becomes splotted for film D203. As js exhibits a plateau at every
strong that we cannot relate to the true critical current sweep rate, so does the relaxation 1@{@) at fields below
densityj. even qualitatively. Therefore we cannot make anyB*. We thus observe in the relaxation the same matching
statements about the pinning mechanism without determireffect as injs. The plateau imQ is also observed at higher
ing j.(B,T) by using, for example, the generalized inversiontemperaturesinset of Fig. 7 and likeB* (T) the size of the
schemé’ plateau decreases with increasing temperature. If we increase

—
o
=

Dislocation density n_, (am™)

FIG. 5. (a) Characteristic fieldB* for various films atT
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which is independent of the sweep rate used. From top to bottom:

dB/dt=735, 368, 184, and 92T s. Inset: Q(B) for D203 atT
=10, 40, and 60 K. The decreaseRf with temperature is clearly
observed.

the magnetic field beyond the characteristic fiBit, Q(B)
increases steeplee Fig. 8 especially at low temperatures.
The relaxation rate rises untjigH~0.5 T and becomes

roughly constant for high magnetic fields at low tempera-

tures.
The sharp increase of the relaxation just abB%¥ecan be

understood as a consequence of the crossover from strong

pinning by dislocations towards anothémeakej pinning
regime. It is comparable to the crossover observefl(B)
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FIG. 9. Dynamical relaxation rat®(T) for (a) A67 and(b)

from a plateau at low fields, to a power law decrease at high-cs4 £rom bottom to tof8=0.1 (M), 0.3(C)), 0.5 (@), 1.0(O)
magnetic fields. When the current density decreases as #y (&) 3.0(A, only F554, 4.0(V) é.O(V O'my F554f) and 6.0

power lawj¢(B)~B¢, with <0, Q(B) is constant again.
The behavior ofQ(B) is thus closely related to the behavior
of j(B).

There is an interesting difference @(B, T) of films with
low and high dislocation density; in films with a low dislo-

T | 1 I i I
A
0.04 A b
c & =)
Q —
S L
c 0.03 -
L
S i
x
)
3] -
o 0.02
0.000 A 1 ! 1 N ] L IT
1 2 3 4 5 6

Magnetic field p,H (T)

FIG. 8. Q(B) at various low temperatures for fil67. At high
magnetic fieldsQ(B) is constant, but whem H=<0.5 T, the re-
laxation decreases sharply. From bottom to Tep7 (H), 10 (0J),
and 15 K(A). Lines are guides to the eye.

T(e).

cation densityQ(T) is constant at intermediate temperatures
20<T<50 K (Fig. 9. This plateau has been observed before
and seems to be a common feature for YBa&O,_;.%®
However, in films with highngg,Q increases monotonically
with T.

At low temperature§ <10 K a transition from thermally
activated creep to quantum creep takes place@{id) be-
comes independent of temperatfitéspecially in Fig. %)
for the lowest field values3=0.1,0.3 T, one distinguishes
that Q(T) starts to flatten. We do not discuss the effect of
quantum creep, since it is described extensively elsewfere,
but for describing thermally activated flux motion, we have
to discard data fomr <10 K.

C. Determination of the pinning energy U,

The pinning energyJ. can be determined directly from
the dynamical relaxation rate. For thermally activated flux
creep, the probability of a vortex jumping from one pinning
configuration to another Bxe™U(j,B,T)/kgT. The activa-

tion energy is given by
Je|*
— -1 :CkBT,
Is

Uc

U@j)=— (18)
M
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FIG. 11. Pinning energied), for various films: A67 (V),

1600 B670(A), D203 (@), andF554 (J). At high fieldsU, exhibits a
1400 - . plateau, whereas at low magnetic fields, it rises steeply #B
1200 [ ] =0)=~600 K. Lines are guides to the eye 467 andF554. Inset:
s plateau ofU. at high magnetic fields scales with the square root of
1000 |- - the dislocation density/n;g.
X 800 .
o] 3 1 =0, which corresponds to a constant relaxation KQ{d)
= S0 [ ] due to quantum creep. At intermediate temperatures the re-
400 |- L7 4 laxation rate is more or less constant ari@ rises linearly.
- P 1 At higher temperatures however, thermal fluctuations be-
200 i T come stronger an€ increases exponentially, which results
0 . in a sharp decrease df/Q. An interesting feature is ob-

0 10 20 30 40 S50 60 70 80 90 served in Fig. 1(); at low magnetic fieldg.oH=0.5 T, an
(b) Temperature T (K) upturn develops. This behavior is directly coupled to the de-
. crease of the relaxation rate, being constant at high magnetic
FIG. 10. T/Q vs T plots for two films(a) A67 and(b) F554 at  fields and exhibiting a sharp decrease figiH=<0.5 T at low
B=0.1 (M, only A67), 0.3(CJ), 0.5(A), 1.0(A), 2.0(V), 3.0(V,  temperaturesFig. 8). Especially in flmA67 the upturn is
only F554), 4.0(#), 5.0(¢, only F554), and 6.0 T(®). Lines are  yery clear but, although less pronounced, it is also observed
guides to the eye. Extrapolation 8fQ to T=0 gives the pinning iy other films. At high magnetic fields the lines ofQ fall
energyU,. At high magnetic fields the pinning energy becomes ot on top of each othéQ(B) is virtually constant at
independent of magnetic field. At low magnetic fields an upturnhigh magnetic fields indicating that the pinning enerdy
appears, that is specifically clearA67, resulting in an increase of is only weakly field dependent ¢
U.(B). At low temperaturesT =10 K the curves bend down to In Fig. 11 we plotted the pin'ning energy versus the mag-
zero due to quantum creep. netic field. We can distinguish the same field regimes as for

. the relaxation. At low magnetic fieldd. extrapolates to a
where u is a model dependent parametes,the Boltzmann value of U.~600 K. At high magnetic fieldsU (B) is

constant andC a factor that incorporates the attempt fre- roughly constant withJ .~ 60—200 K. The plateau it) (B)

guency of the vortex to jump over a potential barrier and the . . ! .
geometry of the sampleC depends logarithmically on the scales with the square root of the dislocation dengityet of

sweep ratedB/dt. After extracting|. from Eq. (18) and Fig. 11), which shows that the dislocation lattice is still im-

) - . . . portant at high magnetic fields, when the vortices outnumber
gmgrg:tt?tlhg todB/dt one obtains the following relation the strong pinning centers by far. Note that a similar field
c:

dependence ofJ.(B) in YBa,Cu;0,_ 5 films has been ob-
served before by Douwes and K¥s.
T UC+,uCT. (19 One might be tempted to conclude that,(B=0)

Q ks =600 K is the pinning energy of a single vortex, pinned by
a linear defect. However, a simple calculation of the pinning
Equation(19) provides us with a direct measure 0§, if energyU,, obtained by equating, to the Lorentz force
we plotT/Q vs T and extrapolate td =0. Note that we have j®,d times the range of the pinning potential, yields,
to neglect the data beloW=10 K, because of quantum ~10* K, which is at least one order of magnitude higher
creep. Figure 10 shows a plot ®7Q of the flmsA67 and than observed experimentally. The discrepancy between the
F554 (ngg=7 and ngg=90 um ). Indeed at the lowest experimental and theoretical pinning energies seems at first
temperature$T=4.2 and 7 K T/Q bends down toward$ sight paradoxal, but one should realize tbiatis related taQ

184523-10



VORTEX PINNING BY NATURAL LINEAR DEFECTS IN . .. PHYSICAL REVIEW B64 184523

and thus to the elementary excitations of a vortex. The criticurrent density along the axis in as-grown YBgCu;O;_

cal current density on the other hand is related to the depirthin films, that could well be caused by linear defects.

ning of a complete vortex from its defect and therefore to the To compare the measured superconducting current density

condensation energy, that is much larger. In Sec. VE we j4(T) with the true critical current densify(T), whose tem-

will investigate what kind of excitation is responsible for the perature dependence was derived by theory, we need to com-

observed pinning energy .. . pensate for relaxation effects. The relation betwggiB
=0,T) andj.(B=0,T), derived from Eqs(18) and(19) is

V. DISCUSSION is ,
==(1-pCQ*. (20)
A. Current density at low magnetic fields Je

At low temperatures and for large defecfs,is compa-  From plots ofT/Q vs T in Fig. 10 we find the produge.C at
rable to the depairing current; see E4). In thin films and in |ow magnetic fields. Independently we determine the
irradiated crystals the current density is typically reducedyctivation constan€~15—19/7 which results inu~1. The
compared to the depairing currejp, because the linear de- ratio j/j, is only weakly temperature dependent at interme-
fect size in films nor the typical radius of columnar tracks aregjate temperatures 10T<50 K. This is not surprising,
in the limit of x>1. We incorporate all current reducing ef- pecauseQ(T) is roughly constant at intermediate tempera-
fects into one parametef=j./jo, denoting the pinning ef- tyres[see Fig. @) and Ref. 68 Furthermorg¢/j. does not
ficiency, as was done for irradiated single crystals by Civalejepend sensitively o, which enables us to treat pinning
et al® Experimentally we find, wit ;~5x 10" Am~?and  models for the critical current density Bt=0, provided that
jo~4x 10" Am™% that =0.13, which is comparable 10 we correct the measured current dengigyising Eq.(20).
the values obtained for columnar trackg=0.17." The In Fig. 12 the measured(T) is plotted for filmsA67 and
maximum pinning efficiency can be obtained from EY0),  F554, together withj(T), corrected according to Eq20)
and givesy~0.22 for thin films[takingr,~2£(0)], and7  wjth u=1 andC=15 for A67, andC=19 for F554. Also
~0.32 for irradiated crystalgtaking r,~4£(0)]. These included is the expected temperature dependence according
maximum pinning efficiencies are close to the experimentaly | (T)~1/(\2(T)£%(T)), with »=1, 2 and »=3. For
values, which shows that the superconducting order parampe temperature dependences we have takefT)
eter is almost completely suppressed inside the defect. =N(0)(1=t) "2 and &T)=&0)[(1+t2)/(1—t?)]42

In irradiated thin films an increase of the critical current,y;iy t=TIT..

density was observed compared to unirradiated thin films. \ye fing good agreement with the measured current den-
The increase ranges typically from a few tens of peré&its sities with =3 for A67 andv~2 for F554. Secondly we

9'33 . . .

a factor 2% which can be directly explained by the larger ing that thermal fluctuations have a small effect jofiT),
size of the columnar tracks compared to natural linear de- hich d sinde! ~400 K>T. E h |
fects. From Eq(10) we find that forr,~&(0) the critical  WNiCh was expected, sinGg;,~400 K>T. From the values
current density is roughly proportional to. An increase of obtained forv we conclude that the linear defectsA%7 are

i by a factor 2 would imply that the columnar defects aresmaller in average than those in filf554. Indeed from
about twice as large as natural linear defects, which is indee@™™ measurements we found, that the sputtered A6V

the case. Schustet al2° found that the relative increase of contains twice as much edge dislocations as screw disloca-
j. in thin YBa,Cu,0,_, films before and after irradiation tions, Wherea§ in the laser abIat.ed films, lik&54, only
depends on the type of ion used. Heavy-ion irradiation by pi3créw dislocations were found. Since the Burgers vector of
ions was most effective and showed an increasg.dfy a  SCT€W dislocations is directed along tbexis, it is 3 times
factor 5. This difference cannot be fully explained by thelarger than that for edge dls_locatlons. We therefore expect
larger size of columnar defects, but the differences betwee at th? defect core size, typically a few Burgers vect%rs, IS
intrinsic current densities measured in various films can beArder in film F554. TEM observations from Gaet al.

significant[see Fig. Bb)]. Moreover the maximum current, indicated that,~1.0 nn~2.5b| for an edge dislocation in
measured by Schustest al®° in a Pb-irradiated film,j,

a YBaCu;0;_ s thin film. For screw dislocations we then
=6.7x 10" Am~2 is about 30% larger than in our film expectrr.~3..0 .nmwzg((')). A_rough estimate for the average
F554. This implies that,~4 nm for Pb-irradiated columnar defect size in filmAG7 yieldsr,~1.3 nm~0.9¢(0), whereas
defects, which is quite a reasonable estimate. in film F554 we would get,~3.0 nm~2¢£(0).

Other reports on irradiated thin films focus on the angular  Filling in r,=0.96(0) andr,=2¢(0) in the general equa-
dependence of the pinning force, showing a peak in the irraion for j¢(T), given bzy Eq.(10), and determining by fit-
diation direction?”® or investigating Bose glass scaling in ting with jc(T)~1/(\*(T)£*(T)), we find »=2.0 and »
irradiated thin films’*7® Unfortunately irradiation doses and, =28, respectively, which is in excellent agreement with the
consequently, the magnetic fields considered, are usuallj@lues from Fig. 12. Moreover, if we calculajg(0) from
much larger than the typical matching fields of natural linear! max=—de,/dRg-, we findj(0)~2.0x 10" Am~ for film
defects By~100 mT), which makes comparison to our A67 andj.(0)~5.1x10'" Am~2 for film F554, again in
films difficult. To observe Bose glass scaling by natural lin-good agreement with experiment.
ear defects, one would have to measure at very low fields. Comparing the current density below the characteristic
Note that Roaset al.”® did observe a peak in the critical magnetic field for various films, we find that(B=0) is
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L N _ N -
~ X | SN | T4p(0)=400 K (solid ling) and Tg,(0)=95 K (dashed ling Note
= 0" F 7 \E' . i that T,(T) ~ 1A%(T).
P T T S S TP T NN B. Characteristic field
0 10 20 30 40 5 60 70 8 90 The characteristic fiel@* in thin films and in irradiated
(b) Temperature T (K) single crystals has the same physical origin, but in thin films

_ B* marks the end of a plateau jg(B), whereas in single

FIG. 12. Temperature dependence of the current dengiies crystals the current density depends strongly on magnetic
(open symbols and j (solid symbols for films A67 (@, B fig|q even below the matching field. The reason for this dif-
=01 T (LM, and F554 (b), B=0.1T (LLM) andZB:OV.Z T ference is the strong influence of vortex-vortex interactions
(A,A). Lines depict the derived dependericeT) ~IA(T)E'(T) i jiradiated crystals, due to the high density and the random
with v=1 (solid line9, »=2 (dashed lings and v=3 (dotted ) ion of the columnar defects. The characteristic field
lines). From the fits it is obvious that the average linear defect size” ™ . L . . .
of film A67 is smaller than that of filrfF554. In single crystals coincides with the matching fiélg, ex-
cept for very high irradiation dosés.For YBaCuO;_ s
films B*<Bg and from the proportionality factoB*/Bg
essentially independent of the dislocation density. Some-0.7 and Eq(1) we estimates, /eq~0.18.
films with higher dislocation densityg;s=50 um™?, show a The temperature dependenceBif(T), plotted normal-
somewhat reduced current densityTat 4.2 K. We believe ized to its zero temperature value in Fig. 13, shows a similar
that this is due to the slightly reduced crystallinity for films dependence in films with low and high dislocation density.
with largeng;g (smallerT,, wider rocking curvel w(gps), SO At low temperatures the reduction BF corresponds to the
that the intrinsic current density is smaller in films with large behavior found in irradiated YB&us;O,_ 5 crystals(see the
Ngisi- However, also the defect sizes may vary somewhatnset of Fig. 13 and Ref. 34but the sudden decrease of the
from film to film (like in A67 and F554). The fact that matching field in irradiated crystals at aroufid=40 K is
js(B=0) is independent of the dislocation density implies@bsent in thin films. - .
that surface roughness pinning in films is, at least at low TO explain the decrease &*(T) with increasing tem-
magnetic fields, not important, contrary to what has beePerature we have to determine the temperature dependence

claimed by some group< Because the island densitgnd of (.s‘.r/so, including _the effect of therma.l flu_ctugtion_s, that
thus the surface roughnesacreases with increasing dislo- facilitate the depinning of a vortex from its pinning site:
higher current density for high dislocation density films. This B*(T)=B*(0)| 1—

is not observed; in fact from all our measurements, we see

with many dislocations, compared to films with a low dislo-  If we use T§,(T)=Tg,(0)(A2(0)/\%(T)), with Tf,(0)
cation densityfsee Fig. B)]. =400 K (solid lines in Fig. 13, there is no agreement with

cation density, surface roughness pinning would give a (2
= nf 1+ — 2). (21)
Tap(T) 2¢(T)

that the current density is typically somewhat lower for films
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decrease oB*(T) at T=40 K (Ref. 45, and the inset of Fig.

13), is accompanied by a sharp increase of the relaxation rate
S(T), resulting in a peak irB(T).*>"®

C. Current density at high magnetic fieldsp,H>B*

Whereas the pinning below the characteristic field is quite
well understood, the situation at higher magnetic fields
uoH>B* is less clear. Several models have been proposed.
Douweset al® suggested, that at high magnetic fields, pin-
ning is caused oxygen vacancies in the Gpane. Another
b possibility, suggested by WdenwebefP is that at high mag-

00 0.2 0.4 0.6 0.8 10 netic fields there is a strongly pinned vortex lattice in the
linear defects, whereas the unpinned vortices move by shear-
ing in channels through the pinned lattice. A similar shear

FIG. 14. Characteristic fiel®* (T), plotted versugy(T) for ~MOodel giving rise to plastic pinning is described by the Bose
films B670 (A), A67 (W), C496 (O), and E493 (M). Both B* (T) glass theory. At high magnetic fields |nd|v!du§1IIy pinned
and j(T) are normalized tor=10 K. Lines are expected depen- VOrtices experience a transition to bundle pinning. The large
dencies  with j(T)=j(T)[1-CQ(T)] and B*(T)~In(1  density of vortices and the variety of pinning defects and
+x2(T))f(T/'~r{,p) [Eq. (21), solid ling and B*(T)~In(1 models make it hard to mterpret.unamb.lguously th_e experi-
FX(T)A(TITL)[1-CQT)]  (thermal  activation  included, mental data..Up to now no consistent picture for pinning at
dashed ling high magnetic fields has emerged. .

Experimentally the most remarkable feature of the high

the experimental data. Both in irradiated crystals and in thir%cl(ald behavior of js(B) is the change of slopea

. . =dInjs/dInB from a=—-0.58 to «a=—0.8 to —1.1. This
* S

films (Fig. 13) the .measurecB (T) decreases faster than abrupt change of slope, observed whagy>60 um 2

theory predicts, which was noted already by Thompsbal. (which means that the average defect spadrig)), marks

for the case of irradiated crystdi$To explain the fast de- 9 Pacngh),

crease oB* (T) one can of course assume a lower depinnin the onset of strong vortex interactions. The Bose glass
PINNING} eory?” that distinguishes between plastic pinning and col-

energy. For example taklng:{jp(O)=7O K for thin films |ective pinning, provides a useful framework to describe our
(dashed line in Fig. 13and Tgp(0)=95 K for irradiated observations.

crystals(dashed line in the inset of Fig. Lgives a good In plastic pinning the vortices, not accommodated by the
agreement with the experimental data at low temperatureslislocations, are pinned via shear interactions with the
But taking a different depinning energy changes the temperastrongly pinned vortex lattice. The maximum pinning force
ture dependence gf(T) as well, and we cannot obtain a is given byf, .= Ceedo, Wherecgg is the shear elastic con-
consistent picture for botf,(T) and B*(T) with a single stant anda, the intervortex distance. The critical current

B'(T) (normalized)

Current density j (T) (normalized)

”ap(g)_ density
To illustrate this inconsistency more clearly we have plot-
ted in Fig. 14 the temperature dependenc®bt{T) versus V&, By ¢ Bg

the superconducting current densjtyT) for various films. (22

The solid line is the expected curve, from E@1) and
is(M=j(T)[1-CQ] [taking Tap(0)=400 K, C=19, v
=2, and Q(T) from experimen}, which clearly does not

JC( ) anWMO)\ab B 77]0\/30\/5

gives a field dependence of the curr¢pt-B~%° The col-

. : i ) lective pinning model relates the Lorentz force within a cor-
describe the behavior observed in experiment. Note, that thi >lation area of size- R§ to the elastic force of the vortices.

does not depend on choosifig,(0), since bothB*(T) and  cjlective pinning becomes important when the correlation

js(T) contain the same factd(T/Ty,). radiusR.=d,(gq/e,)(bg/ay)=d,, the average defect spac-
However, we have to realize that the size and temperaturiag. The critical current density in this case is given by

dependence d@* (T) were derived folj =0, whereas in our

experimental situation large currents run through the film. As ®, By Bo

the pinning landscape tilts when applying a current, vortices jeBy=p——m—r—==~njo5. (23

escape more easily from the linear defect, and thus the char- A7 ol zpéan B B

acteristic field decreases. If we include the same factor

is!ic=1—CQ(T) in the temperature dependenceBsf(T), The most important difference between E@2) and(23)

we obtain a good approximation &* (dashed line in Fig. is the field dependence that changes frpm1/\B to j.

14). Apparently an increased relaxation rate results in a de--1/B. Exactly such a crossover we observe experimentally

crease ofB*(T). Intuitively this is logical, but up to now when the average defect spacing becomes smallenthafe

there is no model available to describe this effect. A similarpropose that collective pinning is important whdp<i,

effect is observed in irradiated crystals, where the suddewhereas in a more dilute linear defect lattice vortices are
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plastically pinned. In irradiated single crystals, wheate Thus, to obtain the field dependence of the true critical
<\, we expect collective pinning as well, which is indeed current densityd In j./dIn B, we have to add to the slope
observed?® two positive termgnote that in general In U./d In B<0). So

There are, however, still a number unresolved questionghe measured slope is always more negative than the field
First the plastic pinning model gives too low estimates fordependence of the true critical current density. Comparing
the critical current density. For example, E®2) with  this with the measured slopéBig. 6), we observe that for
Bp=0.1T andB=1 T gives jo~1x10° Am~2. This is films with low ngg, a=—0.58. This suggests that(B)
much lower than the measured value of typicajly=(1 ~1/\/B, with a correction of 0.08. Because is constant
—2)x10"" Am 2 at T=4.2 K andB=1 T. This also im-  with temperature, so shout@(T) for these films. From Fig.
plies that the low field current density, H4.0), and the high  9(a) we learn that this is the case for films with a low dislo-
field current density, Eq22), do not connect at the matching cation density. For films with higmgg, a~—0.8 at low
field B [contrary to the collective pinning case, with Egs. temperatures. With increasing temperature the slope de-
(10) and (23), note thatp=j.(0)/jo]. Matching the linear creases, buQ(T) increasegFig. 9b)], so the correction
defect pinning and plastic pinning regimes would imply aterms are higher at larger temperatures, suggesting that
dramatic decrease gfy(B) over two orders of magnitude dInj./dInB is roughly constant with temperature. However,
betweerB* andBg, . Instead we observe a smooth crossoverin that case the slopdInj./dInB>—1, so collective pin-
to a power law regime, with only a minor decreasgq {B). ning cannot be the only mechanism determinjpaat high
On the other hand, the plateaulily at high magnetic fields magnetic fields. The slopIn j./dIn B=—0.7+0.1 has been
increases with the dislocation densitinset of Fig. 1)},  found in numerical simulations of the plastic deformations
which can be perfectly understood in a plastic pinningdue to strong pinning! which could explain the observed
model, since shearing through a defect lattice, filled withslopesa=—0.8 with a small correction according to Eq.
strongly pinned vortices, will be more difficult when the de- (24). However, an exact calculation of the field dependence
fect lattice is denser. Therefore a plastic pinning model isof the critical current would require a more thorough deriva-
still a good candidate since it gives the right field depen-ion, that includes in Eq24) also the field dependence af
dencej~1/y/B and explains whyJ . increases with increas- which cannot be determined accurately within experiment.
ing dislocation density.

Secondly the slopea do not coincide exactly with the
theoretical dependencies. For films with high dislocation
densitya~ —0.8 at low temperatures, which is too low for ~ Various pinning regimes are clearly seen in the field de-
collective pinning. Moreoveta(T)| increases with tempera- pendence of the relaxation ra@(B). Below B* the relax-
ture for films with highng . Possibly the current density is ation rate is constant. Then it increases and becomes constant
determined by a mix of collective and shear pinning. Afteragain for magnetic fielda,H=0.5T. The same regimes are
all we are still in a relatively low field regime, wheiR, observed inj4(B) (showing first a constant plateau and in the
<d,, and it is surprising that collective pinning occurs at all. second regime a power law behayijoand also in the pin-

All discrepancies between theory and experiment poinning energyU.(B). This suggests that there are at least two
out that vortex-vortex interactions have a more profound infegimes, one belo* with strongly pinned vortices on the
fluence on the current density than anticipated. One essentibihear defects, and one abougH=0.5 T with plastically or
point, not considered up to now, is the nonrandom distribucollectively pinned vortices. In between these two regimes
tion of the linear defects in thin YBEWO,_ ; films. Due to  the relaxation rate increases steeply.
the ordered distribution of the strongly pinned vortices at The reason why the crossover occurs at about 0.5 T is not
B*, they provide a natural way for additional vortices to clear at present. In any case it is observed in various films
distribute themselves regularly, which improves the pinningndependently of the dislocation density. Also it has been
properties at higher fields as well. In order to fully explain observed by other group8 and in quantum creef). The
the measured size gf and its field dependence into more change in behavior at aroungyH=0.5 T is thus more gen-
detail, these effects have to be taken into account more exeral for YBaCuO;_ 5 films, and may well be related to a
plicitly. stronger influence of vortex-vortex interactions. The inter-

The temperature dependenceadfT) can be explained to vortex distance at this field,~63 nm~ 3\, so the vortex-

a certain extent by the influence of the relaxation @t®ue  vortex interactions become increasingly more important
to relaxationa=dIn jo/dInB#dInj./dIn B. We can give a from this field.

rough quantitative argument why the slopes of the power law The temperature dependence of the relaxation at low
behavior do not coincide exactly with the expected slopes irfields is different from the situation in irradiated single crys-
Egs.(22) and(23). If we differentiate the general formula of tals. Whereas in thin film&(T) rises monotonically, in ir-
thermally activated vortex creep, given by EdS8), with  radiated crystals the conventional relaxation B(€) exhib-
respect to the magnetic fielB, we obtain the following its a peak foruoH<B*.*"This peak marks the crossover

D. Dynamical relaxation rate

expressior? of a single vortex regime, where the motion of vortices takes
) ) place via variable range hopping, to a collective pinning re-
dinj. dinjs dinU, gime involving vortex bundle$’ In thin films a similar peak

dinU,
TQECQg g ~* Q- CRyE of Q(T) is absent, because both variable range hopping and

(24)  bundle pinning do not occur in thin films atgH=B*. A

dinB dInB
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necessary condition for variable range hopping is a strong LI R R B A BN
dispersion in the pinning energies and/or the distances be
tween the strong pinning sité31n single crystals irradiation
indeed produces randomly distributed columnar tracks of &
various strength, but in thin films the dispersion in pinning
energies of the dislocations is much smaller, as is the varia-
tion in distances between the defettsSecondly, vortex
bundles are not formed in thin films just above the charac-
teristic field ugH=B*, because the field valueB*
=100 mT is too small. In thin filmB* marks a different
crossover in vortex pinning, namely dislocation pinning gov-
erned by half-loop excitationsee Sec. V Etowards a plas-

Ratio j (T)/j(

. . . . . . . _ 0.0 1 1 L 1 L | L 1 . 1 " 1 L ! "

2gti%rf(i:§||clj§((:g\éi [il/n(glng regime that sets in at higher mag 0 10 20 30 40 50 60 70 80
The absence of a peak in the relaxation rate is clear from@ Temperature T (K)

js(T) as well, becaus®(T) is directly related to the behav- , , , , , . '

ior dIn js/dT. In irradiated crystalsl In j¢/dT shows a mini- 10 4

mum whenuoH<B*, but this minimum is absent in thin
films. This illustrates once more the close relationship be-

os | U,(0) = 600 K
tween the relaxation rat®(T), or equivalentlyS(T), and ’

the derivative of the current densiglnj;/dInT, as was E,
found in the magnetic field dependence of the relaxation E 06 I
Q(B), Eqg.(24). In fact an expression similar to E(4) was ) I
derived in Ref. 45, relating the temperature depend¢nte L2 04r
the relaxation rat&(T). ]
0.2 + n
E. Pinning energy U,

According to the Bose-glass theory the vortex excitations %~ 0 20 30 w0 0 o0 70 a0

that determine the pinning energly. at high driving currents (b) Temperature T (K)

are half-loop excitations. For half-loop excitations the acti-
vation energy is qalqulated by balancing. the driving forcg FIG. 15. Ratioj./j. from experiment and theory for film&)
with the loss in pinning energy and the increase of elastiag7 and(b) F554. Solid squares are obtained from experiment.
energy. It is given b¥f Solid lines correspond to the theoretical behavior for half-loop ex-
. . citations Eqs.(26) and (27), with u=1, C=15 (A67), orC=19
U(j)=¢ /—8|8r(T)<J.—C—1) =UC(T)<J.—C— 1), (25 (F554),T1,(0)=400 K, andU,=280 K for A67 andU,=600 K
Js Js for F554.
with &, the depth of the pinning potential arg the line
tension, which is smaller thagy, due to anisotropy. Note that
Tgpzbo\/sw,, which means that the depinning energy and
half-loop energy are comparable in size. W§th 1.5 nm and

g~er~0.25, we estimate thallo(0)~250 K, which is agreement with experiment, if we take €y(0)
smaller than the experimentally obtained vallg(0) —280 K for A67 andU(0)=600 K for F554. This agrees

~600 K, but given the uncertainty in the parameters used, . S .
the estimate is not so bad. with the pinning energy, measured experimentally Bat

. =0.1T,U.,=360 K andU.=520 K for film A67 and film
The temperature dependencelff(T) is given by F554, respectively. Note, th&=0.1 T is larger thaB* for
N2(0)&(T) - &T) _ film A67. ThereforeU =360 K<600 K, since the pinning
U (T)=U.(0) NZ(T)&(0) f(T/Tgp)~m\/f(T/Tgp). energy decreases steeply beydsitl. Unfortunately no re-

(26) laxation data was available at lower magnetic fields.
An important question is whether the assumption, that the

To check whether or not this kind of excitation is consistentglass exponent.=1, is correct at low fields. From the low
with experiment, we can use the temperature dependence @mperature slope of the plo®Q vs T, Fig. 10, we find
U.(T) to calculate the ratigs/j.. Half-loop excitations im-  ,~1-1.3 at high magnetic fieldg,H>0.5 T, but for low
pose that the glass exponent in EtB) =1, which implies  fields u is decreasing towarda~0.5 atuoH=0.1 T. The

In Fig. 15 we plotted the ratigs/j.=1—CQ from ex-
periment together with the expected temperature depen-
dence, given by Eq27). We tookﬂ,p(O)=4OO K, and the
usual temperature dependence X¢iT) and &(T). We find

that order of magnitude ofx is reasonable, but its field depen-
) dence is puzzling. For variable range hopping, theory pre-
is(T) _ 1 27) dicts w to increase from 1/3 to 1 with increasing magnetic
jo(T)  1+CkgT/U(T)" field, 22 which is similar to the increase qi(B) we ob-
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serve in experiment. Assuming a somewhat higbave find
even guantitative agreement with the theory for variable
range hopping. But, as we argued in the previous section,
variable range hopping is unlikely to occur in our films, due .
to the large distances between defects. It involves a pinning’'g 44" |
energy of typicallyU,=d, & e,, which is at least one order < [
of magnitude larger than the energy required for half-loop —
excitations. On the other hand, in fillh67, that contains
both edge and screw dislocations we have a larger dispersior  4g"
in the pinning potentiak, , which facilitates variable range
hopping. Indeed in thd/Q vs T plot [Fig. 10@)] the de-
crease ofu(B) with magnetic field is more apparent than in
film F554.

The length,, of the half-loop and the displacemany; of
a half-loop excitatio?? are of the order of a few nanometer,
in agreement with other estimates for the activation length. o=

[Strong pinning:

[by dislocations!

Cross over Shear / collective

)
)

l

)

|

[}

! pinning
|
-+
1

1

0.03

0.02

Hylton and Beasleyobtained earlier similar values for the 0.000 f H } +—+++]
length of a vortex segment, being depinned from a linear row

of point pins. Also at very low temperatures, Hoekstra 600 - .
et al®2 found that the correlation length, is of the order of F half loop

a few nanometers. We conclude that half-loops provide the g 400 [ excitations
most likely mechanism for vortex excitations at low mag- —° 0

netic fields, but the measured values of the glass exponen 200 |-
remain unexplained by theory. In any case the ratif . I
from experiment is consistent with a pinning enekdy(T) %01 — "‘(')'1 S— 1' SR ‘“10

of half-loop excitations, and moreover it has the correct tem-
perature dependence.

At high magnetlc_ fields the pinning energy is _essentlally FIG. 16. Different vortex regimes with increasing magnetic field
constant. Its magmt_ude appears o be prop_ortlonal to thfen thin films of YBa,Cu;0O;_ 5. Three regimes can be clearly dis-
square rogt of .the. dlsﬁca‘tlo.n deﬂs[nﬁse;p; I?glldll We ._tinguished: (i) a strongly pinned vortex lattice belo®*, (ii) a
propose that pinning _0 Vc_)rt'(,:es In the high field regime 'S crossover regime, andii) a plastic/collective pinning regime at
caused by the collective pinning of vortex bundles, betweerp,igh magnetic fields. Lines are guides to the eye.
the array of strongly pinned vortices. Assuming that it in-
volves plastic pinning of vortex bundles of volunve we
havé?

Magnetic field (T)

perature dependence of the superconducting current density
and the relaxation rate, can be described in terms of vortex
pinning by growth-induced linear defects. Since the defect

Uc(B)= C44Epinvc: VCasCoe(ao/dr)V,
OB
B(I)Vca

16w uoN?
which gives the observed dependence Wf(B)x+Bg
«\/ngis- The field dependence &f (B) implies thatV,(B)
~1/{/B. The collective pinning volume according to Eg98)
and the inset of Fig. 11 atugH=05T is V,
~5.3x10 2 m3. Taking the intervortex distance aty,H
=0.5T for the collective pinning radius, i.eR.=63 nm,
we obtain L;~1.3 nm. A theoretical estimate foR,
=d,(go/e,)(bg/ag)~24 nm givesL.~9.3 nm. These val-

(28)

ues of typically a fewc-axis lattice distances agree well with

other estimategsee, for example, Doylet al, Ref. 83 for

size is of the order of and the average defect spacing of the
order of \, columnar defect models have to be adapted ac-
cordingly.

In Fig. 16 we give a schematic overview of the typical
behavior ofj4(B), Q(B), andU.(B) in various regimes. At
low magnetic fieldsuoH<B* the vortices are strongly
pinned by the dislocations resulting in a plateau both in
js(B) andQ(B). To describe the pinning properties of the
linear defects consistently with the Bose glass theory, we
derived a generalized expression f(R), which is valid
for all defect sizes. As a result, we find that the effect of

thermal fluctuations is linear with temperatufel/T},) ~ 1
—T/T’[jp. Fitting the temperature dependencejgfB=0)
with the modified expression far, (R, T) we find a defect

the collective pinning length and for the size of the half-loopsizer,~1.5—-3 nm=1—2-£,,(0), which corresponds to the

excitations along the axis.

VI. CONCLUSIONS

estimated core radius of edge and screw dislocations. The
elementary excitations in this regime are half-loop excita-
tions, involving a pinning energy df) .~600 K. The tem-
perature dependence &f (T)~ &(T)/\?(T) for half-loop

Natural linear defects have a profound effect on the pin-excitations gives a ratigs/j., in agreement with experi-

ning properties of high-. YBa,Cu;O; _ 5 thin films. We have

ment. However, the strong temperature dependence of the

shown that indeed many features, both in the field and temeharacteristic field remains puzzling. We suspect BiatT)
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is decreased due to the large currents running in the filmtion density(eventually by heavy ion irradiatigrcan be ef-

resulting in a small activation barrier for vortex jumps. Un- fective in achieving higher current densities, but it depends
fortunately, there is as yet not a model including the effect ofvery much on what field and temperature range one is using.
the current density on the characteristic fi&iti(T). A larger defect size gives a deeper pinning potential and a

At intermediate magnetic field8* <uoH=<0.5T, the larger pinning forcef,=—de,/dRya (cf. Fig. 1). There-
critical current density starts to deviate from its plateaufore, increasing the defect size gives intrinsicdllya larger
value. The relaxation increases, whereas the pinning energyitical current densityj. [see Eq.(10)] and (ii) a higher
decreases steeply. Since at 0.5 T the inter-vortex spacingnning energyU.. Also the temperature dependencéT)
equals half the penetration depth, the crossover could mark 1/(\?(T)£"(T)) is less strong for smaller, i.e., a larger
the onset of a pinning regime where vortex-vortex interac-defect size. From the lines for variowsn Fig. 12 we find at
tions become increasingly more important. T=77 K, that the critical current densityj.(v=2)

At high magnetic fieldg.oH>0.5 T, the superconducting ~2.5.j.(v=3). The measured critical current density
current density decreases jaéB) ~ 1/1/B for films with low  benefits even more from a larger defect size, since the ratio
dislocation densityngg=<60 um 2. The pinning energy is js</j.~0.2(at T=77 K andv=2) becomes larger for larger
independent of magnetic fielt] .(B)=60-200 K, and itis pinning energies, see E@27). Since irradiation by heavy
proportional to\ngg. For films with a small defect spacing ions produces columnar defects with radius 2—3 times larger
d, <130 nm=\ the current densityj4(B) decreases more than that of linear defects, the reasoning above might explain
strongly with magnetic fielde= — 0.8 to —1.1. This behav- Why irradiation of thin film$®?*33is mainly effective in en-
ior of a suggests a transition from plastic to collective pin-hancing the critical currents at highT€77 K) tem-
ning. The fact, that) (B) and the behavior ofr depend on perature§.9 In order to increase the diameter of natural linear
the dislocation density, indicates that the linear defects plagiefects, one would have to find ways to produserew
an important role even far above the matching field. dislocations with Burgers vectors several times the unit cell.

An important question from an applications point of view  Concluding, we find that the high critical currents in
is, how to make films with the largest possible current den-YBa,Cu;0;_ s thin films are to a large extent due to natural
sities at 77 K, and at high magnetic fields. We have seen thdinear defects. Due to half loop nucleation vortices can depin
especially at elevated temperatures thermal activation causégther easily, which reduces the measured curjgrdom-

a large difference between the superconducting curjgnt pared to the true critical current density. Theoretically,

and the critical currenj.. Moreover, the critical current is strong pinning in the high field regime where vortex-vortex
reduced, as the vortices are pinned only plastically or collecinteraction competes with vortex pinning still needs to be
tively at high magnetic fields. The results presented in thigxplored. To obtain the maximum current density at high
paper show two possible options to optimig(B,T), fields and temperatures, one can either increase the linear
namely(i) increasing thelensityof linear pinning sites, and defectdensityor the defectore size but at the same time it

(i) increasing thecore sizeof the linear pinning sites. We is important to have aegular distribution of linear defects,

will consider here some aspects of both possibilities ton order to reduce the effect of vortex-vortex interactions.

achieve higher current densities.

For films with a highndis, the plateau pf constarjg_ ex- ACKNOWLEDGMENTS
tends up to larger field values, but at high magnetic fields,
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therefore not priori clear. Moreover, it remains to be seen cussions with L. Krusin-Elbaum and V. B. Geshkenbein.
up to whatngg the plateaulike features if(B) remain in-  This work is part of the research program of FQFunda-
tact. We expect that to obtain larger current densities, th&henteel Onderzoek der Materiavhich is financially sup-
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tage over the random distribution of columnar tracks, but on

the other ha_\r_ld columnar tracks can be prc_>duced with far APPENDIX A: CALCULATION OF THE

higher den5|t|es(severgl teslgsthan rjatural linear (_jefgcts VORTEX-PINNING POTENTIAL

(By~200 mT). Experimentally we find at magnetic fields

noH~1-2 T, that films with many dislocations still carry ~ To find the pinning potential we integrate E@) over the
the largest currents. We conclude that increasing the dislocdull defect

1 re (2w
Sr(R):_E#ngfo fo [1- ¥ (R)P]pdnd9, (AD)
with R’ =|r—R|=r2?+R2—2rR cosd. Here the origin is at the center of the linear def&tis the distance from the center of
the vortex to the center of the defect, aRtl is the distance from the vortex to the poimt §). With |¥(R')|?>=R’?/(R’?2
+2¢%) we obtain
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R)— €0 jfrJZW ndrdd A2
e(R)==7_ o Jo rP+RZ2—2rRcosd+2&2 (A2)

Integrating overd yields

Iy rdr
R)=— J , A3
R0 TR 2 2R (T R 28 2R A3
which can be written as
Iy rdr
Sf(R):_sofo J(Z—RZ+ 2897+ BRE2 (A
from which we obtain
1 (r2-R2+2¢%)|"
sr(R)=—@arcsin 1E-R+28) (A5)
2 2 V2ER] |,
and
1 (r’?—R?+2¢2 1(—R%+2¢2
sr(R)=—% arcsin Eu —arcsin EQ . (AB)
V2¢|R| V2¢|R|

The depth of the pinning potential(0) can be calculated straightforwardly from E&2) by putting inR=0. The result
is

&
sr(0)=—3°|n

I,2
r
1+ =——|. A7
APPENDIX B: THE EFFECT OF THERMAL FLUCTUATIONS ON THE VORTEX-PINNING POTENTIAL

To calculate the effect of thermal fluctuations on the pinning potential we use the same line of derivation as in Ref. 42.
Instead of using a square well potential, we use the Taylor’'s expansion ¢7Eq.

2

~ = o r 2_ E 2 . _ gol'y
Sr(R) Sr(R O)+ 2 WR 8r(0)+2kR with  k (—rrzng)z (Bl)

The first term of Eq(B1) gives the depth of the potential and the second term is a harmonic oscillator potential. The binding
energy of a particle trapped in this harmonic oscillator potential in two dimensions is given by

K
Es=Uptho with o= \/% B2)

Equation (B2) is translated back to the vortex picture according to the usual magpin@, m—e,, Ug—e,(0), 'T'[,p
=bgvee,, andk from by Eq.(B1). We obtain for the effective depth of the pinning potential at low tempera{m@s that
&,(0)=—1/2¢4 In[1+r22£?] is negativé

(T)=e( )( T) h v (B3)
e(M=¢,(T=0)| 1—y—| with y= . B3
Thp VIN(1+x?)(1+x?)

The prefactory~0.85 forx>1 is only weakly dependent of and we puty=1 and for convenience. Compared to the square

well potential the effect of thermal fluctuations changes fidf/Ty,) =1—(T/T,)? to 1-T/Ty,. As a result the effective
depth of the pinning potential decreases faster with temperature than it was assumed up to now. To obtain the correct

temperature dependences &f(T) andj¢(T) this extra factorf(T/TI'[jp) should be included, together with the temperature
dependences faf(T) and\(T).
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It is obvious that the harmonic oscillator approximation is valid in a limited ra‘hgéT’[,p only. At high temperature¥
>T4, it was calculated that(T/Tf,) =exp(-T/Tj),* at intermediate temperatur@ssT(, numerical calculations should be
used to obtain an exact result fb(rT/T'[jp).
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