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In-plane flux pinning in melt-textured YBa ,Cu3;0+-Y,BaCuO5; composites
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The critical currents of a series of YBau,0,/Y ,BaCuG, (123-211 melt-textured ceramic composites have
been measured inductively with the field applied parallel to aheplanes Hllab) and compared to those
previously analyzed wheHIlc. In-plane vortex pinning mechanisms are analyzed from temperature and field
dependence of(Hllab) in samples with different concentration of 211 particles. A hierarchy of pinning
centers has been identified and analyzed: 123/211 interfaces, dislocations, stacking faults, and twin boundaries.
We show that the interface of the secondary phasBa€uQ, with the superconducting matrix plays an
important role in pinning the Josephson vortices though with a reduced efficiency as compared to Abrikosov
vortices. In addition, we identify a second contribution to flux pinning which is independéwtdfi.e., the
amount of interface between the,BaCuQ particles and the matrix, that we associate with in-plane linear
defects, such as dislocations and partial dislocations surrounding the stacking faults. Finally, the contribution
to the pinning of Josephson vortices from twin planes has also been evali#2463-182608)03446-3

[. INTRODUCTION 123/211 interface plays a dominant role in the pinning be-
havior of the superconducting composites, but it was also
Melt-textured YBaCusO//Y,BaCuQ (123-211 super- concluded that secondary defects should not be neglected in
conducting composites have been attracting considerable atertain regions of the magnetic phase diagram. The collec-
tention since the discovery that, through directional solidifi-tive interaction between vortices was shown to limit the ef-
cation processes,the main factor limiting the critical fectiveness of these interfaces in the enhancement of the total
currents in ceramic superconductors, i.e., high angle graipinning force. The understanding of the anisotropy of the
boundaries, could be avoided. Under these conditions higflux-pinning mechanisms in 123/211 composites is still in-
critical currents have been achieved surpassing even thog@mplete and a systematic analysis of the relationship among
obtained in 123 single crystals. Any further enhancement ofne nature of the vortex state in YBau,0, (YBCO) and the
the critical currents in melt-textured growtMTG) super-  complex microstructure of 123/211 textured ceramics is re-
conductors relies on the ability to understand which are th‘auired.
flux-pinning mechanisms and how they are related to the' |, |ayered superconducting cuprafes, crossover from
microstructure of the ceramic 123/211 composftes. two-dimensional2D) to 3D vortex nature occurs when the

Investigations of the microstructure of 123/211 MTG . ) P
composites by TEMRefs. 3 and #have evidenced the com- Ginzburg-Landau cqherence length along XIS extends
! ; : beyond the separation of the Cu@lanes. This crossover
plexity of these materials where several kinds of defects co-

exist and interact. Nowadays, a considerable systematic if€MPeratureTe, is defined by &c(Te) =& &ap(Te) =d/ V2,
vestigation of the formation and evolution of these defectdVhered is the separation amongllczlg(planes and is the
has been settled and it has been particularly rewarding th&ass anisotropy ratie=(ma,/mc)™*. At low temperatures
their geometrical arrangement follows clear patterns. It haéT<Tcr), and depending on the orientationtéfwith respect
been established that the defects which may play a role in th® the CuQ planes, the usual rectilinear vortex structure
flux-pinning problem can be classified &8) second phase breaks down in a kinked vortex state which consists of pan-
precipitates such as 211 particles with a quasispherical gesake vortices with shielding currents lying within the GuO
ometry, (2) planar defects lying parallel to theaxis, twin ~ planes and vortex string®r Josephson vorticgswith the
boundaries for instance, an@) linear and planar defects phase core having a dimensiahalong thec axis andA
lying parallel to theab plane: stacking faults, dislocations, =d/e perpendicular to it. This kinked vortex state trans-
and microcracks. The knowledge of the detailed structurdorms to a locked state below an angle and thenB is
and formation mechanisms of these defects enables us naostrictly parallel to the Cu@ planes. In Y123,T. can be
to analyze one of the most outstanding problems of highestimated as=80 K and hence in most of the temperature
temperature superconductors: their anisotropic behavior. range usually investigated, the 2D nature of the vortices
In a recent work, we analyzed systematically the critical dominates. In this case depending on the orientation of the
currents of a whole set of samples with different amounts of_orentz forceF, , three contributions to bulk pinning must
211 particles wherHllc. There, we demonstrated that the be distinguished in the kinked statét) pancake pinning
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with Fllab, (2) intrinsic pinning withFlic, and(3) pinning The inductive critical currents have been determined from
of vortex strings withF | llab. The relative relevance of these isothermal and temperature dependent magnetization mea-
three contributions in real systems will strongly depend onsurements carried out with a superconducting quantum inter-
the actual microstructure of the textured ceramics. In thiderence device magnetometer provided with 5.5 T and by
work, by using the very same samples as in our previousising an extraction magnetometer at the Service National des
work,®> we present an accurate analysis of the flux-pinningChamps Intense&Grenobl¢ of up to 22 T. These measure-
mechanisms existing in these materials when the externahents were performed on parallepipedic samples of about
magnetic field is applied parallel to ttad planes Hilab). 2x1.5x0.5 mn?. The magnetic field was applied parallel to
The anisotropy of the critical currents in YBCO single theab plane Hllab) and out of the110 twin planes, unless
crystals and thin films has already been analyzed by severaidicated otherwise, to avoid the contribution of twin bound-
authorg and it has been clearly stated that when the Lorentaries to flux pinning®~'? The anisotropic Bean model has
force is perpendicular to thab planes the critical currents been used to computk when the magnetic field is oriented
appear to be largely dominated by the intrinsic pinningparallel to one of its edgds and the directiom is parallel to
mechanism pointed out by Tachiki and Takah&sisia char-  the ¢ axis!3
acteristic feature of layered high-temperature superconduct-
ors. In the present work, however, we will focus our analysis
on the case when the Lorentz force lies parallel to abe
plane, i.e., the analysis of the influence of the microstructure ) . . o
on JS(Hllab) is our main concern. Actually, the understand-WhereAM is the irreversible magnetization in Gauss and
ing of the behavior of this particular component of the criti- @< b ¢ is the sample volume. ,
cal current bears strong interest since it is directly related to T we take Into account that these samples fulfill the con-
the modifications of the microstructure ceramics throughdition Jia<Jgc, Eq. (1) is reduced talg~20AM/a, a be-
processing treatments and it is not masked by the stronfyd the larger side of the sample surface perpendicular to the
contribution of the intrinsic pinning. We also note that trans-applied field. Therefore, we can actually determifeH, T),
port critical current measurementsX§fare very scarce up to €., the critical current corresponding to a pinning force
now while it may be easily investigated through magnetizaPointing parallel to theab planes when the vortices also re-
tion measurements by using the anisotropic Beam model. main parallel to theab planes. It is clear then that no inter-
We will show that 123/211 interface pinning is still an ference with the intrinsic pinning mechani$iis present in
effective pinning mechanism in this magnetic-field orienta-Our measurements. We must also stress that we have indeed
tion resembling the correlated disorder behavior observed iMerified that magnetic relaxation effects are not relevant in
the Hilc orientation. Nevertheless, in this case, other defect&nost of the investigated regions of the magnetic phase dia-
not related to 123/211 interface and which we associate wit§ram (except for those very near to the irreversibility line
the linear and planar defects lying parallel to tieplane  Therefore, our analysis of the field and temperature depen-
(stacking faults and dislocationare also of relevance for all dence ofJ; is essentially unaffected by flux-creep effects.
the investigated samples. Finally, we also evaluate the con- The evaluation of the critical current contribution of
tribution of the twin planes ta)$ when H lies parallel to  twin boundaries was performed in one particular sample
them. Through a detailed quantification of the pinning con-(28% 211 andv/d~2550 cn*) by applying the magnetic
tribution of these defects we have been able to infer thdield along{11G planes, within theab plane, in a sample

source of the critical current anisotropy in these materials. With a parallepipedic shape and its edge parallel to{ 110}
planes. In this case Eql) should be generalized to our

particular geometry. After a detailed reconsideration of the
new geometrical features we have obtained the following
The preparation and microstructural characterization offéneralized equation for a parallep|pe£}<b><c sample
the samples studied in the present investigation has beeihen the magnetic field is directed at 45° frenandb axis
largely described in previous worké?® Essentially, a 2and thec direction is along the axis:
Bridgman growth technique has been used to obtain single- Ia 23 1652 3
domain samples having difference concentration and size of y \, _ ~“¢| 1— c c [1_
3\/§C3§b 30b { c
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211 particles. The range of compositions investigated ex- 10 J

tends from 4 to 38% of 211 in weight and the minimum

mean size reached up to now is about @&.2° As we . N o o
described in our previous work, the actual content of 2110nce again the conditiodia<J¢’c is fulfilled in our
phase in the samples was determined by measurements #mples and thus Eq2) is reduced toAM=J¢(a/10
high-temperature paramagnetic susceptibility which displays-a/30b) from which we have calculate#f when the mag-

a Curie-Weiss law arising from the 211 particles. Only innetic field is directed along the10 directions.

this way can a meaningful scaling of the superconducting Finally, it is worth mentioning that special care was taken
properties, with the amount of interface between the 123n the oxygenation process of all our samples. As we have
matrix and the 211 precipitates, be reachedquantitative  previously demonstrateld;*>the duration of the oxygenation
measure of the 123/211 interface may be represented througtep at 450 ° C is crucial to reach optimum critical currents
the parametey/d, i.e., the ratio of the volume percentage of because either a deficient layered oxygenation persists when
211 phase and the mean diameter of the 211 precipitatébe process is too shdftor an ageing process appears when
determined by image analysis of SEM photographs. the oxygenation is too lonty. The concomitant microstruc-
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FIG. 1. Temperature dependence I¥ in textured ceramics 25 5 95
samples with different concentration of 211 phase in self-field con- [ (b) .
ditions. Continuous lines correspond to fits by using the collective- r ///'/ ]
pinning—collective-creep theof¥eq. (4) in text]. Dashed lines cor- 20 -, //‘o D—; 85
respond to fits using the correlated disorder pinning thégoy (3) - - ="
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tural features may strongly affect the observed critical cur- i / 4 =
rents anisotropy. The optimum oxygenation treatment for 10 A e E 65
each sample could be easily monitored by means of low-field o 1
susceptibility measurements with the field parallel to dbe '€ O U, o T* P
planes. This was accomplished in all the samples investi- L S T B BT D NN E
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gated in the present work and so we safely assume that the _1
measured critical currents are the optimized values for each V/d(cm™)

CompOSiti.o.n in what concems the oxygenation Processes. FIG. 2. Dependence on the 123/211 interface specific aréa of
The CI’I'[!Ca| currents Of. 6.1” the samp!es, h‘f’wmg dlfferentthe nonrelaxed critical currenf andJ,, included in Eqs(3) and
concentration of 211 precipitates, were investigated by deters) respectively, andb) the pinning energy termd* and U o,
mining thelrctemperature _dependence at Z€ro e).(ternal MaGicluded in Eqgs(3) and(6), respectively. All the data correspond to
netic field, J;(T), and their field dependence in isothermal measurements performed in self-field conditions.
conditions, JS(H). The experimental procedure faf(T) de-
termination was similar to that previously reported whensamples here studiédindicated that this softening could
Hllc geometry’ i.e., the samples were field cooled under aarise from a change in the dominating pinning centers. It was
magnetic field of 5.5 T dowrot5 K where the magnetic field already suggested there that, 123/211 interfaces might have
was decreased stgadny to zero and then, the magnetizatieih enhanced contribution to flux pinning at high tempera-
was measured while the temperature was slowly increasegres, because thermal activation enables the wandering of
Under these conditions the measurements of the persistefife vortex lines. Thus, depinning from the weaker pinning
currents were actually performed under self-field conditionsenters and bending is induced and vortices might be able to
but because we choose carefully the geometry of the samplegke as much advantage of 123/211 interface pinning as pos-
this field was never higher thar;=2.5-3 kOe and thus it sible. Under those circumstances, the flux-line lattice is able
had a small influence on the measured critical currents. Isqo adjust itself to the random distribution of the 123/211

thermal hysteresis loops were used to deternififéel). interfaces, resembling the behavior theoretically described
by Nelson and Vinokuf as correlated disorder pinning and
IIl. RESULTS which typically occurs in ion-irradiated single-crystalline
N superconductors'8 The occurrence of a similar phenom-
A. Dependence of the critical currents enon for the present field orientatiohiab) is very likely.
on the Y;BaCuOs concentration The equation describing this pinning regime, when the con-

Figure 1 shows the temperature dependencéSaiea- centration of vortices is below the so-called matching field,
sured in self-field conditions in several samples with differ-is given by the following expression:
ent concentration of 211 phase. First of all, it should be noted
that there is a clear correlation between the critical currents IUT)=30exp—3(T/T*)2. ()
and the amount of 211 phase in the sample. Similarly to the
Hic case’ this suggests that 123/211 interface pinning This fits by using this correlated disorderlike expression
mechanism plays an important role at low fields. On theare indicated by dashed lines in Fig. 1. It is observed that this
other hand, the temperature dependences of Fig. 1 reveallaw reproduces nicely the experimental results in the tem-
softening aboveT~40 K. This softening appears to be a perature range 40 KT=<75 K, in close correspondence with
phenomenon typical of melt-textured 123/211 compositesthe behavior observed in théllc geometry.
Measurements of critical currents fddllc in the same Figures Za) and 2b) show the dependence of the two
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fitting parameters of Eq3), Jg andT* on the 123/211 in- 1000
terface specific area measured through the paranétbr
whereV is the volume percentage of 211 phase drid the
mean diameter of the 211 precipitates. The existence of a
clear correlation between the parameters characterizing the
strength of the 123/211 interface pinning, i.ég, and T*,
and the interface specific area is evident. The linear relation-
ship observed gives further support to the idea that 123/211
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interfaces contribute to pinning in this field orientation where -500 _—% N@Nmm@@@“wmmw
the Lorentz force is parallel tab planes. We note, however, - y
that thng values do not extrapolate to zero wheéfd goes 000 | ‘ | ‘
to zero, as it was the case for thdlc geometry. This fact -100 0 5 10 15 20
indicates that additional pinning contributions which are in- H(T)
dependent of th&//d parameter, should be considered. As
will be discussed later, microstructural defects lying parallel 150 (b) . 45K
to ab planes like in-plane dislocations, I8®1] partial dis- ™ s+ 70K

locations surrounding stacking faults and in-plane lines sur-
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rounding the microcracks parallel &b plane$*° might be D508 s,
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At temperatures below=40 K, the critical currents do not 3 O—EL:::}‘—}:M‘WW;‘W
follow the behavior predicted for correlated disordém. § et banASsAANABOAAASABALANALAS
(3)]. Instead, experimental results are better described by the E S0, annt
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FIG. 3. Magnetization hysteresis loops measured at different
- . temperatures with the magnetic-field-orientdtiab. All the mea-
~In a similar way to the procedure used in YBakO;  gyrements correspond to a sample with 30% of the 211 phase and
single crystal§" and melt-textured ceramitén the Hllc ge-  v/q~3451 cnil
ometry, phenomenological laws for the temperature depen-
dence ofl.o andU, can be used in Eq4). These laws are Figures 2a) and 2b) show that thelyq and Uqo depen-

the following: dence on th&//d parameter. An overall increase of baljy,
and U,y with the amount of 123/211 interface is observed,
T\2" and similarly to the case ¢ilic orientation, the experimental
Jco(T)zjoo[l—(—) } , (5) points are more scattered than those corresponding to the
Te correlated disorder pinning, i.eJS and T*. This suggests

that the weak pinning centers, also contributing to pinning in
T\2]n this low-temperature region, are affected by a highest degree
Uog(T)= Uoo[l_ (T_> } . (6) of randomness between the different samples that the strong
c pinning centers dominating at high temperatures. It is inter-
esting to note that the maximudf values observed in our

These expressions are derived from the BCS temperaturgelt-textured samples approach those observed in untwined
dependent coherence length and the thermodynamic critic-axis-oriented thin films.
field. In order to minimize the number of fitting parameters, ~Figures 3a) and 3b) display typical isothermal hysteresis
all the constants were fixed to those previously used in thé20ps from which the field dependence of the critical currents
Hlc field orientatior? i.e., In @/t,)=33 andn=3/2. In this has been evaluated. The corresponding critical currents are
way the unique fitting parameters are the nonrelaxed criticathown in a log-log plot in Figs. (@) and 4b). From these
currentJy, and the pinning energy barrier at 0\, . plots it may be_ noted that_ln most of th_e investigated regions

The reason for the experimental agreement with thes8f the magnetic phase diagram, the field-dependent critical
laws may arise from the fact that, when the temperature i§urrent density may be described by a power ldfv
lowered, thermal activation decreases and different pinning=8°H ™ “. In addition and similarly to the temperature-
centers might become active in these melt-textured ceramidgéependent critical current measurements reported in Fig. 1,
with such a rich microstructure. We should expect a coexistwe observe an increase af with the concentration of 211
ence of weak and strong pinning centers and thus the sc@articles. This gives further support to the idea that 123/211
nario may be more akin to that described by the collectiveinterfaces do act as pinning centers in these melt-textured
pinning theory. Instead, at high temperatures, only thesamples.
strongest centers will remain active and a collective pinning The temperature dependence of the power-law exponent
theory will not be able to describe the experimental results.of J3(H), «, is depicted in Fig. 5 for two representative
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3r v o 85K whenHI(110» andHI{100). In Fig. 6 we compare the tem-
2 L w w w w | ! w perature dependence af(T) for those two particular field
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orientations. The calculation df for HI(110) has been per-
formed following the extended critical-state analysis indi-
FIG. 4. (a) and (b) Field dependence of the inductive critical cated before. Figure 6 also shows the fits corresponding to
amountsJ® as calculated from the experimental hysteresis loopscorrelated disorder pinninfEg. (3)] for both field orienta-
assuming the validity of the anisotropic critical-state model. Thetions. As appreciated clearly, fét parallel to the twin planes
continuous lines correspond to fits where a power-law dependenci is higher than forH|[(100for all the temperature range
JexH ™ is found to be valid. All the data correspond to the sampleexcept for temperatures approachifig.
with 30% 211 andv/d~3451 cm*. Figure 7 shows the field dependencelpfH) at different
samples. Note that while at low temperatures0.3, simi- temperatures for the two orientations mentioned above and,

larly to the value observed in thelic orientation for melt- ONce again, we can signal a clear enhancemen afhen
textured 123/211 composifeand 123 epitaxial thin film&  HI(110. A J¢=B°H~* law may here also be applied. Fur-
at higher temperatures and up Te=70 K a plateau is ob- thermore, when the temperature dependence of the coeffi-
served aroundv~0.5. Above 70 K, this exponent suddenly cient « is analyzed forHII(110), a behavior similar to that
increases towarda~1.0, the coefficient typically observed represented in Fig. 5 is also found. We may then conclude

Ln[H(T)]

in the single vortex pinning regime by point defetts. that twin boundarie$TB'’s) are indeed effective defects for
_ _ N in-plane flux pinning when the Lorentz force remains paral-
B. Twin boundary influence on the critical currents lel to theab planes, in agreement with earlier analysis.
The analysis of the influence of twin planes on the critical
currents forH|lab was carried out in one particular sample, 105
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FIG. 5. Temperature dependence of the power-law coefficient FIG. 7. Magneto-field dependence of the critical currents mea-
representing the field dependence of the critical currafusH . sured in a sample with 28% 211, at the temperatures indicated and
The data correspond to samples with 211 additions of 30 and 20%wvith the magnetic field oriented alof00 and({110 directions.
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FIG. 8. Field dependence of tlé critical currents measured at : - P )
60 and 77 K together with the fits by using a power-law depen-Of the proportionality parameteg® in the power-law field depen

. dence of the critical currents represented b in the text.
dence. It should be noted that a single law can reproduce all the P y &

examined magnetic-field range. The data correspond to a sample, o arising from 123/211 interfaces and a background
with 20% 211.

contribution not related to the 123/211 precipitates.
Consequently we may write the following generalized ex-

IV. DISCUSSION . I .
pressions fod$ where both contributions are considered:
A. Flux-pinning defects

c — ( pch cl —a_r npch c0 —a
In the previous paragraph we have conclusively shown Je(H)= (B BE)H P=[ B (VI H T, (9)

that there is a correlation between the critical current of 123/ C/ _r/10b | 10l 12
211 melt-textured composites and the amount of 211 precipi- Je(M) =10+ ) exp=3(T/T)

tates distributed in the 123 matrix and we have associated ={[I%+AS(V/d) texp-3(T/T*)?, (10)

this correlation to interface pinning.

It was suggested by Murakaref al?*that the interface of whereJ%° and 8°° correspond to the background values and
211 precipitates in melt-textured 123 superconductors maj® and 3°° are the slopes of the straight lines observed in
become active pinning centers through a core-pinnind-igs. 2a) and 9, respectively, and hence all these parameters
mechanism. Within this approximation, the field dependenceare independent of the interface parameféd. Note that
of J"g‘b(H) andJ$(H) may be described by the laws both the background and the interface contribution are of the

same order of magnitude, i.e., if we look at the zero-field

£ BN d? contribution ofJg, as determined from the correlated disor-
%%:/363*1’2’ (7)  der pinning fits[Eqg. (10)]. The maximum contribution td¢
4uody B due to 123/211 interfaces &'~5x 10" A/cm?, while the
background value amoun#§®~2x10* A/cm?2.
BN 02 ~Now, haying established that two different source'of flux
ngz T p1/2 = pabg =172, (8) pinning exist in 123/211 composites when the vortices lie
4oty B along theab planes, the issue is to identify the defects re-

sponsible for the second identified mechanism, i.e., the back-

whereN, is the number of 211 inclusions per unit volume ground contribution. To answer this question the fact that the
andd is their mean size. Thusl; is proportional tOdiz, corresponding defects should have a field-dependent contri-
which corresponds to the quantity/d, V=N,d? being the  bution toJS similar to that of the 123/211 interfaces, since a
volume fraction of the 211 precipitates. Note that the Va'“%niqungm,BH‘“ law holds over all the investigated field
observed for the coefficient in the plateau regime of the range, should be taken into account. This actually restricts
field-dependent critical current of Fig. 5 was~0.5, in  the nature of defects to be considered. Furthermore,
agreement with Eq(7). This agreement is further evidenced thjs hackground contribution was not observed in Hie
in Fig. 8 where the value o£=0.5 was directly imposed to configuration. Thus, it is very likely that the corresponding
the experimental data. Notice that for this magnetic-field ori-gefects will be linear and planar defects confined in abe
entation Hllab), the field dependence afi(H) is indeed planes. The main candidates to become effective pinning
well represented by the same coefficient0.5 of Eq.(7) up  centers whemdllab andFllab, are the in-plane dislocations
05T and 1/¢301] partial dislocations surrounding the stacking

Furthermore, Eq(7) predicts that thgs® coefficient varies  faults, if we do not consider for the moment the twin
linearly with theV/d parameter and this is, indeed, what is boundarie$:*1° All these defects have been systematically
observed in Fig. 9. However, Fig. 9 identifies again a backobserved by TEM in 123/211 composites in large numbers
ground contribution tg3°, in close similarity to what was  so that they might account for the non-negligible background
also found in Fig. 2a) for theJE0 term. Therefore, the results contribution observed.
reported so far indicate that whétilab, both the tempera- In addition, the in-plane linear defects lying parallel to the
ture and field dependence &f, have simultaneously a con- ab planes have shown to have a tendency to be directed
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along the{100; direction? In the case of dislocations, the ning of Josephson vortices at TB planes in 123/211 compos-
main reason seems to be the elastic interaction with preextes are given, but with a limited efficiency as compared to
isting defects such as twin boundarf@s-or partial disloca- other existing defects.

tions, it has been experimentally observed that the growth of

stacking faults during the low-temperature oxygenation pro- B. Anisotropy of critical currents

cess is anisotropic and in the form of long fingerlike . c
figures®'519In both cases, fragments of vortices might be- We have shown that the critical currents fdfiab, J¢,

come pinned in short segments at the core of the linear dere about one oarger of magnitude smaller than the ones ob-
fects showing a behavig=B~22328|n_plane dislocations tained forHlic, J;~ (Ref. 5 for 123/211 melt-textured mate-
¢ :

and stacking faults have been already considered as potentfi, though this depends, among other factors, on\the
flux-pinning candidates in 123/211 ceramics even wheryalue of the specific sample. In order to study the anisotropy
Hic.27-29 of J., one might initially just determine the ratio between
’ . : o i b ; :
We may now extend our analysis of the temperature anéhe two experimental’s, i.e., J¢”/J¢. However, this ratio
field dependence of the critical curreift to the case where will account for the intrinsic anisotropy of the material, the

twin boundaries are considered as well. A new term arisinglifférent nature of the vorticeg.e., Josephson or Abrikospv
from twin boundary pinning should be included in E¢@)  and also for the different microstructural defect contributions

and (10): on J¢ and J2° and their corresponding field dependences.
This will result in a very complex analysis of the anisotropy.
JS(H)=[BCb+ BC! 4 gCTBIH @, (11) ::Zr:'?r(iablj(t)i!cr)]\/svmg’ we will analyze separately the different
. b . 0l . <0TB o Initially we will try to infer on the nature of the anisot-
Jo(H)=[Jc"+Ic +Ic exp3(=T/T*)7], (12 ropy of the material, previously to the consideration of the
0TB o anisotropic nature of the microstructural defects. In this case,
where thel; “#0 only whenH is oriented alond110 and e define an anisotropy ratio by dividing the two slopég
T* is assumed to be similar for the different microstructuralang A° of the linear relationship betweelf and V/d [see
defects. The effectiveness of TB’s as a defect array Ieadingig_ 2a) and Eq.(10)]. This anisotropy ratioA?/AS is in-
to a Bose glass phase was already pointed out by Nelson agghnendent of the linear and planar defects and it should only
Vinokur™ and experimentally verified, through anisotropic gccount for the intrinsic anisotropy of the material or the
magnetoresi_s_tané@,anisotropic magnetizatiohand direct  gjtferent nature of the vortices generated witéit or Hllab
transport critical current measurements 3f at 77 K'?  (aprikosov or Josephson, respectivelfyspherical 211 par-
A guantification of' the different contriputions to EqL2D  ticles are assumed. Figure (8D shows thel(V/d) depen-
glves the followzlng ‘éf"“es (see Flgzs. 2 a”dOT)E? dence for the two cases#jllab and Hiic, from which the
Jo~2x10* Alem?  JZ'~3x10° Alem* and  Jg valuesA?°=203 A/cm andA®=14.5 A/cm have been deter-
~1.5x10* Alcm? for the sample withV/d~2550 cm™  mined. Therefore, the anisotropic ratioA8®/A°~14. This
which indicates an increase .6)3 by twin boundaries of 30%. s twice the expected valuetf,/£,~7), assuming that an-
Therefore, we confirm that in the low-field single vortex pin- isotropic Abrikosov vortices become pinned bys@. core
ning limit the three terms contribute to pin vortices but with pinning mechanism at the 123/211 interfaces, as described
an hierarchy between them. by Eqgs.(7) and(8).23?*We note that this ratio could be even
A similar conclusion may be drawn comparing ti&€o-  greater if we consider that the actual concentration of in-
efficients[Eq. (11)] describing the field dependence of the plane defects could slightly increase witid and thus the
critical currents of the sample with 28% of 211 phase. In thisrea| contribution from the 211 interfaces whistiab would
case, an enhancement 8f~40% (see Fig. 7, indepen-  pe correspondingly smaller. It is worth it to emphasize, how-

dently of the temperature, has been found. However, itver, that the anisotropy ratios deduced from our analysis
should be mentioned that on approaching the irreversibilityyre very similar to those reported by Kuhat al3®

line an enhanced divergence among the different critical curafter magneto-optic flux penetration measurements in
rents appears, thus suggesting that the irreversibility lin&jmilar melt-texture 123/211 ceramics. Single-crystalline
could strongly differ for{100 and {110} orientations, in  yBa,Cu,0, samples display much higher critical current an-
agreement with the results reported by Sanfiligpal” isotropy ratios[ J2°(Hlic)/JS(Hllab)~68 (Ref. 31], thus

It is worth signaling that no traces of field saturation Ofindicating that completely different pinning mechanisms
JS(H) below the nominal matching field of the twin bound- hoid in both cases.
ary array of planesB*~0.6 T which corresponds to a  This seems to indicate then that the coreless Josephson
mean separation between TB planes of about 1.000 A, argortices are actually less effectively pinned than the
observed. This is indeed the mean separation value observegyrikosov vortices. A similar conclusion for point pinning
in our TEM analysis of the present 123/211 cerarfli¢s.  centers was recently drawn by Berghatsal” in their study
spite of that,J¢(H) increases continuously beloW* at all  of the anisotropy ofl, in thin films grown over vicinal sub-
investigated temperatures. Similar results have been foungtrates, where a clear separation of the contribution to pin-
by other authors from inductive critical current ning from pancake and Josephson vortices was achieved.
measurementS. We should note at this stage thet re-  Furthermore, the expectation of a reduced efficiency for
mains well above the self-field; of our samples at 77 K and  single-vortex pinning of a Josephson vortex, as compared to
thatJS(H) do not show any modification of the field depen- Abrikosov vortices, was already theoretically discussed by
dence on crossingi*. In conclusion, evidences of flux pin- Blatter et al®
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0.8 i i
=y Hllab) (x10) and L is the totgl pancake Ie.ngt.h. Thus, S'_nhgk”-.st
07 - g ~tan(A6/2), the ratio of the two pinning forces will be given
E o0 I M(Hlle) o by
~ 06
gost o Isin(A )
< 04 [ £t ISt
= E p c
- 03 [ . . . .
~0 g - Using theJ. experimental values obtained in our samples for
I 3 T<H<5 T and 40 K<T<70 K andA#~2-3°, a value of
0.1 FO (a) fPf5'~0.1 is estimated. This confirms that the main contri-
0 Bl bution to theJS values previously calculated through the
0 1000 20(_)(1) 3000 Beam model, arises mainly from Josephson vortices. Then, it
V/d(em™) can be concluded that our results also seem to indicate that
12 Josephson vortices exhibit a reduced pinning efficiency in
L () % comparison to what should be expected from an anisotropic
i %3 Abrikosov vortex in agreement with Refs. 6 and 7.
-~ 10 F -
2 - As a last remark we should also comment on the origin of
= i the sudden increase of the power-law coefficiantvhen
OE 8 - increasing temperaturéFig. 5. As mentioned before, the
- r vortex structure of YBgCu 30, displays a 2D-3D transition
S or % at T, ~80 K when the conditiorg,=d/\/2 is fulfilled. It is
E R % then tempting to interpret that when the low-temperature
S 4 kinked vortices become again linear&t T, the effective-
-] b . . . .
_ ness of the pinning mechanisms described above break down
Y AT R O N B AR B and a behavior more akin to that observed in materials with
0 500 1000 1500 2000 2500 3000 3500 point defects becomes effective, thus leading at low fields in

V/d (em™) the single vortex pinning regime to a power-law field depen-
dence witha~1.2* Additionally, at these high temperatures a

FIG. 10. (a) Dependence on the 123/211 interface specific area .o - . '
V/d of J? for Hilc andJg for Hllab magnetic-field orientationgb) hew behavior is evidenced characterized by a faster field

RatiosJS(HHc)/JS(HHab) as a function of the 123/211 interface dependence Qrg [Fig. ZKb)_]' This Pr"bab'y indicates a (?ross—
specific area. over to a collective-pinning regime when approaching the
irreversibility line.

Additionally, we should consider when deducing the pin- _F_lnally, We_close by d|scuss_|r_19 the real méea?l_ng of deter-
mining the anisotropy of the critical current,’/J¢ in melt-

ning efficiency of the Josephson vortices from the anisotrop){ 0 h h
ratio described above, and specially for the case of meltt€Xtured 123/211 superconductors. We have shown that

textured composites, the influence of the mosaic structur@inly two contributions can be ascribedJp, the 123/211
inherent to these ceramics. X-ray rocking curves(@d1) |s_otr0p|p mterfac_e pinning and the background associated
reflections in 123/211 ceramics grown by Bridgman usuall))"”th anisotropic linear and plgnar defects. Instead, only one
display a full width at half maximum\@~2—3°2° There- ~ contribution was assigned #® at low fields? the isotropic
fore, it is necessary to estimate how this misorientation ininterface pinning. This indicates that in general the ratio
fluences our previous assessment. The vortex structure df™/J is influenced by the morphological anisotropy of the
melt-textured materials, when the magnetic field is intendedinear and planar defects, by the intrinsic anisotropy of vor-
to be directed along thab planes and whed@<T,,, the tices in YBgCuO; and by their corresponding field and
crossover temperature from a 2D to a 3D vortex nature, wiltemperature dependences. In particular in FigblL@ve dis-
always consist of a kinked configuration with some residuaplay the zero-field ratidS(HIIc)/J‘C’(HIIab) as a function of
pancakes associated with the magnetic-field component pav/d which according to Eq(3) is temperature independent.
allel to thec axis and some segments of Josephson vorticeAs it may be observed this ratio increases withl. At large
(string9 directed along theb planes’” We will show that  values of interface are¥/d the influence of linear in-plane
even in this case, the pinning force contribution from thedefects is minimized, whereas the opposite occurs in the
Abrikosov pancakes is very small in comparison with that oflimit of small V/d values. In the former case, the ratio
the Josephson strings, and therefore that the main contriby2(Hiic)/J3(Hllab) will reflect mainly the intrinsic nature of
tion to the kinked vortex will come from the Josephsonvortices pinned at the interface and it should extrapolate to

string segments. The pinning force associated with the seg]ig(H||C)/‘]g(H||ab)%14, owing to the observed ratio of the
ments of Josephson strings might be defined fas  siopes in Fig. 1().

~J% Ly, whereJZ is determined at the magnetic field
=H cos@A6/2), and wherg(A6/2) is the average misalign-
ment of the magnetic field and tteb planes and_; is the
total string length. Similarly, the pinning force associated The main objective of our experimental investigation was
with the pancake vortex segments might be givenfhy to analyze the sources of the anisotropic pinning in melt-
~J§k~Lst, where nowJEk is determined aH=H sin(A6/2) textured 123/211 composites and to relate them to the ob-

V. CONCLUSIONS
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served microstructure. Particularly, it was very appealing tdl23/211 composites, an(?) a depressed effectiveness of
elucidate if the intrinsic differential nature of the vortices Josephson strings to become pinned at the 123/211 inter-
whenH]llab, which must be described in terms of Josephsorfaces. For these reasons, the significance of the experimental
strings, leads also to a different behavior concerning fluxobservation of modified anisotropy ratios must be taken with
pinning by defects. extreme caution.

A careful analysis of the temperature and field depen- Finally, we have also estimated, for a particular composi-
dence of the critical currents, as a function of the amount ofion, the contribution of twin boundary planes to pin coreless
123/211 interface, has evidenced in a consistent way thalosephson vortices. This has been done through a compari-
Josephson strings are pinned both by the precipitates and Ispn of the observed temperature and field dependence of the
additional in-plane linear defects. The relative contributioncritical currents when the magnetic field is directed either
of the latter, however, is progressively reduced when thelong(110 or (100 directions. In a particular sample, hav-
concentration of 211 precipitates is increased. At our maxiing 28% of 211 phase, it was found thitmay be increased
mum doping level the single vortex pinning contribution by 30—40% and hence, it may be concluded that these planar
arising from the interface is 250% higher than that associatedefects behave as a source of effective correlated disorder for
to the linear defects such as dislocations and partial dislocainning in theHllab direction. Overall, a hierarchy of the
tions surrounding the stacking faults. three main defects encountered in 123/211 composites as

The effectiveness of the interface pinning mechanism fomctive pinning centers whellab has been established.
Josephson strings has been also evaluated. It has been foundThe quantitative evaluation of the pinning mechanisms in
that the pinning energy of a Josephson vortex is reduced byorrelation with the microstructural defects identified by
about 50% as compared to that expected for an anisotropitEM helps to clarify the relevance of these defects and
Abrikosov vortex when core pinning is considered. A similarhence to develop more efficient material processing tech-
reduction ratio for point defects in thin films has been re-niques to optimize the superconducting properties.
cently reported and was previously postulated theoretically
by Blatteret al®

Within this context the anisotropy of the low-field critical
currents has been shown to depend strongly on the concen- The research reported in this work has been supported by
tration of 211 particles and it is actually a reflection of the CICYT (MAT95-0742, Programa MIDASRed Eletrica de
balance between two different termd) Flux pinning by  Espam, 93-233], Generalitat de Catalunya, and EU-Large
in-plane defects like dislocations and partial dislocationsScientific Facilities. T. P. wishes to thank Ministerio de Edu-
which are active for all the compositions of melt-textured cacian y Cultura for financial support.
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