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High irreversibility fields and current densities in NdBa,Cu;0-_ s single crystals
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NdBa,Cu;0;_; single crystals and melt-textured samples were prepared in reduced atmospheres starting
from the Nd-poor side of the phase diagram in order to minimize the Nd/Ba substitution and the second phase
content. Current density and irreversibility fieldB;, were measured as a function of temperature and angle
between the axis and applied field direction in samples with different impurity and oxygen contents. Current
density vs field shows a pronounced peak effect which results from small clusters of oxygen vacancies,
whereas a second peak is related to the twin structure. The current density at 77 K is for fieldsTupltove
4x10* Alcn? and reaches values of XA0° A/cn? in the peak at 2.1 T. The irreversibility fields parallel to
thec axis reach 13.4 and 11.8 T at 77 K in pure and homogeneous single crystals and melt-textured samples,
respectively. These extremely high values, which are caused by the twin structure, decrease to 10 and 8 T,
respectively, if the current is optimized. The correlation and interference betweaahB;,, in the presence of
weakly and strongly interacting defects such as small clusters of oxygen vacancies and Nd-422 precipitates,
respectively, as well as the influence of the twin structure are analyzed and discussed.
[S0163-18297)01134-X

I. INTRODUCTION single crystalé.Although we could show that the peak is due
to oxygen vacancy clusters and not to Nd/Ba defects we are
Technical application of high-temperature superconductconvinced that Nd-123 bulk superconductors have a larger
ors requires high critical currents and high irreversibility Potential for technical applications than the Y-123 system.
fields at 77 K. The best candidate up to now to have this N€ following paragraphs will give a review of the differ-

potential for bulk material is the YB&u;O, system(Y- ences between the members of BRd.23 family.

123, wh by the introduct £ finely di 4 Y It is well known that most of the rare-earth elements can
, where Dy he introduction of finely dispersed, replace Y in the Y-123 structure and form a stable compound
BaCuQ particles (Y-211) into the Y-123 matrix an in-

it - ) - with T, values around 90 K. At first glance the whole series
creased pinning at low fields leading to critical currents up tqggoks very similar but there are important differences be-
10° A/cn? could be achieved? Each type of pinning center, tween these compounds which increase with the difference
for example, Y-211 inclusions, point defects, defect clustershetween the rare-earth ionic radii. That the peritectic melting
etc., has its own signature in theversusH dependence, and temperature T, increases with increasing ionic radius is
it depends crucially on the relative concentrations of all thesavell known. In airT e is near 1015 °C for Y-123, and near
defects whether a sample is able to carry a large current ¥080 °C for Nd-123. This high stability of Nd-123 is also
not. Large Y-211 inclusions increase the current at low fieldgeflected in the higher growth velocity of Nd-123 crystals as
only and diminish the influence of the other important pin-compared to Y-123 crystafsFundamental differences can

: : . : e found in the phase diagrams. Small sized ions such as Y
ning centers. Therefore, if one tries to improve the currenE L eyl i i
density in the field range from 1 to 5 T, for example, for the orm stoichiometric Y-123 and Y-21igreen phasecom

7 . ) . ounds, maybe even down to a level of 1000 ppm, whereas
application of Y-123 in magnetic bearings, one has to reduc rge sized ions such as Nd form a Nd-4@%own phasg

the Y-211 inclusions to a tolerable low content. This is onlyang a Nd-123 compound where a significant amount of Ba
possible if we do not apply the usual melt texture processgan be replaced by Nd. In 1987 a nominal formula
where Y,05 or Y-211 is added to the Y-123 phase. Instead ole+XBa‘27XcU30y was given by Takekawat al.® which
doing this, one has to start from pure Y-123 ortakes as a basis that only tReion replaces the Ba ion and
Y-123+Cu/Ba mixtures. This significantly decreases thenot the other way around. Recent results show that at least in
amount of Y-211 phase in the superconductor but can nowd-123 one has to accept a Ba population at the Nd'site.
lead to an increase of the critical current at medium fields. I'Such a homogeneity range, in principle, is a four-
1994, Yooet al?® showed that by processing Nd-123 in a dimensional space which depends on temperature, oxygen
low-pressure oxygen atmosphere, melt-textured samplgsartial pressure, and the cations which are in equilibrium
with high irreversibility fields, with ar; value of 96 K and  with the 123 phase. At 950 °C in air Gd-123 can exhibit an
with high critical currents in a pronounced peak could beoccupation of Gd on the Ba site of up 16=0.20, and in
obtained. This peak effect was attributed to the substitutiotia-123x can increase up to 0.70. These homogeneity ranges
of Nd ions onto the Ba site which should act as a pinningdecrease with increasing temperature and with decreasing
center. Recently, we have shown that even irreversibilityoxygen partial pressufe? 1% Today one relies on a model
fields as high as 13.4 T at 77 K can be found in Nd-123wherex shrinks to zero at appropriate, Pressures and tem-
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peratures, but this seems to be oversimplified if we look intcstate was obtained using the isotherms of Kisétial 1’ Al-
details'? To be sure to prepare a stoichiometric Y-123 phasethough these data may not be exact concerning the absolute
or a Nd-123 phase with a desiradvalue, one has to avoid oxygen compositions, differences within one sample can be
Y-123+Y-211 or Nd-123-Nd-422 mixtures and start witR ~ estimated with a higher accuracy. This is for two reasons:
poor mixtures with adjusted cation ratios. This greatly effectdirst, the isotherms are believed to depend on the Nd/Ba ratio
the usual melt texture process, where Y-323211 mix-  of the Nd-123 phase. The actual Nd/Ba ratio of the reported
tures always lead to the largestvalue. In addition one has isotherms is unknown. Second, there are hints that annealing
to say that the peritectic decomposition of Y-211 to formthe crystals in the range 310—-430 °C for 3 days is not long
Y-123 is a very unusual one, and we cannot expect that ienough to establish the equilibrium oxygen content. There-
develops in the same way for oth@r211 compounds, espe- fore, the oxygen content after the reduction steps could be
cially for the Nd system wherR-211 does not exist at all. underestimated.

After the sample preparation the 123 phase has to be oxi-
dized to exhibit good superconducting properties. In Y-123 B. Melt texture

the relevant oxidation isotherms are published many times as _
a function of temperature and oxygen partial pressure, FOf the preparation of melt-textured Nd-123 pseudocrys-

Again, these isotherms cannot be used for oRe23 sys- tals we used either pure, vacuum-synthesized Nd-123 pow-

tems because each compound needs its own special oxidd€rs (TA series in Table li, Nd-123+5% CuO+5% BaO

tion treatment. In general, it can be said tRaf23 with a ~ MIXtures O(TB anc(lj D soeries in Table ) or
largerR ionic radius needs a lower oxidation temperature orfVd-123+5% CuO+4% BaO, 1% SrO mixtureTC1, Table

a higher oxygen pressure compared to a small Bizen to II). After milling the powders were p_resseq uniaxially with 3
establish the same oxygen content in 123. Furthermore, tH@'T 30 Sec to form green pellets with a diameter of 15 mm

T, versus Q curves are different for differerR-123 com- and thicknesses between 1 and 5 mm. The texture process
p(C)unds. For Y-123 we know that there is a maximdim took place in an atmosphere of 80 mbar air and 920 mbar Ar.

value of 93 K at the composition ;% If we want to After a fast heating to 1050 °C and a holding time of 0.5 h,

compare these maximuffy, values of different systems we the pellets were fast cooled to 1030-1020 °C and then at

first have to look for the correct oxygen content where thisrates between 1.3 to 1.5 °C/h to about 900 °C where the fur-

maximum appears. Again there is a trend with Biéonic nace was shut Off'. Oxygelj annealing was performed in 1 bar
radius. SmallR-123 compounds exhibit &. maximum be- flowmg oxygen orin a static oxygen atmosphere of up to 400
low O whereasT .. of Nd-123 is highes? at Q, and La- bar, similar to the treatments of the single crystals. The oxy-
123 a?? hypotheticgl composition o0 These maximal 9€N contents of the samples were determined from Kishio’s

i 7
T. values now exhibit a trend with the ionic radius from isotherms.
T.=87 K for Yb-123 toT.=96 K for Nd-123 to an extrapo-
lated T, value of 98 K for La-123*15 While these highr, C. Sample characterization
values ofR-123 with largeR ionic radii are desired, any Oxidized single crystals with sizes of up toxd

occupation ofR on the Ba site in these compounds will lead x 4 mn? were examined with a polarized light microscope.
to aT. reduction. In the following section all these trends The twin structure as well as the color of the domains con-
have been considered to prepare stoichiometric pure as welkmed the high orthorhombicity and hence the high oxygen
as doped Nd-123 single crystals and melt-textured samplegontent of the crystals. Heat treatments and the process of
oxidation often have introduced planar cracks parallel to the
ab plane, especially in crystals with thicknesses above 1
Il. EXPERIMENT mm. This degradation process can be reduced by using
slower cooling rates and by avoiding steep oxygen gradients
within the samples. Crack-free crystals were selected and
Nd-123 single crystals have been grown from BaO/CuQtheir ¢ axes were determined from the twin pattern.
fluxes by the slow cooling methdd Calcination of the high- Melt-textured pellets usually contained several grains
pure (5 N) Nd,O3, BaCG;, and CuO powder mixtures took with volumes between 1 and 50 MniThe grains were cleft,
place in an Y-stabilized Zrgxrucible in an air-tight chamber  then oriented using a microscope and, finally, cut into rect-
furnace at 1010 to 1030 °C. The furnace atmosphere was Shgular shapes by a wire saw. X-ray diffraction measure-
mbar air/950 mbar Ar. After a complete melt was formed,ments for the analysis of the second phase contents of the
the furnace was slowly cooled down to start the crystakextured samples were carried out with a STOE two-circle
growth process. Between 950—960 °C which was the end ghowder diffractometer using Ckie;. The impurity content

the cooling ramp the remaining liquid flux was decantedof the samples was measured using energy dispersive x-ray
within the furnace to separate the crystals from the flux. Af-analysis(EDX).

ter cooling down to room temperature selected crystals were
further annealed in a tubular furnace under flowing oxygen
of 1 bar. This process between 600-380 °C took about 800
h. A second oxidation treatment in the range 480-280 °C The magnetic momentn of the crystals and the melt-
and 175 bar oxygen which took about another 300 h foltextured samples due to an induced shielding current was
lowed. The crystals were measured in this highly oxidizedmeasured with two vibrating sample magnetometérsord
state and after various reduction steps in 1 bar oxygen in thestruments one of them being equipped with a rotatable
temperature range 310—430 °C. The oxygen content of eackample holder. Measurements were made as a function of

A. Crystal growth

D. Superconducting characterization
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applied magnetic field, temperatureT and angle¢ be- TABLE I. Oxygen deficiencys, transition temperaturg, irre-
tween theB direction and thec axis of the samples at a Vversibility fieldB;,, and current density;, at the maximum field,
constant sweep ratB/dt of 102 T/s. This value is related both at 77 K for the Nd-123 crystals XA and XB. Numbers 1 and 7
to an electric fieldE at the surface of the samples betweenrepresent the crystal after high-pressure oxidation.

10 2 and 10! wV/icm. For B|/c, which corresponds te

=0°, the current density within the a,b plane was deter- Ip
mined from the hysteresis widthm, which is the difference Sample ° Te(K) Bin(T) (10° Afem?)
of m between increasing and decreasiBgusing the ex- xa1 <0.04 94.6 13.4 27
tended Bean model. The measured moment is as usually the

componentm, parallel toB. In some measurements the or- XA2 0.05 94.6 13.0 3.5
thogonal componentn, was also investigated in addition. ya3 0.06 94.7 11.9 4.7
This allows us to construct the vector of the magnetic mo-

mentm. The angular-dependent measurements were used 4 0.08 94.3 111 6.2

order to investigate the influence of the anisotropy and of thg g
correlated and uncorrelated crystal defects on the irreversible

superconducting properties. This requires the recognition oXA6 0.11 93.3 7.8 7.8
elimination of the geometrical influence of turning a super-

0.09 93.9 9.8 8.3

conducting platelike specimen in an applied fildror this XAT 0.04 948 121 2.7

reason we used polycrystalline Pbjpg samples with the XB1 <0.04 93.8 10.1 5.1

same geometrical shape as our investigated Nd-123 speci-

mens. XB2 0.08 93.1 7.0 12.7
The melt-textured pellets were cut in such a way that noxg3 0.09 01.8 4.6 11.5

grain boundaries were within the investigated parts. Intra
grain granularity in the single crystals and melt-textured
samples were excluded by detectipgas a function of
sample size or comparing from Am with that value ob-
tained from the magnetic field necessary for remagnetizingl.n ; ; . : )
. . ; : : . “cessed samples as in the high-pure starting materials. Single
This relates the investigated properties of the |rreverS|bI%

magnetic moment exclusively to flux pinning and the influ-

ence of thermal relaxation. , growth due to crucible corrosion. With the exception of Y all
The irreversibility fieldB;, as a function off and¢ was  qiher impurity elements, especially Al and Sr, were found to
also determined from magnetization measurements. Hhe pe pelow the detection limits of EDX. As Y only substitutes
criteria was the same as for the determination.ofhe cur-  for Nd, a site occupation of (51.3)% Y was estimated.
rent criteria was 10@/cn? or alternatively—if the current \ithin this resolution we could not detect any difference
peak is well pronounced—1% of thevalue at the peak was between the XA and XB crystals. Anyway, by comparison of
chosen. In the latter cagi,, in the temperature region above the two growth procedures we expect a slightly smaller Y
90 K becomes more reliable. Thus, the discusBgdT, ¢) content being present in the XA crystals as a consequence of
value corresponds to a resistivity between about“l@nd  the reduced crucible corrosion during their growth.
103 ,LLQ cm, related to a curren’[-voltage characteristics Current densities and irreversibility fields are discussed
with an exponenn between 2 and 4 for a power-law ap- by two representative single crystals XA and XB, as well as
proximationE~j". Theoretical predictions for the transition Py three melt-textured samples TA, TB, and TC. Table |

of the vortex lattice from the solid into the liquid state are 9iveS some characteristic properties of both crystals in dif-
settled in just this region dE(j) characteristics. ferent oxidation states related to the numbers. High-pressure

In one single crystal the upper critical fieBL, was ob- oxidation with §<0.04 corresponds to number 1 and 7. The

tained from measurements of the reversible magnetic mdtreversibility field B, and the current density, are mea-
ment versusT at a constant applied field. The value wasSured at 77 K with the field parallel to the axis of the
estimated from the crossing point extrapolatimg,, cry§tal. The current density is the value at the fidig at
linearly from the normal state and from the superconductingvhich the current has a maximum. Table Il gives the prop-
state. The normalized relaxation rates were obtained fror'ties of the melt-textured samples. As in Table I, high-
Am measured with various sweep ratesS pressure oxidation is related to number 1, where_as number 2
=d(In Am)/d(In dB/dt). The superconducting transition tem- @nd 3 correspond to subsequent oxygen reduction.
peratureT. was determined from the midpoint of the dia-
magnetic signal at §10 4 T.

less than 5%. Determination of the impurity content of the

rystals, however, can take up Y and Al which are present in
the ZrG, crucibles, and which can be set free during crystal

A. Critical currents in single crystals

The defect structure which determines the irreversible
IIl. RESULTS AND DISCUSSION properties such ag(B,T,E,#) andB,;,(T,E,#) can be di-
vided into correlated and uncorrelated pinning centers.
X-ray diffraction analysis of powders of melt-textured Twins and Cu@ planes belong to the correlated structure
samples resulted in nearly single phase spectra. The onlyhich are relevant within their characteristic trapping angles
secondary phase which could be detected wagroundB|c andB|a, b, respectively’’ In this investigation
Nd,Ba,Cu,0,o(Nd-422. For the TC and TB samples we es- we shall not discuss intrinsic pinning from Cp@lanes and
timated a Nd-422 phase content©fl0%, and for TA even focus on to the twin structure which is important for the
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TABLE Il. Oxygen deficiencys, transition temperaturé, ir- 105 ‘ :
reversibility fieldB;,, and current density, at the maximum field 77K, Bllc
B, both at 77 K for the Nd-123 melt-textured specimens TA, TB, . =% XA1
TC, and TD. Number 1 represents the specimens after high-pressure ~ 107 3
oxidation. Ng
j < 1%,
Sample ) T.(K) B (T) (10 Ap/cmz) .........
2 -
TAl <0.04 95.5 9.2 1.4 10 .
0 2 4 6 8 10 12
TA2 0.05 94.0 7.6 2.4 B(T)
TA3 0.09 90.6 3.8 1.6 FIG. 2. Current density vs applied magnetic fiel& of differ-
ent Y-123 and one Nd-123 crystal with different oxygen deficien-
Bl <0.04 9.3 8.8 35 cies (XAl and XA5). PE indicates the peak or fishtail effect from
TB2 0.05 95.0 7.7 5.8 uncorrelated defects, whereas,PIE a peak resulting from the twin
structure.
TB3 0.09 90.1 2.9 3.2
TC1 <0.04 93.2 6.7 6.5 ment with similar observations by Eet al* This is further
supported byy irradiation of crystals which do not exhibit a
D1 <0.04 94.6 11.8 04 PE; here the introduced point defects increase the current
only below 20 K but do not produce a peak at higher tem-
peratures.
usual geometry current within the,b plane andB||c. The Another current peak RE may be caused by the twin

influence of the twin structure depends on the mean twirstructure itself. This peak is not related to a matching condi-
spacing, the formation of the twin complexes, and the integtion between twin spacing and vortex distance but probably
rity of the twin walls. The uncorrelated structure consists ofresults from a collective pinning of vortices by the twin
point defects and small clusters or agglomerates which maytructure. This uncorrelated interaction of the correlated
result from diffusion or phase separations. Point defects sucfivins is expected in a region between the irreversibility field
as oxygen vacancies, for instance, are not important for thgnd the strong correlated pinning at low&rand T.%?
pinning behavior above 50 K because the interaction poten- Both defect structures, twins and small clusters, which are
tial is smeared out by the thermal oscillation of the VortiCESOf importance at h|gher tempera’[ures' interfere with each
Therefore, pure and fully oxidized crystals show a very lowgther in a very complex manner which depends crucially on
and monotonically decreasing current wihin the higher  their properties and ofi, B, and . This results for twinned
temperature regiol. Such twinfree Y-123 crystals were crystals in three characteristj¢B) dependencies as shown
deoxidized, rapidly cooled down and measured. T(8)  for Y-123 by the dashed lines in Fig. 2. The crystal Y1 has a
dependence shows then a very weak maximum of the curreflegligible concentration of clusters which is not sufficient to
around 4 T(dashed line in Fig. 1 Aging at room tempera- form a PE and also the twin wall pinning is small. In Y2 an
ture, which does not change the oxygen content of the crystahcreasing concentration of point defects, for instance, from
but allows the diffusion of oxygen vacancies, results aftefoxygen vacancies or other impurities, results in the formation
about 5 weeks in a very well pronounced peak eft@) or  of clusters which causes a PE. This larger number of defects
fishtail (solid line in Fig. 2.*° This demonstrates that the is probably also responsible for less perfect twin walls which
prominent PE is not caused by point defects but by smalghanges their pinning properties. The twin spacing with val-
agglomerates, for instance, of oxygen vacancies in agregres between 100 and 400 rRef. 23 is very similar in Y1,

Y2, and Y3 and is not able to account for the quite different

2.0 . T influence of the twin structure between Y1 and Y2. In crystal
YBa,Cuy0O,; Y2 both structures are of comparable strength, whereas in Y3
§=0.03 the increasing formation of clusters becomes dominant and

& 15 77K only PE is present. The solid line of XAl represents the

g . equivalent Nd-123 crystal to Y2; XA5 corresponds to Y3. A
< ol Nd-123 crystal equivalent to Y1 has not yet been prepared
< because the impurity content or the degree of Nd/Ba substi-

8 tution of our samples is still too high. In the following we

—o5} discuss the double peak structure of XAl, also observed in

Refs. 24, 25, and 26, which is the starting point for optimiz-

.. LT N ing the current in single crystals and melt-textured Nd-123.

0.0, 2’ 2 "6 The investigation of the double peak structure as a function

B(T) of T, ¢, andé supports that PE results from the twin struc-

ture and PE from the weakly interacting small defect clus-
FIG. 1. Current density vs applied magnetic fiel& of a twin-  ters. The very similar dependences of the current on all pa-
free Y-123 crystal beforédashed linpand after(solid line) it was ~ rameters in Y2 and XAl excludes an origin exclusively
stored at room temperature for 5 weeks. present in Nd-123°
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FIG. 3. Peak effect from uncorrelated defed@§&) and from the
twin structure (PE,) in Nd-123 crystal XAl at different tempera-
tures.

With higher temperatures the interaction between vortices
and twin structure decreases less in comparison to the inter-
action with the isotropic defect structure. This results from
the dimensional reduction of the thermal oscillation of the
vortices in the presence of correlated deféétShe experi-
mental observation shown in Fig. 3 is in agreement with this
expectation. The peak from the twins EBbecomes domi-
nating, whereas PE vanishes between 77 and 90 K. This
measurement demonstrates also thaf, Enot a matching
peak because its field position decreases with highers is FIG. 4. Hysteresis widtlAm from the vector of the magnetic
always observed for PE. Further the field which correspond§oment vs angle between applied magnetic fieBland thec axis
to the twin spacing is below 0.1 T, much smaller than theat different B values for the same Nd-123 crystal after high-
peak fields(Fig. 3). pressure Qxydation XATa) and _after oxygen reduction XA@).

An additional support for the different natures of the two 1€ insetin(@ shows the peaks in XA7 from uncorrelaté2E) and
peaks comes from the dependenceAsh on the angles correlated defec.ts (RB, whereas in XA6 PE dominatémset of
betweerc axis and applied magnetic field. In order to get all (- For comparisolm(®) of a polycrystalline PbMgS,; sample
of the information about the angular dependence of the ma of the same geometrical shape as_XA6 is also shown. This variation

- - - orresponds to the geometrical influence on the angular depen-
netic moment, thé m values given in Figs. @) and 4b) are dence
calculated from the vector of the moment. The inset of Fig. '

4(a) demonstrates that REvanishes outside the trapping against shearing between vortices within and outside the
angle of the twin structure which is about 20°, whereas PE iswin walls may determine the currefft?® This shear force is
present in the whole angular regime. The complex angulaexpected to decrease towargs=0° because the length of
dependence of PE is related to the angular dependerigg of the vortices parallel to the twin walls becomes maximum at
discussed later and within the trapping angle to the influencg=0°. In the field region where PE has its maxim{izn5

of the twin structure. The influence of the platelike shape orand 3.5 T in Fig. 4a)] this upper limit of the shear force may
the m vs ¢ behavior is negligible up to about 60°. This was be reached at aboup=*+6°. Below this angleAm de-
proved by measuringn(¢) of a polycrystalline PbMghs  creases because the shear interaction becomes the weakest
sample of the same shape as the Nd-123 single ciysitl  force. The sharp maximum arourBiic is, as discussed
diamond in Fig. 4a)]. In the angular regime of about20°  above, related to the twin wall pinning of the current flowing
aroundBlic, Am is increased by twin wall pinning in the parallel to the twin walls. Summarizingym(B, ¢) of XA7
whole field rangdFig. 4@)]. At 1.5 T the pronounced maxi- results from the isotropic vortex interaction with the clusters
mum at¢=0° from PE,, is also shown in Fig. @). Within (PE) and from the anisotropic interaction with the twin struc-
the trapping angle the PE is roughly added to this twin wallture. The latter must be divided into components perpendicu-
pinning. Therefore the real strength of PE can only be estilar and parallel to the twin walls which causes pinning
mated for ¢>20° [inset of Fig. 48)]. This increase from (PE,) and channeling, respectively. Their ratio depends on
twin wall pinning is expected for a Lorentz force directed the strength and properties of both structures as well as on
perpendicular to the twin walls. The closed current loops ofthe orientation of the twin domains with respect to the Lor-
the magnetization measurements always have, besides a Lamntz force. The influence of the intrinsic anisotropy and the
entz force perpendicular to the twin walls, a correspondinggeometrical shape of the crystal can be neglected within the
parallel component. The pinning force against movement ofrapping angle regime.

vortices parallel to the twin walls is expected to be much If the concentration of the uncorrelated structure becomes
smaller than the one perpendicular to them. If the pinningdominant, the influence of the twins vanishes. The corre-
force between vortices and clusters exceeds this weak longsponding measurements shown in Fi¢h)4are made on the
tudinal twin wall interaction, the force of the vortex lattice same crystal as in Fig.(d but with a larger oxygen defi-

Am(10™" emu)
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FIG. 5. Anglea between the axis and magnetic moment vs
& for the Nd-123 crystal XA6 and a polycrystalline Pbjfg
sample of the same geometrical shape as XA6. The dashed li
corresponds tee=® at whichm is parallel to the plate normal or
to thec axis of the Nd-123 crystal.

FIG. 6. Development of the current densjtys B as a function
r@‘ oxygen deficiency in the Nd-123 crystal XA. XAl and XA7
represent the high-pressure oxydation states Witt0.04 before
and after oxygen reduction, respectively. The inset shp\By at
different temperatures which all have the same irreversibility field
B, of 11 T.
ciency. The peak from the twins REhas vanished and only
PE is present in the whole angular regipmeset of Fig. 4b)]. due to changes of superconducting properties. From XAl to
The residual influences of the twin structure are seen in th&A5 T, is lowered by ony 1 K but By, by about 30% at 77
increase ofAm below and above the pedR.5 and 3.5 Tin K. This dramatic drop ofB, is the main reason for the
Fig. 4(b)] and in the small decrease from channeling orcurrent decreasing again fé>0.09. Measurements of the
shearing of vortices in the peak regih5 and 2.5 T in Fig. current density at temperatures at whiBf), is constant,
4(b)]. With the exception of these less pronounced featuresshown for 11 T in the inset of Fig. 6, reveal a clear change of
Am(B,¢) in XA6 is determined fronB,,(¢) and the scal- j(B) with & which points to a larger size of the oxygen
ing with the fieldBy(¢) at whichj has its maximum, and depleted regions.
from the platelike geometry of the crystal which governs the From Fig. 6 it is obvious that a further improvementjof
direction of the current flow. The last point is demonstratedat 77 K is not expected with crystals of such a relatively low
in Fig. 5 which shows the angle between the applied field impurity content. Other possibilities to raise the current—
direction and the measured vector of the magnetic momerather than exclusive oxygen reduction—are Nd/Ba, Nd/Y, or
vs ¢. For =0 the magnetic moment is directed parallel to Ba/Sr substitutions, other structural defects, or starting with a
the applied field as foy=0° and 90°. The measured values less pure crystal and then decreasing its oxygen content. The
are close to the dashed line€ ¢) and indicate that the latter process results in considerably higher current densities
magnetic momentn is almost parallel to the plate normal  as shown in Fig. 7, where XB1 and XB2 represent the same
which corresponds to the axis of the Nd-123 crystal. This crystal but at different oxygen contents which correspond to
remarkable result, which is the same for the anisotropicXAl and XA4, respectively. The starting crystal XB1 al-
single crystals and for the PbM® sample, demonstrates ready has, as a result of the higher defect concentration,
that this behavior is not caused by the superconducting arargerj and lowerB;, values in comparison to XAl. This
isotropy but by the geometrical shaffe. defect structure, present before oxygen reduction, is main-

The third confirmation for the different origin of PE and tained if & is increased and causes higher currents at 77 K
PE,, comes from the dependence of both on the oxygen corkelow 4 T, whereas abovg, of XA5 is superior due to
tent. Increasing oxygen deficiendymakes the uncorrelated
defect structure stronger and reduces the influence of the 14 ' ' ' '
twin structure. Figure 6 shows that PE becomes more pro-
nounced with an increase dffrom XAl to XA6, whereas
PE,, vanishes completely. After the oxygen reductiondf
=0.11 (XA6) the crystal was reoxydizedXA7) below
400 °C 140 bar @ and shows a current and irreversibility
field behavior very similar to the starting crystal XAl. This
reversibility of the structure responsible for PE points to easy
diffusion of oxygen vacancies and not to migration of cations
leading to Nd/Ba substituted regions or other phase separa-
tions.

The increase ob (Fig. 6) leads to a pronounced PE, a
decrease oB;,, and a change of the field dependence of the
current; for instance, the ratiB,/B;, is shifted to much FIG. 7. Current density vs B in two Nd-123 crystals XA and
lower values. The maximum current densityBaf of about  XB after high-pressure oxydation XA1 and XB1, and after oxygen
8x 10* A/cn? (XAS in Fig. 6) results from increasing defect reduction XA5 and XB2 which results in an optimum current den-
concentration accompanied by decreasing pinning energsity for each crystal.

77K, Bll ¢ ]

o
">
@
N

e

j(10*A/cm 2)
o n EN (o] 0] o
(2]
A
o
o
=

-
-

0 2 4 6 8 10 12




6314 WOLF, BORNAREL, KUPFER, MEIER-HIRMER, AND OBST 56

6 ho= | k —+— o]
107 == =f=p-—n_ —e— XAS5; 6T: 5 _(b) 4 . coxliz
i g~ —o— XB2 ; 2T XA6 g I
%H%.jjon_ XB2 ; 6T 4r l A
g 51 - 12 >~ i A o
NE 10 . s+  XA5 \:\% c sl l I\ 2
Q S . ‘ee o XB2 {8 -~ o\ =~ k - l\A L 11 &
< 0o "% L A £ . 4 1" B
< °°o . 3 Q% m ol Lvansens Z ‘k & / ~
ot RSONE LEE § \K AL 4
oo:z,. o\ L} 86K ‘&‘AA “A\
Soeuly \ o ) 1 KW 1.0
[ 70 0 K Lol PbMo|S, 10K
103 I N L o1 \ 0 . N ' L
20 40 60 80 -30° -15° 0° 1% -15° 0° 15° 30°

FIG. 9. Irreversibility fieldB;, vs ® which is the angle between
applied magnetic fiel® and thec axis for the Nd-123 crystal XA
in the oxygen reduced statgXA6) and after subsequent high-
pressure oxydatiofXA7). For comparison the negligible geometri-
) ] ) cal influence onB;,(®) of a polycrystalline PbMgS; specimen
its higherB;,,. A comparison of the temperature dependenceaving the same shape as XA is also sh@@n(b) showsB;, vs ¢
of j between XA5 and the less pure crystal XB2 in Fig. 8 of XA6 measured at 86 and 79 K. Both values are normalized to 1
shows this problem of optimization. The irreversibility field at the trapping angle of about 15°.

is lower in crystal XB2 due to the larger defect concentration

(inset in Fig. 8. As long asB;, has negligible influence on . : . L
the current at a certain fiel, i.e. B<B,. thej values of UVely the behavior 0B, in the Nd-123 crystals with differ-

XB2 are higher, which is the caserf6 T only up to 70 K; ent oxygen and impurity contents. FiguréaBshows the

however, 82 T this holds up to 86 K. BecaugéB) at 77 K cusplike behavior oB;,, atBlic(¢=0°) caused by the twins

is in the region where it is severely influenced from the closeand’ for comparisonB;, of the polycrystalline PbMgS,

neighborhood oB,, an optimization aboy 1 T always re- specimen with the same geometrical shape. The increase of

; : : - B, within the trapping angle towardg=0° is about a fac-
ful . i : 4 .
quires a careful consideration of this parameter tor of 2 in crystal XA7 which has the highest oxygen con-

o o tent. Oxygen reduction in XA6 results, as discussed above,
B. Irreversibility fields in single crystals in a stronger interacting uncorrelated structure of small clus-

In pure crystals with a low defect concentration a first-ters and, consequently, the local maximumBdt is low-
order melting transition is the origin of the crossover fromered. With decreasing temperature the cusplike enhancement
the vortex-solid state into the vortex-liquid st&teDisorder ~becomes less pronounced. For instarigg(¢) in XA6 was
from weakly interacting uncorrelated defects smears out theneasured at different temperatures. The enhancement de-
melting transition and transforms it into a second-ordercreases considerably from 86 to 79 K as shown in Fg).9
vortex-liquid vortex-glass crossovétBoth the melting and The largest influence of the twin structure Bp is expected
the vortex-glass transition fields have a minimumgat 0° up to the magnetic field at which the twin spacing matches
and increase towarde=90°. Correlated defects such as with the mean vortex distance. The large difference between
twins transform the melting transition into a Bose-glassthis field of about 0.1 T and the still remarkable enhancement
transitior?* with a cusplike maximum oB,(¢) at $=0°.  of By, at 10 T and above is not understood.

The melting transition is determined by superconducting An estimation ofB;, atBlic in the absence of twin struc-
properties such as upper critical field, anisotropy, and théure is indicated by the dashed line in FigaP The very
Ginzburg-Landau parameter. Oxygen reduction changesimilar B, values for both oxygen contents demonstrate that
these properties and therefore the melting line too. A furthethe influences of the changed superconducting properties, as
influence results from the introduced uncorrelated defectwell as of the added defects &, , are negligible within the
which add static disorder in the vortex lattice to the thermalinvestigated range of oxygen deficiency. It further proves
disorder and in this way lowers the melting point. A corre-that the main reason for the differenceRy; between XA6
lated structure, however, is expected to raise the transitioand XA7 is related to changes of the properties of the twin
above the melting line due to the dimensional reduction ofstructure.
thermal disorder. The corresponding increasB,pffrom the Figure 10 showsB,;, vs temperature atp=0° for the
twin structure depends on the properties of the twins and osame crystal in different oxidation states. For the crystals
the strength of the uncorrelated defect structure. Oxygen rexAl and XA7 with the highest oxygen content a linear ex-
duction or increasing impurity content result in an accumu-rapolation, as indicated by the solid line, resultsBip val-
lation of defects in the twin walls and in a minor planarity ues between 13 and 13.5 T at 77 K. This value is about a
which destroys the correlation. Secondly, from flux dynam-factor of 2 larger than usually observed in Y-123 bulk and
ics one expects a decrease of the dimensional reduction within film materials. It is even above the upper critical field of
larger static disorder in the vortex lattice. Both influencescommercial NbTi wire at 4.2 K. It should be mentioned
result in a less pronounced increaseBgf from a correlated again that thes®;, values are measured with very conser-
structure with increasing strength of the uncorrelated defectyative E andj criteria. The lowered irreversibility fields with
This brief consideration allows one to understand qualita- are not caused by the changelgfbut, as discussed above,

FIG. 8. Current density vs temperaturd in two Nd-123 crys-
tals XA and XB in the peak region(@ T) and above6 T). The inset
shows the irreversibility field;, vs T for both crystals.
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FIG. 10. Irreversibility fieldB;,, vs temperaturd in the Nd-123

crystal XA. XAl and XA7 represent the high-pressure oxydation FIG. 11. Current density vs applied fieldB for the Nd-123

state with§<0.04 before and after oxygen reduction, respectively.crystal XB2 with a pronounced peak from uncorrelated weakly in-
teracting defects and for a Y-123 melt-textured specimen with a

by the decreasing influence of the correlated twin structuref.:haraCteriStiq(B) dependence from uncorrelated strongly interact-

A plot of Bi,~(1—T/T,)" results inn values of about 1.2 ing defects.

which are considerably lower than in Y-123. This points to-

wards a smaller anisotropy and therefore it may be one readuce strongly interacting defects from fast neutron, proton,

son for the higher irreversibility line in Nd-123. The mea- or heavy-ionirradiation. From the relatively low expendi-

surement of the upper critical fieBl., shows a slope of 1.7 ture of preparing samples with currents as shown in Fig. 11,

T/K comparable to Y-123Fig. 10. a desirable improvement would be to achieve a simple addi-
tion of both currents from a combination of both defect
C. Critical currents and irreversibility fields structures. Unfortunately, even this is difficult for two rea-

in meli-textured material sons. First, both defect structures cannot be added without

. interfer . Fori h ipi
The defect structure in melt-textured Nd-123 depends cru:-, terference. For instance, the precipitates may act as defect

cially on the preparation path. Generally it can be describe% gﬁi;ogf'r:ra:“tgﬁsﬁééx% gtir:ei\:ascuarrr]glljensdﬁ re;/eggzgr:ge;\%-n
by the structure of a single crystal to which larger scale, gs- '

uncorrelated defects, such as precipitates, holes, or micro@" |dea_l _addltlon of both defect structures would not res_ult in
addition of the currents because the elementary pinning

racks are added. Therefore in the higher temperature regiof'?'P ) ) L
where point defects are of negligible influence, one has tdnteraction does not sum up linearly to the global pinning
consider, in melt-textured samples, correlated twins, uncoriorce per volume which determings This interference from
related weakly interacting clusters from impurities or oxygenflux dynamics may suppress the formation of the peak,
vacancies, as well as uncorrelated strongly interacting deévhereas the current behavior caused by precipitates is not
fects. The concentration of the latter is expected to be mucExpected to be disturbed by the disorder from the pointlike
smaller than that of the small clusters. This and the quitélefects. Therefore, at low fields where the precipitates domi-
different interaction strengths are the reason for the dissiminate the pinning interaction, large currents can be easily ob-
lar influences on the irreversible behavior of the vorticestained. On the other hand, achieving a pronounced PE in a
The characteristic field dependence of the current fronmelt-textured sample is the much more difficult task. The
strongly interacting larger scale defects in a melt-texturedwin structure and its interference makes an optimization of
sample and from weakly interacting small clusters in a singléhe current in melt-textured material even more complicated
crystal are demonstrated in Fig. 11. The melt-textured Y-123han in single crystals. Large scale defects destroy the regu-
contains roughly 20% 211 precipitates and the Nd-123 singléarity of the twin walls and the platelike structure along the
crystal XB2 has clusters from impurities and oxygen vacanaxis results in a misalignment aloreg The influence of the
cies. In both samples the twin structure is of negligible in-twin structure becomes further suppressed by increasing the
fluence. It should further be mentioned that the pronouncedontent of the large scale defects.

decrease of(B) in the melt-textured sample results from the  Figure 12 showsj(B) for three Nd-123 melt-textured
interaction between vortices and defects and is not caused Igpecimens. Sample TC1 is representative of a dominating
granularity as checked in Ref. 32. The relatively low concen-strongly interacting defect structure with negligible influence
tration of strongly interacting defects increases the current if twins. On the other hand, TA1 shows a PE and relatively
the low field regime, whereas a much higher concentration ofow currents in the low field region. Thig(B) behavior is
weakly interacting defects produces a PE in the medium fielgoverned by clusters and twins. These two specimens are
range. The best way to optimize the current would be tccharacteristic for the two extreme cases. The best compro-
increase the concentration of precipitates while simultamise up to now between both is represented by TB2 which
neously decreasing their size towards the coherence lengthxhibits current densities abovexa0* A/cn? up to 3.5 T

But this can not yet be realized in bulk material which, as aand an irreversibility field 8 T at 77 K. Concerning the
result of the preparation route itself, contains many fewetbehavior of the current and the irreversibility field, this
defects than thin films. Another powerful method is to intro- specimen is situated between the two others. For reason of
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FIG. 12. Current density vs applied fieldB for three differ- . : )
ently prepared Nd-123 melt-textured samples. The purest sampfa@Vior depresses at 86 K the peakfat 0° completelyinset

after high-pressure oxydation TA1 is comparable to XA1, wherea®f Fig. 133).]' Wher_eas at 77 KPE a#=0°is pres_en(Flg.
TC1 is the specimen with a higher content of second phases and2)- In the field region above PE2.5 and 3.5 T in Fig. 1@)]
other impurities. Sample TB2 is somewhere in between both, comtwin wall pinning around$=0° dominates. The angular de-
bining high currents at lovB and a peak from weakly interacting pendence oAm at 3.5 T outside the trapping angle of about

defects.

56

and from the twin structure. In Figs. &3 and 13b) we
showAm(¢) at 86 K because in melt-textured material the
influence of the twins decreases faster with decreasing tem-
perature than in single crystals. The general difference be-
tween melt-textured and single crystalline specimens is the
peak PE, caused by the twins which is only present in single
crystals where the twin structure is of more importance. In
the field region below PED.5 T in Fig. 13a)] Am(¢) shows

a broad maximum from the residual large scale defects and
within the trapping angle a pronounced peakgat 0 from

the correlated twin structure. At fields below 0.3 T this pin-
ning from the twin walls becomes much less pronounced. In
the peak regim¢l.5 T in Fig. 13a)] the dip in Am within

the trapping angle is caused by channeling or shearing of
vortices along the twin walls as in single crystals. This be-

15° is governed by the increase Bf, with ¢ [inset in Fig.

13@)].

clarity we therefore shall discuss the angular dependences Figure 13b) showsAm(¢) of sample TC1 with its neg-
and the influence of the twins on TA1 and TCL1.

The Am(¢) dependence of specimen TAFig. 13a)]
should be compared with crystal XA[Fig. 4(a)]. Both
samples are fully oxydized; the relatively low currents oflarge scale defects with the corresponding sharp decrease of
TA1 result from the residual uncorrelated defect structurg (B) [inset in Fig. 18b)] dominates below 0.5 T in the
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FIG. 13. Hysteresis widtAm vs angled between applied mag-
netic fieldB and thec axis at differentB values for the pure melt-
textured Nd-123 sample TA®) and the much less pure specimen @ current minimum belowB,, in the presence of strongly
TC1 (b). The inset in(a) shows the peak effect and the influence of interacting second phase precipitates, it is necessary to move
the twin structure a® =0°, whereas in TC1 the peak is suppressedB,, sufficiently far away from their influence. This can be
up to 70° and no influence of the twins is presgnset of (b)].

ligible influence of twins. Only in the field region around 0.5
T [Fig. 13b)] does residual pinning from the twins cause a
small increase ofAm at ¢=0°. The interaction from the

whole angular regime. The PE is absent just within this field
region but it starts to develop outside, for instance, at 70°
[inset of Fig. 18b)]. This observation indicates that the nec-
essary defect structure of clusters is present but the PE
changes or is prevented from flux dynamics for the following
reason. The origin of the PE is related to a transformation
from a collective pinning interaction below the peak to a
plastic deformation of vortices above which the shear modu-
lus of the vortices softens and decreases towBds?® The
increase of the current witB results from a change of the
transverse sizdR. of the correlation volume. It decreases
from a value much larger than the London penetration depth
below B, to a length comparable to the mean flux distance
a, at the peak. However, strongly interacting defects cause
plastic deformation and an amorphous vortex lattice with
R.~aq. Therefore, in the field region where the large scale
defects dominate, no collective interaction and, conse-
quently, no minimum off below B, is expected. But if the
concentration of large scale defects is low, a more regular
vortex lattice may develop at larger fields above the pro-
nouncedj(B) decrease. The field region where the large
scale defects dominate is less dependentgdimset in Fig.
13(b)], whereas the fiel@, at which the peak from the clus-
ters appears scales wiiy,(¢), i.e., it increases withp. If

B, is within or close to the field regime where the larger
scale defects dominate no PE occurs. This is the case below
about 50°. However, above 5@, is shifted with increasing

¢ outside this field regime and a plateauj {(iB) as a precur-
sor of a PE becomes visible. In summary, in order to realize

done by means of a high irreversibility field as realized with
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FIG. 14. Scaling behavior of the current density in the tempera- FIG. 15. Current density vs B for two Nd-123 melt-textured
ture region from 85 to 50 K. The current is normalized with its specimens TA(@ and TB(b) after high-pressure oxydatioiTAl
maximum value at the peak fieR}, and the field is normalized with  and TBJ) and after two subsequent oxygen reduction steps 2 and 3.

Bp. The less pure melt-textured sample TC1 shows a deviation L
from this scaling relation below, from the influence of the large The optimization of the current by means of oxygen re-

scale defects$a), whereas the crystal XB2 shows less good scalingduc'[iqn was alsp made in t.he melt'texwreq SPeCimenS- In-
aboveB,, from the influence of the twingb). creasing 8, starting from high-pressure oxidation, results

qualitatively in the same dependencedof B, andj on §

- ) as in single crystals. But the transition temperature Bpd
sample TAL and TB2 in Fig. 12. Naturally the formation of ye reased faster in the melt-textured specimens deoxidized
a current minimum is not desirable for optimizifgin the  nqer the same condition as single crystals. For instance,
h|gher f|¢ld region. But without the_PE, large currents in thls-|—c droped from 95.5 K in the high-pressure oxydized speci-
field regime around, are not obtainable by the large scale men(TA1, 5<0.04 to 90.6 K(TA3), whereas thd . reduc-
defect structure becaus, is decreased to untolerably low tion in XAS5 was only 0.7 K for the same oxygen treatment.
values before the current at medium field is enhanced ashe givens values are related to the oxygen treatment and
shown for TC1. Therefore one needs the defect structure fado not consider different diffusion kinetics of oxygen be-
the PE as well as, for higher currents at low fields, thetween single crystals and melt-textured specimens leading to
strongly interacting defects. The concentration of both strucdifferent oxygen content after the same treatment. The maxi-
tures must be as low as is tolerable for the current in order tonum current is therefore not @=0.09 as for XA5 but at
avoid a decrease @, . 0.05 as shown in Figs. 1& and 1%b) for specimen TA2

The indication that the defect structure—necessary for thand TB2. Naturally the oxidation steps in Figs.(&5and
PE—is also present in melt-textured materials is supported5(b) for the melt-textured material were too large in order to
further by the same behavior pfwith oxygen reduction. As find the precise’ for the maximum current. But nevertheless
shown in Tables | and II, oxygen deficiency results in melt-the second stefTA3, TB3) which corresponds to the value
textured materials even in a low&g at the same condition at which the single crystal has ifsmaximum is clearly on
of reduction as in single crystals. This clearly demonstrateshe decreasing branch §5). The same tendency was ob-
that oxygen vacancies and the related clusters are presentserved for the less pure single crystgB) shown in Fig. 7.

Figures 14a) and 14b) show the current density normal- There are three reasons for this different behaviofT gf
ized to its maximum value at the peak fiedd vs B/B,, for B, andj between pure single crystals and much less pure
the melt-textured sample TC1 and the single crystal XB2 amelt-textured specimens. As mentioned before, the same
85, 80, 75, 70, 65, 60, and 50 K. The nonscaling behavior obxygen treatment in single crystalline and melt-textured
TC1 in Fig. 14a) demonstrates the different temperature de-specimens does not lead to the same oxygen content. This
pendences of the clusters and the strongly interacting defectan be deduced from the stronger reduction in the melt-
which become dominating at higher temperatures. At 85 Kextured material. Secondly, the larger amount of defects in
and above, their influence extends into the regiorBtB,  the melt-textured material may require to add a lower con-
~1 which prevents the formation of the peak. However,centration of oxygen vacancies in order to obtain the maxi-
with decreasing temperature the reduced field region whemnum current. Finally, for the same reason—Ilarger impurity
the large scale defects dominate is lowered and the PE statsntent—thel ; reduction with increasing is expected to be
to develop. For comparison, Fig. @ shows the scaling in a stronger in melt-textured specimens. Summarizing, the opti-
single crystal with negligible strongly interacting defects. mization of the current in a less pure material by oxygen
But here the PE becomes influenced by the twin structureeduction is closer to the fully oxydized state. The develop-
and the scaling is therefore less perfect. This interferencenent of the current in dependence éiecomes influenced
from channeling or shearing which results in a broadening oby the presence of the larger scale pinning centers which
the peak aBlic from the dip inAm(¢) at $=0° becomes makes an improvement more difficult than in single crystals.
more pronounced at lower temperatures. The most perfect The irreversibility field in melt-textured materials and its
scaling behavior is observed in single crystals with no twinsdependence on the twin structure and the oxygen deficiency
or with a large concentration of clusters and pointlike defectds qualitatively the same as in single crystals. Samples with a
depressing the influence of the twin structure. cusplikeB;,(®) dependence as TD1 show very high values
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L) reversible moment. But this method gives the mean value of
FIG. 16. Irreversibility fieldB;, vs angle® between applied the relaxation from both branches and is therefore not able to
magnetic fieldB and thec axis for the pure Nd-123 melt-textured detect a possible asymmetric behavior for instance from a
sample TAL and the sample TC1 with much more impurities andsurface barrier. In order to check this we determined first the
second phases. unnormalized relaxation rat®=dm/d(In dB/df) which is
shown for specimens XA5, TA1, and TC1 in Fig. 17. The

of up to 11.8 T at$=0°, 77 K because the uncorrelated ValUesR(B) for increasingd (R<0) and decreasing (R
defect structure does not influence the twin structure tog”0) Show satisfying symmetry except at fields below 1 T.
much. This means that the highest valueBgfare obtained This results from demagnetization effects_and is therefore
in samples with low current densities as in single crystalsmore pronounced for the large sample sizes of the melt-
The large scale defects in the melt-textured material do ndextured materials. The measurements were made starting
reduceT, but they diminish the planarity of the twin struc- from & sufficiently large negative field in order to avoid
ture and its capability to increadk, . This effect is demon- Problems with partial penetration of the vortex state. The
strated by the comparison 8, from sample TA1 and TC1 f|eld'dependenc<.a R is in all three specimens similar con-

in Fig. 16. The cusplike behavior @,,(#) is much less C€mMing the maximum value & at about 0.8;,. The in-
pronounced in specimen TC1 with the higher content of seccré@se OR at low fields in TA1 and especially in TC1 re-
ond phase particles. This different behavior was already dis3Ults from the larger scale defects. _

cussed and shown in Figs. (BBand 13b), where specimen The normallzgtlon oR is made using .the equation above.
TA1 exhibits twin wall pinning within the trapping angle TI_1e correspondin® values, shown in Fig. 18, are therefore
quite in contrast to TC1. This additional interference of theSlightly larger than those ones normalized by the value mea-
strongly interacting uncorrelated defects makes an optimizesured at the maximum sweep rate or obtained as usually
tion of B;, combined with a large current density more dif- from the time-dependent decaymfnormalized by the value
ficult than in single crystals. But there is also a positive in-Which is measured at the beginning of the decay. This dif-
fluence of this defect structure d,, from the following fe_rence pecomes larger in the field region whgracreases
observation. Specimen XA7 and TA1 exhibit about the samdVith B, i.e., above the plateau whegeis about 0.05. The

T. values and very similaB;, values forBlic at 86 K. How- field dependt_an_ce @ consists of this plateau vyh|ch gonta|ns
ever, the cusplike increase Bf, from the Bose glass tran- @ shallow minimum followed by a roughly linear increase
sition at¢p=0° is in XA7 about 100%Fig. 9), whereas it is 0.3
only 20% in TA1(Fig. 16), i.e., outside the trapping angle

the B;;(¢) value in the melt-textured material is consider-

ably higher. This benefit from the strongly interacting defect

structure is expected if the nature Bf, changes towards a 0.2
depinning like transition. Such a behavior is always observed

when a large number of uncorrelated defects is introduced by
fast neutron or proton irradiation. Therefo®,, in melt- 0.1
textured samples is expected to show for an optimal uncor- .
related large scale defect structure an increase outside the
trapping angle as in TA1.

0.0
0

D. Relaxation behavior

Finally we discuss the normalized relaxation refe FIG. 18. Normalized relaxation ra=d In(Am)/d In(dB/dt) vs
=d(In Am)/d(In dB/dt) which was obtained from measuring applied magnetic fiel® for an Y-123 crystal, the Nd-123 crystal
magnetization with different sweep rates. Usihm instead XA, and the melt-textured samples TA, TB, and TC. The field
of the irreversible moment at the increasing or decreasingegion with a tolerable low thermal relaxation 8&0.1 becomes
branch of the magnetization eliminates the influence of thepread out with larger irreversibility fields.
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with B which becomes steeper towarls, . This is the case ter high-pressure oxidation and passes a maximum with de-
for all S values shown in Fig. 18 except for the relaxation of C'€asing oxygen content. This optimization of the current
XA7 which has a much more complicated field dependencdlensity at 77 K resuilts in values of XA0° A/cn? and

due to the influence of the twin structure. In Ref. 19 it was5-8X 10° A/c? at the peak at fields of 2.1 T for a single
shown thatS increases in the field region where channelingCrystal and 2.5 T for a melt-textured sample, respectively. In
or shearing of vortices becomes important, whereas it is rePoth specimens the current is still abovi 20° A/cn? at 4
duced if pinning by twins dominate. Therefore the maximum]: 77 K. In order to obtain such large currents at fields of 4
of Sin XA7 at 2.2 T and the minimum at 3.3 T maybe T, 77 Kitis essential that the peak effect be present and that

tentatively related to the first and second interaction, respedligh irreversibility fields are maintained. In pure crystals and
tively. melt-textured samples with low currents, the irreversibility
The inverse value 08 is equal to the exponenmt if the  fields forBlic at 77 K reach 13.4 and 11.8 T, respectively.
E(j) characteristics are approximated by a power-law relalhese extremely high values are caused by the twin struc-
tion E~j". A minimum n value of 10 may be related to the {Ure; its corresponding cusplike maximum®, atBlic de-
maximum tolerable losses for any application. Therefore thé&réases to moderate values outside the trapping angle. Intro-
plateau ofS(B) with n of about 10 is the field region within ducing pointlike disorder by oxygen reduction or second
which the E(j) characteristics are sufficiently steep. This phase partlcles_destroys the correlated mfluer_me of the twins
region is determined by the irreversibility field and extendsP" the flux lattice andB;, decreases. For this reason the
typically up to values of 0B;,. In Y-123 this regime of irreversibility field in the current optimized crystals and
sufficiently low relaxation reaches values of about 1.5 TMelt-textured samples was reduced to 1@ &nT at 77 K,

(Fig. 18, whereas in Nd-123 3t4 T can be obtained. respectively. This indirect influence of the twin structure via
B, on the current in samples with an optimized current den-
V. CONCLUSION sity is much larger than its direct influence via pinning or

channeling. The relatively low content of strongly interacting

NdBa,Cu;0;_ s single crystals and melt-textured samplessecond phase particles in the melt-textured specimens is still
have been prepared under low oxygen partial pressure frosufficient to increase the current at low fields. As long as this
Nd poor starting mixtures. In this way the Nd/Ba substitutioncontent is low the high level dB;, from the twins is hardly
could be reduced to below its detection limit, and the Nd-422affected and the peak of the current develops. On the other
phase content of the melt-textured samples could be limitetiand, B;,, becomes lower if the uncorrelated influence of
to less than 10%. After proper oxidation the samples exhibthese precipitates on the vortex lattice increases. In this case
ited T, values of up to 95.5 K. the field region of the peak decreases and starts to overlap

The interference between correlated disorder in the fluxith the region where the strongly interacting second phase
lattice from twins and uncorrelated disorder from small clus-particles dominate and the advantage of the peak is reduced.
ters, and strongly interacting second phase particles was in-
vestigated. The pointlike disorder from oxygen vacancy clus-
ters is responsible for the peak of the current density vs field.
A second, but less pronounced peak of the current vs field We appreciate many useful discussions with A. A.
could be related to the twin structure by angular-dependenthukov and W. Jahn and we would like to thank A. Will for
measurements of the magnetic moment. In single crystalgerforming VSM measurements and D. Ernst for the x-ray
and melt-textured samples the current density is minimal afanalysis.
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