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Anisotropic irreversibility of the Abrikosov and Josephson flux dynamics
in YBa,_,Sr,Cu;0,_5 single crystals: Bose-glass and vortex-glass features
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Very detailed magnetic irreversibility data for fields applied alongdlais or theab plane of a pure and
untwinned YBaCu;O,_ 5 single crystal and Sr-doped and heavily twinned ¥B&r,Cu;O,_ 5 (x=0.25,
0.37, and 0.bsingle crystals are reported. The irreversibility lings (H) of the pure single crystal show a
considerable planar anisotropy but follow the same power-law regime, for both field orientations, arising
within the conventional flux-creep theories in the whole field range. Very differently, howeveT; ti{él)
lines of the doped superconductors exhibit besides large anisotropies, several different regimes. In fields lower
than 8 kOe thél;,, (H) data of the doped samples display the de AlImeida—Tho@&ssand Gabay-Toulouse
(GT)-like power-law behaviors, the signature of a frustrated superconductor. For higher-field values, and in
particular forH|c, flux dynamics seems to be conventional. However,Hfiab and field values above 30
kOe, the flux dynamics displays sharp directional properties along the twinning glaR&s for rotations
about thec axis. This behavior is cusplike, comparable to that caused by columnar defects, which characterizes
a Bose-flux-glass phase. We appoint the superconducting granularity and frustration as responsible for the AT
and GT behaviors below 8 kOe and the strong anisotropic pinning foarallel to the TP’s as the cause of the
Bose-glass features. On the other hand, the isotropic pinning for large angular displacements or for any angle
in fields below 30 kOe is the most probable cause of the vortex-glass features.
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[. INTRODUCTION tional flux-creep(fc) theory'® under the regime of giant flux
creep! The basic assumption underlying this theory is that
The magnetic irreversibility in type-Il superconductors the superconductor is homogeneous, which is accomplished
arises from the viscous flow of the magnetic flux under ain conventional superconducting metals as well as in nearly
driving force, assisted by thermal activation and opposed byerfect highT, single crystals. This, however, is in clear
pinning forces from defects and surface barriers. This magconflict with the observed two-step resistive transition, ob-
netic irreversibility persists up to a certain temperature limitseryed in  all imperfect HTSC’'s, which denotes
Tirr (Tirr <T) that varies with the applied field, and de- granularity'>~*>While the higher-temperature step marks the
pends on the nature of the pinning physics of the superconsairing transition within the grains, the second step is related
ductor. The form of the irreversibility line is thus pervaded (4 the coherence transition of the grain aggregate. Although
W't.h information about the Plnnlng mechamsms. H'_g@' the behavior of the magnetic irreversibility line of granular
oxide superconductoreHTSC's), prepared without special HTSC's conforms to Eq(1) in a vast high-field region,

care, are normally granular and not homogeneous SUPETCORhere the intragranular Abrikosov-flux dynamics dominates,

ductors. Their magnetic behavior thus depends on two dif?t systematically falls off this regime in a low-field region
ferent kinds of flux dynamics; that of the intergrain Joseph-_l_hy ice d y i f th 9 tic state of th gon.
son flux and that of the intragrain Abrikosov flux. In order to . € hice description of the magnetic stale of the conven-

reach the grains in the bulk or release them, the magnetitéonal superconductors in terms of an Abrikosov vortex lat-

flux has to traverse the intergrain spaces. Hence flux blocklC€ also becomes troubled in the granular superconductors.
age at the intergrain spaces acts cumulatively on that withifit T SC'S have plenty of randomly located microscopic and
the grains. Nevertheless the flux stabilizing mechanisms off€soscopic lattice defects that act as isolatisotropio
each kind of flux has its own peculiarities. The extraordinaryand/or correlatedanisotropig pinning centers. In general the
complexity of the flux dynamics in the HTSC’s comes density and randomness of these pinning centers deform the
mainly from the entanglement of these two kinds of mechaflux line lattice so much that the concept of a lattice becomes
nisms. inappropriate. When the temperature falls low enough, the
Many irreversibility studiel® of HTSC'’s as a function of ~vortex system freezes into a two-dimensional amorphous
applied field, especially on very clean single crystals, restate, a vortex-glass phase. The existence of vortex-glass
vealed a surprisingly simple power-law behavior that relategroperties in HTSC's was theoretically predictttalso see
the irreversibility field to the irreversibility temperature Refs. 17—-20 and experimentally found in YBaCuO single

Tire (H): crystals?!
For years YBaCuO single crystals and thin films having
Hi(T)=HIS(1-t)e  (a=2). (1)  aligned columnar defects, caused by heavy-ion irradiation,

have been known to exhibit strong pinning effects along the
Here t"*=T!¢ (H)/TI¢(0) andH{® as well asT/S(0) are ion tracks?*?*Such cusplike directional effects were seen as
fitting parameters. This power law arises within the convenBose-glass properties. In recent years Bose-glass properties
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of heavily twinned YBaCu;O,_ s thick films?* as well as  where tST=TST(H)/T(0), HST and T$(0) are fitting
large monodomain YB&u,0,_ 5 melt-textured sampléd  parameters. If the behavior of tig, (H) data for H|c) is
were also reported, and attributed to the correlated pinning ofo rich, an obvious question concerns its behavior wHen
the twinning plane$TP’s). The intersection of TP’s with the points along theab plane.
intrinsic pinning planes constitutes a source of strongly di- The magnetic irreversibility limit of single-crystal
rectional pinning whose effects are in many respects analddTSC’s was found to be systematically higher for fields ap-
gous to that of the columnar defects. Several experimentgilied along theab plane H||ab) than for a field along the
techniques showed the role of TP's in flux dynamics as welkxis (H|/c).>=® These anisotropid;,, (H) data are usually
as their effect on resistivi§f magnetizatiorf, and critical  ascribed to the intrinsic planar structure of the HTSC, and
current density® No note, however, was made about Bose-can be well fitted by Eq(1) for both field directions. It
glass properties in typical twinned single crystals. should nevertheless be noted that the experimental data of
Partial substitution (1 at. %) of Ba by Sr in the precursorpractically all these irreversibility studies are much too dis-
oxides and carbonates of YBaCuO was found by electrorrete to reveal the finer details of the irreversibility line.
microscopy® to result in substitutional Sr impurities at the  In the present work we extend our previous magnetic ir-
Ba site. But this doping also gives rise to a high density ofreversibility [ T;,, (H)] study for fields along the axis® to
very tiny Sr precipitates within the crystal lattice. These Srthe case of fields applied along thd planes H|ab). Be-
clusters are surrounded by strain fields that act as strongjdes large planar anisotropies and the same AT and GT
isotropic pinning centers. Besides the induction of a larggower-law behaviors in low fields as fot|c, we identify
peak effect in the magnetization cycles and correspondinglfBose-glass and vortex-glass features in high fields. We relate
a hugely(up to 50 timegincreased critical current, Sr doping these properties to the anisotropic pinning of the twinning
also considerably reduces the magnetic irreversibility temgplanes.
perature limi T;,, (H)]. This reduction was attributédto a
decoration of Fhe twin planes by strain fields from negrby Sr Il. SAMPLE PROCESSING
clusters, but it may a_Is_,o be remarked that Sr doping de- AND MEASURING TECHNIQUES
presses the critical pairing temperatUrgthat also reduces
the irreversibility temperature. On the other hand, the fluc- The pure YBaCwO;_s and the doped
tuation conductivity of YBaCuO, having 25% of Ba substi- YBa,_,Sr,Cu;0;_5 (x=0.1, 0.25, 0.37, and 0)\5single
tuted for by Sr, revealed, besides a strong depressidn of crystals were grown by the CuO flux method. The highly
an important reduction of the coherence length of thepure Y,O3;, BaCQ;, SrCG; and CuO powders, thoroughly
Ginsburg-Landau(GL) order parameteé This sharpens mixed in proportionsl:2(2—x):2x:10 of Y, Ba, Sr, and Cu,
even more the already steep topology of the GL order parantespectively, were piled up on the higher side of a tilted
eter reinforcing the superconducting granularity. An increas€15°) ZrQ, tray, and slowly heated in air from room tem-
of granularity reflects itself in the resistive transition as aperature to 1020°C for 10 h. The temperature was main-
relative growth of the step corresponding to the coherenceéained at 1020°C fol h and then uniformly cooled to
transition. But it also leads to a decrease in the overall slop®00 °C for 48 h. During this temperature ramp the saturated
of the magnetic irreversibility liné?*° flux flows out from the mixture down to the lower side of the
Recently we studied th€&;,,(H) of Sr-doped and heavily tray, and, on slowly evaporating, the single crystals grow out
twinned YBg_,Sr,Cu;O;_5 single crystals X=0.25 and from the flux. Subsequently the furnace was cooled slowly
0.5 as well as of a polycrystalline sample for fields appliedpast 700 °C and then down to room temperature. The single
along thec axis (H||c).>°=* The T, (H) data of all these crystals in the form of thin platelets of about 0.1 mm in
superconductors revealed a fc power law behaMiay. (1)]  thickness are easily removed, as they stick little to the sur-
in a major high-field region. Nevertheless below 8 kOe theface of the flux, attached to it only along the border. One
T;(H) data gave account of two different regimes. In thecrucial condition to be met, in order to succeed in growing
lowest fields they follow a de Almeida—Thoule&&T)-like crystals, is not heating the flux directly from above. In a
power law?* second round the single crystals were encapsulated within
two polycrystalline YBaCuO minidishes, and treated in pure
flowing oxygen at 450°C for ten days and then slowly
cooled to room temperature. X-ray diffraction on several
single crystals revealed no trace of strange phases, and the
lattice parameters were in reasonable agreement with the val-
ues in the literature for the nominal Sr concentratighs®
wheretAT=T{/(H)/T};[(0), andHg " and T/ (0) are fitting  The superconducting transition temperatufeswere deter-
parameters. At about 0.8 kOe thig,(H) data suddenly mined from the first inflection of the magnetization as a
change slope and bend in the opposite sense, following function of temperature, measured in fields of 10 Oe while
Gabay-ToulouséGT)-like power law slowly warming after zero-field cooling. Figure 1 displays
the normalized magnetization curves for the different Sr con-
centrations. TheT. values correspond to those in the
H—HET(1—{CT)a (a=1) 3 literature3®~38and scale linearly with the Sr concentration.
0 2 An examination of single crystals with polarized light mi-

H(T)=HgT(1—tAT)® (a=g) ()
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FIG. 1. The normalized(T) curves for YBa_,SrCusO;_5
(x=0, 0.1, 0.25, 0.37, and 0.Samples. The inset displajs as a FIG. 2. Typical polarized light photoprint of a
function of the Sr concentration. YBay 7551 2:CUsO,_ 5 single crystal for incidence along theaxis
and the analyzer at minimum transmission of reflected light.
croscopy, although unable to visualize individual twinning

planes, shows the twin directions and the domain Iandscaqgw fields, becomes much more smooth for high fields

of_twmned regions. Most o_f our single crystals were heavily The main experimental tool to investigate the magnetic
twinned, presenting mosaics of numerous small orthogonal

twining domains similar to the findings by transmission elec_lrreversmlhtty otf superconductorts s de m:gnt;tlzatmn. For
tron microscopy’ Some were of monodomain nature, or our magnetization measurements we used a SQUper-

showed several large twinning domains; others showed urfonducting quantum interference deviééPMS-XL magne-

twinned regions or were not twinned at all. Figure 2 eXem_tpmeter from Quantum Design, and our method consisted of

plifies the kind of polarized light images for incidence alongfirst cooling down the sample to temperatures well below

the ¢ axis and the analyzer turned to minimum transmissiorin zero field[zero-field coolingZFC)]. Then, measuring the

of the reflected light. magnetization WM ,c) while slowly warming the sample
For our magnetic and magnetoresistivity measurement§0.2 K/min or lesg up toT>T_ in a constant field selected

we chose heavily twinned single crystals that otherwise showithin 0.003-50 kOe, and subsequently measurivigc

a very clean appearance. The shape was approximately tharhile cooling back(field cooling (FC)] in the same field.

of rectangles with somewhat irregular borders; see thélthough this method is the most appropriate one for mea-

sample dimensions in Table I. The plane of the single cryssurements of the magnetic irreversibilities, it can be signifi-

tals could be aligned along the field direction to within 1° of cantly affected by residual temperature gradients because of

precision. This alignment, although somewhat critical forits intrinsic temperature cycling. In the case of superconduct-

TABLE |. The fitting parameters of the single crystals H,, andT;,, (0) for the various regimes, as
found for each sample and fét applied parallel to the axis or theab plane, are indicated by fc for the
high-field flux-creep regime and by AT and GT for the two low-field frustration-dominated regimes.

Samples Hllc H|ab
(dimension fit a Ho(kOe) T (0)(K) a Ho(kOe) T, (0)(K)
YBa,Cu;0;_ 5 fc 1.50+0.05 820.50 92.70  1.600.04 4401.82  92.48

0.1X0.2X0.3 mn?
YBay 7551 ,Cu0;_5S1  fc  1.50:0.09 475.91 89.04 1.530.15 5210.52 87.72

0.1X0.2X0.3 mn? GT 052:0.05 2557 87.15  0.480.06  37.48 86.93
AT 1.52+0.11 661.31 87.88  1.520.12 1913 87.8
YBay 76802 C0;_5+S2  fc  1.5+0.09  464.16 89.46 160.2  4163.56 87.7
0.1X0.2x0.3 mn? GT 0.52£0.05 2557 87.15 05501 5461 86.53
AT 152+0.1 661.31 87.88  1.520.15 303.44 87.71
YBay S 5CU07_ 5 fc  1.4+0.09 495.63 86 1.650.24 5291.71  85.96
0.1X0.2x0.3 mn? GT 0.60:0.07 27.31 8551  0.450.11 18.68 85.44
AT 1.45+0.38 538.78 85.88  1.600.24 111389  85.96
YBay sSi Cl;0;_ 5 fc 1.50+0.08 583.70 85.40  1.480.2 2419.4 85
0.1X0.2X0.3 mn? GT 0.50:0.05 20.00 8430 055027 41.94 83.64
AT 151+0.05 465.70 8520  1.480.05 3795 85
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ors these temperature gradients are also modulated by th YBCO St 5%
variable thermal conductivity of these materials né&ar. °
Moreover, the low signal at the zero cross point near the
superconducting transition, where the paramagnetic signa  0.04
takes over the diamagnetic one, causes difficulties to the au
tomatic sample centering system and thereby introducincg
distortions of the data about this region. All these effects areé H
very misleading if not adequately bypassed. We first mini- 2
mized the temperature gradiert® less than 0.1 K and . %% :
£
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by,

-] |

*on on Sang,
o

b by

LB

then corrected for the constant and linear terms in the re-

sidual temperature gradient and used a zero suppression tec

nigue to prevent the magnetic signal from crossing zero. jf
We also made magnetoresistivity measurements in orde 4 yi

to obtain better insight into the superconducting granularity

of our samples. To perform these measurements we used _ _
four-contact technique in a low-current low-frequency ac ex- 00e > 0 Ce E 0 Oe f'%
perimental setup, where a lock-in amplifier was used as ¢ 0.31 = 50 Oe 03150 Oe—gg s
null detector. During the measurements the temperature wa_ s T (0 50 Oe» é:
swept very slowly (0.05 K/min) and measured with a Pt < 600 Oe o ., 600 Oe ﬁ:f;
resistor corrected for magnetoresistance effects within ¢§ ] é‘éA ¢ 0.2 & 1% i 3 N
resolution of 2<10™2 K. The magnetoresistance data points & S 553t oz ’%%5 -
of the sample were closely spaced so that the temperaturE TEH Y s VLY

pobb b D P

8 L0 1
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derivative of the resistivitydp/dT could be numerically = P 52 i ot
calculated. S B LR i o] g
° ;- :\
ll. EXPERIMENTAL RESULTS Pz £ 1 600 Oe
o.o-né:&; OOM

A. Magnetoconductivity 035 94.0 : o “87 88

The resistive transitiop(T) of a granular superconductor

occurs visibly in two stages, the temperature derivative h - . dth
(dp/dT) showing a well-defined peak related to the pairing Ft'G' 3. Tt € reds's.t'vf téansutlor(wplperf {)hanensanl ftt € rzsts;ec-
transition and a shoulder at the lower-temperature side rdi’é lémperature derivataiower panel$ of the pure(left) and two
" . . doped(right) YBaCuO single crystals with the indicated Sr concen-

lated to the coherence transitidhEven small applied fields . h et Jlab I . h

re well known to distort the phase of the GL order param-tr.atlons' The mesurements are fofJ|ab. We call attention to the
at ianificantly within th e i thereb K different temperature scales and the drastic effect of the applied
eter significantly within the grain junctions, thereby Weaken-gq14 on the coherence transition peak at the left-hand side of the
ing their coupling energy and the pinning strenfftivagne- main peak of the two doped samples.
toresistivity measurements provide detailed information
about the superconducting transition within the grains, thesingle crystal withx=0.25 shows that this granular super-

coherence transition, and the f_Iuc;tuation pqnductivity. conductor has many similar links.
In order to compare the resistive transitions of supercon-
ductors with different granularities, in Fig. 3 we display the B. Magnetic irreversibilities

magnetoresistive transitions and the respective temperature
derivatives of our nearly perfect YBEuO; _ 5 single crys- The magnetization along thab plane of our pure and

tal as well as of the doped YBgI Cu;0,_5; and doped YBaCuO single crystals is typically about an order of
YBa; 755 ,:Cls0;_ 5 single crystals. The measurements magnitude smaller than along tleeaxis, but still within a
were accomplished with low-density measuring currents andange of very good resolution of the SQUID magnetometer.
fields from zero to 0.6 kOe applied along thb plane. Note The ratio between the critical currents within the GuO
that, while the upper temperature peak ay§/dT barely planes or normal to them is of about the same order. The
changes with an applied field, the shoulder or lower-most accurate determination of the magnetic irreversibility
temperature peak is strongly affected by it, becoming roundimit can be achieved by dc magnetization methods. We mea-
and drastically decreased. This behavior of the shoulder chagured the magnetization while slowly warming the samples
acterizes it as a granularity effect related to the coherencafter zero-field cooling Mzgc), and subsequentiicc,
transition. The complete absence of the shouldelpifd T of ~ while cooling back in the same field. This was repeated for a
the pure single crystal shows that this superconductor haslarge number of applied field values. Subtractiviggc from
vanishing granularity and no junctions at all. The narrow andM ¢ for the same field value generates an array of difference
small secondary peaks at the lower-temperature side to thdata AM=Mgc-Mzec). The temperature point where the
main peak ofdp/dT of the doped single crystal withk  AM data abandon the zero base line, defined by the upper
=0.1 shows that this sample has few superconducting graineversible temperature region, is the irreversibility limit
linked by junctions of approximately the same quality. The(T;,,) for that field. While in high fieldsd>10 kOe) T;,,
analogous behavior of the lower-temperature peak of theould be determined to within 0.5 K or better, in the lowest
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< 78 81 84 87 90 81 84 87 90 FIG. 5. The irreversibility data of the pure single crystal ftifc
o (left) andH||ab (right). The continuous curves are fittings to the fc
b 04, : s of bl o power law from the flux-creep theorigsqg. (1)]. We remark that
8 AAM%WMO 84 FC & e . . -
1% FC o~ ° ° £ the fitting is good in the whole field range.
% 3 o © -3 o H=50kOe //ab
> SH = 50k0e°// ab o 2 0=0
4 S ebZFC 9=45 4. G SZFC continuous lines through these data are fittings to the fc
o 00 @ o TP Y power law[Eg. (1)]. The inset highlights the low-field de-
ol . 3 %g | tails, and shows that the same fitting, good in the high-field
o Lot 0 WWM@ range, also fits the low-field data well. The fitting parameters
76 80 84 88 76 80 84 88 are given in Table I. The considerably anisotropic behavior
of T, (H) for H|lc andH|/ab is well known to be intrinsic
T (K) to the planar superconducting structure of the HTSC.

, B The H-T diagrams for T;,(H) of the Sr-doped
FIG. 4. Difference data AM=Mgc—Mzec of the yp, o cu0. , (x=0.25 and 0.5 single crystals for

YBa, 635h. 3/ W07 5 single crystal for the indicated field values : - .
(H|lab). The three panels at the left display the data for a field atH”ab’ are shown respectively in Figs. 6 and 7, together with

45°, with respect to the TP’s, and the right-hand panels that for
fields parallel to the TP’s. The vertical arrows indicate the irrevers-
ibility limit. The insets display the respectivd ;- and M data

curves. 40 S H//ab

1756 025

ASE
YBa,,Sr,,Cu,0,, \; Sampledl
&

fields this precision improves to 0.2 K or better. On the other
hand, the applied field could be read to within a fraction of 30 51—

an oersted after correcting for the remanent field of the su-g ] 4]

perconducting coil. < 0l
An overview of our data analysis is displayed in Fig. 4, =

where examples oAM data are shown. There the vertical 1 3

arrows indicate the irreversibility limits. The insets show the 104 |
correspondingM zgc and Mg data, which in general con- ] .. ] .
verge only asymptotically. Therefore, locating the irrevers- w5 e o 6o %@‘
ibility limit directly from the splitting of theM yc andM ¢ . T . T . T T T —
data is liable to considerable systematic error. The method: & 0 & 80 8 %
employed by some authors, using a minimum difference T(K)

standard to delimit reversible from irreversible regimes, are FIG. 6. The irreversibility data of the YBacST »ClO,_ s

very misleading since the convergence MErc _and MF.C. .. single crystasample 1 for H||c (left) andH|ab (right). The con-
varies en_ormously with the applied field. The 'rre\./ers'b'“tyflinuous lines through these data are fittings to the fc power law. We
limit c_:an in general be located much more sharply in plots o remark that, foH||ab, the data above a kink at about 30 kOe, fall
the difference dataM. increasingly to the left of the fitting, and in the low-field region fall
Plotting theT;, (H) data of a sample for the whole array systematically off the fittings foH|/c as well as forH||ab. The
of field values in aH-T diagram defines its irreversibility dashed line is a guide to the eye. The inset highlights the data in the
line. Figure 5 displays theT;,(H) data of a pure |ow-field region. The continuous lines in the inset, indicated by AT
YBa,Cu;0;_ 5 single crystal for fields applied along tlab or GT, are fittings to Eq(2) and (3), respectively. There is a sud-
plane H|/ab) together with those foi||c from Ref. 33. The  den increase of the pinning at about 8 kOe Ktab.
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FIG. 7. Same as Fig. 6, but for sample YB8r, sCu;0;_ 5. FIG. 9. Same as Fig. 6, but for a sample YB#rp 3Lu0;_ 5

single crystal, including measurements fdfab wiht H parallel to
the respective data fdi|c from Ref. 33. In addition, Fig. 8 TP’s or at 45° off the TP’s.
displays theT;,(H) data for H||c and H|jab of another
YBay 7551 ,:CUs O, _ 5 Single crystal of the same batch as thatby a unique power law failed. This is because all these data
of Fig. 6. Except for differenT; values(see Fig. 1 and for  exhibit a curious kink at about 30 kOe, suggesting two dif-
somewhat different slopes, the overall aspect of the irreverderent regimes, one above and another below 30 kOe. In this
ibility profiles of all these samples are very similar. lower-field range (8 kO€H<30 kOe) the data could be

Corrections for a demagnetizing field, although somewhavell fitted by Eq.(1); see the fitting parameters in Table |I.
increasing the overall slope of the irreversibility liig, (H) ~ After seeing Ref. 25, where a similar kink was observed in a
for H||c, is very small forH|ab. We have not corrected the twinning monodomain melt-textured YB@u;O;_ ; sample
data for demagnetizing fields, since they do not change thand explained in terms of the anisotropic pinning by TP’s,
main trend of theT;,, (H) lines and are innocuous to all our we conjectured that the kinks in odr,,(H) data should
conclusions. have the same origin. Indeed, all the single crystals used in
The most important features common to all samples ar@ur irreversibility studies to this point show a mosaiclike

the strongc-axisAb-plane anisotropies of;,,(H) in the twinning landscape, and we did not take care to align the
high-field region and the characteristic marks of the JosephI'P’s along the field.
son flux dynamics in the low-field region of the doped single In order to make a closer investigation of the contribution
crystals; see the insets in Figs. 6, 7, and 8. In the majo@f the TP’s, we prepared a batch of YBaSr 3 Cus0;7_ 5
high-field region H>8 kOe), where the flux dynamics is Single crystals of intermediary Sr concentration. After select-
dominated by the Abrikosov vortices, tfg,, (H) data for  ing a single crystal, presenting a twinning configuration simi-
Hl|c could be well fitted in the whole field range by the fc lar to the previously measured ones, we made a full sequence
power law. However, all attempts to fit the correspondingof measurements of;,, (H) for fields applied along the

high-field T;,, (H) data forH||ab, in the whole field range, axis and along thab plane. ForH|ab we remark that the
irreversibility in the difference plotdAM (see examples in

Fig. 4) for fields parallel to the TP’s starts at a higher tem-
| perature than for the same field applied 45 ° off of the TP’s,
‘0. H//ab but is considerably less abrupt. We understand this more
gradual rise of the irreversibility as an indication that only a
part of the magnetic flux is effectively pinned by the TP’s.

50 - >
YBa1.7ssro.250u307.a \ Sample 2

. 3044 The whole set off;,, (H) data, shown in thél-T diagram of
8 , Fig. 9, clearly reveals a contribution related to the orientation
X ol of the field with respect to the TP’s above 30 kOe. While our
T 2 T, (H) data forH|jab andH parallel to TP’s could be well

fitted by Eqg.(1) in the whole field range above 8 kOe, the
data forH at 45° off of the TP’s could be fitted by this
: : power law only up to a maximum of 30 kOe, where these
ol 65 @ & e ”%" data coincide within experimental precision with thoseHbor

' J ' J ' ' ' y ' parallel to TP’s. All our fitting parameters are listed in Table

T(K) I. The dashed line through thi,, (H) data above 30 kOe in
Figs. 6—9 are guides to the eye.
FIG. 8. Same as Fig. 6, but for another single crystal of the In the low-field region(typically H<8 kOe) theT;, (H)

YBay 7550, 2:CUs 0, _ 5 (sample 2. data for all our granular superconducting samples, regardless
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of fields applied along the axis or theab plane, are very stance the general trend of th&;,(H) data of a
similar, and systematically exhibit the symptoms of the JoBi, ,_PbSr ¢CaCy0y,** Bi,:5n giCaCuyOg. 5,** and
sephson flux dynamics in a frustrated superconductor. Theig, Ph, 58a,Ca,Cu;0,* superconductors show, in addition
continuous lines through th&;, (H) data in the insets of to the typical high-field flux-creep regime, two low-field re-
Figs. 6-9, indicated by AT and GT, are fittings to E3.  gimes that recall quite well thid — T diagrams of our doped
and (3), respectively(see the fitting parameters in Table | single crystals. Recently the magnetic irreversibility data of a
These AT and GT features were also observed in previous; qoped YBaCu,Og single crystal in fields up to 5 kOB,
magnetic irreversibility studies in polycrystalline as well aSgpplied along the axis, also indicated two regimes in this

in single-crystal  YBa ,SKCU;07- 5 compounds  for el region that are compatible with AT- and GT-like power
H| c.1239-33The AT and GT power laws are originally known laws d P i

from the magnetic irreversibility lines of spin glagﬁésand. The possible theoretical meaning of the AT- and GT-like
are the fingerprints of frustrated systems. In this low-field . .
power-law regimes off;;, (H) in granular superconductors

region ourT;,, (H) data also exhibit a relatively small anisot- . .
g e (M) y was discussed, based on the completely analogous behaviors

ropy for H||c or H||ab. Curiously this anisotropy is system- o — : )
atically reversed with respect to that in high fields, and can-Of the magnetic irreversibility of the spin glasses, in several
' revious paper¥®*46 The key ingredient giving rise to

not be inverted by correcting for a demagnetizing field once®

these corrections would increase it a little bit. Another sys€se power-law regimes is frustration. It arises from the

tematic and curious feature of thE,, (H) data for H|lab Qisordgr and the multic.on'nectedness of such superconduct-
occurs near 8 kOe, where the Abrikosov flux dynamics takedd grain aggregate®.It is important to remark that the su-
over the dominance of the Josephson flux dynamics. There,Rerconducting granularity of the HTSC's is not just polycrys-
sudden increase of the flux pinning strength with increasing@llinity. Due to the very short coherence length of the
field is seen, an event analogous to the peak effect in hyd3insburg-Landau order parameter of these matetiadsy
theresis cycles. Apparently it signals the onset of the pinnindattice defects, extended or localized, give rise to a granular
by the TP’s. character even in the case of single crystaf$Moreover, a
partial substitution of Ba by Sr, in polycrystalline
YBa,Cu;0;_ 5, has been verified to cause a decrease in the
IV. DISCUSSION coherence lengtff, thereby sharpening the already steep to-

When the trapped flux is acted upon by a motive forceP0l0gy of the GL order parameter even more. This, while
lower than the critical strength, but sufficiently assisted bystrengthemng the superconducting granularity, also rein-
thermal activation, it creeps in the form of a damped motionforces the AT- and GT-like regimes.
of isolated fluxons. This dissipative motion is the origin of ~Another central aspect of our experimental results con-
the irreversibility. An increasing applied magnetic field is €8S the anisotropic flux pinning mechanisms. The origin of
well known to affect the effectiveness of the pinning mecha-he large anisotropy between tfig, (H) branches foH|c
nisms, chiefly that of the Josephson-junctions, which is es@hdH|ab in the high-field region is well known to be intrin-
pecially sensitive to field® Therefore flux dynamics, par- SiC to the planar superconducting structure of HTSC's. In
ticularly at the irreversibility limit, is expected to reflect oW fields, where granularity effects and the Josephson flux
much of the physics involved in the flux stabilizing mecha-dynamics are dominant, the anisotropy of the magnetic irre-
nisms. This is especially the case in the low-field region ofv€rsibility could hardly be expected to be large. Effectively
granular superconductors where the Josephson-flux dynarfYr Tirr(H) data show only a very small anisotropy in this
ics is dominant and flux pinning by junctions and weak links!oW-field range; curiously this is systematically the converse
is largely gauged by disorder and frustration. However, inof that in high fields. This small anisotropy is mainly a con-
order to obtain access to this physics it is essential to obtaifiéquence of the fact that the sloseeH; " values in Table)l
precise and sufficiently detailed irreversibility data. in the AT-like range ofT;, (H) is systematically lower for

The density and precision of our measurements oH[ab than for Hllc. But this reverses in the field range
Ti,r (H), allowed us to put into evidence finer details of the where GT-like regimes holtsee theHS ' values in Table)l
magnetic irreversibility line of our granular HTSC's. For in- These facts suggest that in the AT-like regime the phase dis-
stance, we could see the effect of the strongly anisotropiorder induced by the field is more drastic when it points
pinning of the TP’s. But the most relevant features are thosalong theab plane. This is precisely what we expected,
of the AT- and GT-like regimes, respectivelizgs. (2) and  given that the weaker junctions along theaxis come into
(3)], that were previously found in several granularquestion only for fields applied along tlad planes. Never-
superconductor¥®°-3 The fact that most irreversibility theless, for reasons that are not clear at this moment, the
studies in the literature, which certainly did not all use nearlyslopes ofT;,, (H) for H|ab andH||c in the range of the GT
perfect single crystals, did not detect these details is dueegime are reversed with respect to those in the AT range.
mainly to the excessive discreteness of the data points, espe- The newest feature of th§;,,(H) data, disclosed in the
cially in the low-field region. But another crucial point con- present work, is a contribution of the anisotropic pinning of
cerns the method used to extract the irreversibility limit fromthe TP’s to the magnetic irreversibility fét]|ab. This aniso-
the raw data. tropic pinning, that depends on the field orientation with re-

In reality the profiles of our data are not in isolation spect to the TP’s, adds up to the planar anisotropy leading to
with those of other detailed irreversibility studies. For in- Bose-glass or vortex-glass properties. The role of the TP’s
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becomes clear considering that the Gu@anes ard001]-  defects and dominated by the TP’s. This enhances the mag-
like while the TP's ard110}- or [110]-like. The intersec- netic irreversibility isotropically about the axis, so that in

tions of the weaker superconducting layers, sandwiched béb's field region only the vortex_-glass _featl_Jres are met.
tween the Cu@planes, with TP’s that can take two possible The fact that we could well fit our high-fiefG (H) data
orthogonal directions, constitute correlated one—dimensiona{ r Hjjab and p.arall'el o TP's by }he fc power !aw from
defects analogous to columnar defects. Fiab and H ux-creep theories in the whole field range indicates that
aligned with a family of TP’s, the flux lines, already trapped thes_e very anisotropic pinning effects, not c_on3|dered in con-
between the Cu®planes by the intrinsic pinning, lock into ventional flgx creep 'Fheorles, do not myahd_ate the genergl
the TP’s to a considerable extent, resulting in a significan{rends of this theoretical approach n h!gh fields, at least in
additional pinning energy. Fd#>30 kOe the flux line mat- Whlant connc]:ﬁqrgrs thg rpargneltic ';givfrzsé'_p'“tﬁ of aranula

ter becomes very rigid. Therefore, i||ab and the single su Ty, our resutts thd, (H) granuiar
crystal is rotated about theaxis, the fluxons eventually are HTSC's, besides conﬁrmmg the intrinsic p.'a”af anisotropy,
prevented from locking into the TP’s if the angle of the field show 'ghat Fhe con_vennonal flux-creep regime 1s V.al'.d Ina
with respect to the TP’s exceeds a critical value. This caus ast high-field region. Moreover, the cusplike variation of

s o : : - Tir(H) about the direction of the TP’s for rotations of the
a loss of the additional pinning and a shift of the irreversibil- .'”( L
ity limit to the Iower-tempperatgre sid@.The variation of the single crystals about theaxis in fields above 30 kOe and for

flux pinning strength as a function of this angular displlece-!_'”alb attest to the properties of a Bose-flux-glass. Its more

ment is cusplike. This critical directional behavior is usually'sompIC behavior for angles above a critical value or for any

seen as the distinctive behavior of a bosonlike system. In thgngle in field values below 30 kOe and above 8 kOe de.notes
case of HTSC's it is a Bose-glass phase, because the flux rtex-glass fegtures. On the oth_er hand, the b(_eha_wor of
configuration is already glassy as a result of the random pin- irr (H), according to AT- and GT-like power Ia.WS In f|<_alds
ning defects. Nevertheless, for fields below 30 kOe, Whertg)el.OW 8 kOe, where the Josephson flux dynamics dominates,
the irreversibility temperature is high enough to cause Iargéndlcates a frustrated system.

fluctuations of the flux lines and a softening of the vortex
line lattice, the vortices are allowed to better accommodate
them into the defects. However, within these conditions the The authors thank the Brazilian agencies CNPqg and
flux pinning is isotropic, produced by the collectivity of the CAPES, and the PRONEX program for financial support.
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