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In materials based on high-temperature superconductors (HTSC) with a pronounced granular structure,

along with the main superconducting subsystem — HTSC granules, an additional subsystem with weakened

superconducting properties appears, formed by intergranular boundaries (Josephson junctions). This
”
weak“

superconducting subsystem manifests itself as a
”
small“ magnetic hysteresis existing in a certain range of

sufficiently weak external fields. In this paper, we study the small magnetic hysteresis of a textured sample of

Bi1.8Pb0.3Sr1.9Ca2Cu3Ox (Bi2223), in which the plate-like Bi2223 crystallites are predominantly oriented relative to

the crystallographic c-axis. It is found that the range of existence of a small hysteresis differs for the directions

of the external magnetic field H parallel and perpendicular to the orientation of the c-axis of the crystallites. To

explain this experimental fact, the influence of magnetic moments of Bi2223 crystallites on the effective field

in the intercrystallite boundaries is considered. The magnetic induction lines from the magnetic moments of

superconducting crystallites are closed through the intercrystallite boundaries, and at the orientation H ⊥ c a partial

compensation of the field induced by neighboring crystallites occurs due to their misalignment. This leads to the

fact that the influence of the main superconducting subsystem (Bi2223 crystallites) on the intercrystallite boundary

subsystem is smaller, and the range of the external field in which a small hysteresis exists is larger at H ⊥ c than

at H ‖ c .
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1. Introduction

The type of magnetic hysteresis loop and the absolute

values of the magnetization of superconductors of the

second kind are determined by the processes of field

penetration in the form of Abrikosov vortices, as well

as their movement, pinning, and interaction with each

other. These processes have been well studied for various

superconducting materials. If a material consists of su-

perconducting regions separated by a non-superconducting

material, then a network of Josephson junctions is possible

in such a material. For this, it is necessary that the size

of the non-superconducting interspaces be comparable to

the coherence length of the superconductor. In this case,

the magnetic hysteresis loop is determined by contributions

from the
”
weak“ and

”
strong“ superconducting subsystems:

shielding currents flow throughout the sample (both through

superconducting regions and through the interspaces be-

tween them), and the trapped magnetic flux is formed by

Abrikosov vortices and Josephson vortices.

A network of Josephson junctions is usually artificially

formed on thin films for low-temperature superconductors

with a sufficiently long coherence length [1–3]. For the class
of high-temperature superconductors (HTSC), a network of

Josephson junctions is formed naturally in materials with

pronounced granularity. In this case, the transition region

from one granule to another, i. e., the intergranular boundary,

has a length of several nanometers, which is comparable to

the coherence length of the HTSC.

Studies conducted in the first two decades after the

discovery of HTSC [4–12] have shown that the subsystem of

intergranular boundaries in granular HTSC manifests itself

in magnetic hysteresis as a
”
small“ loop in the region of

sufficiently weak fields. This subsystem is characterized by

low values of the first penetration field H1P (i. e., of the first

critical field) and small values of the field Hirr1 of irreversible

magnetization behavior. For example, for yttrium and

bismuth HTSC, typical values of Hirr1 are ∼ 5−20Oe

at
”
nitrogen“ temperature (77K) [4,5,8] and ∼ 100Oe

in the vicinity of
”
helium“ temperature (4K) [7,10–13]

(the H1P value is less than the Earth’s field at
”
nitrogen

temperature“ [14]).

However, it cannot be said that small magnetic hysteresis

has been studied in the same detail as the main (
”
large“)

magnetic hysteresis, which manifests itself in moderate and

large fields. The number of papers devoted to small hystere-

sis is small [4–12]. Particularly, the issue of the interaction of

two superconducting subsystems (granules and intergranular

boundaries) was not considered in detail in the cited papers.

It is clear that the magnetization hysteresis loop is caused

by two contributions: from granules and from the subsystem

of intergranular boundaries. At the same time, the
”
weak“
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subsystem of intergranular boundaries is generated by the

”
strong“ subsystem of granules. However, it turned out that

the magnetic moments of the granules strongly suppress

the subsystem of intergranular boundaries [15–17], and this

influence becomes dominant under certain conditions (the
external field, the magnetic flux trapped by the granules).
In fact, the contribution from the intergranular boundary

subsystem is clearly expressed in the general hysteresis loop

only in the area of small fields (±Hirr1), however, after

increase of the external field to a certain value, and then

decrease of the field, this contribution completely disappears

in the same area of small fields (±Hirr1) [13,15–17].
Small magnetic hysteresis has been studied for the

main classes of HTSC systems based on yttrium and

bismuth [4–13,15–17]. The case of a textured material with

spatially ordered crystallites (hereinafter the terms
”
crystal-

lite“ and
”
granule“ are identical) with strong anisotropy of

superconducting properties remained unexplored. We stud-

ied in this paper a textured sample Bi1.8Pb0.3Sr1.9Ca2Cu3Ox

(Bi2223), in which The Bi2223 lamellar crystallites are

predominantly oriented relative to the crystallographic c-

axis. Due to the strong anisotropy of the superconducting

properties of individual crystallites, the textured polycrys-

talline sample has an anisotropy of the main magnetic

hysteresis. The aim of the study was to establish and explain

the nature of the anisotropy of the small magnetic hysteresis

of such a textured superconductor.

2. Experiment

2.1. Method of preparation and results of
characterization of a textured sample

The preparation of textured Bi2223 was described ear-

lier [18]. The essence of the method is that at the initial

stage, a porous sample with a density of 26−40% of the

theoretical density of Bi2223 is obtained with additives of

ultrafine silver. In the resulting porous sample, Bi2223

crystallites have the shape of plates with a thickness of

1−2µm and linear dimensions of ∼ 20−30µm. The thin

part of the plates corresponds to the crystallographic c-

axis, and the long sides correspond to the crystallographic

a−b planes of the crystallites [18], as shown in Figure 1, a.

Next, the porous sample is impregnated with alcohol and

subjected to uniaxial compression at a pressure of up

to 500 MPa, and then annealed for 30−50h at 830◦C. The

described procedure leads to texturing of Bi2223 crystallites

in a bulk material, as schematically shown in Figure 1, b;

a−b the crystallite planes are oriented predominantly in the

texturing plane (TP in Figure 1, b).
Below, the normal to this plane, designated as NTP, will

be used to indicate the mutual orientation of the external

field to TP, see Figure 1, b. Silver is present in the space be-

tween the crystallites in the form of
”
drops“ with a diameter

of ∼ 10−30µm (both in porous and textured samples) [18].
The diffraction patterns of the obtained samples contain

reflections from the Bi2223 structure and from the BCC

20–30 µm

a

b

c

1–2 µm

N
TP

TP

a b

Figure 1. Schematic representation of the arrangement of the

crystallographic a−b planes and caxes in a Bi2223 lamellar

crystallite (a) and Bi2223 crystallites in a textured material (b).
The plane of preferential orientation of the crystallites is TP

(texturing plane) and the normal to it NTP.

structure of silver. A sample of the composition 70Vol.%

Bi1.8Pb0.3Sr1.9Ca2Cu3Ox + 30Vol.%Ag was studied in this

paper.

The temperature of transition to the superconducting

state of the sample studied in this paper is ≈ 108K

according to magnetic measurements, and the transition

from the state with
”
zero resistance“ is observed at ≈ 106K.

The density of the critical transport current at T = 77.4K

was 220A/cm2 (current direction I ⊥ NTP).

2.2. Magnetic measurements

The sample for magnetic measurements was made in the

form of a cube oriented along the TP texturing plane with

a side length of ≈ 1mm. Magnetic measurements were

performed using LakeShore VSM 8604 magnetometer. All

measurements presented in the paper were carried out at

a temperature of 78K. The sample was cooled in a zero

external field. Dependencies M(H) were measured using

two protocols. A family of private hysteresis loops was

measured in the protocol P1, with a sequential increase in

the maximum applied field ±Hmax. The step of increasing

the maximum field value was ±2.5Oe. The hysteresis

loop (after cooling in the zero field) was measured in the

protocol P2 to the value of Hmax = ±1000Oe. The rate of

field change for both measurement protocols was ≈ 1Oe/s.

The measurements were carried out in the directions of the

external field H, perpendicular and parallel to the texturing

plane TP. In this case, the magnetic moment of the sample

is measured, as standard, along the direction of the external

field. The magnetization data are given in electromagnetic

units (emu) per gram of sample.

3. Results and discussion

3.1. Anisotropy of magnetic hysteresis
from Bi2223 crystallites

Figure 2 shows the dependencies M(H) (proto-
cols P1, P2) for H ‖ NTP (Figure 2, a) and H ⊥ NTP (Fi-
gure 2, b) in the field area up to ±115Oe. The upper inserts

in Figure 2 illustrate the general view of the dependencies

M(H) for the protocols used in the range of field ±1000Oe.
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Figure 2. Dependencies M(H), measured using protocols P1 and P2 (see section 2.2) for orientations H ‖ NTP (a) and H ⊥ NTP (b).
Upper inserts show the same in the range of the field ±1000Oe. Bottom inserts: behavior of partial hysteresis loops in the vicinity of

H ≈ 0; arrows mark the arc-shaped singularities of the dependencies M(H).

First of all, we would like to note that the magnetization

values for the directions H ‖ NTP and H ⊥ NTP in the area

of fields 100−1000Oe differ by more than two times.

It is known that Bi2223 single crystals are characterized

by a strong anisotropy of magnetization: the value of mag-

netization Mc can be tens of times higher at H ‖ c than the

magnetization of Ma−b at H ‖ a−b [19]. This difference is

much smaller in textured bulk polycrystals Bi2223 [20–24],
as can be seen from the data in Figure 2. Obviously,

the low anisotropy of textured samples is associated with

the effect of disorientation of crystallites [25,26]. For the

subsequent analysis of the small hysteresis, it is advisable

to show the relative position of the vectors Ma−b and Mc

from an individual Bi2223 crystallite, a−b the plane of

which is deflected from the texturing plane TP by a certain

angle ϕ, see Figure 3. If the external field is directed

along the texturing plane (H ⊥ NTP), then its projections

Ha−b onto the plane a−b and Hc onto the c-axis induce

magnetic responses Ma−b and Mc , respectively. In this

case, Ha−b = H cosϕ, Hc = H sinϕ and (|Mc | ≫ |Ma−b|).
The fulfillment of the strict inequality |Mc H| > |Ma−b H| is
also logical for the projections of the magnetization Ma−b H

and Mc H on the direction of the external field H.

As a result, in a textured material, even with the

orientation H ⊥ NTP, the main contribution to the magnetic

properties is due to the magnetization of Mc , i. e., shielding

currents flowing in it a−b planes of crystallites and trapped

Abrikosov vortices (in relatively large fields), located

along the axis c . From this consideration, it follows

that the effective field H
∗ will be smaller for H ⊥ NTP:

H
∗ = H cosϕ, where ϕ is the average misorientation angle

of lamellar crystallites relative to the texturing plane [25].
The above explains the rather small anisotropy of the

magnitude of the magnetization and the shape of the

Ma b–

Ha b–

Hc

Hc

Mc

Mc_H Ha b–

H

Ma b_H–

ϕ

ϕc-axis

NTP

Figure 3. Schematic representation of the effect of the deviation

of a single Bi2223 crystallite from the texturing plane on the

resulting magnetization. The Bi2223 crystallite (filled rectangle,

the crystallographic c-axis is indicated) is deflected from the

texturing plane (dashed horizontal line) by angle ϕ. The resulting

magnetization is measured along the external field H. The vectors

Ha−b and Hc are projections H onto the plane a−b and axis c,

magnetization vectors Ma−b and Mc (|Mc | ≫ |Ma−b|) being a

diamagnetic response to Ha−b and Hc , as well as projections

of these vectors onto the direction of the external field Ma−b H

and Mc H.

hysteresis loop for the main (
”
large“) hysteresis of textured

Bi2223 (see inserts Figure 2).

3.2. Area of existence of small magnetic

hysteresis

The data obtained using the protocol P1 in Figure 2 shows

the evolution of the hysteresis loop with an increase in Hmax.

In the protocol P1, the step to increase the field Hmax is the

same (see section 2.2), however, the distance between the
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Figure 4. Data from Figure 2 (dependencies M(H)) on an enlarged scale. (b) for Hmax = 10Oe shows an example of determining the

hysteresis field width 1H based on the points Hdec1, Hdec2, Hdec3, Hdec4, Hdec5 shown in the figure. The value 1H for different values Hmax

corresponds to the length of the horizontal segments; the position of the minimum value 1H is indicated (see section 3.2).

neighboring branches of the partial hysteresis loops on the

coordinate plane M, H is not the same, which is clearly

seen when comparing the data in the central region of the

coordinate plane and in its other regions. The greatest

degree of spatial separation of the partial hysteresis loops

is observed in the central region of the coordinate plane,

and this behavior suggests the manifestation of a small

magnetic hysteresis, which develops in the region of small

external fields [15–17]. From a comparison of the data in

Figure 2, a and b, attention is drawn to the different degree

of spatial separation of the partial hysteresis loops for ori-

entations H ‖ NTP and H ⊥ NTP: for orientations H ⊥ NTP

adjacent curves are located further from each other.

A small hysteresis is clearly expressed for granular HTSC

of the yttrium system and the bismuth system without

texturing in a certain field range — up to ±Hirr1 (see
Introduction), and the dependence M(H) becomes almost

reversible at H ≈ Hirr1 [15–17]. At the same time, the

usual
”
large“ hysteresis from HTSC granules begins to

develop already in fields exceeding the values of Hirr1.

This makes it possible to accurately specify the range of

existence of a small magnetic hysteresis and determine

the field Hirr1 [15–17]. There is no area with reversible

magnetization behavior in the dependences M(H) in Fi-

gure 2 that uniquely determines the field Hirr1, which is

attributable to the fact that the ranges of small and large

hysteresis (from Bi2223 crystallites) overlap. To estimate

the value of Hirr1, it is advisable to consider the field width

of the magnetic hysteresis 1H (at M = const) and propose

a criterion for identifying particular loops of small hysteresis.

And it is logical that if the hysteresis width 1H is minimal

for a certain field, then this field will reflect the end of the

development of small hysteresis against the background of

the development of hysteresis from Bi2223 crystallites.

Figure 4 shows parts of the data in Figure 2 (the range of

the field −10−115Oe), and Figure 4, b shows an example

of determining the hysteresis width 1H . Let us draw a

horizontal line to the right from a point on the coordinate

grid at H = Hmax (for example, at Hmax = 10Oe), and the

intersection points of this line with the nearest branches

of the partial hysteresis loops for the decreasing external

field Hdec are denoted as Hdec1, Hdec2, Hdec i, see Figure 4, b.

Next, let us compare the values of the segments HmaxHdec1,

Hdec1Hdec2, Hdec2Hdec3, Hdec iHdec i+1, etc. The lengths

of these segments will be large enough in the area of

relatively small fields where the hysteresis branches M(Hdec)
are sparse enough, and this is that very area where a

small magnetic hysteresis exists. It can be seen from

Figure 4, b for Hmax = 10Oe that the lengths of the

segments HmaxHdec1, Hdec1Hdec2, Hdec2Hdec3, Hdec3Hdec4 are

approximately the same, and the length of the segment

Hdec4Hdec5 is noticeably shorter. This, on a qualitative

level, allows assuming that the field width of the small

hysteresis 1H at Hmax = 10Oe approximately corresponds

to the length of the segment HmaxHdec4. We propose the

following semi-empirical criterion for determining the width

of a small hysteresis 1H : 1H(Hmax) is equal to the value

of the segment between Hmax and Hdec i if the length of the

segment Hdec iHdec i+1 becomes 85% less than the length of

the
”
previous“ segment Hdec i -1Hdec i.

Using the described algorithm, we obtained the values

1H for different values Hmax. The values of 1H are shown

in Figure 4 as horizontal segments, and it can be seen that

their length behaves non-monotonously with the growth of

Hmax, which is assumed with the development of magnetic

hysteresis from two subsystems (see above). The positions

of the minimum value of the hysteresis width are shown

in Figure 4. As can be seen from Figure 4, a, b, the field at

which 1H is minimal is larger for orientation H ⊥ NTP than
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for orientation H ‖ NTP. Thus, from the data in Figure 4,

it can be concluded with confidence that for the studied

textured sample, the field range in which a small hysteresis

exists is noticeably larger for the orientation H ⊥ NTP.

3.3. Arc-shaped singularity on a small magnetic

hysteresis loop

A characteristic arch-shaped singularity is visible on

specific loops M(H) in Figure 2 in the vicinity of H ≈ 0,

which is highlighted in the lower inserts of Figure 2, a and b,

where the dependences M(H) are shown for positive mag-

netization values (M ≥ 0) in the area of field ±15Oe. It can

be seen from a comparison of the data in the lower inserts of

Figure 2, a and b, that for orientation H ‖ NTP (Figure 2, a)
this arch-shaped singularity is expressed weaker than for

the orientation H ⊥ NTP (Figure 2, b). As was shown

earlier [15–17], the arc-shaped singularity of the dependence

M(H) in the region of small fields is an
”
attribute“ of the

small hysteresis loop. The disappearance of this arch-shaped

singularity at a certain value of H
∗

max is a sign that the

contribution from the subsystem of intergranular boundaries

completely disappears in the vicinity of H ≈ 0 [15]. On the

other hand, the degree to which the arch-shaped singularity

is pronounced indicates the degree of attenuation of the

small hysteresis loop after application of the field Hmax.

Let us consider the height of the magnetic hysteresis loop

1M(H) = M(Hdec)−M(Hinc) (Hinc — increasing external

field). First, we present the dependencies 1M(H) for the

field Hmax = 1000 Oe, in which the arch-shaped singularity

is no longer observed, see Figure 5. These dependences

have maxima (in fields of positive and negative sign), typical
for granular superconductors.

The dependencies 1M(H) for the sample values Hmax

are shown in Figure 6. The arch-shaped singularity of

the dependencies M(H) manifests itself as a peak on the

dependencies 1M(H), and this is especially noticeable for

small values Hmax. The peak in the vicinity of H ≈ 0 has

the form of a weakly expressed local maximum for the

orientation H ‖ NTP at Hmax = 115Oe, and local maxima

from the main magnetic hysteresis are also visible (as
in Figure 5). Therefore, for the orientation H ‖ NTP, the

characteristic field H
∗

max, which leads to the disappearance

of a small hysteresis, is quite close to the value of 115Oe.

The peak remains sufficiently
”
sharp“ for the orientation

H ⊥ NTP at Hmax = 115Oe, which indicates that the field

H
∗

max significantly exceeds the value of 115Oe (maxima

from the magnetic hysteresis of Bi2223 crystallites are

manifested in a characteristic a form of a
”
shoulder“).

An unambiguous conclusion follows from the consid-

eration of the evolution of the characteristic arc-shaped

singularity of the dependencies M(H) (Figure 2) and the

accompanying hysteresis height data 1M(H) (Figure 6) that
the characteristic field H

∗

max for the orientation H ⊥ NTP

significantly exceeds the field H
∗

max for orientation H ‖ NTP.

3.4. Model explaining the anisotropy of small

magnetic hysteresis

Based on the results in sections 3.2 and 3.3 it can be

said that an anisotropic behavior of small hysteresis is

observed in a textured polycrystal based on Bi2223. And if

the magnetization values for the main magnetic hysteresis

are higher at orientation H ‖ NTP, then small hysteresis at

orientation H ⊥ NTP exists in a significantly larger range of

the external field than at orientation H ‖ NTP. To explain

the observed behavior, we consider the specifics of the

interaction of subsystems of superconducting granules and

intergranular boundaries [15–17], as applied to textured

HTSC Bi2223.

Figure 7 shows the directions of magnetic moments

from neighboring crystallites (somewhat disaligned relative

to the TP plane) in the cases of H ‖ NTP (Figure 7, a)
and H ⊥ NTP (Figure 7, b). In the case of H ‖ NTP,

the diamagnetic response of crystallites is determined by

the projection of Mc onto the external field of H, i. e.,

by the vector Mc H (contribution from Ma−b negligible).
In the case of H ⊥ NTP, based on the consideration of

Figure 3, it can also be assumed that the diamagnetic

response is determined by the vector Mc H (the contribution
from Ma−b H is significantly less). Magnetic induction lines

from vectors Mc H are closed through the space between

the crystallites, inducing a field Bind in the intercrystalline

boundaries. It can be seen that the fields Bind induced by

neighboring crystallites in the case of H ‖ NTP are directed

in one direction. However, for the case of H ⊥ NTP

(Figure 7, b), the vectors Bind from neighboring crystallites

are multidirectional. Obviously, in this case, the influence of

the magnetic moments of neighboring crystallites on the

induced field in the intercrystalline boundary is partially

compensated. Therefore, for the values of the induced field

B ind in orientations H ‖ NTP and H ⊥ NTP, the following

inequality can be written:

B ind(H ‖ NTP) > B ind(H ⊥ NTP). (1)

Physics of the Solid State, 2025, Vol. 67, No. 7
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In the schematic representation of Figure 7 (also in

Figure 3), the case of an increasing field is considered

when the resulting magnetization has negative values (dia-
magnetism). In the case when the external field decreases

(under the condition H ≥ 0), the directions of the magnetic

moments Mc , Mc H, lines of magnetic induction and vectors

Bind are reversed, while the inequality (1) will remain true.

In the area of intercrystalline boundaries, it is appropriate

to consider the effective field Beff, which is a superposition

of H and Bind:

Beff = H + Bind. (2)

It was previously shown that in the expression (2) in

the region of small and intermediate fields, the second

term dominates due to the compression of the magnetic

flux in the intergranular medium [15,27]. It is the field

Beff (and not the magnitude of the external field H) that

determines the evolution of the small magnetic hysteresis.

If the value Beff is large enough, then the response

from the subsystem of intercrystalline boundaries becomes

vanishingly small. And this situation occurs both in fields

of the order Hirr1 (see above) and in the vicinity of small

fields after applying an external field to a certain value

H
∗

max, and then reducing the field (a weakly expressed arc-

shaped singularity, see section 3.3). In the latter case, the

trapped flux (Abrikosov vortices) in the crystallites induces

a field B ind into the intercrystalline boundaries. Due to the

inequality (1), the discussed arc-shaped singularity of the

dependence M(H) for orientation H ‖ NTP disappears with

a lower value of the field H
∗

max (used in the protocol P1)
than for orientation H ⊥ NTP.

So, the anisotropy of individual Bi2223 crystallites leads

to the fact that the inequality M(H ‖ NTP) > M(H ⊥ NTP

holds for the main magnetic hysteresis), see inserts Figure 2.
At the same time, at the orientation H ⊥ NTP, small

magnetic hysteresis exists in a larger field range than at the

orientation H ‖ NTP, and this is explained by the influence
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of effective fields in the intercrystalline boundaries induced

by the magnetic moments of Bi2223 crystallites (Figure 7).

4. Conclusions

For a textured superconducting material based on Bi2223

lamellar crystallites, the orientation of the external field

relative to the texturing plane affects the range of the

external field in which a small magnetic hysteresis is

manifested. When the external field is directed parallel

to the texturing plane (parallel to the a−b planes of

the crystallites), due to the imperfect orientation of the

crystallites, conditions arise under which the influence of

the magnetic moments of neighboring crystallites is partially

compensated. This leads to the fact that small magnetic

hysteresis is manifested in a significantly larger range of

external fields than in the orientation when the field is

perpendicular to the texturing plane.
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