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Irreversibility limits of the Abrikosov and Josephson flux dynamics
in homogeneous and granular high¥ - superconductors
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The magnetic irreversibility of a high-quality YB@u;O,_ 5 single crystal and of the granular supercon-
ductors  YBasSrhsCusO,_5 and YB3 ;5596.:ClO;_ 5 single crystals and the polycrystalline
YBay 75505 .:CUs07_ s sample in two different oxygen states was determined in great detail, as a function of
applied field up to 5 T from zero-field-cooled and field-cooled dc magnetization. Whilg théata of the pure
single crystal are well described by the power law, predicted by the flux-creep models, in the whole field range,
those of the granular superconductors adhere to this power law only in the high-field region. In a low-field
region two quite different regimes take place: In the lowest fields the data obey a de Almeida-Thouless-like
power law and above a sharp crossover field they follow a Gabay-Toulouse-like power law. These low-field
features are acknowledged as the signature of a frustrated system.
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. INTRODUCTION lar character of pure polycrystalline YBau;O;_ ;. On the
other hand replacing in this system Ba by Sr strongly in-
The magnetic properties of the high- oxide supercon- creases the twinnifigand reduces the coherence lenttit
ductors (HTSO) are largely determined by their magnetic thereby sharpening the topology of the GL order parameter
irreversibility, which, in turn, is intimately related to the na- and increasing the granular character of the superconductor.
ture and topology of the superconducting state. Although in- In nearly perfect YBaCu;O;_ 5 single crystals, whose su-
tensely studied since the discovery of the HTSC, the origirperconducting granularity is vanishingly low, the Abrikosov
of the magnetic irreversibility is still a matter of strong con- flux is the only one relevant. Therefore the flux dynamics is
troversy. The theoretical interpretation has been attemptetlatively simple and can effectively be understood in terms
along several lines. A first one, launched in the pioneeringf the conventional flux creefs. The magnetic irreversibility
work of Miiller and co-workerg, sees in the magnetic irre- limit of such homogeneous superconductors as a function of
versibility line of the HTSC the signature of a genuine phasdn€ applied field Ti, (H)] is well described gxlghe power
transition of an inhomogeneous, disordered, and frustratel@W arising within the flux-creefc) theories®
granular superconductor. A second line tries to describe it as e fova 3
a conventional flux-creep phenomenon, analogous to that of HIT=Ho(1-t5* (a=3). @

the homogeneous low-temperature superconduétefsw- Here t'*=TI¢ (H)/TI¢(0), andH° as well asT!¢(0) are

ever, the assumptions underlying this approach, though welltting parameters. This power law is sometimes referred to
suited for conventional superconductors, are in clear conflicks the universal function.
with the two-step resistive transition, observed in all but the The flux dynamics in granular HTSC is however much
best YBgCu;O;_ 5 single crystals, which thoroughly shows more complex once it comprises the dynamics of two kinds
that practically all the HTSC are granula? and not homo-  of magnetic flux. However, in many circumstances the flux
geneous superconductors, their magnetic behavior involvingynamics is dominated by only one or the other kind of flux,
the metastability of the intergranular as well as of the intra-when they can be studied separately. For instance the critical
granular flux dynamics, which are quite different. Thereforefield for penetration of Josephson fluxond ;) into the
the conventional flux-creep theories can in general not acintergrain spaces is much weaker than that for penetration of
count for the magnetic irreversibility in the whole field Abrikosov fluxons into the grains themselved 4,) once
range. the size of the superconducting grains is not much larger than
The superconducting granularity of the HTSC results nothe penetration length of the field. Moreover the motion of
only from the polycrystallinity. Due to the very short coher- the Josephson flux is opposed only by the discrete weak
ence length of their Ginsburg-Land&3L) order parameter, couplings between the grains. Therefore its activation energy
any defect of the crystal lattice introduces a strong local deis significantly lower than that of the Abrikosov flux. Effec-
pression of the superconducting order paramieaed nor-  tively the motion of the Josephson flux has been verified to
mally leads to granularity even in single crystilBwinning  begin tens of degrees below the magnetic irreversibility limit
planes and dislocations may in general separate a supercaad to dominate flux dynamics in the low fields and low
ducting grain into subgrains that remain only weakly con-temperature$’ This occurs because the existing intragrain
nected. Any increase in the number and size of such defec#sbrikosov flux is not activated or because it isn’t present at
results in the increase of the granularity. Oxygen depletiorall. Moreover this intergrain flux dynamics is expected to be
has been verified by resistivity and magnetization to strongly marked by the frustrated grain coupling phy$fcs.
strongly debilitate the weak links and to reinforce the granu-Therefore the behavior of the magnetic irreversibility
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T, (H) of polycrystalline samples in low fieldd®?!may be  tals with intermediate granularity, and a strongly granular
characterized by the intergrain flux. It in fact totally re- YBa; 7555 ,:CUsO7_ 5 polycrystalline sample with two oxy-
sembles that of the well-known magnetic irreversibility line gen states. The granular superconducting character of all
of spin glasse$ characterized in low fields by 6AT) de  these materials is well known from previous electric resistiv-

Almeida-Thoules%’ like line ity and magnetic-susceptibility studres®1%land were con-
AT AT . firmed here once more. Apparently the granularity relevant
H(T)=Hg (1-t*)* (a=3), (2)  to the magnetic irreversibility is quite generic and not spe-

wheretAT=TAT(H)/T4[(0), andHLT and T4/ (0) are fitting cific to certain kinds of defects.

rr rr
parameters. Mier and co-workers remarked on this in their
pioneering work of LaBaCu®.Although the mathematical
form of Egs.(1) and(2) are identical, their physical origins
are completely different.

II. EXPERIMENTAL TECHNIQUES

The polycrystalline YBa;sSK 2:Cus0;_ 5 samples were

In many subsequent and highly detailed studies of thé)repared by calcination of the pure oxides and carbonates in
magnetic irreversibility®1%112124t was however found that air, pressed into a pellet, and sintered at 950 °C with subse-

in the T, (H) data of granular YBZwO, , and quent slow cooling from 750 to 650 °C. Oxygen saturation
rr _

BiSrCaCuO superconductors, although obeying a AT-like¥/@S achieved by slowly cooling in oxygen atmosphete

power law in the very lowest fields, they consistently deviatet™ from 450 °C to 250 °C over three days. Specimens

from this power law above a crossover field of nearly o.5were cut from the pellet in the form of long parallelepipeds,

kOe. Moreover the behavior of the3e, (H) data of a poly- ~ 'eSPectively, 2.2, 0.75, and 0.55 rrfor magnetic and
crystaline YBaCwO, , sample, in several oxygen- tranqurt measurements. The oxygen depletlon in the poly-
depleted statea Bi,S,Ca,Cu0, samplé?* and a doped _crystallm_e s_ample was performed by heating to 380 °C dur-
YBa,Clh sZMo 0075 SUperconductor, above the crossoverNd 45 min in a vacuum and controlling by weight loss. We

field, d b Il fitted by 4GT) Gabav-Toulous& lik observed that the rate of oxygen loss of the Sr-doped
F;(e)werc?;w e well fited by 4GT) Gabay-Toulous® like samples is about ten times higher than in pure YBaCuO. This

assures, in our view, that oxygen depletion does not signifi-
H=HST(1-t8T)* (a=1), (3)  cantly change the relative oxygen distribution with respect to
that of the virgin sample. The densities of the samples were
wheret®T=TET(H)/T$T(0), andHST and TST(0) are fit-  5.33 g/cnt and 5.29 g/cr, respectively, before and after
ting parameters. oxygen depletion. The pure YBE@u;O;_ 5 and the doped
The occurrence of AT and GT power-law behaviors of theYBa, sSr, sCu;0;_ s and YB3 7551 .:Cls O, _ 5 single crys-
magnetic irreversibility and the AT-GT crossover at a fewtals were grown in CuO flux in ZrQtrays by slowly lower-
hundred oersted is long kno#mto occur in spin glasses, ing the temperature from 1020 °C to 880 °C over 18 h and
where the origin of this crossover is quite well understoodsubsequent slow cooling through 700 °C. Oxygenation of all
theoretically in terms of an Ising-Heisenberg or ISKY¥-  the single crystals was made in a flowing oxygen atmosphere
dimensionality transformation. The crossover occurs whemt 450 °C over ten days and subsequent slow cooling. The
the external applied field collapses the random local anisotsingle crystals all had a platelet shape of a very homoge-
ropy fields?® However, the occurrence of a AT-GT-type neous appearance with a nearly rectangular form about
crossover ofT;, (H) in granular oxide superconductors is 1 mn? in area and nearly 0.07 mm in thickness. X-ray dif-
certainly intriguing and deepens even much more the anafraction revealed no strange phases in all of the samples and
ogy between the granular oxide superconductors and the spéxamination of the doped single crystals with polarized light
glasses, raising a number of challenging questions. microscopy showed a high density of orthogonal twinning
In very strong fields1>10 kOe) and high-enough tem- planes, as also reported by the authors of Ref. 9. It may also
peratures the amplitude of the phase fluctuations of the Gbe remarked that the form, shape, and even the size and
order parameter becomes high enough to uncouple therientation of the samples with respect to the applied field,
grains, permitting the field to circulate reversibly betweenalthough relevant for the demagnetizing field and precision
them. Within these field and temperature conditions the suef the measurements, do not significantly affect the func-
perconducting grains contain a number of Abrikosov vorti-tional form of the irreversibility line.
ces, whose dynamics is governed by a physics much differ- Our main experimental work was aimed at measuring the
ent from that of the Josephson flux. Abrikosov flux dynamicsmagnetic irreversibility with dc magnetization methods, but
is thus expected to dominate the magnetic irreversibility inelectric resistivity measurements were also made in order to
high fields*13-18 get a better insight on the granularity of our samples. While
In order to test these hypotheses and to confirm the exigrecise electric resistivity measurements can provide detailed
tence of the different low-field regimes as well as to obtaininformation on the superconducting transition within the
the form of the magnetic irreversibility line in all the differ- grains, the grain coupling process, and fluctuation conductiv-
ent field regions, we have measured precisely the magnetigy, dc magnetization is especially suited to provide informa-
irreversibility for samples with very different superconduct- tion on the critical fields, critical currents, flux mobility, re-
ing granularities: A pure and high-quality YBau;O;_ laxation, and magnetic irreversibility. Our magnetization
single crystal with vanishing granularity, two doped strongly measurements were made under applied fields up to 50 kOe
twinned YBg_,Sr,CusO;_ 5 (x=0.25 and 0.5) single crys- by using a superconducting quantum interference device
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MPMS-XL magnetometer from Quantum Design and the re-andM ¢ data. It is important to note that in general locating
sistivity measurements were made with a very precise lovihe irreversibility limit directly from theM ;- andM g data
current low-frequency ac experimental setup, where a lock-itis liable to be arbitrary as in general these curves approxi-
amplifier is used as a null detector, having a sensitivity ofmate asymptotically. Difference data are much more safe.

10°° Q and a temperature resolution of 0.02 K. Plotting theT;,, data for the whole field range inld—T
diagram defines the irreversibility line of the sample. The

Ill. EXPERIMENTAL RESULTS magnetic irreversibility data of our YBasSr ,sCusO;_ 5
polycrystalline sample are displayed in Fig. 3 for two oxygen
A. Magnetoconductivity states of the samples&0.0 and 0.3). The continuous lines

Granular HTSC, having a well-defined superconductingrough the low-field data are fitted with de Almeida-
transition temperature, in general display a visible two stagd Nouless-like lineqEq. (2)] while the high-field data are
resistive transitionp(T) and correspondinghydp/dT dis-  fitted with the power law of the flux-creep modég. (1)].
plays a peak and a hump or shoulder at the Iower—Th_e dashed line through the high-field data at the right is a
temperature side of the peakWhile the peak marks the 9uide to the eye.
pairing critical temperaturd@ . within the grains, the shoul- Figure 4 displays theT;,(H) data of the pure
der is related to the grain coupling and the coherence transitB&2Cs0O7 - ; and the two Sr-doped single crystals together
tion of the granular system. The weak links that connect th&Vith those of the Sr-doped polycrystalline sample in an
superconducting grains are well knoffiio be very sensitive oxygen-depleted state. The single-crystal data areHffw.
to magnetic fields. An applied field distorts the phase of theExcept for the different slopes, the overall profiles of the
GL order parameter and weakens the coupling energy berreversibility lines in Fig. 4 all look very similar. It in fact is
tween the grains, while leaving almost intact the superconlargely defined by the behavior of thg,, (H) data in the
ducting transition within the grains. These effects stronglymajor high-field region, where they all follow the so-called
extend the lower-temperature foot of the resistive transitionyniversal function of the flux-creep model, Hd), shown in
enlarging the hump of the coherence transitiodiid T, but  the figure as a continuous line. In the particular case of the
leaving the main peak of the intragrain transition sharp angure YBgCuO;_ 5 single crystal, this behavior rigorously
at the same position. Figure 1 exemplifies the resistive tranprevails in the whole field range. If the density of our irre-
sitions and the corresponding temperature derivatives of wersibility data were poor, as in most reported irreversibility
granular and a homogeneous superconductor, respectivelstudies, it would be very easy to overlook the low-field struc-
by our polycrystalline sample and the pure ¥BasO,_s ture and to extend the universal function through the whole
single crystal. The fact that the resistive transition of the purdield range for all the samples. However, due to the precision
single crystal occurs in one unique step and its temperatur@nd the number off;,,(H) data points in Fig. 4, even an
derivative gives only a single and sharp peak shows that thigattentive look shows that the data of the granular samples
sample has a vanishing granularity. The other samples exall systematically off the high-field regime in the low-field
hibit a two-step resistive transition, the corresponding tem+egion. We highlight these low-field features in Fig. 5 where
perature derivative displaying a sharp peak with a hump ait becomes clear that the flux-creep regime extends down to
its lower-temperature side. These are the well-known feazero field in the case of the pure single crystal. However in
tures of the granular superconductors. It can also be observéble case of the granular samples two different and well-
that low applied fields up to 0.6 kOe, while not affecting defined regimes become systematically apparent. In the very
visibly the main intragranular transition, do strongly enlargelowest-field region the data define the well-known AT-like
the hump of the coherence transition, demonstrating the setfine [Eq. (2)] for all the granular samples. When the field
sitivity of the grain couplings to applied field. value increases beyond about 0.7 kQg, (H) changes
abruptly its slope and bends in a sense opposite to that of the
AT-like line. This intermediate-field regime is well fitted by
a GT-like line, Eq.(3), for all the granular samples. In the

The magnetic irreversibility limitf{ T;,,(H)] was mea- case of the polycrystalline samples this GT-like behavior ex-
sured within a precision of 0.5 K or better for a large numbertends even up to about 10 kOe. The transition to the high-
of applied fields from 0.003 to 50 kOe for all of our samples.field regime is not abrupt and we see in it the hegemonic
The used method consisted of cooling the sample first undejompetition between the intergranular and intragranular flux
zero field, measuring the dc magnetizatiodd A=c) under  dynamics. We list in Table | the values of the fitting param-
stable field, while slowly warming0.2 K/min or les$to a  eters in the various field regions.
temperature well abov&:, and next measuring the magne-
tization (Mec) while slowly cooling back under the same IV. DISCUSSION
field and subtractingMzrc from Mgc. The temperature
point where the difference data lift off from the zero base In the homogeneous low-temperature superconductors,
line, defined by the upper temperature data, is the irreverdlux dynamics is described by the conventional flux-creep
ibility limit T;,, . To give an overview of our data analysis, theories. The behavior ofT;,(H) of very good
we present in Fig. 2 some arbitrarily chosen examples o¥Ba,Cu;O;_ 5 single crystals according to the power law,
difference data. The arrows indicate the irreversibility limit Eq. (1), in the whole field range indicates that this flux-creep
for these cases and the insets show the correspodijng  approach may also be valid in the case of very homogeneous

B. Magnetic irreversibilities
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YBCO-123
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FIG. 1. The characteristic re-
sistive transitions and temperature
derivatives of granulakleft) and
homogeneous (right) supercon-
ductors represented, respectively,
by our YB& 755lp25C 07— 5
polycrystalline sample and the
pure YBgaCu;0O,_ s single crystal.
Notice the very different tempera-
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HTSC213-182"However some authd?® 31 found such a be- fields (typically above 10 kOp where the intragrain flux
havior (@=3) of T;,(H) only in a low-field region. In  dynamics is known to be dominant and neatly deviate from
higher fields their data assume the behavior of a melting linghis regime in a low-field region, where the intergrain flux
(a=2) and still other®3**found a melting line in the whole dynamics dominates. The behavior of the, (H) data is
field region. Many of these works however have very poorclearly AT-like [Eg. (2)] in the lowest fields and GT-like
resolution especially in the low-field region. Moreover the[Eq. (3)] above a crossover field, which are the well-known
determination of the irreversibility limit is in general purely signatures of disordered and frustrated systems. Therefore
visual on the raw data, which may lead to important erraticthe superconducting-gldss?®2>-3%r vortex-glas®-**mod-
ity. els, which have entries for disorder and frustration, are the
The T, (H) data of our granular superconductors adhereobvious scenario within which understanding for these low-
to the power-law regime, EqJl), only in relatively high field features must be sought. In fact these two models focus
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FIG. 2. Examples of difference data and the respediivg ¢ b0 Ji
andM ¢ curves(insetg, chosen between the less favorable cases to

®)

emphasize the advantage of using difference data arrrays to detdntroduced by the vector potentiaﬂ along the weak links
mine the irreversibility limit.

between grains andj. This equation shows that the applied
on different aspects of the same highly inhomogeneous su 59

perconductors. While the former emphasizes the jagged to
pology of the superconducting order parameter, the latter fo-

H/ic
40
cuses on the respective random pinning and the consequel
distortion of the flux-line lattice.

A superconducting glass may be conceived as a highlyg 80+
inhomogeneous superconductor or simply as a weaklyg 1
coupled disordered superconducting grain aggregate unde= 20

applied field. An irregular and weakly coupled grain network *
is usually described in

125%Sr
/ PolyCr

. 25%8r
terms of the effective 104 H/i/c
Hamiltoniary-20-35-37:43.44 B,
5 1 O T T T T T
H=-2e ; nin;C;; —(Z) Jij cod6,— 6,—Ayj). (4 50 60
L

7I0 80 9I0
T(K)

. . . . FIG. 4. From right to left, theT;,(H) data of the pure
Here the first term in the right-hand side represents th_e COWBaZCu3O7,5 singlegcrystal of two YBlgéL@)O7,5 single crysﬁals
lomb energy, wher€;; are the elements of the capacitancepying Ba substituted by Sr in the indicated proportions and of the
matrix, andn; (n;) is the number of pairs on grair(j). The  gr.doped and oxygen-depleted polycrystalline sample. The continu-
second term is the Josephson coupling term, whereJthe ous lines(fc) are fitted with the power law Eql) [see fitting

are the phase coupling energies between neighboring drainparameters in Tablel.INotice the low-field structure that is absent
andj and ¢, — 0; is the difference of the respective phases ofin the pure single crystal and increases with increasing granular
the GL order parameter. Thg and ¢; are canonically con- character of the samples.
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TABLE I. The fitting parametersy, Hy, and T, (0) for the
various regimes, as found for each sample, 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 Fit ! Ho (kO8) T (0) (K)
VBa;CL0; -, fc 150:0.05 82050  92.70
(single crystal
89 9 92 Ba S cuo, | [C 1485000 47591 89.04
61 HUC ™ En 12 5% Sr BAL75102CW07— s o1 0524005 2557 87.15
—_ . (single crystal
@ e s AT 152+0.11 661.31 87.88
2 47 YBa. .S o fc  1.50+-0.08 583.70 85.40
—  ]25%Sr Ba1sS00sCLO07—5 o1 0500005 20,00 84.30
(single crystal
I 21 AT 1.51+0.05 465.70 85.20
b) VB2 7550020075 A1 1 490004 24545 89.01
0 . (polycrystalling
78 80
10 = ‘. ¥Bay S 2CUO fc 1.51+0.10 173.80 81.50
e h.5900.2 6.7
Polycr L (polycrystaling GT 050:0.05 30.30 75.70
567 " AT 1.51+0.05 57.40 81.40
~ . 8 K
The vortex-glass approach examines the effect of the flux-
AT : line lattice distortions, caused by random pinning in the ir-
- \ regular topology of an inhomogeneous superconductor, on
0 c) i \\L_ the correlation function between flux lines and the stability
7'0 7'5 _8'_0 8'5 of a vortex-system as a whole. Due to the random flux pin-

ning in the HTSC this theory predicts a transition from the
T(K) vortex-liquid to a vortex-glass state at a well-defined glass
temperatureT ;. While the vortex-liquid phase is magneti-
FIG. 5. The low-field details of thd;,,(H) data of the pure cally reversible, the vortex-glass is not. In reality the vortex-
single crystak@), showing that the flux-creeffc) line fits well the  glass model is an alternative way to describe a disordered
data down to zero field, the two Sr-doped single crydialsand the  and frustrated superconductor.
polycrystalline sampléc) in two oxygen states, showing systemati- ~ The superconducting-glass and the vortex-glass models
cally two different regimes. The continuous lines, indicated by AT both simplify excessively the real problem of the inhomoge-
or GT, are fitted with Eqs(2) and (3), respectively(see fitting  neous HTSC. While the first underestimates intragrain and
parameters in Table.IThe dashed line is a guide to the eye. spontaneous phase anisotropy effects, the second does not
adequately incorporate the intergranular flux dynamics. Al-
field only shifts the phase of the GL order parameter alonghough both predict a glass transition along some well-
the transverse components of the weak links. The total phastefined line in theH-T plane, these lines are completely
displacement=A;; along closed loops of grains is con- smooth and clearly cannot account for the systematic and
strained to zrf, wheref is an integer representing the total remarkable details in the structure of our irreversibility lines.
number of fluxons enclosed by the loop. The largely varyingWhile a better theoretical approach lacks, we do our best
quality, the directional randomness of the junctions, and theomparing ourT;,, (H) results with those of the spin glasses
consequent randomness of the phase fackgrstogether that are intriguingly similar.
with the multiconnectedness of the grains leads to conflicting Another important observation is that in the low-field re-
couplings, making it impossible to minimize the energygion of theH-T plane, where the Josephson flux dynamics is
within all the grain junctions. The system becomes frustratedlominant, the irreversibility lind;,, (H) runs well above the
and its ergodicity breaks during freezing into a highly degenzero resistivity lineTco(H).X® This is in fact what is ex-
erate ground state with a very large number of nearly equgbected for a percolating superconducting grain network
energy minima. By increasing the field the random-phasevhereT;,, (H) occurs when the first grain loops close, while
distortions A;; debilitate even more the grain aggregate’sTco(H) occurs at significantly lower temperature when
ability to block the intergranular flux. Frustration of the grain about 15% of the grains are coupl&Nevertheless in the
couplings and the magnetic irreversibility in low fields are high-field region, where the intragrain Abrikosov flux dy-
thus intimately connected. This is why measurements of flusnamics dominates, thd;,(H) and Tco(H) lines join
dynamics and magnetic irreversibility in the granular supertogether?®
conductors can tell us so much about phase disorder and In conclusion, theT;,,(H) data of our granular supercon-
frustration. ductors, besides identifying the intragrain Abrikosov flux dy-
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namics in the major high-field region, apparently governedf the nature of the coupled objects. For the lack of a better
by the conventional flux-creep physics, they also clearly evitheoretical approach, we suggest that the GT-AT crossover of
dence the existence of a dominant intergranular Josephsdn,, (H) for decreasing fields, present in our granular HTSC,
flux dynamics in a low-field region that are strictly related tois due to random-phase displacements, induced by the Cou-
the granularity of our superconductors and characterized bpmb term in the Hamiltonian, Eq4), which plays a role

AT- and GT-like lines. The AT and GT features in spin similar to the random anisotropy fields in the analogous
glasses represent a phase transition and are the well-knovenossover in spin glassé.

signature of frustration. The occurrence of precisely these
features in our granular superconductors appoints disorder
and frustration as the origin of these regimes. This also sig-
nals that the AT and GT features are not specific to frustrated The authors thank Dr. P. Pureur for putting contacts on the
spin systems but constitute a universality class that may corsingle crystal and to the Brazilian agencies CNPq, CAPES,
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