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The aim of this review is to give a summary of some hidden features related to penetration, trapping, and relaxation of the magnetic flux in
(Bi,Pb)-2223 granular superconductors. The discussion is based on experimental and theoretical results obtained in samples prepared und
different conditions and by different research groups. Fundamental concepts such as granularity and grain b@sB}aigserconducting

levels, types of vortices, and microstructural characteristics of (Bi,Pb)-Sr-Ca-Cu-O superconductors are invoked for supporting the discussion.
As conclusions we focus on the main insufficiencies in the treatment and understanding of the phenomena mentioned above. We also propos
some experiments for improving the understanding of the general physical features of granular superconductors.

Keywords: (Bi; Pb)-2223 superconductors; superconducting levels; magnetic flux-trapped; nanom&gaddlition; microstructure.
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1. Introduction Nowadays, in order to improve the magnetic flux pin-
ning of the materials, artificial flux pinning centers are intro-

. . - duced by using two main procedures: irradiation with high
Since the discovery of higif: superconductoréHTs) [1] energy ions [12-17] and by addition of inorganic nanopar-

the study of phenomena such as penetration, trapping aNTles [18-25]. Several works have reported the effects of

relaxation of magnetic flux has been an important task t . : .
the understanding of the main properties of these material(ihe addition of nanoparticles af—Al,O; (Bi,Pb)-2223 ce-

Among cuprate high,. superconductors, Bi-2223 [2] is one _ramics [23-25] bgt such effects in the trapping of int.er and

) . . . intragranular vortices has not been discussed in details.
of the most studied due to its very large potential for practi-
cal applications [3]. Some authors have determined the lower Finally, the relaxation of the magnetic flux trapped inside
critical field, H.; [4-9] that represents the field intensity at the superconducting materials has been also studied theoret-
which is thermodynamically allowed the penetration of mag-ically and experimentally due to its importance for practical
netic flux within the superconductor [10]. However, the ex-applications. The difficult here is not related directly to the
ternal magnetic field at which the penetration is first observeelectrical resistivity of the material but by the motion of ther-
depends, at least, of three aspects as (i) the specific region ofally activated vortices inside the superconductor [26]. As
the material where the penetration first occurs; (ii) the defar as this point is concerned, E. Altshuletr al. [27] have
magnetizing factor of the sample; and (iii) the anisotropy ofreported the voltage relaxation in polycrystalline samples of
the superconducting material, the latter being very high inYBa,Cu;O7_,. The experimental study was carried out by
Bi-2223 superconductors. Due to these aspects, different vatneans of transport measurements and the voltage detected
ues of H.; have been reported in different specimens of Bi-by the four probe method was taken as an indirect measure-
2223 superconducting materials such as thin films, whiskersnent of the intragranular magnetization, as reported by D.N.
and ceramics, and a detailed and consistent discussion datthewset al. and R. Deccat al. [28, 29]. However, for
this wide spectrum of different values is absent in the liter-samples subjected to an applied magnetic field lower than the
ature. A precise determination &f., is also difficult when critical field of the grains no relaxation has been observed.
polycrystalline samples are considered due to the presence dhe authors have then concluded that their samples did not
pores, cracksGB, and extra-phases [11] that certainly alter exhibit any trapped flux in the intergranular region, at least in
the measurement df ;. the limit of the experimental detection [27].
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Based on the described above, the goal of this review is . WIS iy —
to guide the reader in the direction of both experimental and S . - grain
theoretical results related to the penetration, trapping, and re- =% boundaries
laxation of the magnetic flux in (Bi,Pb)-2223 polycrystalline ==
superconductor showing incomplete results that can be im-¢
proved and refined in the light of the new results obtained in erain

bicrystals and thin films. To achieve this objective, the paper
has been organized in the following form. The next section
(Sec. 2) treats of some concepts and main ideas such as grat
ularity andGB, superconducting levels, types of vortices, and
some microstructural characteristic of (Bi,Pb)-2223 super-
conductors. The theoretical and experimental results relatec® ]
to the penetration, trapping and relaxation of the magnetic ' -

flux appear in Sec. 3, where every phenomenon is analyzea ' —

independently. Finally, Sec. 4 presents the conclusions anf/GURE 1. SEM image of the transverse fracture surface of a
the proposition of new experiments and studies to improvéBiPb)-2223 filament with. (77 K, 0 T) =2.5 x 10 Alcm” (Fig-

the understanding of these phenomena in (Bi,Pb)-2223 mat&"€ modified from H. Hilgenkamp and J. Mannhart [34]).

rials.

(a) [001] ¢ 3 [001]
2. Main concepts 1
2.1. Granularity and grain boundaries = ] E ‘j
The presence of microscopic heterogeneities and certain in- \\ x ___j
trinsic properties oHTS are responsible for a very impor- — R =
tant characteristic of polycrystalline materials: the so-called o1t N—————I— -
granularity. Granularity may be understood as the coexis-
tence in the same material of several superconducting levels
which are characterized by different critical parameters. In a (b) - "
first approach, two different superconducting levels may be
distinguished in a polycrystallindTS: (1) intragranular (or \?' a E
strong level); and (2) intergranular (or weak level) [30]. Thus, @
the superconducting behavior of the grains in the presence \ b [100] [100] 0 A
of a thermodynamic parameter as applied magnetic field, for \ P
instance, exhibits a higher response, which is corroborated [100}-tlt Q::_‘_Z:r—:j‘_‘f ]

by the high values of their superconducting critical param-
eters when compared with those observed in the intergran-
ular region where such critical parameters are reduced ap- .
preciably [31]. This granularity, always present HTS, (c) °A '1"
limits strongly the electrical transport current that can flow

through the superconducting material without losses and re- _ b b-i-—-—-;:pa
stricts their technological applications [31]. ; [o0) \, (100 Ay

The electrical resistance ofHiI'S, which carries an elec-

trical current and it is subjected to an applied magnetic field,
depends on the angle between the applied magnetic field and [100}-twist

the current density. In a single crystal specimen, .SUCh an ark,; yre 2. schematic diagram showing the crystallographya)f
gle corresponds to that between the magnetic field and thg [001]-tilt boundary,(b) a [100]-tilt boundary, andc) a [100]-

current density while in the polycrystalline sample is nec-tyist houndary in a cubic material. (Figure modified from H.
essary to take into consideration the random orientation ofjjigenkamp and J. Mannhart [34]).

the grains, their anisotropy and intrinsic granularity [32],

since the granualrity is also observed in the case of sin- One of the characteristics of granular superconductors
gle crystal induced by its high anisotropy. The anisotropythat increase the complexity of their study is the presence of
of the physical properties of (Bi,Pb)-2223 superconductorsgrain boundarie&Bs (see Fig. 1). Th&Bs manifest under

is also commonly observed in highly textured materials agdlifferent situations and are classified according to the rela-
sheathed tapes with silver, where the ratio of the currentive misorientation of crystallographic adjacent axes [34]. As
densities between the main directions at low temperature idisplayed in Fig. 2, a distinction between tilt and twist mis-

J®/Je ~[33]. orientation of theGBs is presented. The tilt component is
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TABLE |. Critical temperatures and some structural characteristics of the (Bi,Pb)-Sr-Ca-Cu-O superconductors.

Characteristic Bi- 2201 Bi-2212 Bi-2223
Critical temperature (K) 20 70-90 110
Unit cell type pseudotetragonal Idem Idem
Unit cell dimensions (a=b)4) 5.41 Idem Idem
(©) (A) 24.6 30.9 37.1
Morphology of the grains grains with platelet-like shape Idem Idem

2.2. Superconducting levels

Ji and co-authors [40] have proposed a model in which
the granular superconducting material may be described as
a system comprised of three superconducting levels: (1)
the superconducting grains; (2) the superconducting clus-
ters, or more appropriatelly strongly coupled superconduct-
ing grains; and (3) weak links between superconducting clus-
ters. The authors first solved the simplified and special case
of infinitely large flat-slab geometry with an ideal ordered
superconducting lattice microstructure, where the resulting
intergranular fluxon density leads to an anomalous magnetic
hysteresis, as experimentally observed. The next step was to
generalize this result to disordered samples by introducing a
type of clusters of grains. In this case, fluxons move freely
in and out of the sample through percolative paths between
the clusters, forming a structure topologically identical to the
simplified ordered structure. The main obtained result was
that the superconducting clusters depend on the microstruc-
ture and the stiffness of flux-line lattices, and on whether the
referred to a rotation around the axis in the plane of@f  sample is cooled in applied magnetic field or not. Finally,
while the twist one corresponds to a rotation of the crystallitehe authors used the model to explain features observed in

around an axis perpendicular to 168 plane. In addition o transport critical-current and flux-creep measurements.
the GBs shown in Fig. 2, other combinations of the tilt and

twist components may occur and are termed mi@&s. The
GBs with identical misorientation components of the grains

regarding the intergranular interface are referred as symmeirhree main types of vortices can be identified in the current

Critical Current Density ], { A/em”)

0 5 10 15 20 25 30 35 40 45

Grain Boundary Angle 6 (°)

FIGURE 3. Dependence af. on misorientation angle, obtained for
T = 26 Kand B = 0 T, showing an exponential decay with grain
boundary angle. (Figure modified from Jahkischet al., [37]).

2.3. Types of vortices

ric and in the contrary asymmetric [34].

According to the misorientation anglg,of theGBs, they
are classified as low angle boundariés<{ 10°) or high an-
gle boundaries/ > 10°). Following this classification, the
low angle boundaries are responsible for the greatest inte
est for applications [34]. The effects of ti@&B have been
studied by several research groups and the literature is rich

the electrical transport properties of thin films, bicrystals and

ceramic samples [35—-39]. &nisch and co-authors [37], for
instance, have studied the dependence of the current dens
with the misorientation angle of th&Bs, 9, in thin films of
Bi»SrCa&Cu;01045. The films were obtained by laser ab-
lation deposition on bicrystalline substrates of Sri@ith
symmetricGBs [001] of 8°,16°,24°,26°,30°, and 36.8°
(see Fig. 3). They observed an exponential dependence
the critical current density of th€Bs as a function of). In

literature [41] (i) Abrikosov(A); (i) Josephsor{J), and (iii)
those described by Gurevich and Cooley [42] which are a
mix of the two first and referred to as Abrikosov-Josephson
(AJ). The A vortices are located in the intragranular region
&nd their cores dimensions is the coherence lergtfihe

ir

it

LN

fal | vortex core (b)

®lcure 4. Current lines of the different kind of vortices:
(a), Abrikosov vortices(A); (b), Abrikosov-Josephson vortices

addition to this, dissipation by flux creep was detected for(AJ), (c), Josephson vorticed). (Figure modified from A. Gure-

6 = 8° and flux flow for greater angles.

vich [41]).
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J vortices appear in th&Bs regions with high misoorienta- In the case of the 2212 and 2223 phases described above,
tion angle and low critical current as compared with the intra-the crystalline structures present a very weak chemical link
granular ones. This type of vortices satisfies the condictiormlong thec direction [54]. For this reason, polycrystalline
Ay > A where)\; and )\ are the Josephson and London pen-specimens of these phases have platelet-like grains which are
etration depths, respectively. These vortices do not exhibibetween 10-100 times greater in thal-planes than along
normal core as th& one. Finally, in the case of th&J vor-  thecdirection [8]. Another important microstructural feature
tices the condiction to be obeyedls < A, and the vortices of this type of granular superconductor is that high-quality
are mainly located in low misorientation angkBs. In ad-  grains of the 2223 phase contain stacking fault defects, orig-
dition to this, forf ~ 2°, a crossoveAJ-Ais observed [43]. inating the 2212 phase within the grain. These defects may
The AJ vortices are similar to th@ vortices because of the be detected by measurements of low DC-field microwave ab-
absence of a normal core, but they are also similar to the Aorption(LFMWA) and by transmission electron microscopy
vortices considering the shape of the current lines in the extTEM) [55]. These planar defects may act as intragranu-
ternal region of the vortex (see Fig. 4). Vorticdseexhibit  lar Josephson junctions naturally existing in the crystal struc-
a weaker pinning when compared to bdtlandAJ vortices  ture of Bi-2223 compounds due to the repeated alteration of
due to their large dimensions [44]. the nearly insulating atomic planes with the highly conduct-
ing CuG; atomic planes along theaxis [55]. Recently, we

2.4. Some microstructural characteristics of Bi-Sr-Ca-  have obtained some high resolution transmission electron mi-

Cu-O superconductors croscopy(HRTEM) images where such a stacking fault de-

) L . fect has been observed (see Fig. 5). THeBRTEM) images

After the discovery of 'the superconductivity in B'f were obtained by using a field emission transmission electron
Sr-Ca-Cu-O [2] system in three phases of the S€TC%hicroscope, JEM-2200FS, 200 kV, with 0.19 nm resolution

Bi2SKCa,-1CU, Oz ra (n =1, 2 and 3), their crystal struc- i, e\ mode. For this purpose, a dry powder sample was
tures [45-49] and dimensions of the unit cells [50-52] Weredispersed in isopropanol and deposited onto a Formvar car-

determined by means of X-rays diffraction patterns of pow- - copper grid. Notice the scale of both images: they are
der samples. The unit cells of the three phases are made up B}ﬁaller than the mean size of the grains [56]. In fact, the im-

perovskite blokes of $€a,_1Cu, Oy 42, that contain CuQ ages further indicate that the grains of the 2223 phase contain

planes parallel orier_1ted to tla-planes. The main_differe_nce planar defects, identified by repeated alteration of the LuO
among the phases is the number of Gyfanes which varies glanes along the-axis [55]

from 1 to 3 for the phases 2201, 2212, and 2223 phases, r
spectively. Thus, the crystal structures of the different phases Single phase specimens of the 2223 phase are not strigh-
are made up of CuDplanes separated along thelirection  forward obtained. Since the first intents to produce single
by calcium layers and SrO and BiO planes [53]. phase of the 2223 superconducting material, the partial sub-
As a general rule, the phases are described as a pseudssitution of bismuth by lead [53, 57] showed good results in
tetragonal unit cell with dimensions = b = 5.41 A and  obtaining superconducting ceramics with high percentage of
c=246A(N=1),309 A = 2),and37.14 (n = 3), the 2223 phasd]. ~ 105 K, and a reduction in the sintering
respectively [53] (see Table I). temperature from- 900°C to ~ 850° C. However, only the

CIMAY 20 nm

nanotech Marico | Sem— U

FIGURE 5. High resolution transmission electron microscopy (HRTEM) images of the Bi-2223 powder sample.

Rev. Mex. Fis62 (2016) 515-525



HIDDEN FEATURES IN (Bi,Pb)-2223 GRANULAR SUPERCONDUCTORS 519

TABLE Il. Some values of lower critical field/.1, determined for different type of samples, and directions of applied magnetic field respect
to the crystallites axes. The measurement temperature was 77 K in all the cases.

H.1(Oe) Type of sample and applied magnetic field direction Reference
8 tape sample and parallel to the ab-plane [7]
60 whisker sample and parallel to the c-axis [6]
25 textured bulk and parallel to the ab-plane [5]
150 textured bulk and parallel to the c-axis [5]
80 powder sample and random orientation [8,9]
partial substitution of bismuth by lead does not guarantee g a
single phase specimens. The phase equilibria in the Bi-Sr-
Ca-Cu-0 phase diagram is rather complex and displays sev- -1t

eral different crystal phases at constant pressure and variable
temperature. This kind of phase diagram is described else-

where [54,57]. Taking into account the complexity of the T :
phase diagram and the high stability of the phase 2212 and ;

the actual occurrence of a Pb-rich extra pahse Fd&),) to o E
obtain a single phase specimen of the (Bi,Pb)-2223 supercon- j
ductor constitutes a complicate and exhausting task. s —4f

A series of works developed by D. Pandey and co-
authors [58—62] describe a detailed study on the influence of e
several variables as the starting lead content, sintering tem-
perature and sintering time for obtaining single pahse 2223

-B 1

by using the co-precipitation method. Also, the synthesis of 0 10 20 30
(Bi,Pb)-2223 following the traditional ceramic method has BH (T )
been reported [63]. In the previous work Pieakal. re-
ported that the optimal lead concentration is found in the in- 350 b
terval 0.3 < = < 0.4. Later, P. Mu@ and co-authors [8] aco |
and E. Govea-Alcaidet al. [9] obtained almost single phase l
(Bi,Pb)-2223 samples doped with= 0.35 and 0.36, respec- _ @or {
tively. In both studies the traditional ceramic method was ap- s =200 l
plied, as described elsewhere [64, 65]. Table | displays some = . | ]
of the main characteristics of the system. Py ¢ i
1oo-i‘ 2212 }‘}['i*

. . . ¥,

3. Review of experimental and theoretical re- M WEg. \ ey fafa
'l 1 . ‘ 1 L
sults 253 20 a0 &0 80 100

3.1. Magnetic flux penetration T KD
3.1.1. Determining the lower critical field/, FIGURA 6. (a) Virgin magnetization curves ¢fBi, Pb) — 2223 for

temperatures between 4 K (lower curve) and 80 K (upper curve) in
In several studies the applied magnetic field dependencsteps of about 5 KH.: can be determined from the deviation from
of the magnetizationM (B,), is used for determining the linearity. (b) Temperature dependence of the lower critical field
lower critical field, H,,, of a given superconducting mate- He1 fora(Bi, Pb) — 2223 and Bi — 2212 sample. (Figure modi-
rial [5,8,9]. When the\/ (B, ) dependence is obtained in bulk fied from R. Job and M. Rosenberg [5]).
samples (see Fig. 6b), the intergranular vailye¢ may be es-
timated. A value ofH.; = 25 Oe at 77 K, in (Bi,Pb)-2223 curve abandons its quasi-linear behavior. However, a detailed
ceramic samples was reported elsewhere [55]. On the oth@halysis of the quasi-linear region of tié(B,) curve has
hand, such a measurement in powder samples could alloyjelded a close relationship with the flux-trapping curve [67],
one to estimate the intragranulBi, (see Fig. 7c) [9]. Such Measured in bulk sample of (Bi,Pb)-2223[56,68] (see Fig. 8).
an estimate has been performed in two different ways: fitting Matsubarat al.[6] estimatedH.; = 60 Oe at 77 K when
the curve by means of the Bean model [66] or graphicallythe magnetic field is applied parallel to tb@xis in whiskers
whereH,, is determined as the field in which tié(B,) of Bi-2223. On the other hand, Majoresal. [7] determined

Rev. Mex. Fis62 (2016) 515-525
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the intergranular critical field in Bi-2223/Ag tapes, which re- y ) ' !

sulted to be~ 8 Oe. In this case, the magnetic field was ap- "“L.""'t'#

plied perpendicularly to the-axis. These results agree with Ll '3#-'::;3

reference 4 since the valuesif, are approximately related "\ \ ‘\ s "

by a factor of 5 or 6 times. 08 '\-::«. \ “"\\\‘__ :
Despite that the lower critical field of the grainH,;, =

at 77 K has been determined in powder samples [8, 9], the

experimental results do not reflect the marked anisotropy of

the grains. In addition, several different valuesif; can

be found in the literature [5-9, 69] (see Table II). In Fig. 9 il wg il

a hypothetic diagram of the granular structure of these ma- —y— T4 .

terials is shown. Three types of vortices have been identi- ——T5

fied. Such a diversity of intergranular vortices could be the 0.2 — e S S

cause of the wide spectrum of reported values for the lower a) B (T

critical field in bulk samples. The vortex identified by the ’

number 1 corresponds to tlé.; value reported by Matsub- —T— —T T

araet al. [6], since the magnetic field is parallel to tb@xis. 1 mW:* 6-:’.—'—_0 .

On the other hand, the vortices 2 and 3 could correspond to ‘Ko g i

the values reported by M. Majorat al. [7] or R. Job and & e

M. Rosenberg [5] because in both cases the magnetic field is '-_%

parallel to theab-plane (see Table II). '

" D6

(B )10
T
=
[ ]
/
'/
»
>

f
/
4

am

095 F

3.1.2. Dependence of the critical current density on in-
creasing applied magnetic field: virgin curve

J, B )7 10)

-—H_, : A
Several authors have used these curves to characterize the ;__” _ \.
granularity of ceramic superconductors [8, 9]. Figure 7a : i '\\\
shows the virgin curves of five (Bi,Pb)-2223 ceramic samples 050 ’ : .
which were obtained under different compacting pressures =
before the last heat treatment in the synthesis. The inten-
tion in subjecting the powders to different uniaxial compact-
ing pressures was to increase the degree of texture through- 0ok
out the series, further decreasing the granular character of the n
material [9]. Samples T1 and T2 exhibit an abruptly drop in s s
the critical current density with increasing applied magnetic "_'_ ]
fields from zero up to 2 mT, where the critical current den- oal W 4
sity has decreased 60 % approximately. It reflects that those -,
samples present a high number of weak links that are pene-
trated at very low applied magnetic field. This kind of be-
havior is seen very often in ceramic samples of cuprates and
not only in those from the Bi-system. Here, the weak links
correspond to high anglBBs. Thus, we can assume that the A
virgin curves exhibit clear evidence of the existence of weak
links in these samples. The next step is how one may iden- o)
tify the superconducting clusters by using the flux-trapping
curves, as described below.

b =
e
o
o
-
5]

h) B.. (mT)

m Ti

win

M/M
[ ]
*

0.6 -
n®

B, imT)

FIGURA 7. Experimental evidences of the three levels of super-
. . conductivity: (a) Experimental virgin curves(b) Experimental
3.2. Magnetic flux trapping. flux-trapping curves yc) Normalized magnetization versus applied

. . tic fieldM (B,). (Fi dified fi E.G -Alcaid
3.2.1. Dependence of the critical current density onamax—e”l"ﬁn?gl]g leldM (Ba). (Figure modified from ovea-Alcaide

imum applied magnetic field: flux trapping curve

E. Altshuleret al. [67] obtained, by the first time, the flux decreased to zero, some magnetic flux will be trapped within
trapping curve, allowing the detection of the trapped flux in ath® sample. Such a trapped flux may be detected by means of
granular sample by using the weak links presented inside the critical current density measurements of that sample.
material as sensors. If the sample is submitted to a value of Figure 7b shows a group of the flux trapped curves. The
maximum applied magnetic fiel#t,,,, for 30 s and thenitis normalized critical current density as a function of maximum
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applied magnetic field decreases B, > 3 mT in T1 LI . i 7 I T

and T2 samples [9]. The main result obtained by E. Govea- i ]
Alcaide et al. [9] by means of the analysis of the curves _0st . .
displayed in Fig. 7 revealed the presence of three supercon- I a"
ducting levels, as described before [40]: the superconducting = 06 [ m T
grains, the superconducting clusters, and the weak links. In o i N

addition, the authors found appreciable changes in the distri- E i " = 1
bution of these three superconducting levels with the increase g osl _
of the compacting pressure used during the elaboration pro- '25 . "

cess of the samples. Here, we give a summary of the analy- D9 . .
sis of those experimental data. The data of Fig. 7a allow to _—
identify the interval of applied magnetic field in which the VR R T
magnetic flux penetrates the weak links as Josephson vor- g 0 10 20 30 40 50 60 70 80 80 100 110

A0 g8

tices [41]: these regions correspond to the high a@Bs H,[Oe]

(8 > 10°) which are penetrated for applied magnetic fields (e T ML IR AP I

~ 2 mT [8,9]. On the other hand, Fig. 7c, which was a re- 5L e = 1

sult of measurements performed in powder samples, allows ' "

to determine an approximated value /@fH. 4, that repre- 0,90 - = -

sents the magnetic field of the grains penetratiorAbyor- @ i | = i

tices [41]. Some previous results for Bi-2223 situate this ZE ' =

value~ 8 mT [8, 9] at 77 K. Finally, Fig. 7b displays the T 080 . E

intermediate region in terms of applied magnetic field, 3 mT s 7L Em ]

< B, < 7 mT, corresponding to the magnetic flux trapped =2 "a

by the low angleGBs [37, 43], identified as superconduct- 0.70 - ] 1

ing clusters. However, there are some occult aspects in this e L =]

explanation because of insufficient experimental verification.

Let us formulate them as questions: Y e X T:G
1. What are the dimensions of the superconducting clus- b H,, [Oel

ters? Are they really larger than the physical grains? FIGURA 8. (a) Normalized dM/dHa as a function of applied mag-

2. TheM(B,) curve is not linear foB, < 7 mT [56,68]. netic field of the powder sample. For the interdak H, < 90

How does the linear approximation affect the, , de- Oe the experimental error does not e).<ceed 5%.Flux-trapp|ng .
o curve of the pellet sample. The continuous horizontal and verti-
termination performed elsewhere [8, 9]?

cal lines visualize the value of normalizéd//dH, at H, = 0

3. Why is the high anisotropy of the (Bi,Pb)-2223 ce- and the value of the applied magnetic field of 80 Oe, respectively.
' ramic superconductors [56, 68] undete;ctable in thes Figure reproduced with permission of the RCF and taked from P.

experiments? unéet. al [68]).

. . . this case a Bi-2223 sample doped with Ca and Cu was used.
In addition to these previous questions, other two may b .
. Ithough a small percentage of Bi-2212 phase was detected
considered to complete the framework of the three level su: : ) .
. by means of the X-ray diffraction patterns, its superconduct-
perconducting system. . " . X
ing critical temperature was approximately 70 K, which re-
1. How do the artificial pinning centers modify the mag- sulted to be smaller than the_ measurement temperature that
netic flux trapping inside the clusters? was 77_ K. Thus, the mfi_gnetlc flux could not be trapped by
the grains of the low critical temperature phase under those
2. Could the magnetic flux relaxation of the clusters bemeasurement conditions. On the other hand, the similarity
observed and characterized? between the curves mentioned before suggests that the mag-
) _ _ netic flux is trapped within the grains. References 56 and 68
These questions are close related to the basic assumptiogg,posed some experiments that could be employed for clar-
of the three levels model [8, 9] used for describing the mechajfying the first three points raised above. We will return on
nisms of penetration, trapping, and relaxation of the magnetighese aspects later, at the end of this review.
flux in Bi-2223 ceramic superconductors. Moreover, Fig. 8
shows clearly the similarity between the magnetic flux pen3 2 2. Alumina nanoparticles addition and its effects on the
etration process in a powder sample, expressed by the curve transport properties
dM/dH, as a function of the applied magnetic field, and the
magnetic flux trapping process in a bulk sample given by thé et us discuss now how the addition ®fAl,O3 nanoparti-
flux trapping curve of the same superconducting material. Ircles in (Bi,Pb)-2223 matrix [23—-25] has been discussed in
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grain boundaries

grains

2
/

grain boundaries

FIGURA 9. Hypothetic schema of some intergranular vortices wich
could be related with the different values Bf.; reported in Ta-
ble Il.

nanoparticles
agglomerations.

FIGURA 10. SEM micrograph of a transverse cross-section of the
0.5 wt. %a—Al20O3 doped sample sintered 820°C for 72 h. In-
set: high magnification SEM micrograph. (Figure modified from
A. Ghattaset al. [24]).
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FIGURA 11. Resistivity dependences on the temperature for sam-

ples with various amounts af—Al ;O3 nanoparticles added. Inset:
zero-resistivity temperature versus the-Al.Os weight percent-
age. (Figure modified from A. Ghattas al. [24]).

the literature since the introduction of artificial pinning cen-
ters could be an effective tool for studying the superconduct

Z-GUERRA, R.F. JARDIM AND P. MUNE

M. Annabiet al. [23] have studied the addition of nano-
sizeda—Al,O3 during the final processing of (Bi,Pb)-2223
superconductors. In these experiments the last sintering tem-
perature was also used as a process variable. One of the reults
that they obtained was that the sample with 0.2 wt. % of
a—Al;03 nanoparticles has the higher value of the critical
current density/. = 160 A/lcm?, and corresponds to a sam-
ple sintered a835°C.

Another work related to the addtion ofi—Al,O3
nanoparticles in (Bi,Pb)-2223 was developed by A. Ghattas
et al. [24]. (Bi,Pb)-2223 samples with addition af-Al,03
nanoparticles between 0 and 1 wt.% were synthesized. The
authors concluded that, based on Scanning Electron Mi-
croscopy (SEM) data, for a doping greater than 0.5 wt. %
a—Al;,03 (see Fig. 10) a heterogeneous distribution of the
nanoparticles is observed, which affects the electrical trans-
port properties characterized by measurements of the temper-
ature dependence of the electrical resistivityl"), as dis-

90
—0—0.0wt% Al0, (a)
. —o— 0.2wt% AL,
X
= B0-
lj \D\K\.
R‘“c;\
751 ®
10
] 1 ] |
0 500 1000 1500 2000
H (Gauss)
—0—0.0wt.% Al,0
3600 - ® 293 (b)
O\ —®— 0.2 Wt.% Al,0,
A-— o
2700 |-
5 \-
gn ""“"‘-0\
1800 |- \l‘
o
ano |-
| | 1 1
0 500 1000 1500 2000
H [Gauss)

FIGURA 12. T (a) and effective pinning energy), (b), as a
function of applied magnetic of free and 0.2 wt. &6-Al;03

ing cluster properties and the vortex dynamics in this superadded samples. In all curves lines between points are guides for

conducting level.

eyes. (Figure modified from A. Ghattasal. [25]).
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3.3. Magnetic flux relaxation

1
W ARy After analyzing the penetration and trapping mechanisms of
® 02wt % Al0y the magnetic flux inside (Bi,Pb)-2223 materials, we now to
discuss how the trapped vortices in the superconducting clus-
0.1 i1 aviioe wide samuie ters may be affe_cted .by the thermal activatign._ We_ have se-
= E u & T =77K lected th(_a case in which the applied magn_euc field is zero in
5° % order to isolate the type of vortex of our interest. Consid-
i‘ [ KO0 %ee ering the flux trapping curves, it seems to be that we are in
= i “' QDU.Cg.... presence of the flux-creep relaxation. The first models for ex-
001 U:;Qb...... plaining the magnetic relaxation were proposed by Anderson
= '53-:'3.(;__r\..' and Kim [71, 72]. Those models were based on the magnetic
C ~0 flux thermal activation in which the pinning centers following
I i i i a ratio proportional texp(—U/kT'), whereU represents the
0 1000 2000 3000 activation energyk is the Boltzmann constant afidis the
H (Gauss) absolute temperature. This process lead to a re-distribution

of the vortices and the current lines associated to them caus-
ing a change in the magnetic moment of the superconduct-

FIGURA 13. Magnetic field dependences of normalized critical ing sample or level inside the superconducting material. The
current densities obtained with H perpendicular to the surface wideAnderson-Kim model [71, 72] model predicts that the mag-
sample at 77 K (Figure modified from A. Ghattetsal. [25]). netic moment of the sample varies logarithmically with time,
as has been observed elsewhere [73]. According to the Ar-
rhenius relationship, the jump time is given by the following

displayed in Fig. 11. The sample with 0.2 wt. &-Al,O .
play 9 P o2 expression:

exhibits the lowest values of the electrical resistivity in the
normal state (see the inset). On the other hand, (g t = toexp(=U/kT) @
curve of the sample with 0.5 wt. %—AIl,Os is close to  where the pre-exponentialy, is referred to as the time of
the behavior of the sample without addition of nanosizedump intent, may differ of the microscopic intent time in sev-
a—Al,05 (see Fig. 11). In a third work [25], based on the eral orders of magnitude. The jump process is assisted by the
results of the reference [24], two other samples were studiedorce F' = (1/c)f>< B. Thus,U should be a decreasing func-

a sample without addition at—Al,O3; nanoparticles and a tion of the critical current density. In a first approximation,
second one with 0.2 wt. %—Al,O3. Besides the features of the barrier energy is reduced to a linear case With

the p(T") curves, the effective pinning energy as a function of
the applied magnetic field, (see Fig. 12) and the dependence
of the critical current density on applied magnetic field (see . . .
Fig. 13), were obtained. The authors found that the critical'N€"€ Jeo = cUo/BaoV is the current critical density at

temperature of zero resistivity in the doped sample is greatevyh'Ch the barrier is suppressed. Herel)y, zo, 5, andV

. . S re the light speed, the barrier energy, the jump distance, the
than the one corresponding to sample without addition 0]i‘\pplied magnetic field, and the volume of the flux bundle, re-

a—Al,0; nanoparticles. The doped sample also exhibits aspectively. Several modifications have also been introduced
better behavior under applied magnetic fields. The mtergrant-0 the expression (2) [44, 74, 75] in order to describe in a bet-
ular effective pinning energy dependence on the applied mag- way the phenomena z)bs’erved-ﬁﬁs

netic field is greater and the normalized critical current den- . .
g As described in Sec. 1, several authors have reported

sity displays a better behavior for the sample with 0.2 wt. . .

. ; . magnetic relaxation by transport measurement [27—-29] but
% a—Al,03 nanoparticles (see Fig. 12 and Fig. 13), respec- . . .
. . . . ho relaxation was observed when the maximum applied mag-
tively. On the other hand, if we compare the size of vortices’s

) . : netic field at which the sample was submitted was lower than
core with the size of nanoparticles, the second are greater a

. : c1g- Let us then describe briefly how those measurements
could be hard think that these nanoparticles can became in : :
N ) ; X ere performed. When a transport current is conveniently ap-
pinning centers; however the vortices, can not remain trapped..

! . : lied to a superconducting granular sample, which was sub-
at the nanoparticles for the core region, but it could be trapped . ; . .

. . . mitted to a process of trapping flux as described previously,
by a nanoparticle located in the region where the superco

ducting current of the vortex is circulating [70]. To sum-n[he dissipation voltage decreases as a function of time accord-

marize, the sample with addition af—Al,O3 nanopatrticles ing to the following expression, [28]:
exhibits better superconducting transport properties than the
one without addition, but the study was performed under in-
termediate applied magnetic fietld 1 T. With this kind of ~ wherel’(0) is the voltage it = 0 and the remaining param-
study it is difficult to sense effects of the doping on the be-eters were already defined above. There are several studies
havior of the superconducting clusters. where the magnetic relaxation of granular superconductors

U=Uo[l—J/ ol @

V() =V(0){1—[kT/U]lin(1+t/to)} 3)
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are reported. However, intergranular relaxation in supercon- 3. Measurements of the flux-trapping curves in bulk or

ducting clusters has not been reported as far as we know. A magnetization versus applied magnetic field in pow-

combining study by means of flux-trapping curves, voltage der samples at different temperature would allow deter-

relaxation, and magnetization relaxation in bulk and powder mining the temperature dependence of the penetration

samples could help in a deeper understating of the three su-  field for both superconducting clusters and supercon-

perconducting levels model [40]. ducting grains, and also evaluating the nature of the
magnetic flux located within the clusters.

4. The addition ofx-Al, 03 nanopatrticles in samples ob-
tained at low compacting pressure would allow study-
ing the effects of this addition on the penetration, trap-
ping and relaxation of the vortices trapped in supercon-
ducting clusters which are expected toAbé vortices
located in low-angle GBs.

4. Conclusions

(Bi,Pb)-2223 ceramic samples obtained at low compacting
pressures evidence the existence of three superconducting
levels, as inferred by transport and magnetic measurements.
However, other experiments can be still performed in order to

go deeper in the understanding of systems comprised of the g
three levels, as granular superconducting cuprates. Here, we
summarize some of them:

As the high anisotropy of the (Bi,Pb)-2223 is not rev-
eled in theM (B, ) curves of powder samples at 77 K,
it could reinforce the idea that the powder grains do not
behave as single crystals at least at this temperature.
1. Although in references [8, 9] the authors claim the
presence of superconducting clusters as grains strong@(” the aspects enumerated on the subject have not been dis-
linked, some current experimental results demonstrateéussed partially or totally in the literature, as far as the authors
that the flux penetration in a powder sample observednow.
by M (B,) measurements is closely related to the flux-
trapping curve [67] in a bulk one of the same supercon—ACkno\MedgmemS
ducting material. Thus, the effects of the flux penetra-
tion inside superconducting clusters are also observetthis work was partially financed by the Brazil's agency
in powder samples [56, 68]. Fundago Coordenago de Aperfeicoamento de Pessoal de
Nivel Superior (CAPES) under Grant No. 104/10 and
2. A detailed study of the superconducting grain struc-FAPESP under Grant No. 2013/07296-2 and 2014/19245-
ture is also necessary. Usually, the superconducting. One of the authors, M. He@ndez-Wolpez, was sup-
grains are considered as single crystals as a first agorted by the Agreement of Collaboration between Univer-
proximation. However, the presence of defects insidesidad de Camagey, Cuba, and Facultad de Cienciasi¢o-
the grains in a very complex structure obtained by ce-Matenaticas de la Universidad Atihoma de Nuevo Lan,
ramic method is obviously expected. The causes of thdlonterrey, Mexico. We would like to express our gratitude
experimental results described in the first conclusiorto M.C. César Cutberto Leyva Porras for the HRTEM images
could be found for this via. of (Bi,Pb)-2223 powder samples.
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