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Evidence for different regimes of collective flux-line pinning in YBa2Cu3O72d single crystals

R. Hiergeist and R. Hergt
Institut für Physikalische Hochtechnologie e.V. Jena, PF 100239, D-07702 Jena, Germany
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YBa2Cu3O72d single crystals with different microstructure of the twin pattern were studied by means of
torque magnetometry. Current densities and pinning force volume densities were calculated from torque hys-
teresis data. Pinning force volume densityFp in dependence on the componentBz of the flux density parallel
to thec-axis direction revealed different regimes of collective pinning: For very lowBz , in the single vortex
pinning regime, current density is independent onBz . With increasingBz a transition towards the regime of
collective pinning of small flux bundles occurs. Here two different cases can be distinguished. For pinning at
randomly distributed point pinning centers a strong influence of thermal oscillations of flux lines within the
pinning barriers can be observed. In contrast, for single crystals having a ‘‘mosaic’’ twin structure, the
influence of thermal oscillations can be neglected due to a fraction of flux lines which are strongly correlated
pinned by twin planes and hinder the thermal oscillations of the other weakly pinned flux lines in the flux
bundles. In both cases an increase of the current density with increasingBz ~i.e., ‘‘fishtail’’ effect! can be
observed, which is characterized, at lowBz , by a power-law behaviorFp;Bz

p with p57/4 for collective
random point pinning of small flux bundles andp52 for pinning of small flux bundles with additional
correlated pinning contributions from the mosaic twin structures, respectively. For YBa2Cu3O72d single crys-
tals, with only medium current density but with a mosaic twin structure, a ‘‘lock-in’’ transition from pure
collective random point pinning of large flux bundles, which is strongly influenced by thermal oscillations,
towards collective pinning of small bundles with contributions of correlated pinning can be observed.
@S0163-1829~97!08805-X#
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I. INTRODUCTION

The theory of collective pinning of flux lines by random
distributed weak point pinning centers of high number d
sity was established by Larkin and Ovchinnikov1 ~LO! in
1973, many years before the new cuprate high-Tc ~HTS!
materials were discovered. Good scaling of experime
data of pinning force volume density as a function of t
perpendicular magnetic field with the LO theory was
ported first time by Kes and Tsuei2 for amorphous Nb3Ge
films. But above a certain limiting value ofB the pinning
force volume density grows much faster than predicted
the 2D collective pinning theory. This so-called ‘‘peak’’ e
fect could be observed for many low-temperature superc
ductors~LTS! as a peak in the current densityj with increas-
ing external magnetic field at fields close to the upper criti
field Bc2. According to Kes and Tsuei

2 the ‘‘peak’’ effect in
thin amorphous Nb3Ge films is caused by increased pinnin
mediated disorder, i.e., by defects in the flux-line latt
~FLL!. Due to lowered shear modulus close toBc2 FLL is
plastically deformed and a better adaptation of the flux lin
to the pinning centers will be achieved. Larkin an
Ovchinnikov1 gave an explanation in terms of a softening
the FLL due to the strong dispersion of the tilt modul
c44~q! close toHc2. Sugawaraet al.

3 found for layered su-
perconductors that this model is able to describe the ‘‘pea
effect quantitatively. Nevertheless, they found that some
crepancies between the experimental data and the theor
main unsolved. In the case of thick amorphous films a fi
order phase transition due to a dimensional crossover f
2D collective pinning towards 3D pinning was discussed
Wördenweber and Kes4 as a reason for an observed jump
550163-1829/97/55~5!/3258~10!/$10.00
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the pinning force volume densityFp(B).
In order to extend the concept of collective pinning

HTS materials Feigel’man and Vinokur5 included thermal
oscillations of flux lines in the LO theory: At high tempera
tures current densities may be strongly reduced due to
influence of thermal fluctuations on pinning properties n
only by thermally activated jumps between different me
stable states of the flux-line lattice which leads to signific
flux-creep effects, but also by thermal fluctuations of the fl
lines within the pinning barriers which smear out the elem
tary pinning potential. In the case of the new class of highTc
superconductors we deal with extreme type-II supercond
ors with properties which favor the occurrence of collecti
pinning. The short coherence length in theab direction,jab ,
the modulation of the order parameter in thec-axis direction,
and the low density of charge carriers are the reasons
elementary pinning energies are so small in HTS and th
high density of point defects in the superconductingab
planes can act as a dense array of pinning centers with
pinning energy. Large penetration depths, on the other ha
enable strong elastic vortex interactions.

Experimentally, an increase of the magnetization hys
esis with increasing external magnetic field is often obser
in magnetization measurements of YBa2Cu3O72d single crys-
tals for field orientation parallel to thec-axis direction and
magnetic fields far belowHc2.

6 To explain this so-called
‘‘fishtail’’ effect different competing models were propose
which are in most cases similar to those models which w
developed in order to explain the ‘‘peak’’ effect in LTS ma
terials. One class of models is based on the assumptio
microstructural inhomogeneities~e.g., Refs. 6 and 7!. It is
supposed that small regions with lowerHc2 than the sur-
3258 © 1997 The American Physical Society
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55 3259EVIDENCE FOR DIFFERENT REGIMES OF . . .
rounding YBa2Cu3O7 matrix, for instance, regions with low
oxygen content, will switch after exceeding their upper cr
cal field into the normal state and therefore work as ad
tional pinning centers.6 In another quite similar model, thes
regions with low oxygen content act as weak pinning cen
at low magnetic fields, but will have an enhanced pinn
force at higher magnetic fields. However, this hypothe
could not be confirmed by more careful experimental wo
~e.g., Ref. 8!. The peak fieldHpeak, which may be identical
with Hc2 of the switching region, varies much slower wi
temperature thanHc2 (T) of YBa2Cu3O72d single crystals
with low oxygen content.7 In particular, Zhukovet al.9 found
that the common ‘‘fishtail’’ is present for all oxygen conten
up to fully oxygenated YBa2Cu3O72d single crystals~d
,0.02! even at temperatures close toTc . Differences in the
dependence of the superconducting order parameter on
netic field between possible weak superconducting reg
and the surrounding matrix seem to be too small to exp
the pronounced magnetization peak, which can be obse
especially at temperatures in the range between 70 and 8
Therefore an enhancement of the elementary pinning in
action due to the magnetic field seems not to be very rea
able.

A second category of models tries to give an explanat
on the basis of relaxational effects~e.g., Refs. 10–12!. In the
approach suggested by Krusin-Elbaumet al.12 the ‘‘fishtail’’
effect is caused by the discrepancy between critical cur
density j c , which is defined by the current density when t
effective pinning potentialU vanishes, i.e., byU( j c)50,
and the current density measured in experiment. The cur
density in experiment is not sharply defined. It depends
the voltage criterion, i.e., on the strength of the applied e
tric field, and is lower thanj c because experiments are us
ally made in the nonlinear region of current voltage char
teristics. According to Krusin-Elbaumet al.12 the ‘‘fishtail’’
effect is caused by a higher flux creep rate for lower fl
density leading to a depression of the measured current
sity. They explain the change of the creep rate by a transi
from individually pinned flux lines to the pinning of sma
flux bundles. Implicitly this model requires that the critic
current density does not depend in the same nonmonoto
way on flux density as the experimentally measured ‘‘fis
tail’’ current density does. However, the reported ‘‘mirro
like’’ behavior of current density and creep rate could not
confirmed by measurements with better field resolution
the low-field region of the current peak.13 Küpfer et al.14

found similar creeprates for different samples of YBCO m
terial regardless whether magnetic hysteresis was mon
nous decreasing with increasing field, i.e., ‘‘fishtail’’ beha
ior was observed. From this result they concluded that
‘‘fishtail’’ effect cannot be explained by different field
dependent regimes of collective flux creep.

A ‘‘peak’’ effect in YBa2Cu3O72d single crystals was re
ported by Kwoket al.15 as a precursor to vortex lattice mel
ing. A model was proposed by Larkin, Marchetti, an
Vinokur16 which ascribes this effect to a softening of th
shear modulusc66 close to the melting lineTm(B), which
abruptly lowers the argument in the exponentially decreas
term of the current density in the regime of small flux lin
bundles.

It should be mentioned that there are as well several o
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models for the explanation of anomalous field dependen
which use other concepts like dimensional crossover, sur
barriers, or matching effects in order to explain an increa
pinning. As we will show in this paper the ‘‘fishtail’’ effec
in YBa2Cu3O72d single crystal samples may be understo
in terms of a hardening of the flux-line lattice in the regim
of collective pinning of small flux bundles for lowB. In Sec.
II we will discuss important consequences from the colle
tive pinning theory5 in order to provide the basis for an un
derstanding of the experimental results and the data eva
tion in terms of the collective pinning theory. Samples a
experimental method will be described in Sec. III. The e
perimental results will be discussed in relation to the diff
ent microstructure of the crystals and different pinning
gimes will be identified in Sec. IV. A transition from singl
vortex pinning to small bundle pinning for the case of ra
domly distributed point pinning centers is found. Althoug
the case of correlated pinning is not included in the origi
collective pinning theory of Feigel’man and Vinokur,5 we
discuss the effect of additional contributions of correlat
pinning due to twin mosaic structure. According to these t
types of defect structures two different power laws for t
‘‘fishtail’’ effect are found. A quantitative explanation in
terms of the collective pinning theory5 is provided.

II. CURRENT DENSITIES FOR CHARACTERISTIC
PINNING REGIMES

According to Larkin and Ovchinnikov1 pinning of flux
lines at weak, randomly distributed point pinning centers
high concentration destroys the long-range order of the fl
line lattice. But within a volumeVc , the ‘‘correlation vol-
ume,’’ short-range order of the FLL with an almost period
cal structure still persists. For an Abrikosov 3D vortex latti
the elastic contribution to the free energy of the FLL can
described in terms of the compression modulusc11, the shear
modulusc66, and the tilt modulusc44. Becausec11 is much
larger thanc66 andc44, contribution of compression to elasti
energy is small and terms containingc11 can be neglected.

1,5

For c66 andc44 one can write for temperatures and flux de
sities below the melting line1,17

c665
F0B

16pm0l
2 , c44~q!5

B2

m0

1

~ql!211
, ~1!

wherel is the London penetration depth,F0 is the flux quan-
tum andq the wave vector of the reciprocal space repres
tation of the transversal displacement fieldu~r !, which is due
to the random point pinning of the distorted FLL. For ve
weak pinning or very high flux densities the volume of sho
range order spreads out over a large fraction of the FLL
therefore correlation volume is large. Flux lines within th
correlation volume are not pinned individually but colle
tively as one ‘‘flux bundle.’’ For stronger pinning or lowe
flux density the size of the flux bundle decreases. If the
eral dimensionRc of the correlation volumeVc'Rc

2Lc is
becoming much smaller thanl' , the penetration depth per
pendicular to the vortex direction, a transition from colle
tive pinning of ‘‘large flux bundles’’ towards collective pin
ning of ‘‘small flux bundles’’ is taking place. The latter on
is characterized by a large dispersion5 (ql@1) of the tilt
modulusc44~q!.B2/[m0(ql)2] whereas dispersion can b
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3260 55R. HIERGEIST AND R. HERGT
neglected in the former case (ql!1) and c44~q!
5c44(0).B2/m0 . If pinning is further increased or if flux
density is further decreased even short scale order of
flux-line lattice will be destroyed: Elastic interactions b
tween flux lines can be neglected in comparison to the c
tributions of the elementary pinning barriers. In this so-cal
‘‘single vortex pinning’’ regime all vortices are pinned ind
vidually.

Besides the disorder due to random point pinning ther
also a thermally induced disorder. According to Feigel’m
and Vinokur5 there is a significant influence of thermal flu
tuations of flux lines within the pinning barriers for a weak
pinned FLL if the mean-square thermal displacement of fl
lines ^u2& in an unpinned FLL is of the same order or ev
larger than the square of the range of the pinning barri
i.e., if ^u2&>j2. This is true for temperatures higher than t
so-called ‘‘depinning temperature’’ which was estimat
to5,18

TL* ~B!5
eF0

3/2

m0kBpk2 AB, ~2!

wheree25mab/mc denotes the anisotropy ratio of the effe
tive electron masses for electrons moving inab direction and
c-axis direction, respectively.

Characteristic current densities near to criticality were
timated by Feigel’man and Vinokur5 by solving perturba-
tively differential equations which describe transverse F
motion for the different isotropic collective pinning regime
under the influence of thermal Langevin forces. In t
‘‘single vortex pinning’’ regime the current density is inde
pendent on flux densityj sv5const. For collective pinning o
small flux bundles, i.e., for higher flux density, a significa
influence of the flux density on the current density is e
pected according to Ref. 5:

j sb5
3A3
32p

j 0
B

Bc2
S 11

T

TL*
D 1/2

3expF2pA2S B

Bc2
D 3/2 gmax

g S 11
T

TL*
D 3G , ~3!

where j 05F0/(3)m0pl2j) denotes the depairing curren
density andBc2 the upper critical flux density. Thermal fluc
tuations of flux lines are taken into account byT/TL* . The
correlation properties of neighboring defects are conside
by the parameterg ~cf. Ref. 5!. gmaxdenotes the value ofg in
the limit of maximum correlation of pinning centers, i.e., f
a distance between neighboring pinning centers in the o
of j. Considering the expressions of Eq.~1! and the relations
B c

25F0Bc2/(4pl2) andgmax/g5( j 0/ j sv)
3/2/4p, Eq. ~3! can

be written in the form16

j sb5
3m0A3
8pBc

2 j 0c66S 11
T

TL*
D 1/2expF2S j 0j sv m0

Bc
2D 3/2

3
8A2m0

B
c44~0!1/2c66

3/2S 11
T

TL*
D 3G . ~4!

For even higher flux densities or lower current dens
( j! j 0/k

2) a transition towards large flux bundles will occu
with the characteristic current density
he
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j lb>10
j 0
k2 S g

gmax
D 2SBc2

B D 3S 11
T

TL*
D 211/2

. ~5!

The transition line from single vortex pinning towards co
lective pinning not only depends on flux density and te
perature but also on current density~cf. Ref. 19, p. 1152!,
i.e., on the voltage criterion. The crossover from pinning
individual flux lines, at low flux densities, towards collectiv
pinning of flux bundles can be roughly estimated by comp
ing the interaction energy, i.e., the elastic shear energy, w
the tilt energy of an individual flux line~cf. Ref. 19, p. 1167!.
Line tension is strongly reduced in HTS materials due to
suppression of the order parameter between the super
ducting layers. In addition the thermal fluctuations of the fl
lines have to be taken into account for the determination
the transition lines between the different regimes. In gene
with increasing current density the regime of single vort
pinning will be extended to higher fields~cf. Ref. 19, p.
1152!.

Many attempts have been made in the literature to ana
experimental flux-creep data by identifying the characteris
parametersm of the different regimes of collective flux cree
in terms of the so-called interpolation formula5 for the acti-
vation energyU( j )5(Uc/m)[( j c/ j )

m21]. Since in most
cases magnetic measurements are starting from high vo
criterion, i.e., from currents near criticality, the contributio
of compression energy has to be considered in addition to
activation energy. This leads, at high flux densities, to
theory of collective hopping of superbundles~cf. Ref. 19, p.
1208!, which consist of many flux bundles. In this case fl
creep can be described by a slightly different formu
U( j )5Uc(12 j / j c)

a. Unfortunately the exponentsa for
creep of superbundles in random pinning potential are
unknown~cf. Ref. 19, p. 1210!. Deviation from the interpo-
lation formula may also be due to high temperaturesT
@TL* , since the interpolation formula is only valid in th
regime below the depinning lineTL* (B) ~cf. Ref. 5!. From
the influence of current density on the predominance of
different collective pinning regimes it follows that in gener
it is difficult to get useful conclusions concerning collectiv
pinning from the analysis of flux-creep experiments: W
decreasingj different collective pinning regimes can b
passed. From the same reason practicability of b
extrapolation20 onto the ‘‘true’’ critical current density from
data of creep experiments or magnetic sweep measurem
with different sweep rates is limited.

The temperature dependence of experimental current
sity at fixed field was already discussed by Moshchalk
Metlushko, and Gu¨ntherodt21,22 for Bi2Sr2CaCu2Ox single
crystals in the framework of the collective pinning theory.
the present paper we will analyse the field dependence
experimentalj (B) curves in the framework of the predicte
j (B) dependences of Eqs.~3!–~5! for fixed temperature.
Therefore the complicated temperature dependence of
characteristic current densities arising from the tempera
dependence of the different parameters like depairing cur
density j 0 or Bc2 in Eqs.~3!–~5! can be omitted.

In the following we will discuss experimental results o
YBa2Cu3O72d single crystals with different microstructure i
terms of Eqs.~2!–~5!. It will be demonstrated that the pin
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55 3261EVIDENCE FOR DIFFERENT REGIMES OF . . .
ning behavior of YBa2Cu3O72d single crystals can be unde
stood within the framework of the collective pinning theor

III. EXPERIMENTAL DETAILS

A. Sample preparation and characteristics

The present experiments were performed
YBa2Cu3O72d single crystals which were grown in yttrium
stabilized ZrO crucibles according to a procedure descri
in detail elsewhere.23,24 Crystals were grown in differen
batches using identical experimental conditions. For stand
annealing conditions~1 week at 400 °C at 0.1 MPa oxyge
pressure! ac-susceptibility measurements25 showed that the
transition temperature to the normal state is alwaysTc>90 K
with transition width of aboutDTc50.2,...,2 K. Themicro-
structure of the twin pattern of the samples was character
by polarization microscopy. Four samples with represen
tive behavior were selected for detailed measurements.
first sampleA contains only one set of parallel twin plane
SamplesC andD contain a mosaic pattern which is forme
by two sets of twin planes being oriented perpendicularly
each other. Additionally we take into account the sampleB
annealed under enhanced oxygen pressure of 200 ba
380 °C. This crystal also shows a mosaic twin pattern. T
mosaic pattern seen in polarized light is known in the lite
ture as fuzzy domains. By analyzing that pattern we h
estimated the average twin spacing which is denoted bs.
Characteristic data of the samples are given in Table I.
crystals are free of macroscopic defects or precipitations.
TEM investigations26 no defects on a scale above about 3 n
were found.

However, from the observed current densities which
very high~up to 200 kA/cm2! in comparison to what is com
monly known for single crystals we expect that there
many effective pinning centers on an atomic scale. The m
prominent candidates for those pinning centers are oxy
vacancies as argued currently in literature.6 According to
Clauset al.24 there is a maximum ofTc for a weak deviation
from oxygen stoichiometry. Comparing our crystalsA, B,
andC with the data of the samples of Ref. 24 which were g
by a similar growth procedure as applied in the present
vestigations we conclude that we deal with an oxygen n
stoichiometry of d50.15. Another possible candidate fo
point pinning centers are impurities from dissolved cruci
material which were incorporated into crystals during t
growth process and may produce point defects of ato
scale.

B. Torque magnetometry with rotating external magnetic field

Torque measurements with rotating external magn
field were performed at constant temperature of 77.4 K a

TABLE I. Crystal properties.

Sample Tc ~K! DTc ~K! s ~mm!

A 90 1 1.3
B 89 2 ;1
C 91 0.5 ,0.3
D 90 0.2 0.8
n

d
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zero-field cooling. The procedure was described in de
recently.27 For field strength up to 0.8 T, a constant field w
turned in a plane which contains thec axis. The torqueG
exerted on the sample was measured in dependence o
angle between field direction and thec axis. Measurements
were carried out for field rotation with forward (Gf) and
reverse rotational sense (Gr) which yield the torque hyster
esisDG:

DG5Gf2Gr . ~6!

In all torque measurements with rotating external field
fixed voltage criterion for the case of external magnetic fi
parallel to theab planes (qH>u590°) was achieved by
keeping the product of angular velocityv of our rotating
field and the value of the external field constant. We us
always the same value of the voltage criterion for this fie
orientation ofE'2.531026 V/m in all of our measure-
ments. Therefore the field rotation rate was chosen appro
ately with an accuracy of 2.5% in order to control the i
duced electric field

E'
d

2
m0FdHz

dt
1~12Nzz!

dMz

dt G' d

2
m0

dHz

dt
. ~7!

Hered denotes the width of the sample in theab plane,Hz
the component of the external magnetic fieldH parallel to
the c axis, Nzz the zz component of the demagnetizatio
tensor for thez direction parallel to thec axis andMz the
component of the magnetization parallel to thec-axis
direction.27 Because of the high aspect ratios of the samp
with dimensions of 0.15, . . . ,0.35 mm in thec-axis direction
and 0.5, . . .,2.2 mm lateral size the contribution ofdMz/dt
can be neglected in first order because of the high value
Nzz'1.

In principle, in a field rotation experiment a deviation
the angular orientations of the external magnetic field and
flux density occurs. Due to the constant amount of the ex
nal magnetic field during the rotations, which was alwa
much higher than the lower critical field in thec-axis direc-
tion H c1

c , deviations of the angular orientationu of flux lines
with respect to thec-axis direction fromqH the angular ori-
entation of the external magnetic field with respect to
c-axis direction are very small. Corrections carried out
the experimental data showed no significant angular de
tion except for very low external field strength and field o
entation close to theab planes.

The angular dependence of the torque hysteresisDG mea-
sured for stationary rotation of the external magnetic fieldH
was used to derive the irreversible part of the magnetiza
M irr , and the current densityj according to

M irr5DG/~m0HV sinqH!, ~8!

j5kM irr /d, ~9!

whereV denotes the sample volume.k denotes a geometry
dependent factor which is 0.5 for samples with squ
shaped surface of theab plane andk50.3 for samples with
an elongated rectangular shaped surface of theab plane.
Equations~7!–~9! are valid under the assumption that the
is only a magnetization component parallel to thec-axis di-
rection, i.e., for an azimuthal current flow in the superco
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3262 55R. HIERGEIST AND R. HERGT
ducting CuO2 planes. From current density, the pinning for
volume density was calculated according to

Fp5 jBz . ~10!

In addition to field rotation experiments, some torq
measurements were carried out with time varying magn
fields and fixed angular orientation of the external magn
field with respect to thec axis. In these measurements t
external magnetic field was swept up and down with fi
amplitudes up to 7 T. Like in the measurements with rotat
magnetic field, a voltage criterion ofE'2.531026 V/m was
achieved in all measurements by choosing an approp
constant sweep rate of the external magnetic field accor
to Eq. ~7!.

For these ‘‘field-loop’’ torque measurements a capacit
measurement technique was used to detect the torque si
The sample was fixed on top of a capacitor plate which w
elastically coupled with an opposing capacitor plate by cr
springs. The angular orientation of this second plate w
fixed in the experimental setup. From the exerted torqu
small distortion of the springs and therefore a change of
distance between the opposing plates results. The torque
nal was detected by measuring the change of the capaci
these capacitor plates as described in detail elsewhere.28

IV. RESULTS AND DISCUSSION

The experimentally observed different magnetization
havior of the different types of samples will be classified
the following in terms of the dimensionality of the mo
important class of pinning centers in the crystals. We dis
guish between collective pinning at randomly distribut
point defects~sampleA!, additional contributions of corre
lated pinning at twins~samplesB andC! and a transitional
case where, by changing the external magnetic field di
tion, a ‘‘lock-in’’ transition towards correlated pinning at th
twin planes is observed~sampleD!.

FIG. 1. Experimental torque curves of sampleA at T577.4 K
for clockwise~lower curves! and counterclockwise rotation~upper
curves! for different external magnetic fieldsH of 40 ~a!, 80 ~b!,
160~c!, 240~d!, 320~e!, 400~f!, and 480 kA/m~g!. Flux lines were
rotating within planes parallel to the twin planes.
ic
ic

g

te
g

e
al:
s
s
s
a
e
ig-
of

-

-

c-

A. Pinning at randomly distributed point pinning centers

Torque curves for crystalA are shown in Fig. 1. This
crystal represents the class of samples with only one of
two possible orientations of twin boundaries and samp
with only a very low mean twin density. The magnetic fie
was rotating with constant rotation rate in a plane paralle
the twin planes. Experiments with perpendicular rotatio
plane, i.e., with the rotating magnetic field cutting the tw
planes atqH50° and 180°, showed no significant deviatio
from the torque curves of Fig. 1. Therefore pinning in th
crystal is not dominated by pinning at twin boundaries~cf.
Ref. 29!.

Using the torque hysteresis data of Fig. 1 the depende
of the irreversible magnetizationM irr and of the current den
sity j on the component of the magnetic induction inc-axis
directionBz>m0H cosu of sampleA were calculated for dif-
ferent fixed values of the external magnetic fieldH according
to Eqs. ~8! and ~9!. These data are shown in Fig. 2. Th
descending branches of thej (Bz) curves, near the maximum
values ofBz>m0H, can be neglected. They are caused by
inhomogeneous current distribution after reversing the dir
tion of the induction of the azimuthal electric field in th
sample. This occurs for the configuration with flux dens
parallel to thec-axis direction, i.e., foru50° or 180°. A
similar effect can be observed in measurements of magn
zation loops with field direction parallel to thec-axis direc-
tion after changing from the field increasing branch to t
field decreasing branch of the magnetization loop, i.e., cl
to the maximum field amplitude. This can be explained
the Bean model: Opposing azimuthal currents in an inner
an outer region of theab planes of the sample superpo
resulting in a lower value of the magnetic moment and the
fore a lower average current density according to Eq.~9!. It
should be mentioned here that the current density also
be lowered by the reduced induced electric field in the
gime near tou50° or 180° due to the lowereddHz/dt ac-
cording to Eq.~7!.

Outside of the just discussed descending branches we
a good scaling of the current densityj with Bz for different
H and different field orientationqH ~i.e., different vortex
orientation u in the sample!. This means that the curren
density is nearly completely determined by the magne

FIG. 2. Irreversible magnetization and current density in dep
dence onBz calculated from the data of Fig. 1.
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field componentBz parallel to thec-axis direction. This be-
havior is well known for the very anisotropic supercondu
ors of the Bi~Ref. 27! and Tl systems~Ref. 30! which may
be considered to be two dimensional. The good scaling of
current density withBz for the different rotational loops in
Fig. 2 is due to the anisotropy of the YBCO material. A
cording to the anisotropic GL theory~cf. Ref. 19, p. 1172!
current density scales withBe5euB. For the case of YBCO
with e,1/7 ~e.g., Ref. 31! the angle-dependent anisotrop
parametereu

25e2~u!5cos2u1e2sin2u can be approximated b
eu5cosu except for a small range aroundu590°. Because of
this good scaling behavior we may substituteB in the equa-
tions of the collective pinning theory simply byBz .

Remarkably, in Fig. 2 current density is increasing w
increasingBz up to 50 kA/cm2 and is falling down beyond
this maximum. This is typical ‘‘fishtail’’ behavior as ob
served in magnetic field sweep measurements for field di
tion parallel to thec-axis direction. Comparable values of th
current density can be reached with melt textured materia
optimizing flux pinning by precipitations of impurity phase
like Y2BaCuO5, platinum, AgO2, CeO2, BaTiO3, or other
oxides.32 In this material pinning is assumed to be due
precipitation-matrix interfaces or dislocation networks.
high-quality YBa2Cu3O72d thin films current density in gen
eral is 2 orders of magnitude higher. The very high curr
densities in these films, which are 1 order of magnitu
lower than the depairing current density, may be underst
by the assumption of strong pinning by correlated defe
too. In contrast, taking into account that twin pinning in t
present case may be neglected and that precipitations o
purity phases are absent we conclude that pinning in
present crystal is dominated by very densely and rando
distributed weak point pinning centers. Candidates for th
pinning centers are point defects on an atomic scale, for
stance impurity cations, cation nonstoichiometry and oxyg
vacancies. Accordingly, the conditions for collective pinni
may be fulfilled.

In order to prove the assumption of a weak random po
pinning we analyze the field dependence of our experime
results in terms of the collective pinning theory. For this a
we have plotted the pinning force volume density which
derived from the experimental data of Fig. 2 in bilogarithm
scaling in Fig. 3. Again ignore the rapid drop of theFp data

FIG. 3. Pinning force volume density in dependence onBz de-
termined from the data of Fig. 2.
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for differentH at highBz which is caused by the inhomoge
neous current distribution in the sample after altering
orientation of the induced electric field in the rotational loo
when the maximum value ofBz has been passed. The data
Fig. 3 show a crossover between two power laws of the fo
Fp;B z

p. For very lowBz a linear increase of the pinnin
force volume density withBz , i.e., Fp;Bz

0.98, can be ob-
served which is, according to Eq.~10!, equivalent to a con-
stant current density independent onBz . This is characteris-
tic for the regime of single vortex pinning which is expect
at low flux densities. It should be pointed out, that for t
present measurements with constant rotating magnetic
the repulsive vortex-vortex interaction depends mainly
the distance between flux line kinks in theab planes and not
on the distance between neighboring flux lines. This is
accordance with our assumption that we can substituteB by
Bz for our analysis of the experimental data.

For higher flux densities a crossover towards a power
of the formFp;Bz

1.74occurs and current density is no long
independent onBz but shows a characteristic power law b
havior of the formj;Bz

0.74, i.e., current density is increasin
with Bz . In fact, this power law is predicted for the depe
dence of current density on flux density in the regime
collective pinning of small flux bundles. In the limit of low
depinning temperaturesT@TL* we get from the dependenc
of TL* on AB according to Eq.~2! that the exponential term
of Eq. ~3! is independent on flux density and that theB
dependence ofj sb is given by

j sb;
B

Bc2
S 11

T

TL* ~B! D
1/2

;B3/4, ~11!

resulting in an increase ofFp with Bz of the formFp;B z
7/4

as observed in Fig. 3.
This possibility to understand a nonmonotonous behav

of j (B) ~i.e., a ‘‘fishtail’’ effect! was already pointed out by
Feigel’man and Vinokur.5 The present data prove quantit
tively that we deal with the regime of collective pinning o
small flux bundles. The ‘‘fishtail’’ effect in the present cas
may be understood due toc66 in the preexponential factor in
Eq. ~4! which is, according to Eq.~1!, linear dependent on
flux density at low field strengths. The linear increase of
shear modulusc66 with Bz is equivalent to an increase o
stiffness of the FLL, i.e., a hardening of the FLL. This is
contrast to models, which try to explain the ‘‘fishtail’’ in
crease ofj by an improved fit of the FLL at randomly dis
tributed pinning centers due to weakened elastic moduli.
increase of current density due to a hardening of the F
was discussed for the first time by Vinokur, Kes, a
Koshelev.33 In the framework of the 2D-collective pinning
theory they obtained a power-law increase ofj (Bz) of the
form j (Bz);B z

3/2. They attribute this increase ofj (Bz) to a
suppression of thermal oscillations of the 2D flux lines d
to the hardening of the 2D FLL which leads to an enhan
ment of the strength of the pinning potential. Qualitatively
increase of current density withBz could be observed in
different single-crystalline samples of layered HTS materi
as, for instance, Bi2Sr2CaCu2O81x ~Refs. 34 and 35! and
Tl2Ba2CaCu2O81x ~Ref. 35! single crystals.
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B. Additional contributions of correlated pinning by twins

Experimentally, besides the above-discussed ‘‘fishta
effect with p57/4 a second type of ‘‘fishtail’’ effect can b
observed which is characterized by a linear increase of
current density withBz . As shown in Fig. 4 for theFp(Bz)
data calculated from torque magnetometry measuremen
77.4 K for sampleB a transition from the single vortex pin
ning regime with constant current density~i.e., p51.02'1!
for very low Bz towards a power-law behavior wit
p51.95'2 ~i.e., a linear increase of the current density w
increasingBz! occurs. Typical for this class of YBa2Cu3O72d
single crystals is a twin pattern of ‘‘mosaic’’-like structur
consisting of twin planes of both of the two possible orie
tations~110! and (11̄0). As we have seen in the last sectio
for single crystals with only twins of one of the two possib
orientations or single crystals with only a very low avera
twin density~sample typeA!, pinning is due to weak random
point pinning and is not effected by twins. In contrast, for t
present case of sampleB we suppose that there is a stron
twin influence on pinning. It was shown36 by TEM that
boundaries between different twin domains may be regi
of large lattice stress which may act as pinning centers be
correlated along thec-axis direction.

On the other hand, it is well known from the literature th
columnar defects, induced by heavy-ion irradiation,
YBa2Cu3O72d thin films37 @and even in layered HTS com
pounds as Bi2Sr2CaCu2Ox ~cf. Ref. 38!# lead to an enhance
ment of the in-plane current density for flux-line directio
parallel to the direction of the columnar defects.~For the
case of layered compounds this is due to a recoupling of
vortices in neighboring CuO2 planes.39! In common, as a
result of interlayer coupling, a high correlation of pins w
result in a stronger pinning in YBa2Cu3O72d . In analogy
twin boundaries will act as correlated pinning centers.

The observed linear increase of current density withBz ,
for low Bz , can be understood by means of Eq.~3! if the
influence of~i! thermal fluctuations can be neglected~i.e.,
T!TL* ! and ~ii ! the influence ofBz on the exponent of Eq
~3! is small which means thatg/gmax is high ~i.e., high cor-
relation of pins!. One may expect thatT!TL* is valid due to
the stronger pinning at correlated defects. The relation of
~2! for TL* was derived for the case of very weak point pi
ning: The mean elongation of flux lines in an unpinned F

FIG. 4. Pinning force volume density in dependence onBz for
sampleB in bilogarithmic representation.
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due to thermal disorder was compared to the range of
ning centers of the order ofj. The influence of thermal fluc-
tuations on disorder was expected to be high for tempe
tures higher than the, in this manner approximated,TL* .

For stronger pinning due to additional pinning contrib
tions of correlated defects, the approximation Eq.~2! is no
longer valid. We suppose that thermal fluctuations of fl
lines pinned by randomly distributed point pinning cente
are effectively reduced if in addition flux lines are correlat
pinned by twin boundaries of both orientations. Only in th
case elastic vortex-vortex interactions can reduce the the
fluctuations of the large fraction of flux lines which a
pinned by weak point pinning centers. The reason for t
behavior is the suppression of the contribution of the
mode to the transverse deformation field by the correla
pinned flux lines.

In the limit of a negligible small contribution of therma
fluctuations to disorder we get from Eq.~3!

j sb5
3A3
32p

j 0
B

Bc2
expS 2

pA2
Bc2
3/2

gmax

g
B3/2D . ~12!

The samej (B) behavior is also predicted by the theory
Larkin, Marchetti, and Vinokur16 for the case of correlated
twin pinning of a fraction of vortices of the FLL.

To prove our hypothesis of the stronger average corr
tion of the pinning centers for this class of single crystals
tested the dependence of the exponent of Eq.~12! onB with
experimental data from a field-loop torque measuremen
sampleC. These measurements were performed atT577.4
K with a constant inclination angle of the external magne
field with respect to thec-axis direction ofqH515°. As
demonstrated in Fig. 5, from a nonlinear fit of the expe
mental data with

ln~ j /B!5c02c1B
m ~13!

in the range betweenBz50.5 T andBz54.4 T we obtain a
power of m51.499. This is in excellent agreement wi
m53/2 predicted by Eq.~12!.

The rapid drop of the data at highBz.5.0T is caused by
the inhomogeneous current distribution in the sample du

FIG. 5. Nonlinear fit~solid line! in the range betweenBz50.5 T
and Bz54.4 T ~indicated by brackets! to the ln(j /Bz) data of
sampleC ~full dots!.
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altering of the direction of the induced electric field aft
passing the maximum of the external magnetic field
m0H57T in our field-loop experiment~cf. the discussion of
the rapid drop of data near to the maximumBz in Figs. 2 and
3 for torque measurements with rotating external magn
field!. Therefore we have omitted these data for our non
ear fit. For the parametersc0 andc1 in Eq. ~13! we get from
the nonlinear fit in Fig. 5c055.51 andc150.326. Taking
into accountBc2>24 T atT577.4 K for YBCO we get from
Eqs. ~12! and ~13! a depairing current density o
j 0>1.1531012 A m22 and for the ratiogmax/g>8.6. It is
interesting to notice that from a nonlinear fit of Eq.~3! to
experimental j (Bz) data from field-loop torque measure
ments of sampleA performed under the same conditio
~T577.4 K, qH515°, E52.531026 V/cm ~Refs. 40 and
41! we get nearly the same value for the depairing curr
density ofj 0>0.9531012 A m22, a depinning temperature o
TL*>260ABz for Bz in T and TL* in K, and for the ratio
gmax/g we get >27. Therefore we have determined f
sampleA and sampleC the same depairing current densi
and a correlation parameterg for sampleC which is a factor
of 3 higher thang for sampleA. This is in good agreemen
with our hypothesis of a stronger average correlation of p
ning in this kind of samples due to an additional contributi
of correlated twin pinning.

In general the observed increase of the current den
with increasing flux-line density can be explained in t
framework of collective pinning of small flux bundles n
matter whether there is a remarkable contribution of ther
fluctuations to disorder in the small bundle regime or not.
both cases the increase is related to a hardening of the
@i.e., a linear increase of the shear modulusc66 in the preex-
ponential factor of Eq.~4! with B for low flux densities as
discussed above# and randomly distributed point pinnin
centers, which have in both cases the main contribution
flux-line pinning. Therefore the suggestion that current
crease is a consequence of the suppression of thermal o
lations due to the hardening of the FLL within the sm
bundle regime is not appropriate for the case of 3D collec
pinning in YBa2Cu3O72d . Otherwise only aj (Bz);B z

3/4

power law ~cf. Sec. IV A! would be observed but not th
linear increase ofj with Bz discussed here. The influence
thermal fluctuations of flux lines within the pinning barrie
diminishes the current increase from a linear incre
j (Bz);Bz towards thej (Bz);B z

3/4 power law.

C. ‘‘Lock-in’’ transition of correlated twin pinning

The data of samplesA, on the one hand, andB andC, on
the other hand, represent the typical cases of two diffe
power laws of the ‘‘fishtail’’ increase of current density wit
flux-line density. In comparison, we will report now on a
intermediate case which gives further qualitative suppor
the outlined model. Besides the correlated defects just
cussed it has to be assumed that crystalB contains nearly the
same order of magnitude of point defects as crystalC. Crys-
tal D to be discussed in the following differs from crystalC
in that he shows much lower current densities which is d
to a lower concentration of point defects. Accordingly,
interesting transition behavior between pure random p
pinning and pinning with additional contributions of corr
lated pinning is found in crystalD as will be shown below.
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In Fig. 6 the pinning force volume densityFp determined
from torque measurements with rotating external magn
field of sampleD at a temperature ofT577.4 K is shown in
dependence on the flux density componentBz in bilogarith-
mic representation.

Here we can observe a crossover from a power-law
havior at very low flux densities of the formFp;B z

3/4 to-
wards a ‘‘fishtail’’ behaviorFp;B z

2, i.e., a linear increase o
j with Bz for stronger fields. Current density in dependen
on Bz is shown in Fig. 7. Note that the current density is
order of magnitude lower than for the same type of measu
ments for sampleA, as shown in Fig. 2, especially at lowBz
in the Fp;B z

3/4 regime. A good scaling for this regime a
well for the linear ‘‘fishtail’’ increase ofj with Bz , which is
indicated by the solid line to the data points as a guide for
eye, can be observed.

In the framework of collective pinning theory a low cu
rent density, i.e., very weak pinning, corresponds with
large correlation volume, i.e., a large size of the flux-li
bundle. Indeed the collective pinning theory of large fl
bundles gives a quantitative explanation of the scaling
havior of j with Bz of the form j (Bz);B z

21/4. If the contri-
bution of thermal oscillations of flux lines to disorder
large, i.e., ifTL* according to Eq.~2! is much lower than the
measurement temperature ofT577.4 K, we have (1
1T/TL* )

211/2;B11/4. In this case Eq.~5! predicts a power-
law behavior of the formj lb;B z

21/4.
For intermediateBz the scaling of thej (Bz) curves for

different values of the external field strengthH in Fig. 7 is
quite bad. We have determined the points of inflection in
transitional branches between the two regimes in thej (Bz)
curves of Fig. 7. The inset in Fig. 7 shows the angleu ip of
field inclination of the external magnetic field with respect
the c-axis direction for these points of inflection in depe
dence onH. For different external fields up to 0.8 T we fin
that u ip is nearly independent onH. Therefore we conclude
that the transition between the two regimes of collective p
ning in Fig. 7 is due to the change of flux-line orientation
the crystal.

The behavior observed in Fig. 7 can be explained in ter
of a transition from weak random point pinning of all flu

FIG. 6. Pinning force volume density in dependence onBz of
sampleD in bilogarithmic representation.
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3266 55R. HIERGEIST AND R. HERGT
lines at defects in the superconducting CuO2 planes towards
the ‘‘lock-in’’ state, i.e., the state with a fraction of flux-lin
segments pinned aligned within the twin planes. This tran
tion depends mainly on the flux-line orientation, which is
accordance with the observations of the inset of Fig. 7.
may interpretu ip as a ‘‘lock-in’’ angle, which separates th
regime of weak random point pinning of the whole FL
from the regime with contributions of correlated pinning
twins. The fraction of correlated pinned flux lines damps
thermal oscillations of the neighbored vortices and theref
avoids the thermally smearing out of the potential of t
point pinning centers. The rapid increase of current dens
which can be observed in Fig. 7 for different values ofH
before achieving the ‘‘fishtail’’ regime is due to this suppre
sion of the thermally smearing out of the point pinning ce
ters. As we can see in the inset in Fig. 7 for low exter
fields m0H below 0.5 T we find only a very weak depen
dence ofu ip on flux density and we obtained a nearly co
stant value ofu ip'52°. For fields above 0.5 T we find a ver
smooth increase ofu ip with increasingm0H. This is due to
the enhanced stiffness of the 3D FLL, which hinders
‘‘lock-in’’ of flux lines into the twin planes and shiftsu ip
slightly towards 90°.

V. CONCLUSIONS

In this paper we have reported on the observation of s
eral transitions between different regimes of single vor
pinning and collective flux-line pinning in YBa2Cu3O72d
single crystals. By investigation of single crystals of differe
microstructure we have separated the effects of two b
types of pinning centers, random point pinning and cor
lated pinning due to twin boundaries, on the collective p
ning of flux lines. We have shown that the so-called ‘‘fis
tail’’ effect can be explained as an increase of current den
j (Bz) with increasingBz within the regime of collective pin-
ning of small flux bundles at low field strength related to
hardening of the FLL. For weak random point pinning the
is a remarkable contribution of thermal fluctuations to dis
der at temperatures of 77.4 K which leads to a power-
behaviorj;B z

3/4 of the current increasing part of thej (Bz)
curve. For samples with a ‘‘mosaic’’ twin structure, i.e., ha

FIG. 7. Scaling behavior ofj (Bz) of sampleD. Inset: Angleu ip
of the inflection point of thej (Bz) curves for different values ofH.
Solid lines are guides for the eye~cf. text!.
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ing a dense network of twin planes of both orientations p
pendicular to each other, current increase is linearj;Bz in
the ‘‘fishtail’’-shaped j (Bz) curve. It was shown that this
behavior can be attributed to a reduced influence of ther
fluctuations in the regime of small flux bundles. In both typ
of microstructure the increase ofj at low B may be under-
stood in terms of an increase of the shear modulusc66. The
effect of increased thermal oscillations in the case of rand
point disorder in comparison to correlated disorder is a
pression of ‘‘fishtail’’ increase from linear in the latter cas
to a 3/4 power law in the first case. The measured fi
dependence of current density may be quantitatively w
interpreted in the frame of a collective pinning theory
known values of upper critical field and depairing curre
density are used. For the only unknown parametergmax/g,
i.e., relative pinning strength, reasonable values for b
kinds of microstructure are found.

The suggestion that contributions of correlated pinning
twin boundaries of both orientations, in addition to rando
point pinning, reduce the thermal fluctuations of the FLL
strongly supported by the observation of a ‘‘lock-in’’ trans
tion in YBa2Cu3O72d single crystals with low current dens
ties: By approaching the vortex orientation parallel to t
c-axis direction a crossover, from collective pinning of lar
flux bundles at randomly distributed weak point pinning ce
ters, which is highly affected by thermal fluctuations, t
wards a regime of collective pinning of small flux bundle
where thermal fluctuations can be neglected and average
relation of pins is high, occurs. The stronger average co
lation of the elementary pinning barriers in these samples
be explained by the ‘‘lock in’’ of a fraction of flux lines in
the flux bundles into the twin planes. These correla
pinned flux lines drastically reduce the tilt deformations
thermal oscillations of the remaining flux lines. As a cons
quence thermally smearing out of the point pinning barri
is suppressed, pinning and therefore current density is
hanced and a reduced correlation volume is achieved.

Since orthorhombicity of YBa2Cu3O72d depends on the
oxygen content and oxygen ordering, and the formation o
dense mosaic twin pattern is related to orthorhombicity, c
related pinning of flux lines at twin boundaries can be infl
enced by annealing conditions.

Two ‘‘fishtail’’ bumps in magnetization curves42 can be
observed for the case that the average distance betwee
twins is high. In this case the reduction of thermal oscil
tions can only be achieved at high flux densities. Then
‘‘fishtail’’ bump with j;B z

3/4 is followed by a ‘‘fishtail’’
bump with a linear increase ofj with Bz .

The reason why ‘‘fishtail’’-shaped magnetization curv
cannot be observed for YBa2Cu3O72d thin films is caused by
the high current densities resulting from the dense distri
tion of very strong pinning centers in those films. Accor
ingly single vortex pinning occurs in these samples in a la
field range.

In conclusion, it was shown that most essential feature
the field dependence of current density of YBCO single cr
tals at 77.4 K may be consistently described by the collec
pinning theory taking into account typical microstructu
properties of that crystals.
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