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Properties of small magnetic hysteresis loop of granular HTSC:
range of existence, remanent magnetization and relaxation
of magnetization

© D.A. Balaev, S.V. Semenov, D.M. Gokhfeld, M.I. Petrov

Kirensky Institute of Physics, Federal Research Center KSC SB, Russian Academy of Sciences,
Krasnoyarsk, Russia

E-mail: dabalaev@iph.krasn.ru

Received January 30, 2024
Revised January 30, 2024
Accepted January 31, 2024

The magnetic hysteresis loop of a granular high-temperature superconductor (HTSC) is determined both by the
pinning of Abrikosov vortices in granules and by the penetration and trapping of a magnetic flux in the region of
boundaries between granules. The subsystem of the intergranular boundaries of a granular HTSC is a Josephson
medium, therefore, the trapped flux in it is Josephson vortices. Meissner currents shielding the external magnetic
field cross the intergranular boundaries, which, together with the influence of pinned Josephson vortices, causes the
so-called ,,small“ magnetic hysteresis from the subsystem of intergranular boundaries. The properties of the small
magnetic hysteresis of granular HTSC Y—Ba—Cu—O systems are studied in detail and described. Experimental
conditions, including the magnetic background, have been determined in which the contribution of small hysteresis
to the total magnetization of granular HTSC is significant or becomes vanishingly small. An explanation is given
for the different manifestation of the contribution of small hysteresis at different magnetic prehistory. In conditions
where the remanent magnetization is determined only by the trapping of the flux in the intergranular boundaries,
the relaxation of magnetization associated with the dissipation of Josephson vortices is measured. The similarity
and difference of such relaxation with the known relaxation associated with the dissipation of Abrikosov vortices
are indicated. The shape of the small magnetic hysteresis loop was described using the critical state model.
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1. Introduction

The superconductor magnetic hysteresis loop, i.e., the
dependence of magnetization on the external field M(H),
reflects its main characteristics important for practical
applications. This applies both to applications in devices
using a diamagnetic response, or a magnetic flux captured
by a superconductor [1,2], and high-current applications
(cables, short-circuit current limiters, electromagnetic mo-
tors) [3-10], since the height of the hysteresis loop M(H)
is proportional to the critical current density. Approaches
to the description of the hysteresis behavior of the of
superconductor magnetization have now been developed at
a sufficient level to reliably determine the critical current
density in magnetic fields and to define specific features
related to the pinning mechanisms of Abrikosov vortices.
Experimentally, the magnetization hysteresis of various
superconducting materials has also been studied quite
fully, this also applies to the class of high-temperature
superconductors (HTSC).

Nevertheless, the granular HTSC systems have one
specific feature of magnetic hysteresis observed in the
region of weak fields, which has been studied to a much
lesser extent than hysteresis in the range of moderate and
strong magnetic fields. This paper will cover the so-called
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»small loop” of magnetic hysteresis [11-15]. A small
hysteresis of the dependence M(H) in classical granular
HTSC systems based on yttrium and bismuth in the vicinity
of the liquid nitrogen temperature is observed in the range
of up to 10—200e [11-15], up to several dozen Oersted
at low temperatures [12,15]. Tt is quite logical that in
weak fields, the diamagnetic response corresponds to the
complete shielding of the field in a granular sample, while
Meissner currents flow both in HTSC granules and across
intergranular boundaries. Currents across the intergranular
boundaries are caused by the Josephson effect, and the
Josephson coupling between the granules is destroyed with
an increase in the external field which results in the
disappearance of a small hysteresis. The magnetic properties
of granular HTSC in higher magnetic fields are determined
by Meissner currents and magnetic flux capture only in
HTSC granules.

The properties of small magnetic hysteresis of granular
HTSC have not been studied fully enough despite the
available qualitative description of magnetic properties of
weak fields. The papers cited above [11-15] comprise
a fairly representative list of studies of small magnetic
hysteresis, and a number of features of magnetic properties
in weak fields still require study and explanation. For
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example, a recent paper [16] showed that the total magnetic
hysteresis of the granular HTSC of the yttrium system
is an unambiguous superposition of magnetizations from
the intergranular boundaries (small hysteresis) and the
magnetization of granules (,large hysteresis) only under
certain conditions. In fact, the subsystems of gran-
ules and intergranular boundaries are connected, granules
with ,strong superconductivity generate ,,weak supercon-
ductivity” (Josephson medium) in an intergranular medium.
At the same time, the magnetic moments of the granules
induce an additional field into the intergranular space, which
results in the suppression of small hysteresis [16]. This
work is devoted to a detailed study of the properties of
small hysteresis of granular HTSC of the yttrium system,
including the behavior of residual magnetization and its
relaxation.

2. Experiment

Granular HTSC of the Y 93Gdg.02BayCu3zO7_5 compo-
sition was prepared from the corresponding oxides using
standard solid-phase synthesis technology. The results of
a detailed characterization of this sample are provided
in Ref. [17]. According to the analysis of the powder diffrac-
tion pattern, the sample is single-phase, according to elec-
tron microscopy data, the average size of di superconduct-
ing granules is 4um. The temperature of transition 7¢
to the superconducting state was 93.8K, the density of
the transport critical current jc ~ 20 Alem?® at T = 77.4K.
Hereinafter this sample is designated as YBCO-G. Another
HTSC sample of the nominal formula YBa,Cu3;O7_s,
studied in this paper, is described in detail in Ref. [16,18,19],
for it dg ~ 10um, T = 93.8 K, the density of the transport
critical current jo (T = 77.4K) ~ 150 A/em®. Hereinafter
this sample is designated as YBCO-S.

Magnetic measurements were performed using vibration
magnetometer LakeShore VSM 8604. The samples for
measurements were made in the shape of a ball with diam-
eters of =~ 2.5mm (YBCO-G) and ~ 3.5mm (YBCO-S).
The rate of field change for measuring dependencies M (H)
was ~ 0.5—10e/s for the field area with a strength up
to 150—2000e; the rate of change of the fields was
~ 50e/s for measurements of fields with a maximum
strength of up to 200—1000 Oe. Initially, the sample was
cooled in a zero external field. For measuring a family
of loops with different values of the maximum applied
field Hyax, €ach subsequent value of the field Hp,x was
greater than the previous one. The mode of measur-
ing the residual magnetization at a constant temperature
(Isothermal Remanence Magnetization — IRM) was used
in some cases to measure the dependence of the residual
magnetization (in the zero field) on the value of Hpax.
The experimental values of the external field were adjusted
taking into account the demagnetization factor of the
sample.
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Figure 1. The magnetization hysteresis loops of the sample

YBCO-G obtained with different values of the maximum applied
field £Hmax with a sequential increase of the value of Hmax. The
black arrows show the direction of change of the external field, the
red arrows show the values of the maximum field Hmax in some
magnetization reversal cycles.

3. Results and discussion

3.1. Large and small magnetic hysteresis loops
and conditions of their coexistence

Figure 1 shows a family of magnetic hysteresis loops of
the sample YBCO-G at T = 77.4K obtained with different
values of field =H.x. The values of Hp.x increased
sequentially by 50e¢ to Hpnax = 120 Oe, at Hpax > 120 Oe
field Hp.x increased by 100e, at Hpax > 1800e, Hpax
increased by 200e, and further in large fields by 50
and by 150 Oe (some points +Hpax are shown in Figure 1).

The type of dependencies M(H) shown in Figure 1 is
typical for granular HTSC. The asymmetric shape of the
dependences M (H) relative to the abscissa axis is explained
by the presence of a surface layer in granules in which the
pinning of the Abrikosov vortices is weakened (the depth of
this layer and the contribution from its equilibrium magneti-
zation increase as the temperature approaches Tc) [20-24].
The data of Figure 1 are shown in Figure 2 on an enlarged
scale in the vicinity of the point origin. The small magnetic
hysteresis described in the Introduction is clearly visible in
Figure 2, and, this hysteresis as a first approximation, is
observed against the background of a linear diamagnetic
response of superconducting granules.

Let’s pay attention to one feature of the family of hystere-
sis loops with different values Hp,y, highlighted in Figure 2.
Arrows in Figure 2 indicate the characteristic arch-shaped
features of the dependencies M(H), corresponding to the
extremes of the small magnetic hysteresis loop obtained
by subtracting the diamagnetic response of superconducting
granules (Figure 7). The data provided in Figure 2 show
that the arc-like features become less pronounced with
the growth of Hpmax, and such features generally disappear
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Figure 2. The data shown in Figure 1 is enlarged relative

to the origin, the arrows indicate the arch-like feature discussed
in the text. The dependencies M(H) at Hmax < 1200e and at
Humax > 120 Oe are highlighted in color.

with sufficiently large values of Hp,x. Mathematically, the
absence of even a weakly expressed arch-shaped feature can
be verified if the derivative of the function dM(H)/dH has
no extremum in the field region near H = 0. In our case,
the derivative dM(H)/dH of the sample YBCO-G does
not show such extremes at H,. ~ 120 Oe and large values
Hpmax. The dependencies M (H) are highlighted in color in
Figure 2 starting from H}_, ~ 1200e. The magnitude of
the change of magnetization in the vicinity of the arch-
shaped feature at values Hp,x ~ 10—400e is not small,
and this change should also manifest itself against the
background of dependence M(H) in the vicinity of H = 0
at HX,. ~ 120 Oe. Therefore, there is a factor that reduces
the contribution of small magnetic hysteresis to the overall
dependence of M(H).

The impact of the magnetic moments of superconducting
granules on the intergranular boundaries is such factor as
shown in Ref. [16]. The explanation is based on the concept
of an effective field in an intergranular medium of granular
HTSC [25-30]. Magnetic induction lines Bi,q from the
magnetic moments of granules Mg (Mg is the superposition
of contributions from Abrikosov vortices and from Meissner
currents in granules) close across intergranular intervals,
see schematic representation in Figure 3,a. As a result,
the field induced by moments Mg in the intergranular
medium B;,q contributes to the total effective field Beg in
the intergranular medium: Begy = H + Bing. The following
expression is valid for the scalar value of the effective
field taking into account the sign of the magnitude of
magnetization M (Figure 3,a) [25-30]:

Bep(H) = H —a - 47 - M(H). (1)

Here, the parameter a reflects the compression of the
magnetic flux in the intergranular medium (Figure 3,a) of

the granular HTSC, and the value of a reaches 12—20 due
to this fact [25-30).

It follows from the analysis within the expression (1)
that the magnetic moments of the granules have the main
impact on the rather small range of existence of a small
hysteresis through the field By, induced by them [16]. The
impact of Mg results in the suppression of the response
from small hysteresis and in the vicinity of H = 0 after

H=Hie, H> He g H=0, Hyax < Heyg
e
o AV
H®
H=0, HC1G<Hmax<Hrzax H=0, Hmax>H:1ax

Figure 3. Schematic representation of a granular HTSC in an
external field for various values of the external field and magnetic
background. HTSC granules are shown by ovals, their places
of contact correspond to intergranular boundaries. The cases of
an increase of the external field H = Hi,. and the absence of
an external field H =0 are shown. (a) — the location of the
directions of the magnetic moment vectors of granules M and
magnetic induction lines Bi¢ (induced Mg), closing through the
intergranular boundaries; density Bing corresponds to the general
picture of the magnetic flux compression effect. (b) and (c) — the
presence (absence) of Meissner currents across the intergranular
boundaries Iygp and inside the granules Iy, as well as the
Josephson vortices JV and Abrikosov vortices AV in the specified
ranges of the external field (range Hp ~ 15—20 Oe at (b)
corresponds to T = 77K). (d), (e), (f) — presence (absence)
of the Josephson vortices JV and Abrikosov AV at H = 0 after
application of the field Hmax in the specified ranges.

Physics of the Solid State, 2024, Vol. 66, No. 4



Properties of small magnetic hysteresis loop of granular HTSC: range of existence, remanent magnetization... 509
0.5
a —e— YBCO-G b
0.04 | —O— YBCO-S

04F 7| —e— YBCO-G (IRM data)
@05 200.03 Heig
= =
[ [
§ 02} §< 0.02

—o— YBCO-S C1G
| | | | 0 | |
0 200 400 600 800 1000 0 20 40 60 80
H, Oe H, Oe

Figure 4. Dependences of the residual magnetization Mg on the magnitude of the maximum applied field Hmax of the studied samples
in the range of fields with the strength of up to 1kOe (a) and in the range of small fields (b). The arrows on (b) indicate the points at
which Mk deviates from a constant value, which corresponds to the beginning of the penetration of the field into HTSC granules.

the application of the field Hp,y, 1. €., disappearance of the
arch-shaped dependence feature M(H) at H}, ~ 1200e

max

and large values of Hyax. The value, Hy . , at which the

arch-shaped feature on the dependency M (H) disappears, is
~ 160 Oe for the sample of YBCO-S [16].

3.2. The behavior of the residual
magnetization My depending on H
and magnetic state in different ranges

of the external field

Figure 4,a, b shows the dependencies Mg(Hmax). The
dependence Mg (Hmax) reaches saturation in sufficiently
large fields (Hmax > 400 Oe) (Figure 4,a). This is a typical
behavior of the residual magnetization of superconductors
of the second kind, in which, the general course of
dependence M (H) in a large range of fields does not depend
on Hpy,x at sufficiently large values of Hpax [16,30-32].
A similar trend can be observed from the data provided in
Figure 1: part of the hysteresis loop M (H) in fields with the
strength of less than ~ +2000e at Hy,x > 400 Oe almost
does not depend on H .

There is also an intermediate plateau in the area of
small fields on the dependence Mg (Hmax) Which is clearly
visible on an enlarged scale in Figure 4, b. The dependence
Mg (Hmax) has the form of S-shaped function (a double
S-shaped function on large field scale). This part of the
dependence Mg (Hmax) reflects the evolution of the residual
magnetization of small hysteresis, i.e. magnetization of the
subsystem of intergranular boundaries, and ,intermediate®
plateau in the range Hpmax ~ 10—30Oe corresponds to a
similar plateau Mg(Hma) for the subsystem of granules
in large fields (Hmax > 400 Oe).

The field at which the dependence Mg(Hmax) starts to
deviate from a constant value in the intermediate plateau
region (in fact, the loop of ,Jlarge* hysteresis begins to open)
is the field of the first penetration into superconducting
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granules Hcig. It can be determined from Figure 4,5
that the value of H¢ig is =~ 300e for the sample of
YBCO-G. The dependencies M(H) with different values
H.x for temperature 774K for the sample YBCO-S are
given in [16]. The corresponding dependencies M g(Hmax)
are shown in Figure 4. Figure 4,5 shows that the value of
HCIG is =~ 350e [16]

It can be concluded based on a detailed examination
of the data in Figure 2 (zooming in on the ordinate
axis) that the range of existence of a small hysteresis is
within Hy ~ +£15—200e for YBCO-G sample. This range
is &~ £200Oe for YBCO-S sample [16]. The given values of
the field H; are less than the field of the first penetration
into the granules H¢yg. Therefore, the processes of field
penetration into subsystems of intergranular boundaries and
granules are strictly delimited. For this reason it is possible
to specify different magnetic states for different ranges of
the external field.

The external field penetrates into the subsystem of
intergranular boundaries in the form of Josephson vortices
(JV in Figure 3) in weak fields (small hysteresis) at
H < H [33-35]. Meissner currents flow in both subsys-
tems, only in the case of small hysteresis, these currents
Iycp flow across the intergranular boundaries, shielding the
external field throughout the sample, and in the case of large
hysteresis, Meissner currents I;¢ shield the field inside the
granules. This is shown in the schematic representation
in Figure 3,b,c. The superposition of Meissner currents
(Imge and Ipg) and Josephson vortices determines the
shape of the small magnetic hysteresis loop. If the
maximum field H.x has not exceeded Hcig, then there
are only Josephson vortices in the system after removal of
the external field (H = 0).

The external field penetrates the granules in the form of
Abrikosov vortices when the external field increases more
than Hcig (AV in Figure 3). And the contribution of small
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hysteresis to the total magnetic hysteresis remains in small
fields if the maximum field does not exceed the value of
H.« (Hmax < H},y, €l.3.1), and two types of Meissner
currents and vortices of two types (JV and AV) are present
in a granular superconductor (Iyygp and Iyc). The captured
flow represents both Abrikosov vortices in granules and
Josephson vortices for the condition Hma < H},,, after
removal of the external field (at H = 0). In conditions when
the small loop of magnetic hysteresis is strongly suppressed,
i.e, at H > H; (Figure 3,c), and also near the zero field,
after application of the field H > H};,, (Figure 3,f), instead
of the presence of pronounced pinned Josephson vortices
(see cl.3.1), it is probably necessary to talk about the
complete penetration of the field into the intergranular area
and the flow of Josephson vortices in the intergranular
medium.

And finally, if Hyax > H},y, then the captured flow is
present only in granules in the form of Abrikosov vortices
both with the increase of the field s (in the range of
Huax > H,,) and with the decrease of the field, including

max

the case of H = 0, (Figure 3,f).

3.3. Relaxation of the magnetization
of the intergranular subsystem
with the passage of time

The combination of the characteristic values of the exter-
nal field presented above (cl. 3.2) (Hr, Hcig, Hiyy) allows
determining the conditions of existence (i) only of the
Josephson vortices and (ii) only of Abrikosov vortices (with-
out Meissner currents) in the sample. Condition (i) is satis-
fied with H = 0 after application of the external field Hyax,
not greater than Hcjg, see Figure 3,d. Condition (ii) is
fulfilled with H = 0 after application of the external field
exceeding the value H},, (120 and 160 Oe for YBCO-G
and YBCO-S samples, respectively), see Figure 3,f There
are both Josephson vortices and Abrikosov vortices in
the sample at H = 0 after application of field Hyax of such
magnitude that the double inequality Hei16 < Hmax < Hiax
holds, see Figure 3, e.

The magnetization of a superconductor demonstrates
relaxation when this external parameter is constant like any
other physical quantity with hysteresis behavior when an
external parameter changes, in this case — at H = const.
The relaxation of the magnetization of granular HTSC
has been studied in sufficient detail, Ref. [25,26,30,36-39],
however, as far as we know, the relaxation associated only
with Josephson vortices has not been studied. This case
corresponds to the condition (i) defined above. Based on
this, we measured the evolution of the residual magnetiza-
tion My over time in the zero field after the application of
the field Hpax = 15 Oe (in this case Hmax < Heig). We also
measured the relaxation associated with the dissipation of
Abrikosov vortices to identify the features of magnetization
relaxation associated with the dissipation of Josephson
vortices. To do this, the residual magnetization Mg (in
the zero field) was measured under condition (ii), while
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Figure 5. Dependence of the residual magnetization Mg on the
time of the sample YBCO-G after application of the external field
Hpmax of 150e and 1kOe. (a) — Mg(t), (b) — data on My are
normalized by the value at 1 = 5, abscissa axis — logarithmic
scale. A smoothed dependence of Mg(t) is also shown for data at
Hmax = 150e.

the external field was set to the value of Hmax = 1kOe
(Hmax > H;;la)p Hmax > HCIG)-

The dependencies Mg(¢) under the specified conditions
for YBCO-G and YBCO-S samples are shown in Fi-
gure 5,a and 6, a, respectively. The residual magnetization
decreases quite significantly over time. The change of
magnetization over time follows the logarithmic dependence
M(t)/M(t) ~ 1 — constlIn(¢/ty) quite well in the first ap-
proximation. This can be seen from the data in Figure 5,5
and 6,b, where the dependencies Mg(r) are given in
coordinates Mg(t)/Mg(t = 5s), t, and a logarithmic scale
is used along the abscissa axis. The data for the two studied
samples are consistent, the magnetization associated with
the dissipation of Abrikosov vortices (after Hpax = 1kOe)
decreases by ~ 7—9% over time ~ 3000s, while this
decrease for relaxation associated with Josephson vortices
does not exceed 3%.

A logarithmic relaxation of magnetization is quite often
observed with time starting from #9 ~ 10—100s in case of
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Figure 6. Dependence of the residual magnetization Mg on the
time of the sample YBCO-S after application of the external field
Hpmax of 150¢ and 1kOe. (a) — Mg(t), (b) — data on My are
normalized by the value at r = 5, abscissa axis — logarithmic
scale. A smoothed dependence of M(¢) is also shown for data at
Humax = 150e.

superconductors [37], although there are deviations from
this dependence associated with the manifestation of a
vortex glass type state [36,37] or quantum tunneling of
vortices (at low temperatures) [38]. In the general case, the
relaxation of magnetization is explained by the overcoming
of the pinning potential (barrier) by vortices, i.e. by the
thermal activation process. And it is possible to show [37]
that the rate of change of magnetization (at H = const)
depends on the energy value of the barrier Up, which is
crossed by the vortex:

M(t)/M(to) ~ 1 — (kg - T/Up) - In(t/t0). (2)

Processing of data of Figure 5,6 and 6,b using
the expression (2) gives the following barrier val-
ues Up: Upyy =~ 1.47eV for Josephson vortices (sample
YBCO-G), 1.3eV (sample YBCO-S) and Upay =~ 0.52¢V
for Abrikosov vortices (sample YBCO-G) and 0.62eV
(sample YBCO-S). The values Upay are typical for
granular HTSC of the yttrium system [37,25,30]. The
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higher value of Upjy for the vortices of YBCO-S sample
(compared to YBCO-G sample) is logically associated with
a higher density of the transport critical current jc of this
sample. However, the main interesting and new result
is that the energy barrier for the Josephson vortex is
significantly (2—3 times) greater than the energy barrier
for the Abrikosov vortex. Further detailed studies of the
relaxation of magnetization corresponding to the processes
in the subsystem of Josephson vortices with various external
fields are needed.

3.4. Small magnetic hysteresis loop and critical
current density

It is possible to conclude based on the results of cl. 3.1
and 3.2, that in the region of fields smaller than H¢ig,
the dependence of M(H) of granular HTSC is additive to
contributions from subsystems of intergranular boundaries
Mgp(H) (small hysteresis) and from granules Mq(H):
M(H) =Mgg(H) + M¢g(H). In this case, Mg(H) = x - H,
where x < 0. Therefore, the function Mgp(H) can be
correctly defined by expression

Mgp(H) =M(H) —x - H. (3)

Figure 7,a shows the dependencies M(H) and
Mg(H) =y - H, and also a small magnetic hysteresis loop
M¢gg(H) of YBCO-G obtained using the expression (3).
The dependences M(H) in Figure 7,b in the region of
the existence of small hysteresis for YBCO-S sample at
temperatures 774, 85 and 87K. Figure 8 illustrates the
loops of small magnetic hysteresis (dependencesM g (H))
of YBCO-G sample (Figure 8,a) and YBCO-S sample
(Figure 8,b) at T = 77.4, 85 and 87K.

The shape of the loop of small magnetic hysteresis
(Figure 7) has its characteristic differences from the corre-
sponding hysteresis of HTSC granules (Figure 1). This is not
surprising, since the small and large loops are attributable
to the responses from completely different superconducting
subsystems. At the same time, the characteristic pattern
of magnetic flux penetration of both subsystems into a
superconductor is similar in a granular sample. The
critical state model [40] works both for Abrikosov vortices
penetrating granules in sufficiently large fields [41] and for
Josephson vortices penetrating a granular superconductor in
small fields [42,43]. Therefore, it is possible to expect that
the model describing the magnetization of granules will also
describe the magnetization of the subsystem of intergranular
boundaries.

The density of the intragranular critical current jcg can
be estimated based on the height of the large hysteresis
loop AM in Figure 1, since the relationship between j¢
and AM is established in the critical state model [40].
The formula jc¢ = 30AMpg/dc is used for polycrys-
talline samples, where pg — the physical density of the
granule material in g/cm?, and AM — magnetization in
emu/g [44]. jc = 1.4 - 10° A/em? is obtained for YBCO-G
and jeg =2-10° A/em? is obtained for YBCO-S.
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Figure 7. ¢ — magnetic hysteresis loop M(H) of YBCO-G sample with Hpax = £20 Oe, linear dependence Mg (H) = yxH, corresponding
to the diamagnetism of HTSC granules (x < 0), and the contribution from the subsystem of intergranular boundaries Mg (H), obtained
after deducting the diamagnetic contribution from granules; » — magnetic hysteresis loops M (H) of YBCO-S sample with Hax = £150e

and the temperatures indicated on the legend.
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Figure 8. Small magnetic hysteresis loops — the dependences Mz (H) obtained after deducting the diamagnetic contribution from
granules for YBCO-G sample at T = 77.4K (a) and YBCO-S sample at temperatures of 77.4, 85, 87K (b). The lines are calculated using

the critical state model with exponential dependence jcgz on H.

Similarly, the density of the intergranular critical cur-
rent jcgp can be estimated based on the height of the
hysteresis loops AM in Figure 8. For the case of a
ball jc = 35AMp/direie [45], where dgircle is the diameter
of the ball, p is the density of the sample. This
formula gives the values jcgp = 23 A/lem® for YBCO-G
and jcgp = 49 A/em? for YBCO-S. The formula is obtained
with the assumption of the independence of the critical cur-
rent from the magnetic field (bin approximation), therefore
the estimated values are underestimated [44.45]. Therefore,
the density of the critical current in the subsystem of
intergranular boundaries is more than three orders of
magnitude less than the density of the intragranular critical
current.

A more accurate estimate of jcgp can be obtained by
assuming a field dependence of the critical current density.
We described the magnetization loops in Figure 8 using
the critical state model in variant [24]. The exponential
dependence of the critical current density on the magnetic
field jcgp = jcoexp(—B/By) was used for the calculations.
The applied model considers an infinitely long cylinder,
rather than the ellipsoid geometry appropriate for these
samples. However, the magnetization of a spherical sample
can be qualitatively reproduced by considering an equivalent
cylinder [16] with a diameter of degx = dcircie/4. The
impact of the demagnetization factor and the effective field
was taken into account using an adjustment coefficient ky,
which establishes the difference between the field H in
the model and the magnitude of the external field for the
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Parameters used in the description of magnetization loops in Fi-
gure 8

Parameters Jjco, Alem? By, Oe | kg degr, CM
YBCO-G (77K) 90 0.63 4 0.194
YBCO-S (77K) 240 0.65 4 0.131
YBCO-S (85K) 40 04 4 0.131
YBCO-S (87K) 12 035 4 | 0131

samples. It is possible to state that the parameter kg

determines the relationship of the effective fields for the
cylinder and the ball.

The calculated hysteresis magnetization loops are plotted
on charts together with experimental dependences in Fi-
gure 8. The adjustment parameters used are listed in
the table. The value jco was the main adjustment parameter
determining the magnetization values for the lower and
upper branches of the loop. The parameter B, determines
the loop collapse rate. The height of the loop AM becomes
less than 1% of AM in the zero field at H = H;, this is
achieved with the value By ~ H/(7kn).

4. Conclusion

A detailed study of the minor hysteresis loops of the mag-
netization of granular HTSC systems revealed the following
patterns of behavior of a small magnetic hysteresis loop.

The small magnetic hysteresis caused by the capture of
Josephson vortices by intergranular boundaries (Josephson
medium) makes a significant contribution to the overall
magnetization in the region of small fields. It exists
when the field is cycled in the range up to a certain
value H;, H; ~ 15-200e at the liquid nitrogen temper-
ature. Under these conditions, only the subsystem of
intergranular boundaries determines the hysteresis behavior
of the magnetization of a granular HTSC. The hysteresis
associated with the granule subsystem begins to unfold in
fields approximately twice as large as H;. At the same
time, the impact of small hysteresis from the subsystem of
intergranular boundaries remains noticeable in weak fields
(in the vicinity of H ~ 0), but becomes vanishingly small if
the maximum applied field reaches a certain value H,..
The value of H}, can be ~ 120—1700e at the liquid
nitrogen temperature. In other words, a small magnetic
hysteresis collapses in the range of fields large H;, and also
in the entire range of fields under the impact of magnetic
prehistory, in which the maximum applied field reached
the value H},. The impact of the magnetic moments
of the granules on the total effective field within the
intergranular boundaries is the main factor influencing the
described collapse of small hysteresis. The effective field
in the intergranular boundaries is mainly determined by
the magnetization of the granules due to the impact of

4 Physics of the Solid State, 2024, Vol. 66, No. 4

compression of the magnetic flux and significantly exceeds
the external field.

It is possible to determine the conditions of existence in a
granular sample (i) only of Josephson vortices, (ii) only of
Abrikosov vortices, or, in other cases, their co-existence with
Meissner currents since the characteristic values of the fields
in which the hysteresis response of magnetization appears
in the subsystems of intergranular boundaries and granules
are different. This allowed us for recording the relaxation
of the residual magnetization over time associated with the
dissipation of Josephson vortices. The value determining
the rate of relaxation of magnetization was found to be
in 2—3 three times greater for Josephson vortices than the
same value for Abrikosov vortices.

It is possible to correctly identify the hysteresis loop
associated with the subsystem of intergranular boundaries
using the experimental data. It is possible to describe
the shape of a small magnetic hysteresis loop using the
same critical state model that is used to calculate the
magnetization of bulk superconductors and polycrystalline
HTSC. The values of the critical current density obtained
from the critical state model are consistent with the values
of the transport critical current.

The studied samples can be considered representative of
granular HTSC materials of the yttrium system. For this
reason the results obtained should be considered as typical
for ceramic HTSC samples obtained using standard methods
with a structure of 1-2-3.
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