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Inhomogeneous distribution of the pinning force in superconductor results in a magnetization
asymmetry. A model considering the field distribution in superconductor was developed and
symmetric and asymmetric magnetization loops of porous and textured Bi; gPbg3Sr; ¢Ca,Cuz0,
were fitted. It is found that the thermal equilibrium magnetization realizes in crystals smaller than
some size depending on temperature and magnetic field. © 2011 American Institute of Physics.

[doi:10.1063/1.3544038]

I. INTRODUCTION

Critical characteristics of superconductors may be de-
rived from the dependence of magnetization M on magnetic
field H. However, many factors affect the shape of the hys-
teretic M(H) curve. The same sample can have a various
magnetization loop shape then it has been measured at dif-
ferent temperatures or up to different values of the maximal
magnetic field. Also the geometric shape of the sample, its
structure and homogeneity influence on the M(H)
dependence. 12

At temperatures higher than ~10 K the high-field M(H)
dependencies of high-T,. superconductors have a pronounced
asymmetry with respect to the M =0 axis, so the main parts
of hysteretic loops locate in the second and the fourth quad-
rants. This asymmetry grows with increasing temperature.
The critical state model was subjected to modifications to
treat the asymmetric M(H) dependencies.” Chen et al.® fol-
lowing approach7 considered the total magnetization as the
result of both the surface and the volume supercurrents, so
the equilibrium magnetization and the surface barrier were
included. As suggested in Ref. 6, the surface layer of a bulk
sample, with a thickness of the order of the London penetra-
tion depth, is always in equilibrium. In the remnant volume
of the sample the critical state model can be used with modi-
fied boundary conditions.® The extended critical model was
studied and developed in the past years.gf11 However, some
aspects of the extended critical state model, e.g., presence of
the surface equilibrium layer, were questionable from experi-
mental point of view. So we were interested to treat the
asymmetric magnetization loops by using some different ap-
proach. Earlier, variant of the critical state approach12 was
successfully applied for symmetric hysteretic loops of
T11223 and Bi2223 measured at low tempelrature.lz’13 In this
article, we have reexamined the model'? and have modified it
to fit the asymmetric magnetization loops. The resulted
model explains origin of the M(H) asymmetry and gives
results consistent with that of Ref. 6. The asymmetric M (H)
dependencies of the porous high-7, superconductor and tex-
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tured one with the same chemical composition were fitted by
the model. Our approach on the M(H) dependencies is de-
scribed in Sec. II. In Sec. III the magnetization loops of
porous and textured Bi; gPbg 351, Ca,Cu;0, samples are pre-
sented. Discussion and conclusion are given in Sec. IV.

Il. MODEL

All realizing M (H) dependencies of superconductors are
distributed between two extreme cases: a symmetric magne-
tization loop and a fully reversible M(H) curve. Symmetry of
M(H) curve means that M~(H)=—M*(H) at high H except
region near maximal applied field H,,, where M~(H) =<0 is
the branch of magnetization curve measured during the field
increasing from 0 to H,,, M*(H) is the branch of magnetiza-
tion curve measured during the field decreasing H,, to 0.
Symmetric M(H) dependencies are observed at low tempera-
tures when a strong pinning of the vortices realizes. If there
is no pinning in the sample then the M(H) dependence is
fully reversible, M~(H)=M*(H) for any H. The reversible
M(H) dependencies are observed for clean superconductors.
High-T,. superconductors demonstrate crossover from the
symmetric magnetization curves at low 7 to the reversible
M(H) dependencies at high T while pinning force decreases.

The critical state model describes successfully symmet-
ric M(H) dependencies in high magnetic fields. In version'?
it includes the following points:

(1) Magnetization of the material, which consists of a
large number of cylindrical granules, described by the
statistical ensemble @(R), is determined by

47M(H)=-H+ (1 - P)u,H
o R

+2/R} f @(R) f rB(r)drdR, (1)
0 0

where P is the fraction of the material concentrated in
the superconducting granules, w, is the magnetic per-
meability of the intergranular material, ¢(R) is the
distribution density of the superconducting granules
with respect to the radius R, B(r) is the magnetic in-

© 2011 American Institute of Physics
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duction in the sample. A homogeneous sample is de-
scribed by (1) with P=0 and Ry=R.

(i)  The distribution of the magnetic induction B(r) in the
granule is deduced from the critical state equation
dB(r)/dr=* (47/c)j.(B), where j, is the critical cur-
rent density. Separate sets of Egs. (2a) and (2c) are
resulted for three main parts of the M(H) hysteresis.

(1) During the initial field increasing from 0 to H,,, the B(r)
dependence is determined by equation

q)(B) - (D(IU'VLH) == (47T/C)JLO(R - r)' (23)

(2) For decreasing H from H,, to 0 (i.e., M*(H) branch), the
B(r) dependence consists of two curves which are de-
scribed by equations

(I)(B) - CD(Iu’nH) = (47T/C)JCO(R - V),

q)(B) - (D(/'LnHm) == (47T/C)JCO(R - r)- (2b)

(3) Then, for changing H from 0 to -H,, [i.e., M (H)
branch], the B(r) dependence consists of three parts

q)(_ B) - (I)(_ lu’nH) == (47T/C)]L0(R - }"),
O (B) + D(- w,H) = (47/c)jo(R - 1),

(I)(B) - (D(/u‘nHm) == (47T/C)JCO(R - r)~ (2C)

Here j, is the critical current density at H=0, ®(B) is a
nondecreasing  function, such that d®(B)/dB

=[j(B)/jo] .12

The critical state model implies the strong pinning of
vortices in a sample. In reality some distribution of the pin-
ning force F,(r) is realized in granules since the magnetic
field varies within the granule. Therefore, a region near gran-
ule surface can appear at high 7 and high H, where F, is
such small that vortices are not pinned. So the thermal equi-
librium magnetization is produced by the surface supercur-
rent circulating in this region while vortices are pinned in the
granule core only. This idea is coincide with assumption.ﬁ’7

Equations (2a)—(2¢) should be modified to account the
equilibrium magnetization. We introduce new characteristic
size [, determining the depth of surface layer where the vor-
tices are not pinned. Then new equation for the B(r) distri-
bution in the equilibrium surface region is added. Also
boundary conditions are changed for the first equation in
each set (2a)—(2¢) due to the surface supercurrent

®(B) — P(u,H) == (47/c)jso(R = 1),
D(B) - D(B,) = — (4m/c)jo(R—r—1,). (3a)
O (B) - ®(p,H) =~ (4m/c)jo(R - 1),
O (B) - B(B,) = (47/c)jeo(R—r=1),
O (B) - ®(w,H,,) == (47/c)jo(R=71), (3b)

(I)(— B) - (I)(_ ,anH) == (47T/C)JVO(R - V),
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FIG. 1. Dependence of induction B on depth R—r from the granule surface
after field decreased from H,, to 0.6H,, for [;=0 (curve 1, solid line), O
=[,=R (curve 2, circles), and /,=R (curve 3, dotted line).

(I)(_ B) - q)(|Br|) == (477/0)]00([\’ -r= l‘v)»
®(B) + O(- w,H) = (47/c)jo(R = 1),

@(B) - q)(lu’nHm) == (47T/C)]LO(R - I"), (30)

here j, is the surface critical current density at H=0, B, is
the induction value at r=R—I,. The separate notation for j is
introduced here’ that conforms to approach.6 However, we
suppose that in most cases js=jc.8

Figure 1 displays the computed B(r) dependencies after
the field decreasing from H,, to 0.6H,,. Curve 1 on Fig. 1
(solid line) is the B(r) dependence for [,=0, curve 2 (circles)
is the B(r) dependence for 0=<[,<R, curve 3 on Fig. 1 (dot-
ted line) is the B(r) dependence for [,=R. The B(r) distribu-
tions in Fig. 1 were calculated with the j.(B) dependence
characterized by qualitatively different behaviors in scales of
low and high fields'?

. ja
B) = , 4
JB) = omis, (B)g )
1+0B/B, (B
1+B/B,  \B,

where j is the critical current density at B=0, B; and B, are
the parameters with the induction measure which determine
the characteristic scales. Dimensionless parameters Q>0
and g>0 determine the j, decrease rate. Such j.(B) depen-
dence is convenient because it is easy integrated.

Some M(H) dependencies computed by the obtained
model are presented in Figs. 2 and 3. This model is strongly
adequate for the M(H) dependencies in high fields. The ad-
ditional pinning should appear near surface at low fields due
to the surface (Bean—Livingston) barrier. The surface barrier
should be account for detailed calculation of low-field mag-
netization as it was realized in Ref. 6. In contrast to the
model,® the presented variant of the extended critical state
model accounts [, the position of the boundary between the
equilibrium layer and the central core with strong pinning.

The size of region, where pinning is missing, /,, depends
on H and 7. If the condition /[;/R=1 takes place for gran-
ules, the width of the magnetization loop |M~(H)—-M*(H)| is
equal to 0. The crossover from the symmetric magnetization
to the reversible M(H) dependence can be observed while [
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FIG. 2. Dependencies of magnetization M on magnetic field H of the porous

changes from O to /[;=R. The value of [ is believed to be
about the London penetration depth \.% Therefore, if a super-
conducting crystal or grains in a polycrystalline sample have
a size smaller than 2\ then pinning is expected to be missing
in all volume and the M(H) dependencies are reversible at
any temperature.

lll. EXPERIMENT

Synthesis of a porous Bi; gPby 3Sr; ¢Ca,Cu;0, (Bi2223)
is described in Ref. 14. This material is formed by disordered

J. Appl. Phys. 109, 033904 (2011)
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Bi2223. Experimental data (symbols) and computed curves (solid lines).

and unpacked flakeslike crystallites with the width of
~1 pm and the lengthwise sizes of ~20 wm. The density
of the porous Bi2223 is equal to 1.6 g/cm?. The temperature
of superconducting transition is 113 K.

The textured Bi2223 was prepared from the porous
one." The textured ceramics with the texture degree of 0.97
consists of ordered crystallites with the sizes of ~1 um
along the ¢ axis and ~10—-20 um in the ab plane. The den-
sity of textured Bi2223 is equal to 5.3 g/cm?.
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FIG. 3. (Color online) Dependencies of magnetization M on magnetic field H of the textured Bi2223. Experimental data (symbols) and computed curves (solid

lines).

Samples for magnetic measurements had cubic form
with the edges of 1.6 mm. The M(H) dependencies were
measured at temperatures of 4.2, 14, 25, 40, 60, and 80 K.
The textured samples were investigated in two orientations
of field H relative to the predominant direction of the crys-
tallites in the textured sample: the magnetic field is directed
perpendicularly to the texturing plane (Hll¢) and along the
texturing plane (Hllab).

Figure 2 demonstrates the magnetization loops of the
porous Bi2223 measured at temperatures (7) of 4.2-80 K.
Figure 3 demonstrates the magnetization loops of the tex-
tured Bi2223 measured at temperatures of 4.2—80 K for Hllc
and Hllab. For the M(H) dependencies at T=40, 60, and 80
K, values of the irreversibility field H,,(T) are smaller than
the maximal applied field H,=60 kOe. At any fixed tem-
perature, H; of the porous Bi2223 is smaller than the irre-
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FIG. 4. (Color online) Semilog plots of temperature dependencies of critical current density j, at H=0 (a) and H=40 kOe (b). Experimental data (symbols)
and fitting curves j.(T)=j.(0)exp(=T/T*) (solid lines) and j.(T)=j.(0)(1-T/T*)" (dashed lines).

versibility fields of the textured Bi2223 and for the textured
Bi2223 H;,, for Hl|c is smaller than Hj,, for Hllab. The M(H)
dependencies of the textured Bi2223 are scaled according to
MH'(H)=yM"'*(yH) (Ref. 16) with the anisotropy coeffi-
cient y=2.4. Results of the detailed investigation of aniso-
tropy of the texture will be presented in the other work.

The experimental M(H) dependencies demonstrate that
the asymmetry increases with temperature and field. At T
=4.2 K the magnetization loops are nearly symmetric rela-
tive to the M =0 axis at fields of 10-55 kOe but at higher
temperatures the magnetization loops are distinctly asym-
metric. At T=80 K the M(H) dependencies are reversible
for the porous Bi2223 at fields higher than 1.5 kOe and for
the textured Bi2223 at fields higher than 2 kOe for Hllc and
4 kOe for Hllab.

IV. DISCUSSION

The experimental data were fitted in the frame of the
developed model. The main fitting parameters are the depth
of surface equilibrium layer /; and the product of j. and the
average granule radius R. We used the simple dependence
I(H)=1,0)[1+H/(0.3H,)] that works good for all de-
scribed curves at any 7. The calculated magnetization loops
depends very slightly on different distribution functions ¢(R)
for both the textured Bi2223 and the porous Bi2223 such that
we disregarded a dispersion of the granule parameters.

In Figs. 2 and 3 the computed curves are displayed to-
gether with the experimental loops. There is the good agree-
ment between the presented data at all temperatures. Some
discrepancy may be due to a demagnetizing factor of the
sample and grains.17 The textured Bi2223 magnetization de-
pendencies were fitted with the j.(B) dependence (4), where
0=5, g=0.85-1. The characteristic scale induction B, de-
creases from ~2.5(Hllc), 5 kOe (Hllab) at T=4.2 K to
~0.2(Hllc), 0.4 kOe (Hllab) at T=80 K. Next scale B
changes from 0.04 kOe (Hll¢), 0.02 kOe (Hllab) to 0.3 kOe
(Hllc), 0.4 kOe (Hllab). The porous Bi2223 magnetization
dependencies were fitted with similar j.(B) parameters as for
the textured sample, Hllc.

Figure 4 shows the temperature dependence of the criti-

cal current density estimated with R=10 um for textured
Bi2223 and R=20 wum for the porous Bi2223. The j.o(7)
data in Fig. 4(a) estimated from the M(H) fit. Similar fast,
exponential-like, j. decreasing was observed on Bi2223
samp]es.18 The Kim—Anderson model for the flux creep and
the collective pinning model' do not describe the j.(T) ob-
tained. An empirical scaling relation j.(T)=j.(0)(1-T/T,)",
which with the parameter n=3/2 is the same as the
Ginzburg—Landau theory in dirty limit near Tc,zo is used
commonly for the temperature dependence of critical current
density of high-T,. superconductors. This formula describes
the estimated j.o(T) data for temperature range higher than
20 K with n=2.3 for the textured sample (both Hll¢ and
Hllab) and n=3 for the porous sample. The exponential de-
pendency j.(T)=j.(0)exp(-=T/T") fits the j o(7T) data satisfac-
tory with the parameter 7°=25 K for the textured sample
(both Hllc and Hllab) and T*=22 K for the porous sample
[Fig. 4(a)]. Figure 4(b) demonstrates the j.(T) dependencies
at H=40 kOe obtained from the Bean formula j. [A/cm?]
=30(M*-M") [emu/cm?®]/(2R[cm]). The j.(7) dependen-
cies in Fig. 4(b) are fitted good by j(T)=;.(0)(1-T/T*)"
with n=9 for the textured Bi2223 (T%=79 K for Hll¢ and
T°=106 K for Hllab) and n=4.5, T'=47 K for the porous
Bi2223.

The value of the fitted [, at H=0 grows from I
=200 nm at T=4.2 K to [,~3000 nm at 7=80 K [see Fig.
5(a)]. For all samples, at H=40 kOe the average radius R is
smaller than values of / at low temperatures but /; becomes
greater than R at T above 40 K [Fig. 5(b)]. The [(T) increase
in Fig. 5(b) correlates with the j.(7) decrease in Fig. 4(b)
that is due to M™ approaches to M~ whereas /,/R goes to 1.

V. CONCLUSION

In conclusion, the magnetization loops of porous and
textured Bi2223 were measured in fields up to 60 kOe at
different temperatures. The M(H) dependence asymmetry in-
creases with increasing temperature. To describe the asym-
metric magnetization loops, the extended variant of the criti-
cal state model was developed. In the presented model, the
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FIG. 5. (Color online) Temperature dependence of boundary depth /;, divided by the average radius of granule R, at H=0 (a) and H=40 kOe (b).

asymmetry is referred to the single parameter /;, which de-
termines the position of the boundary between the surface
layer with the thermal equilibrium magnetization, and the
central region with the critical state magnetization. The equi-
librium surface layer is formed due to the inhomogeneous
distribution of magnetic field and pinning force in the
sample. As following from the model proposed, the M(H)
dependence of the sample consisting of sufficiently small
superconducting granules (~\) should be fully reversible at
all temperatures.
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