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In differentRBa,Cus0;_ s (R=Y,Tm) single crystals the peak of the current dengitys magnetic field is
investigated in the angular regid® parallel and perpendicular to theaxis of the crystals. The magnetic
moment from the current is measured as a function of aggleetween field direction and axis with a
vibrating sample magnetometer up B=7 T. The peak effect which probably results from an isotropic
pointlike defect structuréoxygen vacancies, impurities from doping or crucjbke observed irBlic for the
current parallel to tha,b plane (lla,b) and inBlla,b for both currentglia,b andjlic. This was verified in
twinned and twin-free crystals. Fd@illc the influence of the twin structure on tiéB) peak results in an
increase off below and above the peak from pinning at twin walls. However, in the peak region the current
becomes depressed either from channeling of vortices along twin walls or from enhanced stiffness of the tilt
modulus of the flux lattice. The twinned crystals show a cusplike dependence of the irreversibili&y;fietsl
¢ with the maximum aBlic in agreement with a Bose-glass transition. Whereas the detwinned crystal reveals
a minimum of B;,(¢) at Bllc as expected from an anisotropic but homogeneous crystal. This interference
between pointlike and correlated disorder in the flux lattice becomes less pronounced with larger impurity
contents. IrBlla,b intrinsic pinning from CuO layers is observed by an increase of the magnetic moment vs
¢. This is further proved by lock-in oscillations which demonstrate the matching condition between crystal
layer and flux lattice spacing. At higher fields the momeni\wshows an unusual decrease in an angular region
+0.3° fromBlla,b. This behavior is related tflc which is expected to decrease from shear instability of the
flux lattice.[S0163-18206)00925-3

[. INTRODUCTION discussed?® In this case the PE is related to an isotropic
defect structure and should be observed also in the geometry
The current density in most YB@u;O,_ 5 single crystals  Blla,b. This question was one motivation for a careful inves-
and also in melt-textured samples approaches a maximutigation of the PE in dependence on the angle between mag-
value j ., at @ magnetic fieldB,,,, far above the self-field. netic field and crystal orientation, especially in the vicinity of
This “fishtail” or “peak” effect (PE) is observed in ac and Bllc andBlla,b. Because the PE results either from impuri-
dc inductive measurements in the geometry magnetic Beld ties or in very clean samples from oxygen vacarrcas is
parallel to thec axis of the crystal Blic) and j flowing influenced by twin boundari€< the investigation was car-
within the a,b plane(for instance, Ref. L Recently the PE ried out on four crystals with different defect concentration,
was observed also in resistive transport measurements in tlifferent kinds of pointlike defects, and different twin struc-
same geometrlic and jlla,b.2® For Blla,b however it is  tures. Besides the current aloagh for Blic also the currents
claimed in various paperdor instance, Ref. that the PE alonga,b and alongc for the geometnBlla,b are obtained
vanishes. The mechanisms as well as the defect structuend discussed.
responsible for the PE have still not been clarified. Recently The second investigated topic is the influence of the twin
pointlike defects resulting in a current which is governed bystructure and the CuO planes on the PE and the irreversibil-
softening and plastic flow of the flux lattice have beenity field. For the study of the interference between flux pin-
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TABLE I. Characterization of the investigated crystals. Irrevers-

105

ibility fields B, and currents are given for the geomeBjc.
Crystal 1 2 3 4

104
R Y Y Tm Y <&
T. (K) 91.2 89.4 88.4 90.1 5
B, (T at77K =9 4.28 4.01 5.19 < 10%0 1
j max (Alcm?) 8.01x10* 6.72x10* 4.85x10* 8.01x10¢¢ -
at77 K,Bpa (2567 (119 (1447 (216D [ el 5 =.01
Oxygen + - - - 102 #1 Tl 5
vacancies . ‘ . \ LT
Point — + + + 0 1 2 3 4 5 6 7
defects B (T)
Twins + + (-) —
Size 2.040.69 1.50x1.08 1.2%1.25 1.040.97 FIG. 1. Current density vs magnetic field at 77 K for crystal
axbxc (mn) x0.03 x0.125 x0.219 x0.1 1 in 3 different oxidation states.

and transmission electron microscopy studies and on differ-

"ent methods concerning the determination of the impurity

%%ntent. The purest crystal 1 had a continuously decregsing

angular dependence the different influence of planar an s B above 70 K. This means no PE for oxygen deﬁc,e_ncy
point defects is also observed in the behavior of the relax: $_0'01' The 'crygtal was then subgequently deoxidized
ation rate and in the field dependence of the current. FinallyWhich results in different values of. Figure 1 shows the
in the third part, lock-in oscillations of the magnetic momentcorresponding current density vs magnetic field at three dif-
vs field inBlla,b are observed and discussed. ferent oxidation states. After the final step in an atmosphere
of 1 bar oxygen at 460 °C during 150 h, which corresponds
to 6=0.04, according to Ref. 10 the crystal exhibited a pro-
nounced PE and was used for the present investigations. The
The magnetic momenh of an induced shielding current PE in this crystal is therefore related to oxygen vacancies
was measured with a vibrating-sample magnetoméds+  along the CuO chains. In crystals 2, 3, and 4 the PE is
ford Instruments The angle¢ between the magnetic-field present above 70 K for all oxygen contents. The pointlike
direction and the axis of the crystals could be varied within defects responsible for the occurence of the PE result from
a precision of+=0.1°. A Ni foil in the saturated state with impurities. Crystal 2 was doped with about 6% Sr on Ba
about the same size as the sample was used for calibration sites. As determined by inductively coupled plasma-mass
the magnetometer. The measured magnetic moment of the Npectroscopy analysis the fluxes from which crystals 1 and 2
foil vs ¢ between 0° and 360° deviates from the expectedvere grown did not contain more than 300 ppm of metallic
constant value by about 1% at 7 T. Measurements of thénpurities in addition to Hf and Zr. All crystals are grown in
crystals were made as a function@fB, and temperaturé  Y-stabilized ZrQ crucibles except crystal 3 which was
at a constant sweep rate of the magnetic-fidRidt=10"2  grown in an A}O; crucible. This led to an Al-substitution of
T/s. The normalized relaxation rateS=(dIn(Am))/  approximately 1-2 % of the chain Cu site, as estimated from
(d In(dB/dt)) was obtained fronm(B) measured at various the T, reduction. The dominating point defects in crystal 4
dB/dt values. FouRBa,Cu;0,_ s single crystals with differ- are not yet identified. Crystals 1 and 2 have an ordinary twin
ent kinds of pointlike defects and twin structures were studstructure; the twin spacing in both crystals observed by TEM
ied. All samples showed a pronounced PE in the geometris 440 and 190 nm, for crystals 1 and 2, respectively, with a
Blic. The midpoint of the transition temperatufe, the ir-  narrower twin-size distribution in crystal 2. The twin lamel-
reversibility fieldB;,, , the maximum current densify,,,and  las extend along thél10) direction by a few hundregm in
the field B,,.x at which these currents were observed arecrystal 1 and up to 1 mm in crystal 2. Crystal 3 is nearly twin
given in Table I. The current was determined from the dif-free in the as-grown state with a monodomain area of
ference ofm between increasing and decreasing magneticoughly 80% of the sample size. Crystal 4 was detwinned by
field Am~j measured with a constant electric fidid-dB/  applying a uniaxial pressure of about®M/m? at 400 °C for
dt of about 0.1uV/cm at the sample surface. The irrevers- about 10 min. After this treatment the crystal was investi-
ibility fields correspond to the sante criteria and to a cur- gated by polarized light microscopy and the remaining
rent of 10 2Xj,.«. The T, values are obtained from zero- twinned areas were removed by cutting.
field-cooled and field-cooled measurements using a field of In summary, the PE results from oxygen vacancies in

ning from correlated and pointlike defects the angular depe
dence of the magnetic moment is measured and compar
with the results from untwinned crystals. In addition to the

Il. EXPERIMENTAL

10°T.

The crystals were grown from CuO-BaO flux in Zror
Al,O; crucibles by the slow-cooling methddn Table | the
dominating defects in the crystals are indicated by ™
whereas ‘“~" means that this type of defect is of negligible
influence. This qualitative information is based on optical

crystal 1 and from different impurities in crystals 2, 3, and 4.
In crystals 1 and 2 the influence of the twin structure is
present. Twins are of minor influence in crystal 3 and com-
pletely absent in crystal 4. We restrict the discussion to the
temperature region around 77 K in order to exclude possible
changes of the pinning interaction or influences from defects
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becoming effective at lower temperatures.

The sizes given in Table | correspond to the as-grown
states of the samples which were close to a rectangular
shape. After the measurements, crystals 1, 2, and 3 were cut
into a rectangular shape with a high aspect ratio along the
a,b plane in order to determine the currents in the geometry
Blla,b from two measurements with the field direction along
both sides of the rectangle. The tilting plane of the magnetic-
field direction from thec axis was parallel to these crystal
sides and has therefore an angle of 45° with the twin bound-
aries. This means that in the geomeBya,b twin bound-
aries interact with the flux-line lattice approximately like
point defects.

(0]

Am(10 3 emu)
.

N

-
N

Ill. RESULTS AND DISCUSSION

[o]

The angular dependence of the current is one of the most
efficient tools to distinguish between different pinning
mechanisms! The measurement of the magnetic moment
from the shielding current in platelike samples requires us to
consider the geometrical influerléand the two current con-
tributions. Isotropic uncorrelated disorder produces a current
density with a smooth angular dependence connected with
the intrinsic anisotropy of the superconductor whereas a very
sharp variation is expected from correlated disorder pro-
duced by plane and line defects. The scaling approach from
Ref. 13 to collective pinning in the single vortex regime
allows us to calculate the in-plane current as a function of
angle ¢ and anisotropy paramet&r For the moment deter-
mined by the current in tha,b plane of a thin platelike
crystal’? this relation reduces to the-axis component
modet* discussed below. From the scaling approach the cur-
rent densities along, b, and alongc should have the same
field dependence and the ratipl&,b)/(jlic) should corre-
spond tol". The scaling analysis which gives the same rela- #4 .
tion in the small bundle regime becomes inapplicable in the 0
large bundle regime.

Correlated pinning centers as twin boundaries, CuO
planes or columnar tracks result in a very sharp angular de-
pendence of the current. The theory preditt8that at small
tilting angles(about 1° for twing vortices are locked into the .
twin boundaries. In this range shielding currents should be 79 90°
independent ofp. At angles above, the locking breaks and 80°
vortices divide into sections pinned in the bulk and at the 00 1 2 3 "1 5 é 7
twin boundaries. Finally, after exceeding the trapping angle
these kink vortices vanish and they become aligned with the B(T)
magnetic field. The same scenario should work for intrinsic
pinning by the CuO planes, only the characteristic angle§nC

ShOU|dh bi slllgnlflcantly S.maller.. h | width) Am vs magnetic field for the four crystals at 77 K. The

In the following we discuss In Se_c. Il A the angular d_e- angle betweerB and thec axis of the crystals varied between 0°
pendence of the obviously dominating peak effect. Sectiong, 4 9o°. The insets show the angular region very close to 90° which
1B and 111 C are related to the influence of the twin struc- ¢qrresponds t@iia,b. The dashed line represents thaxis com-

ture and the CuO planes, respectively, on the irreversibili%onem ofAm (B,¢=40°) calculated from the measurement at 0°.
field and the current. In the appendix we describe the unex-

pected behavior of the magnetic moment in the geometr
Blla,b after the crystals were cut.

AmM(10 3 emu)

Am(10 2 emu)

c 90.1° 89.8°

N\ 0 2

407" 90°
4
B(T)

Am(10 2 emu)

FIG. 2. (a)—(d) Difference of the magnetic moment between
reasing and decreasing branch of the magnetizdtigsteresis

)éHc which decreases witkh mainly due to the decrease of
the effective scaling length within which the currents flow
(from b to c, see Table)l From the variation of the super-
conducting parameters as coherence lengdnd London

In Figs. 2a)—2(d) the hysteresis widthm(B) is plotted penetration depth\, an increase of the current density is
for the four crystals at different angles fro=0° (Blic) to  expected fronBlic to Blla,b above the current peak. In the
¢=90° (Blla,b) at 77 K. The PE has a maximum for =~ measuredAm values this increase, however, is partly sup-

A. Angular dependence of the peak effect
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pressed by the geometrical influence. Further, the twin plane 10 :
structure—being effective planar pinning centers only within ®=90°
the trapping angle aBllc—is also responsible for the aniso- 8 #4
tropic behavior.

In previous studies of untwinned crystals it was shown
that within a large angle region from tleeaxis the angular
dependence ohm is determined by the-axis componerit.

In the twinned crystals 1 and 2 the valien(B) as a func-
tion of ¢ does hardly correspond to its component along the
¢ axis. The dashed line represents thaxis component for
¢=40° calculated from

0.8

Am(10 * emu)

Am(B/cos$,40°) = Am(B,0°)cosp, (1)

B(M

where the out-of-plane magnetization is neglecfe@his

c-axis component calculated from the measured moment at FIG. 3. Hysteresis widttAm vs magnetic fieldB at different
¢=0° is lower in the peak region and larger below and abovéemperatures from 77 up to 82 K il K steps. The inset shows
the peak in comparison to the measured value at 40°. Thidm(B) in the higher field region.

difference which is caused by twins shall be discussed in

more detail in Sec. Il B. The influence of the correlatedthe interaction with the CuO planes. This effect is expected
disorder in the flux lattice from twins is therefore reflected into become most pronounced in twinfree and very pure crys-
the quite different field dependencesi at =0 in com-  tals. The not observed maximum Am may be caused by a
parison toAm at higher angles. As can be seen from thevery sharp peak oB;, vs ¢, shifting the field at whichAm
difference betweemAm(B,40°) and the calculated values approaches its minimum abev7 T at 77 K. Inorder to
from Eq.(1) (dashed ling the correlated disorder influences investigate this possibility we measuréan at Blla,b from
Am(B,0°) most pronounced in crystal 1, and to a much77 to 82 K(Fig. 3). Unfortunately the magnetic moment in
lesser extent in crystal 2, in spite of similar twin structuresthe interesting higher field region decreases rapidly with
and comparable current densitiesBat,,. This means that temperature reaching the experimental noise level at about
the pointlike defects from Sr doping in crystal 2 produce a80 K. The measurement at 79 K shows only a very shallow
stronger pinning than the oxygen vacancies in crystal 1. Thigninimum (inset of Fig. 3 which points to the presence of the
may be related to the significantly larger concentration ofPE. Another possibility for the absence of this phenomenon

point defects in sample 2. at precisely 96:0.1° may be related to the different currents
The untwinned crystals 3 and 4 shawm(B,¢) values from which Am (90°) results. The current along theaxis,
which are very close to their correspondingaxis compo- jlic, and along the,b plane,jlla,b, contributes taAm:

nent. The field dependence A at =0 is very similar to
those at higher angles in contrast to crystals 1 and 2. Gener- ~ Am/V=(jlla,b)c/2{1—[(jlla,b)c]/[(jlic)3al}. (2)
ally the field dependence &fm at angles above the trapping
value from the twins becomes very similar for all four crys-V is the volume and anda represent the thickness of the
tals. It shows then a good scaling behavidBifs normalized  crystal along the axis and along the side perpendicular to it.
by B,, andAm by its maximum value. This supports point- The extended Bean modéf® assumes isotropy of the cur-
like defects as being the responsible defect structure for theent flow within thea,b plane. Equatiorf2) requires further
PE. that (jlic)a is smaller than [|la,b)c, a condition which is
From the measurements &fn(B) at 40° where twins are satisfied in the crystals. The currgtit may decrease either
of minor influenceAm andB,,,, for higher angles are calcu- from low pinning or from the impeding current flow perpen-
lated using the modified equatiorfl) and B.{¢®) dicular to the CuO planes or from easy guided motion of flux
=B,,.{40°(cos 409/(cos¢). The measuredim(¢) values lines parallel to the CuO planes. In the last case no PE is
become larger than the calculated ones, whereas the meexpected forjlic if channeling dominates. Further, the cur-
suredB,,,{(¢) are below their corresponding calculated val-rent along thea,b plane may increase due to intrinsic pin-
ues. From the out-of-plane magnetization and the anisotropging of the flux lines within the CuO planes. This also de-
these expected deviations Ain and B, between experi- presses the pinning from pointlike defects. The observed
mental andc-axis components increase with angle, espesharp angular dependence &df excludes probably a low
cially the PE does not vanish f@ila,b. The insets in Fig. 2 current flow parallel to the axis as a possible origin for the
demonstrate the presence of the PB,b and in the re- absence of the PE. The other possibilities, channeling and
gion very close to it. The appearance of the PE in this geintrinsic pinning, as well as the possible lock-in transition of
ometry, which was checked by 0.1° steps of the angle, carflux lines shall be further discussed in Sec. Ill C.
not be produced by misalignment. A4=90° and at any As mentioned above, the shielding currentBia,b is
angle above or belowAm increases wittB. flowing along thea,b and along thes axis of the crystal and
The measurement of crystal 4 &=90° [inset of Fig. therefore the measured moment results from these two con-
2(d)] shows a decreasingm value with field. This absence tributions. The most direct way to eliminate the geometrical
of the Am(B) peak up © 7 T within an angle window of influence, to check which current dominates, and to prove
about 0.2° can hardly be related to a smooth angular depethe PE in the geometrilla,b is to discriminate between the
dence of the pinning interaction from pointlike defects but totwo current components. For this reason crystals 1, 2, and 3
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thec axis. The presence of the PE in all geometries supports

(@) ' ' ' ' ' ' pointlike defects as being the responsible defect structure for
M jiab @ =0° this phenomenon and it shows that the PE in these crystals
& dominates in comparison to the other competing mechanisms

O
eateuslte i tusy

s in this geometry. The plateaulike field dependence of the
< 10%F jnab @ =90° current forBlic in crystal 1 at 50 K[Fig. 4] results from
g b easy flux channeling along the twin planes as discussed in
< L e @ = 90° Refs. 19 and 20.

10* \w B. Irreversible behavior in the vicinity of Blic
#1

In this part the influence of the twin structure and its

. : : interference with pointlike defects is investigated. In the vi-
jna, cinity of Blic twins determine the irreversibility field, the
i current(as already shown in Sec. IlhAand its relaxation
behavior. The theoretical models in context to this interfer-
ence and to the issue of this section are reviewed and exten-
sively discussed by Blattest al 1
In clean untwinned crystals a first-order phase transition is
favored to be the origin of the crossover from vortex solid to
vortex liquid?! This melting which occurs at 77 K at about 8
T is influenced by vortex pinning. Disorder from pointlike
, defects smears out the melting transition and transforms it
© ' ' ' ' : ' into a second-order vortex-liquid—vortex-glass crossé%er.
Both the melting and the vortex-glass transition fields are
expected to have a minimum &=0° and to increase from
Blic towardsBlla,b at $=90°. The measured irreversibility
field, which is criteria dependent, is close to this transition
point?® The criteria we used for the determination Bf,
corresponds roughly to an exponentet?2 if the E(j) char-
acteristics is approximated by a power la&~j". This
means thaB;, is slightly above the theoretical transitions
juab @ =0° which are related to somewhat steepjj) curves.
L Correlated defects like amorphous columns from heavy
6o 1+ 2 3 4 5 6 7 ion irradiation or twins should modify and shift the vortex-
B(T) glass transition into the vortex liquid towards higher fields.
Theories predict a Bose glass transifbft or a two-
FIG. 4. (a)—(c) Current density vs magnetic field3 for crystal ~ dimensional melting with a cusplike dependence Bf, ()
1 at 50 K and for crystals 2 and ®,0 at 77 K. The bold line atBlic. Such a sharp rise of the irreversibility lineat0° is
corresponds t¢ flowing along thea,b plane withB parallel to the  observed in the twinned crystals 1 and 2 as shown in Figs.
c axis of the crystal. Open circles repres¢nparallel to thea,b 5(a) and 8b). A smooth interpolation oB;,(¢) to ¢=0°
plane andB perpendicular to the axis and closed circlgsparallel  using Eq.(3) results in a trapping angle of about 15° below
andB perpendicular to the axis. which vortices interact with the twin planes. The relative
increase oB;, at »=0° from twins with respect t@®;, from
were cut along the,b plane in a rectangular shape with a pointlike defects is obtained by a smooth interpolation from
high aspect ratio and measuredBfta,b twice: with B par-  outside the trapping angles df15° to ¢=0°. The value is
allel to the larger and to the smaller side, respectively. Theabout 30% in crystal 1 and 15% in crystal 2 with a more
current (lla,b) and the current along the axis jlic for  dominating pointlike defect structure. Even crystal 3 shows a
Blla,b were calculated using E¢2). In Figs. 4a)—4(c) the  shallow maximum with an increase of about $%g. 5(c)]
results are shown together with the currgtéi,b for the in comparison to the minima d8;, on both sides oBlic.
geometryBlic. As expected from Fig. 2 both valug$a,b  This somewhat unexpected effect may be caused by the
and jlic for $=90° show the PE in the three crystals. The small number of remaining twins observed by optical polar-
different ratios of the currentgli(a,b)/(jlic) which vary be- ized light microscopy. Only the twin-free crystal 4 shows the
tween about 3 in crystal 3 and 15 in crystal 1 reflect a largemonotonous decrease Bf,(¢) towardsBlic expected from
anisotropy in the purer crystal 1 assuming a similar anisoa pointlike defect structure in an anisotropic homogeneous
tropic interaction from pointlike defects in the crystals or it superconductofFig. 5d)]. However, in the original state
reflects the influence of the oxygen deficiency on the anisotafter detwinning where a small number of twins were still
ropy in crystal 1. The much lower current density flowing present, this crystal also showedg peak. From these ob-
alongc is caused by the anisotropy of the elementary pin-servations in Figs. @)—5(d) the transition aip=0° into the
ning forces and elastic moduli of the flux lattice, by the di- vortex liquid seems to be determined by twins in the crystals
rection of the Lorentz-force acting parallel to the CuO1, 2, and 3. This rejects a vortex-glass transition as predicted
planes, and by the impeded or imperfect current flow alondor pointlike disorder. Resistive measurements in samples 1

j(Arem?)

4
1045

j(AJem?)

10° d
juc ,® =90°




54 ANISOTROPY IN THE IRREVERSIBLE BEHAVIOR @ . . . 649

' ' g . correspondence with the behavior Bf, and indicates that
° a (@) the transition field decreases with increasing impurity con-
14r a1 tent.
. o | For an isotropic pinning structure one expects a maximum
12 . 1 current atBlla,b and a decrease towar@gc resulting from
AmM(®)Am(0°) =], the monotonous change of superconducting parameters such
1.0 'af_' as\, & andB,. The corresponding behavior &fm is de-
Bi(®@)/B;(0°) . 80K pressed by the highly platelike structure of the crystals.
o8- - ", .#1 1 Turning the crystal fromp=0° at Bllc to larger angles re-
. " " duces the magnetic moment proportional togsoeglecting
0.6 : : . . the angular dependence of the superconducting properties.
(b) Such a simple behavior is observed in the twin-free crystal 4
1.05 | AM(®)/Am(0°) . | where Am vs ¢ passes a broad maximum @t=0° for all
S - . magnetic fields except close By, . As an example Fig. ()
1.00 s % ﬁ . shows Am(¢) reduced byAm(0°) where both values are
° ® e taken atB .. The small asymmetry ahm(¢) and By, (¢)
0.95} o . o with respect to¢=0° in Fig. 5d) may be caused by an
- "] always present nonideal rotation of the sample around to its
0.9 . B (@B (0] = L symmetry axig’
L =" In crystal 3 the small number of twins which slightly in-
0.85 L . . #2 creasesB;, does not influence the current at lower fields.
B. (q:l)/B. (O‘I’) ' ' (©) Thereforeém(dﬂ at Bm_ax §hows also a broad maximum at
. rr .. Blic from isotropic pointlike defects and from the angular
10— 3 "".1"'.'“-"'& — variation of the geometry of the crystal with respect to the
"en,,, 8" Ran - field direction[Fig. 5(c)]. Only at fields closer t®;, Am(¢)
0ol o . | reflects the more pronounced increasea° from the tran-
’ 5 sition governed by twins. If the twin structure is fully devel-
oped and dominates in comparison to other pinning sites the
08Ff - current shows in the whole field region a very sharp, cusplike
. ° increase aBllc caused by the interaction between flux lines
ol Am(ch)/Am(IO ) ' | #3 and twin planes. If the field is tilted away fromlic the
e ' ' . : length at which vortices are strongly pinned by the twin
11L = B (®)/B; (0°) () walls decreases and finally shrinks to zero at the trapping
. . - angle. In the presence of pointlike defects this behavior is
. . " still observed as long as the corresponding pinning is not
1.0 ﬁnggmﬁ&rﬁ—an—— very strong in comparison to the interaction between twins
= . and vortices. This is the case in crystals without a PE, in less
09l . “ o | pure crystals at fields very close By, , or at high tempera-
tures where twins always dominate. But in crystals with a PE
’ another phenomenon is additionally observed in the presence
0.8 raAm(®)/Am(0°) of twins. Vortices are pinned by pointlike defects between
. . . , #4 the twin walls and by the twin walls itself. If the Lorentz
-30° 200 -10°  0° 10°  20° 30° force or a component of it is directed parallel to the twin
o)) walls the force of the vortex lattice against shearing may

determine the current. This requires that the interaction of
_ vortices with the high density of pointlike defects exceeds
FIG. 5. (8~(d) The angular dependence of the normalized hys-yo |6ngitudinal twin wall interaction. In this case plastic
teresis widthAm(¢)/Am(0°) taken at the peak positiofopen — yetormation occurs if the shear force of the vortex lattice
squares Measurements are made at 80 K for cryst@i)land at 77 $ecomes smaller than the pinning force from pointlike de-
K for the other crystals. The filled squares represent the correspond- . -
ects. Then flux channels along the twin walls under the in-
fluence of the longitudinal component of the Lorentz force.
This channeling process which was discussed first in Ref. 19
approaches a maximum Bl c, which corresponds to a mini-
and 2 indeed did not reve&l(j) characteristics which are  mum in Am~j. This interference between correlated and
expected for a vortex-liquid—vortex-glass transitiérn es- pointlike disorder is observed in crystals 1 anfFgs. 5a)
timation of By, determined by pointlike defects from the ex- and 5b)] in an angular region which coincides approxi-
trapolation ofB;,(¢) to ¢=0°, results for the same reduced mately with the trapping angle. The decreasé\af (¢=0°)
temperaturel/T,=0.855(77 K for crystal 4 in 5.55, 4.59, produced by the flux channeling in crystal 1 is much larger
4.8, and 5.19 T for crystals 1, 2, 3, and 4, respectively. Thehan in crystal 2. Taking into account the similar twin spac-
order of decreasing purity of the studied crystals 1-4-3-2 is inng of both crystals this difference results partly from the

ing values of the normalized irreversibility field,, .
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FIG. 6. (a)—(f) Hysteresis widthAm vs magnetic fieldB at FIG. 7. Normalized relaxation rat® vs magnetic field8 nor-

Blic(¢=0°), bold line, and calculatedm from the c-axis compo- malized b_y the irrevc_ersibility fieldB;,. The arrows indic_ate the
nent of the measured value @=40°, dashed linga). (b)—(f) show  reduced fields at which the current approach the maximum. The

the angular dependences bfn at differentB values indicated by ~Measurements are made at 77 K in the geontétparallel to thec
the arrows. axis of the crystals.

rent even if their interaction with the vortices does not domi-
r}ate, for instance in comparison with pointlike defects which
Q

cause the PE.

onted dicular. the d ¢ ol i of the twi Strong pinning interaction from the transverse and chan-
oriented perpendicular, the degree of planarity of the Wlnneling from the longitudinal component of the Lorentz force

walls, the possib_le accumulatlion of dgfectslin the twin walls,;; vin walls both induce plastic deformation of the flux
and the orientation of the twin domains with respect to theayice in the presence of probably elastic distortion from the
Lorentz force. These properties result in different ratios beygintlike defects. This is in full agreement with observations
tween transverse and longitudinal pinning forc_es of the twinfrom ac flux-profile measurements in twinned YBa,0,_;
walls in both crystals. The asymmetry &m(¢) with respect  single crystals with a PE According to these investigations
to ¢=0° is larger in twinned samples and changes after thehe reversible flux motion within the Campbell penetration
crystals are cut. depth is superimposed by irreversible flux movement which
The channeling behavior was found in the temperatureoints to local plastic shear of vortices.
region around 50 K®?where it is correlated with a plateau- ~ From the considerable influence of the twin structure on
like field dependence of the currdfitig. 4(@)]. In the present the pinning from pointlike defects a similar influence on the
investigation it is probably also observed at higher temperarelaxation behavior may be expected. Figure 7 shows the
tures at whiclAm (B,$=0) does not show such an anomaly. normalized relaxation rat& at 77 K obtained fromAm
But a comparison oAm between®=0° and its expected (B,$=0° measured with various sweep rates. The field is
value from above the trapping angle reveals a distinct denormalized byB;, and the arrows indicate the,,,, values.
pression ofAm at Blic just in the peak region where the There are characteristic differences 8{B) between the
channeling becomes pronounced. Figui@ 6hows the mea- twinned crystals 1 and 2 and the twin-free samples 3 and 4.
suredAm vs B of crystal 1, the dashed line corresponds toCrystals 1 and 2 show the well-known behaviorSwith a
the calculatedAm value for 0° from the measured one at shallow minimum. The field dependence®fs very similar
40°, outside the trapping angle. In FiggbB-6(f) the angular  in both crystals but crystal 1 with the much more pronounced
dependences &fm between—20° and 20° at different mag- channeling reveals highe3 values. At higher temperatures
netic fields are plotted as indicated by the arrows. The abovthe twin-free crystals 3 and 4 show a double minimum struc-
discussed channeling of vortices is related to the regioture and lower relaxation rates. These characteristis)
around B,,,, where Am(B) from pointlike defects is de- features which are more developed in crystal 4 are different
pressed. An alternative explanation for the depressiahmf  from the behavior of the twinned crystals in the field region
is an enhanced effective tilt modulus which prevents softenup to 0.3B/B;,. The sharp maximum o§ at low fields
ing or synchronization of the flux lattiéérom which the PE  (crystal 4 in Fig. 7 coincides with the penetration field at
may originate. At fields below and above the peak regiorwhich vortices with the opposite direction of th# field
[Figs. 6b) and &f)] pinning from the twin structure in- reach first the center of the sample. Then at larger fields two
creases\m as reflected by a sharper maximum and a largeminima in S occur which are accompanied by only one
Am at ¢=0 similar to that expected from the comparison maxima inAm situated at the much larger fieR},,,. Obvi-
between measured and calculated monEig. 6(@)]. In the  ously at higher temperatures there is no correlation between
field region in betweefiFigs. c) and Ge)] the transition of maxima in Am and minima inS as seen at 50 R The
the enhancement from pinning to the depression from charinfluence of the twin structure should about vanish above the
neling or stiffer tilt modulus is observed. This demonstrategrapping angle as foAm(B) if the field direction is tilted
that the influence of twins foBllc is important in the whole away from thec axis. Figures &) and 8b) show the corre-
field region. They influence the field dependence of the cursponding measurements as an example for crystals 2 and 4 at

larger current caused by pointlike defectBdt in crystal 1
than in crystal 2. Further, possible reasons are the length
the (110 twin walls till they are interrupted by110 walls
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0.05 7. The inset shows the magnetization #+0° and $=90°.
for different reasons. In crystals 1 and 4 the irreversible mag-
netic moment aBlla,b decreases with increasing tempera-
0.00

ture much faster than in crystals 2 and 3. At 5AT be-
comes comparable to the experimental noise level above 85
and 80 K in crystals 1 and 4, respectively. For this reason
measurements based on the ordinary criteria for determining
B;, result in an unphysical decrease Bf,(¢) for ¢ ap-
proaching 90°. The problem in crystal 3 is the large para-

. magnetic moment from Tm which dominates above 83 K in
the crystal(bold line, 09 and at an angle of 30° between B and the comparison to the irreversible superconducting contribution

¢ axis (dashed ling The insets show the corresponding magnetiza-A m and prevents therefore a precise determinatioB,of
tion vs B.

FIG. 8. () and (b) Normalized relaxation rat& vs magnetic
field B normalized by the irreversibility field;,. The measure-
ments are made at 77 K in the geomeBryarallel to thec axis of

From these measurements at higher temperatures where

R R . e . Bimax (90°) becomes smaller ther T and could be measured,
0° and 30° where the irreversibility fields are not much dif-\,o".an estimate the misalignment which would be required

ferent. Whereas the twinned crystal 2 reveals remarkablg,, 5 possible observation of the PE from ivaxis compo-
changes o8(B) between 0° and 30° the detwinned sample 4nen¢ "For instance, from the ratiasm(0°)/Am(90°)~30
shows a very similar be_haV|or _for the _two angles_. _TEBle (inset of Fig. 9 and By, (0°)/B;,(909~10 (Fig. 9 one ob-
value of crystal 2 at 30° in the field region of its minimum (4ing misalignment angles of 2° and 6°, respectively. These
decreases considerably and the field dependence becomg§es are much larger than the experimental misalignment
more comparable to the twin-free samples. This comparisogq internal mosaic spread and demonstrates that the appear-
clearly demonstrates that the relaxation is also sensitivelynce of the PE iBlla,b cannot be explained by a misalign-
influenced by the twin structure. ment.

The interpretation of the pinning behaviorBia,b from
the measured m values is more difficult than foBllc be-
First we discuss the angular dependence of the irrever$:2Use the t_WO current components andjlla,p (_:_ontrlbute
ibility field. Only at higher temperature8;, could be mea- (© Am. As in Sec. Ill A we neglect the possibility of flux-
sured also in the geometBiia,b. Figure 9 shows;, vs ¢ Iatt|_ce |rllsta8bll|t|es.|f the cur(ent cha_n_ggs from thé to the
at 86 K for crystal 2. A change of the voltage criteria by one® directiorf and discusa\m in the vicinity of some degrees
order of magnitude results in a shift Bf,(0) by about 10%. aroundBIIa,b W|t_h|n the frame of the extended Bgar_1 mode!.
This demonstrates that the used criteria for measwBinds From an |s'otr'op|c defect structure, such as statistically dis-
of minor influence on the result. The val@g, (4) shows a tr_|l_3uted pointlike defects, one expects for both current den-
plateaulike behavior fromp=0° up to about 40° and in- sities from the angular variation (Bcz_, \, and ¢ a smooth
creases sharply above. The dashed line in Fig. 9 correspong&ximum aBla,b. From the geometrical effect of the plate-
to the equation like (_:rystals the corresponding beha\{lqrmm is depressed

as discussed above and a smooth minimum iof at Blla,b

may dominate. In contrast to this, the angular dependence of

()
Am is quite different but similar for all four crystals. As an
based on a scaling approach to an anisotropic homogeneoagample Figs. 1@)—10e) showAm(B) and the angular de-

superconductor wherel” represents the anisotropy pendences between 88° and 92° at 4 different magnetic fields
parametet® The ratioBj,(90°)/B,,(0°) of about 6 is within  indicated by the arrows. In the lower field regid¥igs. 1Gb)

the reported values. A similar measurementByf(¢) at and 1Gc)] Am passes a smooth maximum in an angular
higher temperatures was not possible in crystals 1, 3, and window of about=1°. At higher fields the angular depen-

C. Irreversible behavior in the vicinity of Blla,b

Birr( (Z’) = Birr(O)(COSZ¢+ F_ZSinzd’) -2
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FIG. 10. (8)—(e) Hysteresis widtrAm vs magnetic field at 77 FIG. 12. Normalized relaxation rat@svs magnetic fiel® mea-

K'and different angles betwedh and thec axis of the crystals in gyred at 77 K at angles of 90° and 89° betweeB and thec axis

the vicinity of thea,b plane(90° corresponds Blia,b) (@. (b)—(€)  of the crystal, the inset shows the corresponding magnetization
show the angular dependences/oh at differentB values indi- ¢ rves.

cated by the arrows.

. along the CuO planes and decreases the current along the
dence becomes much more pronoun¢&dys. 14d) and axis. From both, intrinsic pinning and shear instability, the

10(e)] andAm decreases sharply approaching a minimum "Mratio (jlla,b)/(jlic) of Eq.(2) is expected to increase consid-

an angular window of-0.2°. According to Eq(2) Am de- . S
—_— . . erably for ¢ towards 90°. We propose this as one possibility
pends on the current contributions fropiha,b and jllc. A for the appearance of the dip k. If the dip becomes very

maximum inAm(¢) at 90° is expected foflla,b from in- . o :
trinsic pinning® of the vortices between CuO planes. The pronounced as in crystal 4ic which is determined by the
; channeling dominateAm and the PE vanishes.

trapping angle of approximately 1Figs. 1ab) and 1ad)] is The decrease ahm(¢) at higher fields is less severe in

in good agreement with the theoly/For the Lorentz force e

parallel to the CuO layers the shear modulus of the qu>Jhe other crystal_s as sh.own. in Figs(@1-11(d). Commop to

lattice is predicted to approach an instability Bita, b 303 all samples beS|d_es this dip there are also_ the maximum of

This may result in easy motion or channeling of vorticesAm(¢) at lower fields and the transformation between the
two features in a relatively small field interval. For instance,

in crystal 4 the transformation at 77 K occurs between 3.9

1.6 . . . . 16 and 4.1 T[Fig. 10@)]. For the explanation of the field de-

M pendence of both observations as well as for a quantitative

v
' »
[ Py
v 08

\
% 14 description further investigations are necessary. The charac-
\ 1 teristic trapping angle for intrinsic pinning may be somewhat

PN
N

\ -] larger than the angle below which channeling starts. This
\ \0..\ / 112 explains the increase dfm(¢) in crystals 1 and 4 before the
\.% %l J" dip is dominating[Figs. 11a) and 11d)]. The dashed lines
b
\.

\
- \
. \
\
\
\

\
\
\

AM(®)/AM(90°)

f in Figs. 11a)—11(d) are guidelines for the eye representing a
1.0 rough extrapolation oAm without the interaction from the
A SN CuO planes. The large asymmetry &fm(¢) of crystal
- 08 1—far beyond the experimental error—is not yet understood.
' *T‘\\ ' v Both mechanisms intrinsic pinning and channeling are ex-

-
o

o
)

-
N
T

pected to become more pronounced in purer samples, i.e.,
. / 18 lower background current &la,b. This correlation between
135 1 ol purity and relative depth of the dip &la,b is qualitatively
S . 16 observed.
121 / \ Relaxation measurements in the geomediya,b suffer
i Sie 14 from the same problems as mentioned above. Figure 12
111 / \ / shows the normalized relaxation raBevs B obtained from
o 1o Am measured with different sweep rates at 90° and 89°. The
1.0 A\ lower current along the axis for Blla,b is in qualitative
() #3 . (d)#4 . agreement with higher absolu®and normalized values at
89° 90° 91° 89° 90° 91° 90° in comparison to 89°. The field dependenceSait 89°,
() () outside theAm dip, shows a shallow minimum which points
to a similar correlation betwee®(B) andAm(B) as inBlic
FIG. 11. (a)—(d) Hysteresis widthAm vs angle¢ divided by ~ for the PE. LargerS values at 90° than at 89° originate

Am at =90° (Blla,b) at 77 K andB=6.7 T. The dashed lines are probably from the guided motion of flux lines along thg
explained in the text. planes. This is in full agreement with the behavior nearcthe

AM(®)/Am(90°)

*—

o -
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0al RB&,Cu;0,_5 (R=Y, Tm) single crystals. The pointlike dis-

' :)#2//‘ order originating from oxygen vacancies, impurities or dop-
ing is responsible for the peak in the current density vs field

r/—-—\ resulting in high current value@x10* Alcm? at 2.5 T, 77

K). The four studied crystals are different with respect to the

\

0.0

/

_ ] randomly distributed pointlike defect and the twin structure.
g 2r b#3 /‘7 Magnetization loops were measured at fields e {T as a
O 0 \_—/ function of angle between the axis of the crystals and the
o applied magnetic field. The twin walls form an angle of
% -2 K_\ \ 1 about 45° with the sides of the rectangular shaped crystal and
P PR are parallel to the field direction only &lic. The tilting
0.4\ (c)#4 g plane of the magnetic field was parallel to the side of the
Py - A crystals. Such orientation keeps twin lamellas equivalent
0.0 during rotation.
8968°"ﬁ’r;._j~~\‘/ The peak or fishtail effect appears in the two twinned
047 9031 ] crystals, in the naturally untwinned, and in the detwinned
0 1 2 3 4 5 6 7 crystal. The phenomenon was present at all angles Bt
B(T) to Blla,b. Using the anisotropic Bean model it is further

demonstrated that the peak effectBita,b is observed for
both currentsjlla,b and jllc. Such an insensitivity to the
presence of twins and to their orientation supports the con-
nection of the peak effect with an isotropic pointlike defect

L ) structure and rejects twin boundaries as a possible origin for
axis in twinned crystals where larg€rvalues at 0° than at e peak in these crystals.

30° are presumably produced by flux channeling in twin  The influence of the twin structure on the peak behavior
planes. o _ _ in the vicinity of Blic is studied by the angular-dependent
At ¢=90° S(B) shows an oscillation at higher fields, a measurements of the magnetic moment and from comparison
maximum at 5.4 T and minima at 4.5 and 6.2 T. The sam&yith the twin-free crystals. In the twin-free crystals the mag-
structure as inS(B) is also observed ilm(B) within an  petic moment vs angle passes a smooth maximuBilatas
angular region of 90%0.2% in all crystals except crystal 1. expected from the geometrical shape of the crystals. Con-
These lock-in oscillations, found by Ousseegal™ occur  trary to this, the twinned crystals show a cusplike increase of
within the dip of theAm and reflect possibly the increased the current aBlic below and above the peak due to pinning
probability of the channeling process in the case of commenys yortices at the twin walls. But in the field region of the
surate vortex-vortex and interlayer CuO distances. These rejoak a pronounced dip &lic is observed. This decrease
sults disprove the possibility of cracks being the reason O(Eway be explained either by channeling of vortices along twin
the m(¢) dip near thea,b plane. Figures 1@)-13(c) show  \yajis or by an enhanced effective tilt modulus of the flux
that the oscillations of th_e magnetic moment become_ MOrattice both depressing the high current peak mechanism.
pronounced from the twinned crystal 2 to the detwinnedrnese observations are in full agreement with diffeijé)
crystal 4, whereas no such feature was observed in crystal %Iependences between measurementBlat and at angles
The channeling determingc whereas intrinsic pinning and  gpove the trapping value of about 15°. The relaxation rate in
the relat_ed oscillations correspondjt@,b. The PE which i:_; the peak region of the current is lower in twin-free and in
present in crystals 2 and 3 Bila,b does not prevent lock-in - twinned crystals outside the trapping angle. This is in accor-
oscillations but makes it less pronounced as expected for anyance with flux channeling along twin walls and this mecha-
other pinning interacting as for instance from twins. Thepism js favored also for the depression of the current in the
maxima of Am(B) are at 4.6 and 6.5 T indicated by the neak region in contrast to an enhanced stifiness of the tilt
vertical thin lines in Fig. 13. At these fields intrinsic pinning modulus. The twin structure is also responsible for the larger
results in a matching between the flux-iine spacing and threversibility field atBlic (9 T at 77 K in comparison to
CuO layer distance. The related perid8 -~ * between these yyin-free crystalg5 T at 77 K) with the same current density
two oscillations corresponds to 0.074  which is in at the peak.
agreement with the values given in Ref. 32 for thandb The influence of the CuO layers on the current in the
axes. The maxima im of Fig. 13 correspond quite well to icinity of Blla,b is qualitatively the same in twinned and
the minima inS of Fig. 12, which supports the expected tyin-free crystals. An increase gfia,b at Blia,b, from in-
lower relaxatloq in the case where the Lorentz force is Q'Trinsic pinning is observed within a trapping angle of about
rected perpendicular to the CuO planes and the flux latticg Thjs pinning of vortices between CuO layers is further
accomplishes matching conditions. proved by oscillations of the magnetic moment synchronous
with the relaxation rate. Maxima of the moment and minima
of the relaxation occur at the same temperature-independent
fields and follow the matching condition between CuO layer
The interference between correlated disorder in the flusspacing and flux lattice spacing. In the vicinity of theb
lattice (from twins and CuO layers nedllc and Blla,b, plane the sharp decrease &fn at higher magnetic fields
respectively and pointlike disorder was investigated in originates from the current along the axis decreasing

FIG. 13. (a)—(c) Magnetization curvesn(B) at 77 K in the
geometryBlla,b (90°) (a,b and at 80 K at different anglds).

IV. CONCLUSION
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strongly atBlla,b, possibly due to shear instability of the
flux lattice. This mechanism dominates at higher fields con-
trary to the angular-dependent increase from intrinsic pin-
ning at lower fields. The interferences from twins and CuO
layers become less pronounced with increasing impurity con-
tent or density of pointlike defects.
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FIG. 14. The dashed line corresponds to the ratio of the current
densities before the crystal was ¢jf) and after(j ,) for the fieldB
APPENDIX parallel to thec axis (¢=0°. The bold line is the ratio of the
hysteresis widthAm at Blla,b (¢=90° before and after cutting

For the discrimination between the two current compo-Aml andAm,, respectively. The measurements are made at 77 K.

nents in the geometridlla,b the crystals were cut into a
rectangular shape with a high aspect ratio parallel to the crysiot in crystal 2. The origin is not known, it may result from
tallographic axes. After the first measurement the sampléhe same reasons as mentioned for the vanished PE in crystal
was additionally cut parallel to the larger sida"and mea- 4, from cracks along tha,b plane or from changed proper-
sured again. For this reason we were able to measarén  ties of a surface barrier both introduced by the cutting pro-
Blla,b with the same aspect rat@/'c before and after the cess. The field at whichm,/Am, starts to increase from its
crystals were cut. Further in both parts 8Blc the current expected value corresponds in all crystals to the transition
densitiesj ; before and , after cutting were determined. The from the Am(¢) peak to the dip behavior.

ratio j,/j, vs field at¢p=0 is shown in Fig. 14 for crystal 3 as The measurements shown in Figs(a)+11(d) were made

an example. As expected from the Bean model, assumingn the original samples before cutting. After cutting the rela-
homogeneous current flow, this ratio is about 1. It increasesive depth of the dip is more pronounced. For instance, crys-
towards the irreversibility line, partly due to the higher elec-tal 1 becomes completely reversible at 77 #90 ° at

tric field at the surface of the larger crystal which results inhigher fields. This may be interpreted with an easier chan-
higher current density values in the region of pronouncedheling in crystals with smaller sizes or it may point to cracks
thermal relaxation wher&(j) curves become less steep. introduced during cutting. Cracks parallel to thgb plane
Thus in a wide field rangg,/j, vs B (dashed line in Fig. 24  would probably not influencélla,b in Blla,b or Blic but

is in fair agreement with the expected value 1 from the Beandecreasglic. We are not able to exclude this possibility but
model for the three cut crystals. This observation rejects als@t becomes less probable from the absence of this phenomena
the presence of large scale inhomogeneities in the studied crystal 2. Furthermore the relative change & for
crystals. The valuAm;/Am, in Blla,b is expected from Eq. Blla,b before and after cutting is not present at low fields
(2) to be equal to the ratio of the volum&§/V,=2.36 in  which would require cracks with a field-dependent current
sample 3(thin solid line in Fig. 14 because the aspect ratio like in a junction. The “lock-in" oscillation becomes much

is the same. The valuAm;/Am, (thick line in Fig. 14  less pronounced after cutting. This is in full agreement with
shows normal behavior only at magnetic fields below 1 T.the correlation of intrinsic pinning and “lock-in" oscillation
Above this field Am, becomes considerably smaller thanto the current alonga,b. This current shows the expected
Am;, indicating an increase ofj{(a,b), or/and a decrease of scaling behavior if the geometry of the crystals is changed,
(jlic), with respect to the currents in the crystal before cut-whereas the current along theaxis obviously does not scale
ting. The same unusual behavior is observed in crystal 1 butith the geometry.
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