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Abstract—The origin of the low magnetization anisotropy of the textured bulk samples consisting of highly
anisotropic (Bi,Pb),Sr,Ca,Cu;0, (Bi-2223) high-temperature superconductor crystallites has been investi-
gated. It has been established that the observed anisotropy is determined by the disordering of Bi-2223 crys-
tallites in the sample. The measured anisotropy of the textured sample makes it possible to determine the
magnetic angle characterizing the ordering of crystallites.
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1. INTRODUCTION

The significant anisotropy of the physical proper-
ties of high-temperature superconductor (HTS) crys-
tals is related to their layered crystalline structure. In
HTS single crystals, the anisotropy of the critical cur-
rent in the ab plane is negligible, in contrast to the high
anisotropy of the properties relative to the ¢ axis direc-
tion and in the ab plane. The anisotropy of a super-
conducting crystal is determined by the coefficient
Y=Jo w/J., .» Where J,,, is the critical current density
in the ab plane and J, _ is the critical current density
along the crystal c axis. The (Bi,Pb),Sr,Ca,Cu;0, (Bi-
2223) HTS is known for its highest anisotropy; the
coefficient yin it exceeds 150 [1, 2].

In polycrystalline HTSs, the disordering of aniso-
tropic crystallites (hereinafter, crystallite means a lam-
inated grain, a microcrystal) leads to a decrease in the
transport critical current density. The creation of an
ordered crystallite structure (texture) in a polycrystal-
line HTS makes it possible to increase the critical
transport current by bringing its density closer to J, ,,
[3]. However, in the textured Bi-2212 and Bi-2223
superconductors, the anisotropy value determined by
the transport and magnetic measurements [4—7] is
merely 2—5, which is much lower than the anisotropy
values for single crystals.

The anisotropy of the magnetic properties of a tex-
tured superconductor is mainly determined by the
internal crystalline anisotropy. The measured anisot-
ropy value can depend on the sample or grain shape
and on the disordering of crystallites.

In this study, we investigate the effect of different
mechanisms on the anisotropy of the magnetic prop-
erties and clarify the origin of the low anisotropy of
bismuth-based textured HTSs. To do that, we analyze
the magnetization hysteresis loops of the textured
Bi-2223 HTS that were reported previously in [8, 9].

2. MAGNETIC ANISOTROPY
OF THE TEXTURED Bi-2223 HTS

Samples for the magnetization measurements were
cut in the form of cubes with 1.6-mm faces. Two ori-
entations of the external magnetic field H relative to
the preferred crystallite direction in the textured sam-
ple were used: (i) the magnetic field perpendicular to
the texturing plane (H || ¢) and the magnetic field
directed along the texturing plane (H || ab). The mag-
netization M of textured Bi-2223 was measured in the
magnetic field range of £6 T at temperatures from
4.2 to 80 K [9]. For silver-added textured Bi-2223 [§],
the measurements were performed in fields of =6 T at
4.2 Kand £0.15 T at 80 K.

The insets in Figs. 1a and 1b show the Bi-2223
magnetization hysteresis loops for the external field
oriented perpendicular and parallel to the texturing
plane. The hysteresis loops have features typical of the
magnetization curves of non-hard type-II supercon-
ductors. The axial asymmetry relative to the H axis
increases with temperature. The maximum diamag-
netic response is obtained in the external magnetic
field approximately equal to the complete penetration
field. The complete penetration field is the external
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Fig. 1. (a, b) Magnetic hysteresis of Bi-2223 at H || ¢ and H | ab. (c, d) Scaling of the magnetization hysteresis loop of textured
Bi-2223. Insets: hysteresis loops at different orientations of the external magnetic field.

field at which the initial magnetization portion and the
full hysteresis loop merge. As the temperature 7°
increases from 4.2 to 80 K, the complete penetration
field H, ;| .exponentially decreases from 0.6t00.01 T
and the field H, ;. changes from 1.2t00.02 T (here-
inafter, the subscript H || ¢ or H || ab indicates the orien-
tation of the external field relative to the sample textur-
ing plane). The analogous exponential decrease with
temperature was noticed for the critical current density
[9]. Similarly, in the same temperature range, the
absolute value of the maximum diamagnetic response
decreases: M., y|. decreases from 26.5 A m?/kg
to 1.2 A m%*/kg and M, w| a» from 10.9 A m?*/kg to

0.6 A m¥/kg.
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3. ANALYSIS
3.1. Scaling of the Magnetization Curves

The effect of the orientation of an anisotropic
superconductor in an external magnetic field on the
thermodynamic parameters is successfully described
by the Ginzburg—Landau theory of anisotropic super-
conductors [10]. The magnetic field orientation-
dependent parameters of an anisotropic crystal can be
associated with the parameters of an equivalent isotro-
pic crystal in the effective field H*. The effective field
H* is determined as

H* = H(y’sin’ 6 + cos’ 0)*”, (1)

where 0 is the angle between the external field direc-
tion and the crystal ¢ axis. According to [11], the field
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dependences of the magnetization of the anisotropic
sample at H || c and H | ab are related as

M . (H) = YM y0p(YH). (2)

Scaling relation (2) is used to determine the anisotropy
coefficient y from the magnetic measurements.

Figures 1a and 1b show the hysteresis loops of the
magnetization of textured Bi-2223 at 7= 4.2 K and
80 K in the coordinates M/M,,,, vs H/H,. In these
coordinates, the magnetization curves at H || ¢ and
H| ab coincide. As the temperature increases, the
M.« and H, values decrease. However, the ratio
H, y\assp, 1) e = 2.0 £0.3 does not change at all tem-
peratures. The ratio M, g o/ Mmax, o Slightly
decreases (from 2.5 to 2.2) with an increase in tem-
perature from 4.2 to 80 K. Scaling relation (2) satis-
factorily describes the effect of the external magnetic
field orientation on the magnetization at a sufficiently
small coefficient of y= 2—2.5. The similar behavior of
the magnetization hysteresis loops is observed for sil-
ver-added textured Bi-2223. Figures Ic and 1d show
the scaling of the M(H) hysteresis loops at tempera-
tures of 4.2 and 77 K. In this material, the estimated
anisotropy coefficient appeared to be even lower: y =
1.4—1.7.

It should be noted that the comparable low anisot-
ropy values were obtained previously in studying the
magnetoresistance of the same materials [7, 12].
Although the magnetoresistance of granular HTSs is
determined, to a great extent, by grain boundaries
[13—16], in highly anisotropic HTSs, including Bi-
2223, the dissipation inside grains occurs also in mod-
erate and strong magnetic fields [12, 17, 18]. When the
external field is directed perpendicular to the texturing
plane (H || ¢), the resistance is higher than at the field
orientation parallel to the texturing plane (H || ab) by a
factor of approximately 2.4. Thus, the anisotropy
determined from the magnetization hysteresis loops
and from the magnetoresistance of the textured sam-
ples appears to be much lower than the anisotropy of
the Bi-2223 crystal.

3.2. Effect of the Crystallite Shape
on the Magnetic Anisotropy

The magnetization anisotropy depends also on the
superconductor sizes in the directions parallel and
perpendicular to the applied magnetic field. Accord-
ing to the critical state model [19], the magnetization
of the sample is proportional to the density of the crit-
ical current circulating in the plane perpendicular to
the magnetic field. For an anisotropic superconduc-
tor, the modification of the critical state model was
proposed in [20]. At H || ab, the height of the magneti-

PHYSICS OF THE SOLID STATE  Vol.62 No.7

2020

1147

zation hysteresis AM of an anisotropic crystal is deter-
mined from the formulas

J,
AM oy = J 4(1 - ii”]

2 3l J,, (3)
at Jc,ab/']c,c < l/d
and
/ [ Jee
AM o = J, . 5| 1 — =22
b = e 2( 3dJc,abj (4)

at  J /.. >1/d >,

where d is the crystal thickness along the ¢ axis and /is
the minimum crystal size in the ab plane. At H | ¢, the
current circulates in the ab plane and the loop height
is determined as

A]‘4H||c = c,abl/3' (5)

Let us estimate the magnetization anisotropy, which
should correspond to the anisotropy of the Bi-2223
crystal. The textured ceramic under study consists of
ordered flat crystallites with a thickness of ~1 pum
along the ¢ axis and lateral sizes of ~5—10 um in the
ab plane [8, 9]. The magnetization of a polycrystalline
sample is determined by the circulation of currents on
the grain scale [21, 22]; therefore, the crystallite sizes
should be substituted into formulas (3—5). We take
[=T7um,d=1um,andJ, ,/J. .>150,s0J. ,/J,. >
l/d. Using formulas (4) and (5), we express the magne-
tization anisotropy as

-1
AMH”C zz‘lc,ab I_LJC’C
AMy 3 Je, 3dJ '

Substituting the sizes and critical current densities of
crystallites, we obtain AMy  ./AMy ., > 101. How-
ever, the Bi-2223 magnetization hysteresis loops
(Fig. 1a) have a much smaller ratio between the hys-
teresis heights: AM | .,/AMy; | o, = 2.5. Thus, the lami-
nated shape of crystallites does not explain the
observed anisotropy of the magnetization of the tex-
tured sample.

(6)

c,ab

3.3. Effect of Crystallite Disordering

The imperfect ordering of crystallites in a textured
sample is equivalent to the deviation of the external
magnetic field from the selected directions 0 and 90°
in an anisotropic superconducting crystal. Let us con-
sider how this deviation affects the magnetization hys-
teresis loop and the H, value. Figure 2 shows a sche-
matic of the sample consisting of ordered laminated
crystallites (on the left) and the magnetic response of
an anisotropic superconducting crystal in an oblique
field (on the right). M, is the magnetization induced by
the currents circulating in the ab plane. M, is the
magnetization induced by the currents circulating per-
pendicular to the crystal ab plane. Then, we assume



Fig. 2. Schematic of the magnetic response of the anisotro-
pic crystallite rotated by angle 6 relative to the texturing
plane. The orientation of the a, b, and c axes of the crystal-
lite differs from the orientation of the axes of the textured
sample. The case of the external field orientation H || ab
relative to the sample axes is illustrated.

M, <« M, so that the magnetization M, can be
ignored (the high anisotropy). Indeed, in highly
anisotropic superconductors, the currents flow mainly
along the crystallite ab planes [7, 23—25]. Hence, the
magnetization of a superconductor is determined by
the circulation of the currents in the crystallite
ab planes.

In the measurements, the projection of the magne-
tization onto the axis corresponding to the field direc-
tion is determined. At the same time, the currents
induced in the ab plane depend on the projection of
the field H onto the ¢ axis. For the anisotropic plate
shown in Fig. 2, the measured magnetization is lower
than the magnetization in the direction parallel to the
plate ¢ axis: My . = M_,cos® and My ,, = M_sin6.

The projection of the field H onto the c axisis H f,Hc =

Hcos0and H}’}”ab = HsinO. Consequently, we have the
relation My (Hcos0)/cos® = My ,,(Hsin0)/sin®,
which can be written in the form

My (H) = kyM (K, H), (7
where k, = cot 0.

We define the magnetic disordering angle 6* as the
absolute value-averaged deviation of crystallites from
the texturing plane in a textured polycrystalline super-
conductor [26]. Scaling formula (7) with k, = cot©*
describes the relation between the field dependences
of the magnetization of the textured sample at H || ¢
and H || ab. Note that formula (7) coincides with scal-
ing formula (2) for k&, = v, although the magnetization
anisotropy has different origins. The magnetic angle
0* characterizes the disordering of crystallites. A dis-
ordered polycrystalline sample has 6* = 45°. In the
textured sample with 6* < 1°, the effect of the internal
anisotropy of crystallites is no longer negligible. At
0* = 0, the divergence of formula (7) arises, which is
related to the used high anisotropy approximation
Y=o

Scaling for textured Bi-2223 with &, = 2.5 (the data
in Figs. la, 1b) corresponds to a magnetic angle of
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0* = 21.8°. Such a significant value is indicative of the
dispersion of the crystallite orientation distribution in
the investigated material [27]. Scaling for textured
Bi-2223 + Ag with k, = 1.7 (the data in Figs. 1c, 1d)
corresponds to a magnetic angle of 0% = 30.5°. In this
sample, crystallites are less ordered than in the tex-
tured Bi-2223 sample (at 6* = 21.8°). The imperfect
crystallite ordering weakens the diamagnetic signal in
the samples under study. It should be noted that the
Lotgering factor [28] obtained from the X-ray diffrac-
tion patterns of the samples is 0.97 = 0.01 [8]. Such a
value corresponds to a magnetic angle of ~1° and a
high degree of ordering [27]. The difference between
the degrees of ordering obtained from the X-ray dif-
fraction and magnetic data can be caused by the
dependence of the crystallite orientation distribution
on the distance from the sample surface. The high
ordering of crystallites was apparently implemented
only on the surface of the investigated samples, while
the crystallite orientation in the bulk is less ordered.
The creation of superconducting ribbons with highly
ordered Bi-2223 crystallites makes it possible to obtain
materials with a magnetization anisotropy of more
than 20 and the improved conductive properties
[29, 30].

For the investigated samples, the best agreement
between the field dependences at different tem-
peratures is obtained at slightly different scaling
coefficients for the abscissa and ordinate axes:
Mmax, H| c/Mmax, H| ab ~ 2.5 and F[p, H| ab/f]p, H|ec ~ 2
(Figs. la, 1b). The difference between the scaling
coefficients for the abscissa and ordinate axes can be
explained by a special structure of Abrikosov vortices
in a layered superconductor. The magnetic vortices in
HTSs are pancake vortices [31]. In the oblique field,
the cores of the pancake vortices can shift in different
layers of an HTS crystal, which can decrease the angle
between the external field and the vortex filaments in
a sample.

3.4. Circulation Radius

The consideration presented in Subsection 3.3 is
applicable if currents circulate in the crystallite
ab planes. In this case, the current circulation scale
should be independent of the external magnetic field
orientation. The characteristic current circulation
scale is estimated from the extended critical state
model [21]. According to this model, the asymmetry
of the lower and upper branches of the hysteresis loop
is related to the ratio between the depth of the surface
region with the equilibrium magnetization and the
screening current circulation radius R,.. The corre-
sponding expression was derived in [22]: A/R, = 1 —
AM(H,)/2M T (H,)|'/*, where AM = My — MT, MT,
and M are the magnetizations at the increasing and
decreasing external magnetic field and A is the mag-
netic field penetration depth. Using the asymmetry of
Vol. 62
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the magnetization hysteresis loops in Fig. 1a, we found
avalue of A/R,. =~ 0.045 for any sample orientation. The
identical asymmetry evidences for the fact that the
scale of current circulation in the sample at H || ¢ and
H || ab is the same. At A = 150 nm [3], we obtain the
estimate ~5 um. This scale corresponds to the size of
crystallites in the ab plane. Thus, in strong fields, the
current circulation occurs mainly in the ab planes of
individual crystallites for both the H| ¢ and H || ab ori-
entation. Therefore, for any investigated orientation,
the magnetization of the textured sample is deter-
mined by the projection of the magnetic response of
the currents circulating in the ab planes of imperfectly
ordered crystallites (Fig. 2). In [32], the decisive effect
of vortex pinning in the crystallite ab plane on the
magnetic properties of Bi-2223 ribbons was estab-
lished.

4. CONCLUSIONS

Our analysis showed that, regardless of the external
magnetic field orientation, the current circulation
occurs in the ab plane of Bi-2223 crystallites. The
observed anisotropy of the magnetic hysteresis of the
textured Bi-2223 samples yields information about the
disordering of Bi-2223 crystallites, rather than about
their internal anisotropy. A method for determining
the effective degree of texturing from the magnetic
hysteresis measured at H || c and H || ab was proposed.
A significant increase in the diamagnetic response at
H || ¢ can be obtained by optimizing the ordering of
crystallites in the sample.
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