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Evidence for different regimes of collective flux-line pinning in YBgCu;0,_ 5 single crystals
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YBa,CuzO;_ 5 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 dendfty in dependence on the compon@jtof the flux density parallel
to the c-axis direction revealed different regimes of collective pinning: For very Bywin the single vortex
pinning regime, current density is independentByn With increasingB, 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 increBgitige., “fishtail” effect) can be
observed, which is characterized, at I®y, by a power-law behavion~B§ with p=7/4 for collective
random point pinning of small flux bundles amd=2 for pinning of small flux bundles with additional
correlated pinning contributions from the mosaic twin structures, respectively. FOICtBa;_ s 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.
[S0163-18297)08805-X

I. INTRODUCTION the pinning force volume densify,(B).
In order to extend the concept of collective pinning to

The theory of collective pinning of flux lines by randomly HTS materials Feige’'man and Vinokuincluded thermal
distributed weak point pinning centers of high number den-oscillations of flux lines in the LO theory: At high tempera-
sity was established by Larkin and OvchinnikoftO) in  tures current densities may be strongly reduced due to the
1973, many years before the new cuprate hightHTS) influence of thermal fluctuations on pinning properties not
materials were discovered. Good scaling of experimentabnly by thermally activated jumps between different meta-
data of pinning force volume density as a function of thestable states of the flux-line lattice which leads to significant
perpendicular magnetic field with the LO theory was re-flux-creep effects, but also by thermal fluctuations of the flux
ported first time by Kes and Tsdeior amorphous N§Ge  lines within the pinning barriers which smear out the elemen-
films. But above a certain limiting value @& the pinning tary pinning potential. In the case of the new class of high-
force volume density grows much faster than predicted bysuperconductors we deal with extreme type-Il superconduct-
the 2D collective pinning theory. This so-called “peak” ef- ors with properties which favor the occurrence of collective
fect could be observed for many low-temperature supercorpinning. The short coherence length in toie direction, &,
ductors(LTS) as a peak in the current densjtyvith increas-  the modulation of the order parameter in thiaxis direction,
ing external magnetic field at fields close to the upper criticaland the low density of charge carriers are the reasons that
field B,,. According to Kes and Tsuethe “peak” effectin  elementary pinning energies are so small in HTS and that a
thin amorphous Ni§se films is caused by increased pinning high density of point defects in the superconductiab
mediated disorder, i.e., by defects in the flux-line latticeplanes can act as a dense array of pinning centers with low
(FLL). Due to lowered shear modulus closeBg, FLL is pinning energy. Large penetration depths, on the other hand,
plastically deformed and a better adaptation of the flux linesnable strong elastic vortex interactions.
to the pinning centers will be achieved. Larkin and Experimentally, an increase of the magnetization hyster-
OvchinnikoV gave an explanation in terms of a softening of esis with increasing external magnetic field is often observed
the FLL due to the strong dispersion of the tilt modulusin magnetization measurements of Y,BayO,_ssingle crys-
C44(q) close toH,. Sugawareet al found for layered su- tals for field orientation parallel to the-axis direction and
perconductors that this model is able to describe the “peak’magnetic fields far belowH,.> To explain this so-called
effect quantitatively. Nevertheless, they found that some dis“fishtail” effect different competing models were proposed
crepancies between the experimental data and the theory reshich are in most cases similar to those models which were
main unsolved. In the case of thick amorphous films a firstdeveloped in order to explain the “peak” effect in LTS ma-
order phase transition due to a dimensional crossover frorterials. One class of models is based on the assumption of
2D collective pinning towards 3D pinning was discussed bymicrostructural inhomogeneitie®.g., Refs. 6 and)7 It is
Wordenweber and Késas a reason for an observed jump in supposed that small regions with lowek,, than the sur-

0163-1829/97/54)/325810)/$10.00 55 3258 © 1997 The American Physical Society



55 EVIDENCE FOR DIFFERENT REGIMES B. .. 3259

rounding YBaCu;O; matrix, for instance, regions with low models for the explanation of anomalous field dependences
oxygen content, will switch after exceeding their upper criti- which use other concepts like dimensional crossover, surface
cal field into the normal state and therefore work as addibarriers, or matching effects in order to explain an increased
tional pinning center8.In another quite similar model, these pinning. As we will show in this paper the “fishtail” effect
regions with low oxygen content act as weak pinning centeré? YBa,Cu;O;_ single crystal samples may be understood
at low magnetic fields, but will have an enhanced pinningi” terms of a hardening of the flux-line lattice in the regime
force at higher magnetic fields. However, this hypothesigf collective pinning of small flux bundles for lo®. In Sec.
could not be confirmed by more careful experimental work!! We will discuss important consequences from the collec-

(e.g., Ref. 8. The peak fieltH ., which may be identical tive pinni'ng theory in order to provide the basis for an un-
with H, of the switching reg?on varies much slower with derstanding of the experimental results and the data evalua-
C. [l

- tion in terms of the collective pinning theory. Samples and
temperature tham;, (T) of YBa,Cu;O,_ single crystals . ) . )
withplow oxygen cocr?te(nf).ln partiCLZJIaL:3 Z7thk0\e? al? fgund experimental method will be described in Sec. lil. The ex-
that the common “fishtail” is present,for all oxygen contents perimental results will be discussed in relation to the differ-

ub to fully oxvaenated Y O. . single crvstals(s  €nt micrpstruqture .qf th.e crystals and diffgrent pinning re-
<p0 02 evgn at%gmperatureig:c%sg'lfg Difgf]erenc)gs in 'Ehe gimes will be identified in Sec. IV. A transition from single
dependence of the superconducting order parameter on ma _rtelx (er_lntn!Bgtt(()j sm_al{ byndle plnn![ng f(_)r ]Ehe %aSXI ﬁf rar;]-
netic field between possible weak superconducting region omly distributed point pinning centers Is found. Althoug
and the surrounding matrix seem to be too small to explaiﬁ e case of_correlated pinning is not included In the original
the pronounced magnetization peak, which can be observe llective pinning theory Qf Feigel man gnd Vinokuye
especially at temperatures in the range between 70 and 80 Iscuss the effect of additional contributions of correlated

Therefore an enhancement of the elementary pinning interQinning due to twin mosaic structure. According to these two
pes of defect structures two different power laws for the

“fishtail” effect are found. A quantitative explanation in

A second category of models tries to give an explanatior’}erms of the collective pinning thedtys provided.

on the basis of relaxational effedss.g., Refs. 10—12In the
approach suggested by Krusin-Elbaetal}? the “fishtail” Il. CURRENT DENSITIES FOR CHARACTERISTIC
effect is caused by the discrepancy between critical current PINNING REGIMES

densityj., which is defined by the current density when the According to Larkin and Ovchinnikdvpinning of flux

effective pinning potentiall vanishes, i.e., bW(jc)=0,  jines at weak, randomly distributed point pinning centers of
and the current density measured in experiment. The currepfigh concentration destroys the long-range order of the flux-
density in experiment is not sharply defined. It depends Offne |attice. But within a volumeV,, the “correlation vol-
the voltage criterion, i.e., on the strength of the applied elecyye » short-range order of the FLL with an almost periodi-
tric field, and is lower than. because experiments are usu- ¢4 structure still persists. For an Abrikosov 3D vortex lattice
ally made in the nonlinear region of current voltage characyhe glastic contribution to the free energy of the FLL can be
teristics. According to Krusin-Elbauret al'? the “fishtail”  gescribed in terms of the compression modudys the shear
effec_t is caqsed by a highe_r flux creep rate for lower ﬂuxmoduluscas, and the tilt modulus,,. Becausec,; is much
density leading to a depression of the measured current defyrger tharc, andc,,, contribution of compression to elastic
sity. They explain the change of the creep rate by a transitioRnergy is small and terms containing can be neglectet®

from individually pinned flux lines to the pinning of small £orc - andc,, one can write for temperatures and flux den-
flux bundles. Implicitly this model requires that the critical gjties below the melting lirfe"”

current density does not depend in the same nonmonotonous

way on flux density as the experimentally measured “fish- ®,B B2
tail” current density does. However, the reported “mirror- Co6™ 167 jgh 2’ Cay(q)= RTINS 1)

like” behavior of current density and creep rate could not be
confirmed by measurements with better field resolution inwhere\ is the London penetration deptfy is the flux quan-
the low-field region of the current pedk.Kipfer etall*  tum andq the wave vector of the reciprocal space represen-
found similar creeprates for different samples of YBCO ma-tation of the transversal displacement fiald), which is due
terial regardless whether magnetic hysteresis was monotde the random point pinning of the distorted FLL. For very
nous decreasing with increasing field, i.e., “fishtail” behav- weak pinning or very high flux densities the volume of short-
ior was observed. From this result they concluded that theange order spreads out over a large fraction of the FLL and
“fishtail” effect cannot be explained by different field- therefore correlation volume is large. Flux lines within the
dependent regimes of collective flux creep. correlation volume are not pinned individually but collec-

A “peak” effect in YBa,Cu;O,_; single crystals was re- tively as one “flux bundle.” For stronger pinning or lower
ported by Kwoket al1® as a precursor to vortex lattice melt- flux density the size of the flux bundle decreases. If the lat-
ing. A model was proposed by Larkin, Marchetti, and eral dimensionR, of the correlation volume/,~R2L, is
Vinokur'® which ascribes this effect to a softening of the becoming much smaller than , the penetration depth per-
shear moduluggg close to the melting lindl,(B), which  pendicular to the vortex direction, a transition from collec-
abruptly lowers the argument in the exponentially decreasingjve pinning of “large flux bundles” towards collective pin-
term of the current density in the regime of small flux line ning of “small flux bundles” is taking place. The latter one
bundles. is characterized by a large dispersiqma>1) of the tilt

It should be mentioned that there are as well several othenodulus ¢,4(q)=B?/[ o(q\)?] whereas dispersion can be
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neglected in the former caseqX<1) and cu(Q) _ io [ v \?3 B3 T\ 112

=C44(0)=B? uy. If pinning is further increased or if flux JIbElO;Z (7—) (F) (1+ T_*> . 5)
max L

density is further decreased even short scale order of the
flux-line lattice will be destroyed: Elastic interactions be-

tween flux lines can be neglected in comparison to the conthe transition line from single vortex pinning towards col-
tributions of the elementary pinning barriers. In this so-calledective pinning not only depends on flux density and tem-
“_single vortex pinning” regime all vortices are pinned indi- perature but also on current densitf. Ref. 19, p. 1158
vidually. i.e., on the voltage criterion. The crossover from pinning of
Besides the disorder due to random point pinning there igndividual flux lines, at low flux densities, towards collective
also a thermally induced disorder. According to Feigel'manpinning of flux bundles can be roughly estimated by compar-
and VinokuP there is a significant influence of thermal fluc- ing the interaction energy, i.e., the elastic shear energy, with
tqations of fI.ux lines within the pinning bafriers for a weakly the tilt energy of an individual flux linécf. Ref. 19, p. 116¥.
pinned FLL if the mean-square thermal displacement of flux jne tension is strongly reduced in HTS materials due to the
lines (u®) in an unpinned FLL is of the same order or evensyppression of the order parameter between the supercon-
larger than the square of the range of the pinning barriersyycting layers. In addition the thermal fluctuations of the flux
Le., if (u)=£°. This is true for temperatures higher than the|ines have to be taken into account for the determination of

so-called “depinning temperature” which was estimatedthe transition lines between the different regimes. In general,
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wheree?=m,,/m, denotes the anisotropy ratio of the effec-
tive electron masses for electrons movingimdirection and
c-axis direction, respectively.

Characteristic current densities near to criticality were es
timated by Feige'man and Vinokuty solving perturba-
tively differential equations which describe transverse FLL
motion for the different isotropic collective pinning regimes

under the influence of thermal Langevin forces. In the

“single vortex pinning” regime the current density is inde-
pendent on flux densitj,, =const. For collective pinning of
small flux bundles, i.e., for higher flux density, a significant
influence of the flux density on the current density is ex-
pected according to Ref. 5:

) 1/2

3V3 . B(
1+
/2')’max

JSb:EJOB_CZ
B 3
Xexp{—qn/f(—) <1+
Beo

wherejo,=®,/(3vV3uomA\2£) denotes the depairing current
density andB,., the upper critical flux density. Thermal fluc-
tuations of flux lines are taken into account BYT; . The
correlation properties of neighboring defects are considere
by the parametey (cf. Ref. 5. . denotes the value of in

the limit of maximum correlation of pinning centers, i.e., for
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with increasing current density the regime of single vortex
pinning will be extended to higher fieldef. Ref. 19, p.
1152.

Many attempts have been made in the literature to analyse
experimental flux-creep data by identifying the characteristic
parameterg: of the different regimes of collective flux creep
in terms of the so-called interpolation formulfor the acti-
vation energyU(j)=(UJ/u)[(j/j)*—1]. Since in most
cases magnetic measurements are starting from high voltage
criterion, i.e., from currents near criticality, the contribution
of compression energy has to be considered in addition to the
activation energy. This leads, at high flux densities, to a
theory of collective hopping of superbundlgs. Ref. 19, p.
1208, which consist of many flux bundles. In this case flux
creep can be described by a slightly different formula
U(j)=U.(1—j/jo)% Unfortunately the exponents for
creep of superbundles in random pinning potential are still
unknown(cf. Ref. 19, p. 121 Deviation from the interpo-
lation formula may also be due to high temperatuiies
>Ty, since the interpolation formula is only valid in the
regime below the depinning lin&} (B) (cf. Ref. 5. From
the influence of current density on the predominance of the
different collective pinning regimes it follows that in general
it is difficult to get useful conclusions concerning collective
pinning from the analysis of flux-creep experiments: With
decreasingj different collective pinning regimes can be
passed. From the same reason practicability of back
gxtrapolatio”” onto the “true” critical current density from
data of creep experiments or magnetic sweep measurements
with different sweep rates is limited.

a distance between neighboring pinning centers in the order The temperature dependence of experimental current den-

of & Considering the expressions of Efj) and the relations
B2=® B,/ (4m\?) and ymady=(jo/is)> %4, Eq.(3) can
be written in the forn®

3/2

:—3’%\/5' Cegl 1+ — l/zex _[do #o
Jsb 87785 JoCes T i Bi
8v2uq T\
X—g— Ca0) V5| 1+ — (4)
L

For even higher flux densities or lower current density
(j<jo/ k%) a transition towards large flux bundles will occur,
with the characteristic current density

sity at fixed field was already discussed by Moshchalkov,
Metlushko, and Gutherodt'?? for Bi,Sr,CaCyO, single
crystals in the framework of the collective pinning theory. In
the present paper we will analyse the field dependence of
experimentalj(B) curves in the framework of the predicted
j(B) dependences of Eq$3)—(5) for fixed temperature.
Therefore the complicated temperature dependence of the
characteristic current densities arising from the temperature
dependence of the different parameters like depairing current
densityj, or B, in Egs.(3)—(5) can be omitted.

In the following we will discuss experimental results on
YBa,Cu;0;_ 4 single crystals with different microstructure in
terms of Eqgs.(2)—(5). It will be demonstrated that the pin-
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TABLE I. Crystal properties. zero-field cooling. The procedure was described in detall
recently?’ For field strength up to 0.8 T, a constant field was
Sample Te (K) AT. (K) s(um)  turned in a plane which contains tlteaxis. The torqueG
A 9 1 13 exerted on the sample was measured in dependence on the
' angle between field direction and theaxis. Measurements
B 89 2 ~1 . . . .
c o1 05 <0.3 were carried out for field rotation with forwarda¢) and
' : reverse rotational sens&() which yield the torque hyster-
D 90 0.2 0.8 esiSAG:

_ . ) AG=G;—-G,. (6)
ning behavior of YBaCu;O;_ s single crystals can be under-
stood within the framework of the collective pinning theory. In all torque measurements with rotating external field, a

fixed voltage criterion for the case of external magnetic field

IIl. EXPERIMENTAL DETAILS parallel to theab planes H= 0=90°) was achieved by
_ o keeping the product of angular velocity of our rotating
A. Sample preparation and characteristics field and the value of the external field constant. We used

The present experiments were performed onalways the same value of the VOltage criterion for this field

YBaZCugO7_5 Sing|e Crysta|s which were grown in yttr|um orientation of E~2.5><-10_6 V/m in all of our measure- -
stabilized ZrO crucibles according to a procedure describefents. Therefore the field rotation rate was chosen appropri-
in detail elsewheré®?* Crystals were grown in different ately with an accuracy of 2.5% in order to control the in-
batches using identical experimental conditions. For standarduced electric field

annealing condition§l week at 400 °C at 0.1 MPa oxygen
pressurg ac-susceptibility measuremefitshowed that the
transition temperature to the normal state is alwBys 90 K

with transition Wldth of abOUﬁTCZO.Z,...,Z K. Themicro- . ered denotes the width of the Sample in the plane,HZ
structure of the twin pattern of the samples was characteriz e component of the external magnetic fieidparallel to

by polarization microscopy. Four samples with representag,q . axis, N, the zz component of the demagnetization
tive behavior were selected for detailed measurements. The o for thez direction parallel to the axis andM, the
. . - z
first sampleA contains only one set of parallel twin planes. comnonent of the magnetization parallel to  theaxis
SamplesC andD contain a mosaic pattern which is formed irection2” Because of the high aspect ratios of the samples
by two sets of twin planes being oriented perpendicularly ©Qyith gimensions of 0.15 . .,0.35 mm in thes-axis direction
each other. Additionally we take into account the sanple ;.4 05 . 2.2 mm lateral size the contribution dM./dt

o FE z

annealed under enhanced oxygen pressure of 200 bar @l e neglected in first order because of the high values of
380 °C. This crystal also shows a mosaic twin pattern. Theg; .

) : X L ! . ~1.
mosaic pattern seen in polarized light is known in the litera- |, principle, in a field rotation experiment a deviation of

ture as fuzzy domains. By analyzing that pattern we haveyq gngylar orientations of the external magnetic field and the
estlmated_the average twin spacing Wh',Ch |s_denote($.by flux density occurs. Due to the constant amount of the exter-
Characteristic data of the samples are given in Table I. The, magnetic field during the rotations, which was always

crystals are free of macroscopic defects or precipitations. By, o higher than the lower critical field in tieaxis direc-
TEM investigationé’ no defects on a scale above about 3 nMyjon ¢ “geviations of the angular orientatiarof flux lines

cly
were found. with respect to the-axis direction fromd,, the angular ori-

However, from the observed current densities which argiadion of the external magnetic field with respect to the
very high(up to 200 kA/crf) in comparison to whatis com- ¢ ayic direction are very small. Corrections carried out on
monly known for single crystals we expect that there argy s oynerimental data showed no significant angular devia-
many effective pinning centers on an atomic scale. The mosjy, except for very low external field strength and field ori-
prominent candidates for those pinning centers are 0XY9€8ntation close to thab planes.
vacancies 2?3 argl_Jed currgntly in Iiteratﬁreccordin.g lto The angular dependence of the torque hystereSisnea-
Clauset al. ther(_a IS a maximum ofc for aweak deviation g ,req for stationary rotation of the external magnetic field
from oxygen stoichiometry. Comparing our cryst#is B, 55 ysed to derive the irreversible part of the magnetization

andC with the data of the samples of Ref. 24 which were goty; 514 the current density according to
Irr s

by a similar growth procedure as applied in the present in-

e o OMo] d o dH,
WH - zz)—dt ~5 Mo gp - (7)

E~3 to

vestigations we conclude that we deal with an oxygen non- Mir=AG/(uoHV sindy), 8
stoichiometry of =0.15. Another possible candidate for
point pinning centers are impurities from dissolved crucible j=kM;,/d, 9)

material which were incorporated into crystals during the

growth process and may produce point defects of atomidhereV denotes the sample volumie.denotes a geometry
scale. dependent factor which is 0.5 for samples with square

shaped surface of theeb plane anck=0.3 for samples with
an elongated rectangular shaped surface of aheplane.
Equations(7)—(9) are valid under the assumption that there
Torque measurements with rotating external magnetiés only a magnetization component parallel to thexis di-
field were performed at constant temperature of 77.4 K afterection, i.e., for an azimuthal current flow in the supercon-

B. Torque magnetometry with rotating external magnetic field
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FIG. 2. Irreversible magnetization and current density in depen-
FIG. 1. Experimental torque curves of sampleat T=77.4 K dence orB, calculated from the data of Fig. 1.
for clockwise (lower curve$ and counterclockwise rotatiofupper
curves for different external magnetic fieldd of 40 (a), 80 (b), - _ S
160(05)), 240(d), 320(e), 400(f), ar?d 480 KA/M(Q). Fqu( Ii)nes vf/e)re A. Pinning at randomly distributed point pinning centers
rotating within planes parallel to the twin planes. Torque curves for crystah are shown in Fig. 1. This
crystal represents the class of samples with only one of the
ducting CuQ planes. From current density, the pinning forcetwo possible orientations of twin boundaries and samples

volume density was calculated according to with only a very low mean twin density. The magnetic field
was rotating with constant rotation rate in a plane parallel to
. the twin planes. Experiments with perpendicular rotational
Fo,=iB;. (10

plane, i.e., with the rotating magnetic field cutting the twin
planes at},;=0° and 180°, showed no significant deviation
In addition to field rotation experiments, some torquefrom the torque curves of Fig. 1. Therefore pinning in this
measurements were carried out with time Varying magneti@rysta| is not dominated by pinning at twin boundar{eg
fields and fixed angular orientation of the external magnetief. 29.
field with respect to the axis. In these measurements the  Using the torque hysteresis data of Fig. 1 the dependence
external magnetic field was swept up and down with fieldof the irreversible magnetizatiovi ,, and of the current den-
amplitudes up to 7 T. Like in the measurements with rotatingsity j on the component of the magnetic inductionciaxis
magnetic field, a voltage criterion &~2.5x 10"° V/mwas directionB,= u,H cosd of sampleA were calculated for dif-
achieved in all measurements by choosing an appropriatrent fixed values of the external magnetic fieldiccording
constant sweep rate of the external magnetic field according, Egs. (8) and (9). These data are shown in Fig. 2. The
to Eq. (7). descending branches of th€B,) curves, near the maximum
For these “field-loop” torque measurements a capacitiveyg|yes ofB,= uoH, can be neglected. They are caused by an
measurement technique was used to detect the torque signlhomogeneous current distribution after reversing the direc-
The sample was fixed on top of a capacitor plate which wasion of the induction of the azimuthal electric field in the
elastically coupled with an opposing capacitor plate by crosgample. This occurs for the configuration with flux density
springs. The angular orientation of this second plate wagarallel to thec-axis direction, i.e., foré=0° or 180°. A
fixed in the experimental setup. From the exerted torque gimilar effect can be observed in measurements of magneti-
small distortion of the springs and therefore a change of theation loops with field direction parallel to theaxis direc-
distance between the opposing plates results. The torque sigon after changing from the field increasing branch to the
nal was detected by measuring the change of the capacity @ld decreasing branch of the magnetization loop, i.e., close
these capacitor plates as described in detail elsevifiere. g the maximum field amplitude. This can be explained by
the Bean model: Opposing azimuthal currents in an inner and
IV. RESULTS AND DISCUSSION an ogter_region of the@b planes of the' sample superpose
resulting in a lower value of the magnetic moment and there-
The experimentally observed different magnetization before a lower average current density according to @y. It
havior of the different types of samples will be classified inshould be mentioned here that the current density also may
the following in terms of the dimensionality of the most be lowered by the reduced induced electric field in the re-
important class of pinning centers in the crystals. We distingime near to#=0° or 180° due to the loweredH,/dt ac-
guish between collective pinning at randomly distributedcording to Eq.(7).
point defects(sampleA), additional contributions of corre- Outside of the just discussed descending branches we get
lated pinning at twingsamplesB andC) and a transitional a good scaling of the current densjtywith B, for different
case where, by changing the external magnetic field diredd and different field orientation}, (i.e., different vortex
tion, a “lock-in" transition towards correlated pinning at the orientation 6 in the samplg This means that the current
twin planes is observetampleD). density is nearly completely determined by the magnetic
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for differentH at highB, which is caused by the inhomoge-
neous current distribution in the sample after altering the
orientation of the induced electric field in the rotational loops
when the maximum value @&, has been passed. The data of
Fig. 3 show a crossover between two power laws of the form
F,~B?. For very lowB, a linear increase of the pinning
force volume density wit/B,, i.e., F,~B2°% can be ob-
served which is, according to E¢LO), equivalent to a con-
stant current density independent Bp. This is characteris-
tic for the regime of single vortex pinning which is expected
I ] at low flux densities. It should be pointed out, that for the
sl A, present measurements with constant rotating magnetic field
1078 107 107" 1 the repulsive vortex-vortex interaction depends mainly on
B, (T) the distance between flux line kinks in thé planes and not
on the distance between neighboring flux lines. This is in
FIG. 3. Pinning force volume density in dependenceBorde- ~ accordance with our assumption that we can substiuby
termined from the data of Fig. 2. B, for our analysis of the experimental data.
For higher flux densities a crossover towards a power law

field componenB, parallel to thec-axis direction. This be- of the formF,~B™occurs and current density is no longer
havior is well known for the very anisotropic superconduct-iNdependent o, but shows a characteristic power law be-
ors of the Bi(Ref. 27 and Tl systemgRef. 30 which may havior of the formj ~B;

Fp (Nm®)

, i.e., current density is increasing

be considered to be two dimensional. The good scaling of thwith B, . In fact, this power law is predicted for the depen-
current density withB, for the different rotational loops in dence of current density on flux density in the regime of
Fig. 2 is due to the anisotropy of the YBCO material. Ac- collective pinning of small flux bundles. In the limit of low
cording to the anisotropic GL theorgf. Ref. 19, p. 1172  depinning temperatureB>T[ we get from the dependence
current density scales witB,= €,B. For the case of YBCO of T} on B according to Eq(2) that the exponential term
with e<1/7 (e.g., Ref. 3] the angle-dependent anisotropy of Eq. (3) is independent on flux density and that tBe
parametek’=€°() =cos 6+ €sirfd can be approximated by dependence of, is given by
e,=cod except for a small range arourde=90°. Because of
this good scaling behavior we may substitiBten the equa-
tions of the collective pinning theory simply 8, . . B
Remarkably, in Fig. 2 current density is increasing with Jsb™ B_c2 1+
increasingB, up to 50 kA/cnf and is falling down beyond
this maximum. This is typical “fishtail” behavior as ob-
served in magnetic field sweep measurements for field diregesulting in an increase &, with B, of the forme~BZ’4
tion parallel to thec-axis direction. Comparable values of the as observed in Fig. 3.
current density can be reached with melt textured material by This possibility to understand a nonmonotonous behavior
optimizing flux pinning by precipitations of impurity phases of j(B) (i.e., a “fishtail” effect) was already pointed out by
like stBaCuQ, platinum, AgQ, CeO,, BaTiO;, or other  Feigel'man and Vinoku?. The present data prove quantita-
oxides® In this material pinning is assumed to be due totively that we deal with the regime of collective pinning of
precipitation-matrix interfaces or dislocation networks. Insmall flux bundles. The “fishtail” effect in the present case
high-quality YBgCu;O,_ s thin films current density in gen- may be understood due tgg in the preexponential factor in
eral is 2 orders of magnitude higher. The very high curren€q. (4) which is, according to Eq1), linear dependent on
densities in these films, which are 1 order of magnitudeflux density at low field strengths. The linear increase of the
lower than the depairing current density, may be understoodhear moduluggg with B, is equivalent to an increase of
by the assumption of strong pinning by correlated defectsstiffness of the FLL, i.e., a hardening of the FLL. This is in
too. In contrast, taking into account that twin pinning in the contrast to models, which try to explain the “fishtail” in-
present case may be neglected and that precipitations of increase off by an improved fit of the FLL at randomly dis-
purity phases are absent we conclude that pinning in th&ributed pinning centers due to weakened elastic moduli. An
present crystal is dominated by very densely and randomlincrease of current density due to a hardening of the FLL
distributed weak point pinning centers. Candidates for theswas discussed for the first time by Vinokur, Kes, and
pinning centers are point defects on an atomic scale, for inKoshelev®® In the framework of the 2D-collective pinning
stance impurity cations, cation nonstoichiometry and oxygertheory they obtained a power-law increasej(B,) of the
vacancies. Accordingly, the conditions for collective pinningform j(BZ)~B§’2. They attribute this increase ¢(B,) to a
may be fulfilled. suppression of thermal oscillations of the 2D flux lines due
In order to prove the assumption of a weak random pointo the hardening of the 2D FLL which leads to an enhance-
pinning we analyze the field dependence of our experimentahent of the strength of the pinning potential. Qualitatively an
results in terms of the collective pinning theory. For this aimincrease of current density witB, could be observed in
we have plotted the pinning force volume density which isdifferent single-crystalline samples of layered HTS materials
derived from the experimental data of Fig. 2 in bilogarithmicas, for instance, Br,CaCyOg,, (Refs. 34 and 3pand
scaling in Fig. 3. Again ignore the rapid drop of thg data  Tl,BaCaCyOg, , (Ref. 39 single crystals.

1/2
R34
Tt(B)) 5 1y
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FIG. 4. Pinning force volume density in dependenceBgrfor
sampleB in bilogarithmic representation. FIG. 5. Nonlinear fit(solid line) in the range betweeB,=0.5 T
B. Additional contributions of correlated pinning by twins :Zr?];zeg‘l(-fﬁ”tjégglcated by brackejsto the In(/B,) data of
Experimentally, besides the above-discussed “fishtail”
effect with p=7/4 a second type of “fishtail” effect can be due to thermal disorder was compared to the range of pin-
observed which is characterized by a linear increase of theing centers of the order @ The influence of thermal fluc-
current density witB,. As shown in Fig. 4 for thé=,(B,)  tuations on disorder was expected to be high for tempera-
data calculated from torque magnetometry measurements tres higher than the, in this manner approximafgd,
77.4 K for sampleB a transition from the single vortex pin- For stronger pinning due to additional pinning contribu-
ning regime with constant current densifye., p=1.02~1) tions of correlated defects, the approximation E2).is no
for very low B, towards a power-law behavior with longer valid. We suppose that thermal fluctuations of flux
p=1.95=2 (i.e., a linear increase of the current density withlines pinned by randomly distributed point pinning centers
increasingB,) occurs. Typical for this class of YBEW;O,_s;  are effectively reduced if in addition flux lines are correlated
single crystals is a twin pattern of “mosaic”-like structure pinned by twin boundaries of both orientations. Only in this
consisting of twin planes of both of the two possible orien-case elastic vortex-vortex interactions can reduce the thermal
tations(110 and (110). As we have seen in the last section fluctuations of the large fraction of flux lines which are
for single crystals with only twins of one of the two possible pinned by weak point pinning centers. The reason for this
orientations or single crystals with only a very low averagebehavior is the suppression of the contribution of the tilt
twin density(sample typed), pinning is due to weak random mode to the transverse deformation field by the correlated
point pinning and is not effected by twins. In contrast, for thepinned flux lines.
present case of sampk we suppose that there is a strong In the limit of a negligible small contribution of thermal
twin influence on pinning. It was showhby TEM that fluctuations to disorder we get from E)
boundaries between different twin domains may be regions
of large lattice stress which may act as pinning centers being . 33 B w2 Ymax 30
correlated along the-axis direction. Jsb= 35, Jo B., exp — E’fz? Ty B (12)
On the other hand, it is well known from the literature that
columnar defects, induced by heavy-ion irradiation, inThe samej(B) behavior is also predicted by the theory of
YBa2CL1307,§ thin f||m537 [and even in |ayered HTS com- La.rkln', Marchettl, anq V|n0kd'76 fOf the case of correlated
pounds as BBr,CaCyO, (cf. Ref. 38] lead to an enhance- twin pinning of a fraction of vortices of the FLL.
ment of the in-plane current density for flux-line direction ~ TO prove our hypothesis of the stronger average correla-
parallel to the direction of the columnar defectsor the tion of the pinning centers for this class of single crystals we
case of layered compounds this is due to a recoupling of 2iested the dependence of the exponent of(ER). on B with
vortices in neighboring CuPplanes®® In common, as a €Xperimental data from a field-loop torque measurement of
result of interlayer coupling, a high correlation of pins will SampleC. These measurements were performedatr7.4
result in a stronger pinning in YB&WO,_s. In analogy I_<W|th a constant inclination _ang_le of_ the external magnetic
twin boundaries will act as correlated pinning centers. field with respect to thee-axis direction of §,=15°. As
The observed linear increase of current density Vith ~ demonstrated in Fig. 5, from a nonlinear fit of the experi-
for low B, can be understood by means of Eg) if the =~ mental data with
influence of (i) thermal fluctuations can be neglectéck., A m
T<Ty) and (i) the influence oB, on the exponent of Eq. In(j/B)=co—c,B (13
(3) is small which means thay/ymax is high (i.e., high cor- in the range betweeB,=0.5 T andB,=4.4 T we obtain a
relation of ping. One may expect that<T;} is valid due to  power of m=1.499. This is in excellent agreement with
the stronger pinning at correlated defects. The relation of Egm=3/2 predicted by Eq(12).
(2) for T} was derived for the case of very weak point pin-  The rapid drop of the data at high,>5.0T is caused by
ning: The mean elongation of flux lines in an unpinned FLL the inhomogeneous current distribution in the sample due to
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altering of the direction of the induced electric field after
passing the maximum of the external magnetic field of
poH=7T in our field-loop experimentcf. the discussion of
the rapid drop of data near to the maxim@yin Figs. 2 and

3 for torque measurements with rotating external magnetic
field). Therefore we have omitted these data for our nonlin- 10
ear fit. For the parametecg andc, in Eqg. (13) we get from E
the nonlinear fit in Fig. 5c,=5.51 andc,;=0.326. Taking
into accounB,=24 T atT=77.4 K for YBCO we get from
Egs. (120 and (13) a depairing current density of 10° |
jo=1.15< 10" Am~2 and for the ratioy,,,/y=8.6. It is :
interesting to notice that from a nonlinear fit of E®) to
experimentalj(B,) data from field-loop torque measure-

107 v

Fp (Nm™®)

ments of sampleA performed under the same conditions 10° Lt N,
(T=77.4 K, 9,=15°, E=2.5x10 ¢ V/icm (Refs. 40 and 10 10"
41) we get nearly the same value for the depairing current B, (T)
density ofj ,=0.95x 10'* A m 2, a depinning temperature of
¥=260\B, for B, in T and T} in K, and for the ratio FIG. 6. Pinning force volume density in dependenceBgrof

Ymady We get =27. Therefore we have determined for sampleD in bilogarithmic representation.

sampleA and sampleC the same depairing current density

and a correlation parametegrfor sampleC which is a factor In Fig. 6 the pinning force volume densiky, determined

of 3 higher thany for sampleA. This is in good agreement from torque measurements with rotating external magnetic
with our hypothesis of a stronger average correlation of pinfield of sampleD at a temperature 6f=77.4 K is shown in
ning in this kind of samples due to an additional contributiondependence on the flux density componBgin bilogarith-

of correlated twin pinning. mic representation.

In general the observed increase of the current density Here we can observe a crossover from a power-law be-
with increasing flux-line density can be explained in thehavior at very low flux densities of the for[ﬁp~Bg/4 to-
framework of collective pinning of small flux bundles no wards a “fishtail” behaviof,~B?Z, i.e., a linear increase of
matter whether there is a remarkable contribution of thermaj with B, for stronger fields. Current density in dependence
fluctuations to disorder in the small bundle regime or not. Inon B, is shown in Fig. 7. Note that the current density is 1
both cases the increase is related to a hardening of the FLérder of magnitude lower than for the same type of measure-
[i.e., a linear increase of the shear modutygin the preex- ments for sampld\, as shown in Fig. 2, especially at |dBy,
ponential factor of Eq(4) with B for low flux densities as in the prBg/4 regime. A good scaling for this regime as
discussed aboveand randomly distributed point pinning well for the linear “fishtail” increase of with B, which is
centers, which have in both cases the main contribution tindicated by the solid line to the data points as a guide for the
flux-line pinning. Therefore the suggestion that current in-eye, can be observed.
crease is a consequence of the suppression of thermal oscil- In the framework of collective pinning theory a low cur-
lations due to the hardening of the FLL within the small rent density, i.e., very weak pinning, corresponds with a
bundle regime is not appropriate for the case of 3D collectivéarge correlation volume, i.e., a large size of the flux-line
pinning in YBaCu;O;_,. Otherwise only aj(B,)~B3'*  pundle. Indeed the collective pinning theory of large flux
power law (cf. Sec. IV A) would be observed but not the bundles gives a quantitative explanation of the scaling be-
linear increase of with B, discussed here. The influence of havior of j with B, of the formj(BZ)~B;1’4. If the contri-
thermal fluctuations of flux lines within the pinning barriers pution of thermal oscillations of flux lines to disorder is
diminishes the current increase from a linear increasearge, i.e., ifT¥ according to Eq(2) is much lower than the
j(B,)~B, towards thej(B,)~B '* power law. measurement temperature af=77.4 K, we have (1
+T/T}F) 2~ B4 |n this case Eq(5) predicts a power-
law behavior of the fornj,,~B;, /4.

The data of sample&, on the one hand, ari8l andC, on For intermediateB, the scaling of the(B,) curves for
the other hand, represent the typical cases of two differerdifferent values of the external field strengthin Fig. 7 is
power laws of the “fishtail” increase of current density with quite bad. We have determined the points of inflection in the
flux-line density. In comparison, we will report now on an transitional branches between the two regimes inj{is)
intermediate case which gives further qualitative support tacurves of Fig. 7. The inset in Fig. 7 shows the anglg of
the outlined model. Besides the correlated defects just didield inclination of the external magnetic field with respect to
cussed it has to be assumed that cryBtabntains nearly the the c-axis direction for these points of inflection in depen-
same order of magnitude of point defects as cryStaCrys-  dence orH. For different external fields up to 0.8 T we find
tal D to be discussed in the following differs from crys@l that ¢;, is nearly independent oH. Therefore we conclude
in that he shows much lower current densities which is dughat the transition between the two regimes of collective pin-
to a lower concentration of point defects. Accordingly, anning in Fig. 7 is due to the change of flux-line orientation in
interesting transition behavior between pure random pointhe crystal.
pinning and pinning with additional contributions of corre-  The behavior observed in Fig. 7 can be explained in terms
lated pinning is found in crystdD as will be shown below. of a transition from weak random point pinning of all flux

C. “Lock-in" transition of correlated twin pinning
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ing a dense network of twin planes of both orientations per-

] pendicular to each other, current increase is lijeaB, in
{125 the “fishtail’-shapedj(B,) curve. It was shown that this
behavior can be attributed to a reduced influence of thermal
—_ 110 fluctuations in the regime of small flux bundles. In both types
é = of microstructure the increase pfat low B may be under-
= 17° % stood in terms of an increase of the shear modualysThe
= s EN effect of increased thermal oscillations in the case of random
] point disorder in comparison to correlated disorder is a de-
|25 pression of “fishtail” increase from linear in the latter case
| to a 3/4 power law in the first case. The measured field
oy dependence of current density may be quantitatively well
08 interpreted in the frame of a collective pinning theory if
B, (T known values of upper critical field and depairing current
density are used. For the only unknown parameigy/v,
FIG. 7. Scaling behavior gf(B,) of sampleD. Inset: Anglet,  je,, relative pinning strength, reasonable values for both
of the inflection point of thg(B,) curves for different values df. kinds of microstructure are found.

Solid lines are guides for the eyef. texd. The suggestion that contributions of correlated pinning at

i t defects in th ducti N q twin boundaries of both orientations, in addition to random
ines at defects in the superconducting Gatanes towards point pinning, reduce the thermal fluctuations of the FLL is

the “lock-in" state, i.e., the state with a fraction of flux-line . @ i :
segments pinned aligned within the twin planes. This transi-Strongly supported by the observation of a "lock-in” transi

tion depends mainly on the flux-line orientation, which is in t!on_m YBaZCu3O7,_5 single crystals W'th IQW current densi-
accordance with the observations of the inset of Fig. 7. Wé'es'. By_ approachmg the vortex orlenta_tlon .par_allel o the
may interpretd;, as a “lock-in” angle, which separates the ;—ams direction a crossover, f.rom collective pinning _of large
regime of weak random point pinning of the whole FLL flUX bundles 'at rgndomly distributed weak point pinning cen-
from the regime with contributions of correlated pinning at €S, which is highly affected by thermal fluctuations, to-
twins. The fraction of correlated pinned flux lines damps thevards a regime of collective pinning of small flux bundles,
thermal oscillations of the neighbored vortices and thereforavhere thermal fluctuations can be neglected and average cor-
avoids the thermally smearing out of the potential of therelation of pins is high, occurs. The stronger average corre-
point pinning centers. The rapid increase of current densityiation of the elementary pinning barriers in these samples can
which can be observed in Fig. 7 for different valuestbf be explained by the “lock in” of a fraction of flux lines in
before achieving the “fishtail” regime is due to this suppres-the flux bundles into the twin planes. These correlated
sion of the thermally smearing out of the point pinning cen-pinned flux lines drastically reduce the tilt deformations of
ters. As we can see in the inset in Fig. 7 for low externalthermal oscillations of the remaining flux lines. As a conse-
fields uoH below 0.5 T we find only a very weak depen- quence thermally smearing out of the point pinning barriers
dence of6;, on flux density and we obtained a nearly con-is suppressed, pinning and therefore current density is en-
stant value ob;,~52°. For fields above 0.5 T we find a very hanced and a reduced correlation volume is achieved.
smooth increase.o@ip with increasingugH. This is.due to Since orthorhombicity of YBfu;0,_; depends on the
the enhanced stiffness of the 3D FLL, which hinders thegyygen content and oxygen ordering, and the formation of a
“lock-in" of flux I'”f’s into the twin planes and shift®¥i,  gense mosaic twin pattern is related to orthorhombicity, cor-
slightly towards 90°. related pinning of flux lines at twin boundaries can be influ-
enced by annealing conditions.
V. CONCLUSIONS Two “fishtail” bumps in magnetization curvé$can be

. : observed for the case that the average distance between the
In this paper we have reported on the observation of sev:

- ! . . twins is high. In this case the reduction of thermal oscilla-
eral transitions between different regimes of single vortext. v b hieved at hiah flux densities. Th
pinning and collective flux-line pinning in YB&WO,_; “|(_)ns gz’i,n only be ac 'eV§,4"_" 'gh Tiux ens!‘|_es. _”en a
single crystals. By investigation of single crystals of different sntail” bump with j~B;™ is followed by a “fishtail
microstructure we have separated the effects of two basi@UMP With a linear increase gfwith B, . o
types of pinning centers, random point pinning and corre- The reason why “f|shta|l”—shaped_mggne.uzatlon curves
lated pinning due to twin boundaries, on the collective pin-c@nnot be observed for YB@u;0;_ 5 thin films is caused by
ning of flux lines. We have shown that the so-called “fish- the high current densities resulting from the dense distribu-
tail” effect can be explained as an increase of current densit§ion of very strong pinning centers in those films. Accord-
j(B,) with increasingB, within the regime of collective pin- ingly single vortex pinning occurs in these samples in a large
ning of small flux bundles at low field strength related to afield range.
hardening of the FLL. For weak random point pinning there In conclusion, it was shown that most essential features of
is a remarkable contribution of thermal fluctuations to disor-the field dependence of current density of YBCO single crys-
der at temperatures of 77.4 K which leads to a power-lawtals at 77.4 K may be consistently described by the collective
behaviorj ~B /4 of the current increasing part of tHéB,) pinning theory taking into account typical microstructure
curve. For samples with a “mosaic” twin structure, i.e., hav- properties of that crystals.
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