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The superconducting properties of directionally solidified ¥Ba&0O,-Y ,BaCuQ, composites, with critical
currents above FOA/cm? at 77 K and zero magnetic field, are reported in a wide variety of samples having
very different contents of Y8BaCuQ; (211 phasgprecipitates with different particle size and magnetic fields up
to 22 T. The field, temperature, and composition dependence of the critical currents allow us to identify
interfacial pinning by 211 precipitates as a very effective pinning mechanism. Nevertheless, single vortex
interfacial pinning has a dominant role only in a narrow region below about 1 T and temperaturesT408Q
K. In this region the system shows a behavior very akin to that observed in ion irradiated single crystals and
described as correlated disorder. On lowering the temperature the thermal wandering of the vortex from
secondary weak pinning centers decreases leading to a new single vortex pinning regime extending up to very
high magnetic fields where a mixture of strong and weak pinning centers are active. On the other hand,
increasing the magnetic field, the characteristic footprints of the small bundle and large bundle regimes are
identified at intermediate temperatures. The former is found below tfAeline given by the maximum of the
macroscopic pinning force while the latter is observed above this line up to the irreversibility line. Finally,
collecting all these results together a magnetic phase diagram of the mixed state of yGrBaY ,BaCuG
textured composites is proposed.

[. INTRODUCTION structure is well characterized it is not easy to find a direct
correlation between the critical curredf, and the actual

One of the most promising fields for immediate applica-microstructure of the samples. Such interaction between mi-
tion of the high-temperature superconductors is large scalerostructure and flux lattice may be evaluated by using static
power applications such as superconducting magnets, currepinning models which may give some predictions on the
leads, energy storage systems, etc. All these applications reritical current density not influenced by thermally activated
quire a high current density flowing at tolerable low dissipa-depinning. Nevertheless, in high-temperature superconduct-
tion at 77 K. Unfortunately the ceramic character of theseors thermally activated flux motion or flux creep is of con-
materials with its granularity and the appearance of wealsiderable importance, thus preventing the correct determina-
links, which generally occur at grain boundaries due to grairtion of the unrelaxed,. The value of the measured current
misorientation and chemical inhomogeneity at the and its dependence on temperature and field are greatly in-
interfaces’, have been serious problems to overcome. Thesfluenced by thermal relaxation. There are some theoretical
problems have been solved by using various processing techpproximations that allow us to extract information from the
nigues such as melt texturing and thermomechanicameasured critical currents by modeling relaxation. The stan-
methods’~® Even though these techniques allow us to obtaindard analysis of magnetic relaxation due to thermal activa-
good quality materials and to solve granularity problems, dugion of vortex motion was proposed by Anderson and &im
to the high desirable operating temperat(#@ K), the short and assumes a linear dependence of the energy of the pinning
coherence length, and the strong anisotropy of these matetbarriersU, on the circulating currents. Other models with
als, flux motion, which induces dissipation in the presence ofmore complicatedJ(J) relations, such as vortex gldssr
transport currents, severely reduces the effeclivéhat can  collective-creep models that predict a potential dependence
be maintained in the presence of magnetic fields. Thereforaf the energy of the pinning barriers on the current, have also
the improvement of the flux-pinning mechanism in the high-been proposed to explain the experimedtdIT) dependen-
temperature superconductors is a subject of major interest.cies. These models may help in order to get a more accurate

It is well known that flux creep and flux pinning are ex- description of the experimental data, that will allow us to
trinsic properties that depend on the interaction between thascertain which are the roles played by different potential
crystal defects and impurities and the flux lattice, then it is ofcandidates to effective flux-pinning centers in different re-
great interest to examine the effects of different crystallinegions of field and temperature.
defects, such as twins boundaries, stacking faults, disloca- The first step in order to improve flux pinning is the iden-
tions, etc. or nonsuperconducting inclusions on the fluxdtification of the dominant pinning mechanisms, but this is not
pinning capability of these materials. Even if the defecta trivial problem to solve in such a complicated system as the
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123/211 ceramic composites in which the defects of the crysearried out by using a superconducting quantum interference
tal structure and the nonsuperconducting precipitates of 21device magnetometer up to 5.5 T and extraction magnetom-
phase coexist. Many efforts have been devoted to determingtry at Service National des Champs Magnetiques Intenses
the role played by twin plan€s.’ dislocations;"*?stacking  (Grenoble up to 22 T. The samples used for magnetic mea-
faults'® oxygen deficiencie¥} 211 precipitate$’ and  surements have been cut from the bars and have a long di-
irradiation-induced defect¥™*® in providing effective pin- mensjon along the magnetic-field direction and one of the
ning for the flux lines. The idea that 211 inclusions, with transyersal dimensions small enough to have a small full
sizes that are about two orders of magnitude bigger than thgenetration fieldH* in order to minimize the self-field ef-
coherence length, may act as an effective pinning center Ngsqs Typically samples are parallelepipeds in shape with
been long put under question. Nevertheless, some experyy,+ 5 5¢1.5%x0.4 mn? of volume. Special care must be

mental results obtained in 123/211 composites indicate thq&k . L o
. . . en in this point since it is expected that the role played by
Jo at 77 K scales with the efiective 123/211 mterfacethe 211 inclusions as effective pinning centers should be

15,19,20 . .
area, results that have been also confirmed in our OWNyominant in the low-field region. Thus, reliable experimental

samples'” Whether the pinning is provided by the 123/211 data points are needed in the low-field range to make it pos-

mtet:faC(te |tstelf, I\/vcrjle]{e :he free—grlezjgy gt;]a‘?'t"?”t If’.lImax'mumsible to derive some conclusions about flux-pinning mecha-
or by structural defects associated with it is sfill an openc<in this field region.

question. The inductive critical currents were obtained from the ir-

In th|s_\{vork we report a <_:arefu| study of the de.pender.]cereversible magnetization of the hysteresis loops by using the
of the critical currents on field and temperature in a W'deanisotropic Bean model in  which J2°~20AM/
Cc

variety of samples, having very different content of 211 al1—a/3b)]. beinga<b the sides limiting the surface per-
phase precipitates of different size, in order to identify the{:)e(ndicular )t]c; the gpplied field antiM th% difference bpe-

dominant pinning mechanism In the different f.'?'d regionSyyeen the upper and the lower branches of the hysteresis
and then design a procedure to increase the critical currentss <26

The paper is organized as follows: First, the temperature
dependence of the critical currents at different fields is ad—de
dressed. The results are analyzed from the scope of the v
tex glasé and the collective-pinning—collective-creep
theorie§ and similarities with other systems with quenched
disorder, such as irradiation-induced columnar deféetith

The actual content of the 211 phase in the samples was
termined by measuring the paramagnetic susceptibility and
QIrifting a Curie-Weiss law in the high-temperature region
(T=120 K). The 211 phase percentage may be obtained
through the relation ey 1,17)*X 100, Wherepey, is the ex-
. i ' perimental magnetic moment obtained from the Curie-Weiss
gorrelatefdthdlsor_(t:i_e"r’:lare alsto c_:onS|de.r§d. ghe f|telld:_d?|petrr1]— law andpu,,; is the magnetic moment of the 211 pure phase.
ence of the critical curreénts 1S considered next. Frstly ey - yigiripytion of sizes of the 211 phase precipitates has

low-field region is studied and the different pinning regime'sb en deduced by means of image analysis of scanning elec-
are analyzed on lowering temperature. Then, we have StUd'e[ on microscopy pictures obtained in all the samples used in

the high-field region identifying different pinning regimes this work?” The mean size of the 211 particles of the differ-

through the field dependence of the critical current and reant samples are comprised between 0.5 apar?

sults have been compared with those obtained in other The actual content of 211 phase in the samples ranges

YBa,Cu0, samp[es?“ We have also performed_ a complete from 4% to approximately 38% in volume. Some of the
study of the scaling of the macroscopic pinning forces. A

complete study of the field and temperature dependences spmples, those having the higher concentrations of 211
0,
the critical currents in thélllab geometry will be reported B ase, do also have a small amount of ¢éalow 1% by

elsewhere in the next future. Finally, collecting all the re—WeIghD' Jhe benefits of such addition have been already

) i reported® and, for the purpose of the present work, may be
sults ffOF“ the thermal and field dependencd ot magnetic .. summarized as a means of refinement of the mean size of the
phase diagram of the mixed state of the 123/211 composit

! ; . ' 211 precipitates. This is a consequence of the modification of
IS proposed_ t(_)_g_ether W'th se\_/eral suggestions concerning di he growth mechanism and the increase of the processing
ferent possibilities of improving the critical currents.

temperature.
After the directional solidification process superconduct-
Il EXPERIMENTAL ing bars are oxygen deficient, thus an oxygenation treatment
is needed after the texturation process. This treatment has
The samples used in this work have been fabricated bpeen carried out at 450 °C under oxygen atmosphere and
using a directional solidification method based in a verticalcarefully monitored by using ac susceptibility measurements,
Bridgman technique that allows us to obtain quasi-singlesince we have observed that it plays a major role in the final
crystalline superconducting baigp to 12 cmin length and 1  superconducting performances of the samples. We have re-
cn? of cross sectionwith a fine distribution of precipitates cently analyzed in detail the relevance of the oxygenation
of Y,BaCuQ (211 phasg® A complete characterization of process in the microstructure and critical currents of melt-
the microstructure of these samples by using transmissiotextured 123/211 ceramic composite® and we will just
electron microscopyTEM) may be found elsewhef@é.For ~ summarize the main conclusions here for completeness.
comparison purposes we have also used in some casesIn samples with deficient oxygenatitfnoptical micros-
YBa,Cu,0; single crystals which were grown by the self- copy shows a layeredlike structure in which bands, parallel
flux method in a gold crucible and oxygenated during fiveto theab planes, of fully and partially oxygenated materials
days at 450 °C. coexist. This structure may be easily identified through the
The magnetic characterization of the samples has beerero-field-cooledZFC) susceptibility, with the applied field
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structure of the samples since oxygen diffusion takes place
mainly through the microcracks, whose size, length, and den-
sity is severely affected by the 211 phase content of the
ol samples, thus making it difficult to knowa“priori” which is
the optimum oxygenation time for each sample. This is prob-
o ably the main problem when a complete analysis of the pin-
ning mechanisms in 123/211 composites is being carried out.
We would like to point out that all the experimental results
reported in this paper have been obtained in samples where
© the oxygenation process has been optimized independently.
08 v FDully 0xygtel:late}dl b 2 However, we note that the more stringent effects associated
81 Deoxygenated (Hllab) o to the oxygenation process occurs at high magnetic ff8lds.
Regarding the role played by microcracks on the critical
currents, we would like to emphasize that all the results pre-
sented in this paper have been obtained inHlie geometry
and microcracks are not likely to affect pinning in this ge-
ometry. Nevertheless, we have already done a careful micro-
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e Y have checked that samples have been correctly oxygenated
008 EoePopernnnnnnsvorpdt, 1., but avoiding aging effects. Samples were cooled in a maxi-
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T(K) mum field of 5.5 T downd 5 K then the field is lowered to

the desired value and the magnetization measured as tem-
perature is increased up to 92 K. A brief summary of these
FIG. 1. (a) ZFC magnetic susceptibility of partially oxygenated measurements has been previously rep(fﬁemlis important
(Hllab andHlic) and fully oxygenatedHlic) sample(H=10 O8.  to stress that we have indeed verified, by measuring at dif-
(b) ZFC dc susceptibility showing the dependence of the shieldinderent waiting times up to 15 min, that the main features of
capability on the orientation of the applied field and the degree othe J.(T) curve are unchanged by flux-creep effects except
aging. at very high temperatures approaching the irreversibility line.
This point will be addressed later in connection with the
parallel to theab planes, that shows how parts of the sample proposed magnetic phase diagram.
poorly oxygenated, progressively become nonsuperconduct- We should also note that this experimental procedure,
ing as temperature is increased. As a result of this layeredhen performed in zero external applied field, leads actually
oxygen deficiency a considerable decrease of the critical cuto aJ.(T) curve measured under the trapping field How-
rents is observed in both field orientatioHgab andHlic. ever, because of the geometry of the samples, the trapped
Nevertheless, we have also observed that a long lastinfield turns out to be in all the cases smaller than about 4 kOe.
oxygenation process may also be detrimental for the finaln this way, the temperature dependenceHy{T) have a
superconducting performances of the samples giving place teery small influence on the experimentil(T) curves ob-
aging processeés. The chemical decomposition of tained in zero external field.
YBa,Cu,0; in areas surrounding microcracks, that are the In Fig. 2@ we show the thermal dependence "
channels through which oxygenation preferentially takeqHIlc) in self-field for several textured samples having dif-
place, together with an enormous increase of stacking faulterent contents of 211 precipitates and a single crystal. First
and dislocations have been identified by means of TEM irof all, it is worth mentioning that a net increase of the critical
aged samples, leading to a notorious decrease of the criticalirrents with the increase of the 211 precipitates is clearly
currents and a strong shift of the irreversibility line. observed and what is even more important: the thermal de-
In order to avoid these problems we have carefully monifpendence of the critical current in the single crystal is much
tored the oxygenation process by using low-field dc and adigher than in the textured samples. This difference is better
susceptibility with the external field applied parallel to the appreciated in Fig.(®) where we plot the normalized critical
ab plane. In oxygen-deficient samples, the zero-field-cooledurrents of the different samples and the single crystal. An
susceptibility easily allows the identification of poorly oxy- important point to note also is that the temperature depen-
genated bands through the changes in the magnetic shieldingnce ofJ "g‘b is softened above 40-50 K leading to a maxi-
capability[see Fig. 13)]. mum enhancement around 70—77 K where values above 10
It is very important to stress that the optimization of the Alcm? are obtained. Then, our results make evident that
oxygenation process is very dependent on the actual micresome fundamental difference exists between the pinning
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wheret is an effective attempt time. Then, the temperature

10°L ® (a) and time dependences &f are contained in two factord
2 whose temperature dependence is BCS like, and the factor in
r brackets that accounts for the flux-creep effects.
o N More sophisticated models of relaxation have been devel-
§ wk T oped that include the possibility of a nonlinear relationship
P : oy LB betweenU andJ in order to reproduce the observed experi-
= o 38% I S mental datd:33132|n this sense, a logarithmic dependence of
o o 28% e ED;M the form U(J)=U,In(J.,/J) was proposed by Zeldov
w0t ﬁz ":OA et al*? leading to a potential relation fal,(T). The vortex
E . Single crystal .io% glasg and collective-pinning—collective-creéfheories lead
e L b 1 1% to an inverse power-law form forU(J) namely,
0 20 40 60 80 U(J)=(Ug/ w)[(Icof I)*— 1] with a characteristic exponent
T(K) w. In these later theories the temperature dependenceisf
1 Fov S) implicit in the quantitiedJ  and Jg.
"'§vvd,v From this inverse power-law form &f (J), the following
. ﬁ"n'va""' expression is obtained fai,(T):
- [=RSAL LS
x' ol i . . . o5 ;";“"'Vy
g F 3 . ®a ;'v' J (T)= JCO . (2)
e LY S [ (WTIUg)In(tten ]
- .. i
0001 E . . %
* Single Crystal . In order to evaluate the temperature dependence of our
o 14% “° experimentald (T) we will follow a procedure similar to
v 38% % that described in Ref. 33 for single crystals of %:Ba;0,
N P R T R and will assume thal., andU,, whose temperature depen-
0 20 40 60 80 100 dence is not knowra priori, vary with temperature in the
T(K) following form:
FIG. 2. Temperature dependenceJ(@F’ in a single crystal and T\2]n
textured ceramic samples with different content of 211 phase in \]Co(T):\]Coo[l_(_> } , 3
self-field. (a) Solid lines correspond to the fitting by using Eg), Te
while dashed lines correspond to the fitting by using &g.in the
text. (b) NormalizedJ2°(T) curves showing the effect of the 211 T)\2]n
inclusions. UO(T)=UOO{1—(T—) } . 4
Cc

mechanism in the single crystal and in the textured samples

which leads to a stronger temperature dependence of the These simple phenomenological laws are derived from
critical currents in the former. This effect is probably a Con-the BCS temperature dependence of the coherence |ength
sequence of the existing 211 precipitates which also inducgnd the thermodynamical critical field. In order to minimize
the observed softening af2°(T) at intermediate tempera- the number of fitting parameters and, since our main interest
tures. is the composition dependence of the most relevant param-
For the time being we will examine if the observed tem-eters, we have fixed some of them to some reasonable values,
perature dependence &f may be interpreted in the light of namely Irt/t.s)~33 andn=3/2. In choosing these values
the existing theoretical models. As we have already menwe have made use of the data given in Ref. 33 for
tioned, magnetic relaxation in high-temperature superconyBa,Cu,0, single crystals and the same considerations in
ductors is very large and dominates the temperature depeghoosing the parameter=3/2 for bothJ.o(T) and Uy(T)
dence ofJ.. All the flux-creep theories share the same basiGare valid here. Regarding the value of the exponenve
idea that magnetic relaxation is originated on the thermahave takenu=1/7 that is the predicted value for the case of
activation of the flux lines over an effective energy barrlersing|e vortex pinning by weak pinning centers in the frame-
U.® and that this leads to a reduction of the apparent criticajyork of the vortex glass theos? So finally the unique fit-
currents. ting parameters are the nonrelaxed critical curikgs, and
The simplest model, introduced by Anderson and Rim, the energy of the pinning barrier &=0 K, U,. The result
assumes a linear relation between the energy of the barriegg the fitting to the experimental data by using E8) is
U, and the circulating currentsi(J)=Ug[1—(J/J0)]-  shown in Fig. 2a), good fits are obtained for all the samples
Where U, and J, are, respectively, the temperature- for temperatures below about 40 K, while a systematic soft-
dependent energy barrier and the critical current density iRning of the temperature dependence is observed between 40
absence of flux creep. This relation leads to the well-knowmand 80 K which cannot be described by this model. Then,
flux-creep relation our results show that, in the region of low fields, the low-
T ¢ te_mperaturg(Ts40 K) dependgnce oﬂq(T) is consistent
JC(T):JCO[l_(_)|n<_”1 (1)  Wwith the single vortex behavior predicted by the vortex
Uo tesr glass—collective-pinning theory.
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25 F K. (2) and dashed lines correspond to the fitting by using(&gin the
) C ®eo 7 180 g text.
- ] &
> g 170 & . .
~ 20 F e j70= In both Figs. 8a) and 3b), we observe that a linear rela-
[ <—o U, (,_.;’. 1 tion does exist between the four parametdggg, Ugo, J°,
’ T* §e] 60 and T*, and V/d giving strong indications that interfacial
fe .8 > pinning is indeed active in these materials. However, it is
15 Dot b o L L 5 worth mentioning here that the parametgfsand T*, deter-
0 1000 V/d(zoxflql) 3000 mined in the high-temperature regin0 K<T=<80 K), do

show a linear dependence &fid, while J.o, and Uy, are
much more scattered, thus suggesting that 123/211 interfacial
FIG. 3. (a) Dependence of the nonrelaxed critical currégiy pinning is the dominant pinning mechanism in this high-
andJ ¢, obtained from the fittings by using E¢®) and(5), respec-  temperature—low-field region of the magnetic phase diagram,
tively, on the 123-211 interface specific area in thkc geometry  \hile at low temperatures additional pinning centers may
and in self-field conditionstb) Dependence of the pinning energy pecome active. Our results are then a nice verification and
(L:J(;’r‘: d?t?:nl asogbtgfe 123-211 interface specific area in the sameg, ification of the interfacial pinning mechanism proposed
' by Murakamiet al. from their measurements at 77*RWe
show that the linear relationship previously observed be-
tweenJ, andV/d at T=77 K andH=1 T (Ref. 19 arises
mainly from an increase of th=0 K pinning force(J2 or
Joo)» while the decrease of the thermal activation effects only
_10 _ *12 accounts for a small percentage of the change observed in
Jo(T)=Jcexid = 3(T/T)7, ® J2P since the observed variation bfy, and T* is moderate.
as it is also shown in Fig.(3) (dashed ling This expression It should also be mentioned that the values we obtain for the
has been proposed to account for the temperature depepinning energy are quite similar to those reported for proton-
dence of the critical current in the case of linear correlatedrradiated YBaCu,O; single crystals?
disordef* and has been experimentally observed in Another interesting feature to note is that the temperature
Bi,Sr,CaCuyOg single crystals having columnar defects gen-dependence of the measured critical current of a XBigO-,
erated by ion irradiatiof? The 123/211 interfaces may actu- single crystal is much stronger than in the 123/211 ceramic
ally be considered also as a source of correlated disord@ompositegsee Fig. 2b)]. This fact indicates essentially that
where strong pinning occurs. Similarities and differenceghe activation energy,, in Eg. (3) is smaller in the single
will be analyzed later on. crystal than in our textured samples, thus giving further sup-
In Figs. 3a) and 3b) we show the evolution of the fitting port to our conclusions concerning the effectiveness of the
parameters obtained by using E¢®) and (5), J.oo andJ? 211 precipitates as active pinning centers in the low-field
andU, andT*, respectively, as a function of the composi- regime, since these pinning centers are absent in the single
tion of the samples represented by the paraméfer. We  crystal. The differences between the single crystal and 123/
have chosen the quantily/d, i.e., the ratio of the volume 211 composites become more evident in the high-
percentage of 211 phase precipitates and their mean diartemperature regim¢40 K<T=<80 K), i.e., where 123/211
eter, because this parameter is a measure of the interface aiaterfacial pinning plays the dominant role.
between 211 particles and 123 superconducting matrix and Finally, we would like to mention that we have also stud-
therefore, may shed some light on the role played by théed the temperature dependence of the critical currents ob-
interfacial pinning mechanism in the pinning processes ofained atH=3 T (see Fig. 4 It is worth signaling that the
our samples. differences observed in the critical currents at low fields for

At higher temperatures, in the temperature rarigé
K=<T=80 K), we have found thad.(T) may be properly
described by the following expression:
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FIG. 5. Magnetization loops of the sample having 38% of 211  FIG. 6. (a) and (b). Field dependence of the inductive critical
phase and 1% of Celfor several temperatures with the applied currents derived from the hysteresis loops wiilic for several
field parallel to thec axis. temperatures for the sample with 38% of 211 phase and 1% of

Ce0,.
samples having different 211 phase contents have clearly di-

minished and even the single crystal, with no 211 phase g}, the field dependence of the irreversible magnetization
all, has very similar values. This fact clearly suggests tha&trongly differs in different regions of thel-T phase dia-

different pinning mechanisms are active at low fie{ts<1 ; ; o ;
) . . > o . gram suggesting that different pinning mechanisms play the
T) and high fields. With this field of 3 T the fitting by using gominant role in each region. It seems reasonable to expect

Eq. (2) can also be carried out by using the same values of 4t 4t |east three different pinning regions exist, one at low
andu but the dependence of the different parameter¥8h g4 up to 1—2 T, another one above 2 T, characterized by a

are much more scattered. Equati® also may be used \yeay field dependence of the critical currents, and finally a
above abouthSO K'but, as in the case of E2), the fitting  ,ry one with a fast decrease 3f up to the irreversibility
parameters have a scattered behavior when depict®ddis |ine |y the low-field region the vortex lattice parameter

Therefore, to derive reliable conclusions about the pinningale_o75@0/8)1/z is large, then vortex are almost indepen-
mechanisms in this high-field region is not a simple task. Thgjayt ang single vortex pinning may be expected. For ex-

reasons for t.his complgx behavior will become more qpparamme forH=1 T the vortex lattice parameter &~450 A
ent later on in connection with the proposeldT magnetic  yhich is well below the dimensions of the interparticle sepa-
phase diagram for the 123-211 superconducting COmMpOSiteRytion of the 211 precipitates in the samples. This suggests
that below this magnetic field more than one vortex may
become trapped at the interface of the 211 particles if they
Typical hysteresis loops of our samples with the externabre soft enough to bend and accommodate to the random
applied field parallel to the axis are shown in Fig. 5 for distribution of the 211 particles. Then, we expect that in the
several temperatures. None of the samples used in this wotlw-field region the interfacial pinning by the 211 precipi-
do show signals of the fishtail effect, but its features havdates will be the dominant pinning mechanism and the ran-
been observed in some aged sampieGritical currents of dom distribution of small precipitates will induce an impor-
the sample having 38% of final content of 211 phé¢éd  tant bending of the vortex to take advantage of the strong
~3450 cmY) and 1% of CeQ@are shown in Figs.@ and  pinning associated to 123/211 interfaces. However, there
6(b) for several temperatures, with the external applied fieldnust be a crossover to a different pinning mechanism in the
parallel to thec axis. high-field regime. This scenario does change on lowering
From the visual observation of the hysteresis loops at lowlemperature as new pinning centers become active. Those
and intermediate temperatures it becomes immediately cleaew active pinning centef$win planes, oxygen defects, dis-

B. Magnetic-field dependence of the critical currents
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locations or whatevercontribute to pin the vortex stronger 20000 80000
and the field dependence of the critical current decreases, at i

the same time the dominant role played by the 211-123 in- - 70000
terfacial pinning fades away among the contributions from 15000 - 3 60000
the rest of the pinning centers. In this sense, the change ob-<_ 3 50000

served in the thermal dependence of the critical currents g
around 40 K is naturally identified as a depinning tempera- < 10000
ture at which thermal fluctuations overcome the energy of £~
the pinning barriers of some pinning centers that become =~

8 T=60K—>J 40000
3 30000

L ]
inactive and only the strongest, i.e., 123-211 interfacial pin- 5000 - TREREE s 8 g g E: 20000
ning mainly, remains active up to higher temperatures. We [ =0 - 10000
will proceed now to analyze the different field region men- ol ! ! ! | OTo—s 50
tioned above. 0 5000 10000 15000 20000 25000 30000

H(Oe)
1. Low-field regime
FIG. 7. Field dependence of the critical current3 at60 and 77

In_this section we will try to C_O_nfirm, from the analysis of K. The lines correspond to the fit of the experimental data by using
the field dependence of the critical currents, the results oqu. (6) in the text.

tained from the thermal behavior of the critical currents in-
dicating that, in this field region, interfacial pinning by 123/ simple picture, i.e.J.<B~ Y2 is observed even in the low-
,.e.)e .

211 interfaces are the dominant pinning mechanism. field region. This behavior is clearly evident in Fig. 9, where
There has been a controversial issue regarding the dueSia show a log-log plot o8, vs H showing up the validity of
tion to what extent these nonsuperconducting particles m ¢

°S may power-law dependence, i.&l,«B~“ over a broad tem-
s ) ﬁerature range. However, it is evident from the picture that
l(;]%'tlh_é"t‘r@ g;_;’egjrl)zrrgin%%n&%?gd ‘g"g\‘ ;22 gcohelrSencethe value ofa changes when different regions of fields are
c ™~ ab™

. considered and also changes with temperature for a given
A for YBa,Cu0y). The question was addressed by Mu- egion of fields. In the high-temperature range the value of
rakami and co-workets$%%%n the framework of single vor-

S : is 1/2 in the low-field region, i.eH=<1.2 T approximately,
tex pinning model based on the core condensation energy. [ .o with increasing fieldH above 2 T approximatelya
the case of a large pinning center the depth of the pinnin

Al i | but the pinning f o by th gplateau” in which J. is almost field independenty~0.1,
poterlt|a Up, |sh_arge, UI.t e plnnlnrg]; orce ]:s g|venhy tfe develops before the irreversibility line is approached. The
gradient and this is maximum at the interfaces. Thereforeyiaa ) 70ne becomes more evident as temperature decreases

vortex are ma_inly pin_ned at the interfgce between _nor_mal aNYyt it has almost disappeared above about 65—-70 K approxi-
superconducting regions. Then, an important point in orde ately. For intermediate temperatures, 58 =20 K, the

to haye an effective interfacial pinning is to have clear_1 12_3 alue of« in the low-field region slowly decreases from 0.5
211 interfaces free from secondary phases, amorphlzatlorg0 0.3, while that of the plateau zone increases from 0.1
etc. to assure a strong gradient of the order parameter. approaching 0.3. Below abouS1K a unique valuex~0.3

In the single vortex pinning regime, the flux lines will yoqeripes the field dependencedgfin all the ranges of field
bend in order to become pinned at the 211-123 interface§Jp t0 22 T, P e g

and a simple summation of the individual microscopic pin-

ning forces may be performed leadind%d® 2. High-field regime
7 &qpB2N 02 After a fast decrease of the irreversible magnetization

ab_ "'5abPc’Vpr —1/2 . ab, ; ;

Je _ﬁ_4,uo¢é 2R172 ~pB™74 (6)  M(H), or the critical currents)2°(H) in which a~1/2, a

whereN,, is the number of 211 inclusions per unit volume 12107 _
andd is their mean size. Thug, is proportional todiz, r o 45K S ®
which corresponds to the quanti/d, beingV~N,d® the Lo oK
volume fraction of the 211 precipitates. In order to check the

occurrence of the interfacial pinning mechanism in our & 810¢
samples we have fitted our experimenda(H) curves by " 5
using Eq.(6) obtaining a very good agreement in the range 9 - '
of fields below 1.5 T and temperatures above 45 K. An ex- g b '
ample of the results obtained is shown in Fig. 7. As we will 410" ¢ el

a

T T

discuss later, the field where the law represented by(&q.
changes corresponds to a crossover field to a new pinning Do e L &
regime. If the hypothesis of interfacial pinning is correct the P T D T P U
parametep in Eq. (6) should display a linear dependence on 0 500 1000 1500 2000 2500 3000 3500
V/d as it is, in fact, observed for several temperatuisese V/d(em™)

Fig. 8. A preliminary report of these results has already been

presented21). Nevertheless, it should be mentioned that on  FIG. 8. Composition dependence of the paramgtén Eq. (6)
lowering temperature a progressive departure from the abovier several temperatures.
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14 our experimental data this zone is restricted between 70 and
. 50 K. This field dependence of the critical current has been
1BE . theoretically predicted for the so-called large bundle
- r B regimé” in the collective-pinning theory and indeed, experi-
"E 2b e mentally observed in YB£usO, single crystals? .
2 uk ° In order to get some information about the relevant pin-
5 v ning mechanism it is customary to look for the scaling of the
:“ ok v, SK volume pinning forceFp(B,T) =BJ.(B,T). Usually all the
1 : v, . 35K quantities determinindg=p can be written in terms of the
oF v, @ 23% internal fieldB, and the temperature-dependent critical fields
F k¢ v 75K of the superconductor which in the cases where thermal ac-
gL I ; | I ! tivation effects are negligible lead to the following general
3 2 -1 0 1 2 3 form for F, :35:36
P
Ln[H(T)]
FIG. 9. Log-log plot ofJ. vs H making evident the existence of Fp(b,T)=Fpg(T)bP(1—b)® 7

a power-law dependence between them, JgsH ™ *. The value of
«a clearly changes frorw=1/2 in the high-temperature and low-

field regime toa=0.3 in the low-temperature regime and in a very \yhere the exponents andq are characteristic of the active
broad range of fieldéup to the maximum field measured about 22 pinning mechanism anbl=B/H_, is the reduced field, being
T). A crossover is observed between both values at intermediatﬁC2 the upper critical field. Then, all thEp(B,T) curves
temperatures. measured at different temperatures can be superimposed in a
single curve ofFp/Fp hax VS b provided that the dominant
pinning mechanism is the same in all the temperatures and
. v fields considered. The absence of scaling can also give some
above 1.5-2 TFigs. 7 and 8 On lowering the temperature jnformation about the flux-pinning processes since some
the values of thex exponent in the low- and high-field re- ;g of structural feature, such as geometric matching effects
gions slowly approach each other and below about 20 K alb thermally activated flux motion should destroy the scaling
the Jo(H) curves may be described with only one value of pehavior. Nevertheless, it should be mentioned that in the
a~0.3. The crossover field between these two regions despoye model the structure and the elasticity of the flux-line
pends on temperature but stabilizes around 1.5-2 T at higiyttice (FLL) are not taken into consideration.
temperature. Above 1.5-2 T we observe tlatis almost A different approach to the problem was given by
independent of the parametéfd, thus indicating that inter-  ramep? developing a model which takes explicitly into ac-
facial pinning only plays a secondary role in the high-field count the properties of the flux-line lattice. In this model
region. _ _ o exponents op=1/2 andq=2 are predicted and the decrease
Finally approaching the irreversibility linélL) a much ot £ {5 zero at high fields is due to the reduction of the
faster decrease of the critical currents is observed. In this paghear modulus of the lattice. A>=0 the lattice has com-
of the Jo(H) curves it is possible to identify, for some tem- pjetely melted and this occurs at a figitt (T), that may be
peratures, a region in whicB.H"~ before reaching the giferent from H,(T), which is the scaling field for this
irreversibility line (see Fig. 10 This law is clearly identified theory.

in the temperature region where the “plateau”Jy(H) is In the case of high-temperature superconductors the irre-
well separated from the irreversibility line and the maximumyersibility field H* has been usually adopted as the scaling

magnetic field available is high enough to reach this line. Ingg|q. Nevertheless, some auth@rargued that the simple
substitution ofH_, by H* is without theoretical justification

regimen in which the field dependenceM{H), or J3°(H),
is very smootha~0.1) is reached in a wide region of fields

10.5 because thermal activation is not taken into consideration.
Fe RN An analysis of the scaling law of the volume pinning force in
— g . o ‘-. OQO presence of thermally activated flux motion has been per-
& 95E B " O formed by Nief® making evident that in a general case there
5 2 ¢ Y B " X is no clear separation between the field and temperature de-
< : hd - TN pendences and hence, that no scaling gfB, T) should be
o 85E . 8 n . ; ;
2 : "o . LSRN observed in all the cases in presence of flux creep.
:° a . E%E - In our case, a very good scaling of the pinning forces is
5 755 @ zg% oq : - obtained usingd* as the scaling field in a very large range
E m 60K * of temperatures and fieldsee Fig. 1], while the scaling is
g ° 55K '\ ) completely destroyed wheH ., is used instead of* and
6'5{ e 1'.5' — '2 — 2'.5' T this is an experimental fact also reported by other

Ln[H(T)] authors’®4°We have found that a quadratic relationship ex-
ists betweerH* (T) andFp .{T) (see Fig. 12and that the
FIG. 10. Log-log plot 0fJ2® vs H showing the existence of a field at whichFp(T) reaches its maximunt] Fp (T, coin-
region withH 3 dependence af 2" above theH . correspond-  cides with the starting point for the field region where we
ing to the large bundle regime. ’ have observed the lad¢cH ™ to hold, i.e.,H,:p max('I') is the
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FIG. 11. Reduced volume pinning force vs reduced magnetic |G, 13. Irreversibility line withHIic, andHg__for the sample

field usingH* (T) as scaling field for the sample with 28% of 211 with 38% of 211 phase and 1% CgOThe dashed line correspond
phase and 1% of CeOThe solid line corresponds to the fitting by ;; the fitting by using Eq(10) in the text.

using Eq.(9) and the dashed by using E@®) in the text.
) _ YBa,Cu0; thin films*® However, studies in melt-textured
crossover line of thé1-T phase diagram between the small ceramicé**5 suggest that)y= a(T)/H? and hence
bundle regime and the large bundle regime that extends up to
the irreversibility line. . B FpocH*2h[1— g3, (9)
Notice that the low-field region where the laly~H™“
with @~0.3-0.5 has been observed, is not included in thevhere g=H*/H,*2
scaling curve depicted in Fig. 11 because they do not col- The fit of the experimental data obtained using the scaling
lapse in a single curve. It is clear then that scaling onlyfunctions given by Eqs(8) and (9) are shown in Fig. 11.
occurs in the small and large bundle regimes which is actuNeither gives a complete proper description of the experi-
ally a consequence of the fact that the same pinning potermental data since the complex field dependence of the criti-
tials dominate the behavior df,(H,T) andH*(T) in these  cal currents is not included in Eq&) and(9). In the small
regimes. bundle regime we have observed tliatH) is essentially
Single flux-creep-based models of the scaling phenomengonstant(@~0.1) thus leading to an approximate lad<h
have been presented recently to analyzgSBCaCyOg  below the maximumFp ., Which is indeed included in
crystalé***and YBaCu;0; thin films*3 In these models the Eqs.(8) and(9) as a low-field limit. Above this maximum in
Anderson-Kim relationshipEq. (1)] is assumed and differ- the large bundle regime, the observed field dependence
ent field dependences for the effective activation enétgy  J.<H 2 is not included as a limiting law in either E(B) or
are examined. Following this approach and imposing our exgEq. (9), and hence the fitting falls when approaching the

perimental observation th&tp ., cH*2 we get irreversibility line. Nevertheless, the fact that a good scal-
ing is observed in such a large region of temperature and
FpcH*2h[1— (Bh)?3], (g)  fields makes evident that the pinning mechanisms are the

same in this wide region, and since it is observed for differ-
where B=H*/H,, being Ho=a(T)/[KT In(7)] and ent samples whatever this mechanism is, it should be present

h=H/H*, provide U(H)=a(T)/H as observed in N allthe samples.

3. Irreversibility line

2 E The irreversibility line of our samples has been deter-
2 ¢ mined from the point where persistent currents, determined
> a1 b from zero-field-cooled and field-cooled (ZFC-FO
& : temperature-dependent curves, vanish. For fields above 5.5
E 20 3 up to 22 T, the IL has been determined from isothermal hys-
< 19 teresis loops. In Fig. 13 we show the IL for the sample hav-
E 18 g ing 38% of 211 precipitates with the field applied parallel to
Sl the ¢ axis together with the field where the macroscopic
T UE pinning force reaches its maximum vali: (T). It is
- 16 F worth mentioning here that there is no correlation between
15 Bt e the tiny variations observed in the IL of different samples
05 0 05 1 15 2 25 3 35 and their actual content on the 211 phase. These tiny varia-

Ln[H*(T)] tions may be attributed to small differences with respect to
the optimum oxygenation of the sampf@sThe temperature
FIG. 12. Relationship betweeld* and Fp . for two of the  dependence of the IL is properly described by using the fol-
samples having different content of 211 phase. lowing expression:
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H*(T)=Ho[1-T/T]" (10) 25
with m=3/2, and no change to a more pronounced tempera- .
ture dependence down fo/T.~0.5 has been detected. A 20 -
crossover in the power-law behavior of the IL was observed r
in electron-doped superconductrand in hole-doped su- 15 [
perconductors including oxygen-deficient YBaL0O,_ s and ~ f
Bi,Sr,CaCyOg.*" Some controversy exists regarding the g 0L
fundamental origin of this crossover phenomenon and = X
whether it is an intrinsic property common to all cuprates sk
superconductors, or a material-dependent effect linked to the -
particular structure of the pinning centers, is a difficult ques- r N
tion to answer. Aimasaat al*® suggested that the crossover o5 T e— o w0 T
is an scale-invariant universal characteristic of the high- T(K)
superconductors, independent of the superconducting
copper-oxide material, the value ®f and the experimental |G, 14. Magnetic phase diagram of the mixed state of the 211/

procedure used to measukE"(T) and that the crossover 123 composites obtained by using the sample having 38% of 211
temperature i§/T.~0.6. As our data clearly sho(gee Fig.  phase and 1% of CeORegion I: Correlated disorder single vortex
13) we have not found signals of the change of th@xpo-  pinning. Region II: Single vortex with several pinning centers. Re-
nent of Eq.(10) down to T/T.~0.5. Even more, we have gion lIl: Small bundle regime. Region IV: Large bundle regime. See
observed thaH(Fp a9, i-€., the field at which the pinning the text for details.

force reaches its maximum value, has the very same tem- _ o .
perature dependence thdit (T) (see Fig. 1Band it does not dlffgrent behaviors have been identified |n_d|fferent regions
show any change down f6/T.~0.25. These results clearly of field and temperature. Of course the main source of com-
indicate that the crossover from=3/2 to a different value Plexity in these materials is the microstructure itself because
observed in some high-temperature superconductors is notS¢Veral types of point, line, and planar defects coexist. The
universal behavior and it should be related to the anisotropfinning energies associated to these defects will strongly dif-
of the system or to extrinsic properties such as the structurter and so we must expect that thermal activation will smear
of the pinning centers. In the framework of the f|ux_creepthe efficiency of a given defect at a certal_n temperature. It
model, the value of the exponent is determined by the May happen then that the observed behavior does not match
physics of the pinning potential and a change in the value ofNY single idealized t_heorenca}l predlctl_on in a_II the tempera-
m would imply the existence of two different regimes in ture ranges but only in a restricted region. This means that a
which the pinning potential displays different temperaturedetailed analysis of the different regions of tHeT phase
and/or magnetic-field dependences. Of course, these differefifagram is needed to assess the relative relevance of all the
temperature and/or magnetic-field dependences would alg§fferent pinning mechanisms in the observed irreversible
imply the destruction of the scaling of the pinning forcesmagnetic behavior of these samples. _

when data coming from both regimes are put together. The At this point it will be useful to recall all the different
fact that a very good scaling is observed by using data fronégions of theH-T diagram identified through the analysis of
85 to 40 K(T/T,~0.45), that are clearly below the proposed the experimental data presented above. First we will summa-

perature dependence of the IL. cussion of the pinning mechanism in each of them and a
comparison with results obtained in related materials will be
presented later.

From the J.(T) data in the low-field regime we have

Among all the different possible pinning centers existingshown that for temperatures above 40 X(T) is well de-
in our 211/123 directionally solidified samples we havescribed by Eq(5) displaying the behavior expected for linear
gained strong evidence, from the analysis of the field andorrelated disorder This is the so-called region | in the
temperature dependence of the critical currents, that 211 irH-T phase diagram given in Fig. 14 corresponding to a
clusions do have an important contribution to the irreversiblesample having 38% of 211 phase avith=3450 cm*. We
magnetization, in agreement with previous inves-have also shown that in this region pinning is clearly domi-
tigations*%1°This observation, however, has raised a funda-nated by single vortex pinning mechanism at the 123/211
mental question about the nature of the pinning mechanisrimterfaces with a field dependendgxH 2. Increasing the
and whether the 123/211 interface itself or the structural defield in this high-temperature regimé,(H) curves exhibit a
fects associated with it are actually the active pinningregion of weak-field dependence labeled as region Ill. The
centers:?® It has already been demonstrated by TEMcrossover from the low field),xH 2 dependence to a
investigation&®?°that sharp 123/211 interfaces at the atomicweaker dependence occurs at about 1-1.5 T. We have argued
scale are obtained if the oxygenation process is nothat pinning in this region could be understood as due to
excessive? thus supporting the assessment that these intesmall bundles. Further increasing the field, a region where
faces have indeed an effective role as pinning centers. J.(H)=H 3 is reached. This region, labeled as region IV in

It is also clear by now that the magnetic phase diagram oFig. 14, has been associated with large bundles of vortices
the 123/211 textured composites is quite complex becausand is upper bounded by the IL.

IV. DISCUSSION
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Going back to the low-field regime, on lowering the tem- through improvement of the processing methodology the
perature below 40 K the footprints associated with singlepresent values of critical currentd gb=1o’5 Alcm?) can be
vortex pinning by 123-211 interfaces are smeared out. In thisaised by an order of magnitude approaching those observed
region, labeled as region W,(T) may still be described by in thin films at 77 K(33°=10° A/lcm?).

a single vortexlike dependence but the linear correlation be- On lowering the temperature below=40 K a progres-

tweenJ.(T) andV/d is not well established due to the pro- sive departure from the laws expected from a simple corre-
gressive contribution of other defects with weaker pinninglated disorder pinning occurs. First the power-law depen-
strength. dence of the critical currents still holds but the exponent

After this brief description of the magnetic phase diagrambecomes progressively smaller downde0.3 at 5 K. The
we will proceed to a more detailed discussion of the differentregion where this occurs is indicated as Il in the phase dia-
regions. In region | the vortices are flexible enough to bendgram(Fig. 14). In this region the temperature dependence of
and pin at the sharp interfaces with 211 precipitates. Severd|, has evolved to a new behavior consistent with single vor-
similarities of this behavior can be drawn with that predictedtex pinning as predicted by collective-pinning theory for
and observed for systems with columnar pins where the coreeak pinning centers. The observed upraisé §T) in this
becomes also nonsuperconductiig® First, at low enough region is enhanced when th&/d parameters increases, as
fields all the vortices will pin at the interfaces of the 211 clearly evidenced by the higher slope of the straight line
particles crossing the vortex core while at higher fields somassociated withl,, as compared to that af? in Fig. 3a).
kind of matching field will also exist. Now, however, we The meaning of this observation is that there is some cou-
should not expect a pure Bose glass phase any more becaysimg between the concentration of secondary defects origi-
several vortices will be able to become pinned at the samaating in the low-temperature vortex glass behavior and the
precipitate. The crossover field now will probably corre-123-211 interface. Then, we could speculate about the exist-
spond to the saturation of the 211-123 interfaces as pinningnce of a second-order effect concerning the interface-
centers and this is not simply related to the mean separatiadnduced generation of defects which also contribute to pin
between the precipitates. Actually the field where a crossovehe vortices at low temperature. We note also that the cross-
is observed in Fig. 14 correspondsti=1 T and the FLL over temperature from region | to region Il is very similar to
spacing isa; =450 A which is about ten times smaller than the thermal depinning temperature observed in single crys-
the mean separation between particles. If we assume that tals, indicating in that case the crossover from single vortex
this single vortex regime all the vortices of a normally un-regime to small bundle regin?d.It is very likely then that
distorted FLL crossing a 211 particle become pinned at théelow this temperature the vortex fragments occupying inter-
interface, the observed crossover fiéiti=1 T) corresponds stitial regions between 211 particles become pinned by local
to a mean separation of about 20 A between the vorticedefects, which should be very similar to those existing in
located at the interface, which is very near to the coherencsingle crystals. This phenomenon should also be reflected in
length &,, of YBa,Cu;O; and thus the minimum distance the dynamic behavior of the vortices and this is presently
between neighboring vortices. under investigation.

The precipitate size is much less than the dimensions of We note that the potential law observed in the low-
the samples thus meaning that vortices will consist, in thisemperature single vortex pinning regimé&.<H %) is ex-
temperature region, of short pieces having virtually infiniteactly the same observed in thin films recently investigated by
tilt modulusc,,, similarly to the Bose glass phase, separatedsriessenet al,>* where it was concluded that pinning was
by interstitial vortex fragments thermally depinned from dominated by mean-free-path fluctuatio6d pinning). It
weaker pinning centers. Overall, the fraction of vortex lengthmight happen then that similar weak pinning centers super-
pinned at the 211 interfaces will be roughly proportional topose to strong pinning by interfaces leading to the same po-
VY3 The crossover field will mark then a turnover in the flux tential law forJ.. In single crystals at 5 K, a quasi-field-
dynamics because above this fielcegion IIl) the small independent behavior starts at much lower fiéfdhen the
bundles will be formed which will also correlate with these strong pinning by 211-123 interfaces appears to be respon-
interstitial regions with weaker pinning centers. sible for the up displacement of the borderline between re-

As we have mentioned before in connection with the ob-gions Il and Ill observed in textured composites. Actually,
served temperature dependence of the critical currents, wgpon decreasing the temperature the definition of this line
obtained a much better linearity with théd parameter from becomes progressively difficult because in the small bundle
the constants fitted in region |, i.e., the law expected fronregime the field dependence &f is slightly increased when
correlated disorder defects. This is still a further clue givingdecreasing temperature thus approaching the same law of the
support to our conclusion that the enhancemenl adirises  single vortex regime.
from 211 interfaces because the nonrelaxed pinning force Instead, the line marking the crossover from region | to
increaseqJ? increases linearly with//d) and the thermal 1ll, i.e., from single vortex to small bundle regimes at high
activation decreasg3™ increases linearly wittv/d). temperatures, is easier to detect. The identification of this

On the other hand, we would like to point out that the netintermediate-field region as a small bundle regime has been
increase of critical currents with thé/d parameter clearly recently carried out by Thompsat al. in YBa,Cu;O; single
signals the right direction for improvement of the supercon-crystals'® This temperature range corresponds actually to
ducting characteristics of the 123/211 composites. Furthethat where usually fishtail anomalies are detected in
reduction of the size of 211 particles, as performed with PtYBa,Cu,0,.%% Our work suggests that these anomalies origi-
(Ref. 51) or CeQ, (Ref. 28 additions, allows us to increase nate in the small bundle regime when the effects of interface
steadily the critical currents and it is conceivable thatpinning is moderate or null as in single crystéfldhe single
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vortex pinning regime observed in region | does not exist instrong pinning center which will influence the critical cur-
single crystals because the thermal activation makes ineffe¢ents and the flux dynamics.

tive the weak pinning centers but when the cooperative ef- A single vortex pinning regime with 211/123 interfaces as
fects of the flux-line lattice increase at high fiellsmight ~ dominating pinning centers has been unambiguously identi-
be enhanced thus leading to fishtail anomalies. In 123/21fied. The region where this is the dominating pinning mecha-
composites this situation does not occur because a singlésm is indicated as | in thél-T phase diagrantFig. 14.
vortex regime persists at such high temperatures and hené&toWwever, due to the relatively large separation between the
the low-field critical currents are higher and the fishtail 211 Precipitates a crossover field must exist in concomitance
anomalies are decreased or eliminated. If the critical current&ith @ saturation effect of the interface pinning mechanism.

in the small bundle regime are enhanced by means of protoj h'tsgeha\]f.'olugs‘ very S|m|tla|r to tnf m?tchlng gelfd, (t)r ev?ll#va-
or ion irradiationt®!7 for instance, these effects are also cht 90S€ TEIdB,, 1N Crystals with columnar detects. ywhen

this crossover field is overcome the vortices will start to pin
washed out. h K . istina b h
Finally, we should briefly discuss the main features of thea-t other, weaker, pinning centers existing between these pre-
P . . .Cipitates. In this new situation the interaction energy between
so-called region IV in the general phase diagram. In thi

) - . - Sthe vortices become comparable to the pinning energy and
region the field dependence &f is characteristic of the large ;5 \ve enter in the conditions of the small bundle regime, in

bundle regime. The onset of th|§ regime Is f_OUf)d to beihe sense defined by the collective-pinning theory. This pin-
marked approximately by the maximum of the pinning forceping regime is identified as that characteristic of region Il in
and, as it should be expected, preliminary relaxation meage phase diagrartFig. 14. In this region the pinning force
surements suggest that in this region there is a sudden eps not simply related to any determined pinning center. The
hancement of the flux-creep effects. We have demonstrategtitical currents will be influenced in a complex manner by
that despite the relevance of the flux-creep effects, a goodil kind of defects existing in the matrix. This point has been
scaling of the pinning forces may be reached by using solelgemonstrated by several authors which have shown that the
the irreversibility line. As the maximum pinning force amount of 211 precipitates, the concentration of dislocations
Fp,., and the field where this occutdp na are related to and the separation between twin planes have some influence

H*(T) by simple power laws, the observed scaling reflectén the critical currents) ab(H). We n“qte aI$9 that this region
the fact that a common thermal depinning phenomena influlS Where typically the so-called *fishtail” effects are ob-
ence these parameters and the critical currents in regions i
and IV. We note, however, that the proportionality constant$
betweenH* (T) and these parameters may differ in samplest

having different concentration of 211 precipitates. This20 T at 5 K. This region is characterized by a power-law
means that even if the irreversibility line appears to be qUitedependence of the critical currenti,(H)~H % with

independent of the concentration of 211 precipitates the criti;,~5 3 and it's interpreted as a single vortex regime with

cal currents may be still somehow enhanced in the small angeyera| types of pinning centers being effective simulta-
large bundle regimes, as it has been observed by other agaously. The transition between the high-temperature phases,
thors in melt-textured 211/123 composiféstrom a practi-  region | (single vortex interfacial pinningor region i
cal point of view our work indicates that measurements per{small bundle regime and this new low-temperature phase
formed at 77 K are not very useful to establish a correlatiorls smooth but it is clearly identified in both the field and the
between microstructure and pinning mechanisms in 123/21§emperature dependences &f(H,T). At low temperature
composites because the crossover between regions |, Ill, arghd high fields this phase completely wipes out, in our best
IV occur very closely. We suggest that inductive measuresamples, the small bundle regime. Also the temperature de-
ments at lower temperatures, for instarice60 K, may be  pendence ofl,, at low fields can be described in region Il by
much more useful because the interface single vortex pina law typical of a vortex glass with weak point defects while
ning regime can be easily separated from the small bundlgt high temperature we could fit,(T) to the law expected
regime where interstitial defects also have a non-negligiblgor systems with correlated disorder and Bose glass
role. behavio”® It is very likely then that the line separating re-
gion | and Il corresponds to a depinning line for the weaker
defects. In this way at low temperature, phase Il will corre-
spond to a mix up of the different pinning centers, while
We have investigated the field and temperature deperphase | is actually very akin to the behavior observed in
dence of the critical currents in thidlic configuration of systems with columnar defects.
textured YBaCu;0;-Y ,BaCuQ, composites having different Finally, we have shown that a simple relationship exists
concentration of nonsuperconducting 211 precipitates. Frorhetween the maximum pinning ford‘eg‘a’('D and the irre-
this wide investigation and a good knowledge of the micro-versibility line H*(T) and also that pinning forces scale in
structure of the ceramic composites we have been able tde regions Il and IV of thed-T phase diagram. The actual
propose a magnetic phase diagr&tnT where several re- meaning of the scaling of the pinning forces is that the same
gions corresponding to different pinning regimes are identipinning centers and thermal activation effects are being ef-
fied. The first and more outstanding characteristic of thisective in different samples in these particular regions of the
system is the existence of randomly distributed precipitatephase diagram. This is consistent with our observation that
which can pin vortices at the sharp interfaces. These defectd* (T) is basically independent of the concentration of 211
can be classified as a source of correlated disorder lying paparticles in the sample, i.e., the defects which dominate the
allel to the vortices in any field orientation and thus it is avanishing of the pinning force are very similar in all our

erved and hence we could speculate that different pinning
enters lie at the heart of this anomalous behavior.

On the other hand, we have also identified a low-
emperature region extending up to very high figlldeyond

V. SUMMARY AND CONCLUSIONS
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