JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS, 2024, Vol. 165, No. 2, pp. 247—254

—— ORDER, DISORDER, AND PHASE TRANSITION IN CONDENSED MEDIA —

COLLAPSE OF MINOR MAGNETIC HYSTERESIS LOOP
IN GRANULAR HIGH-T, SUPERCONDUCTOR YBa,Cu,0,_,

© 2024 D.A. Balaev’, S.V. Semenov, D. M. Gokhfeld, M. 1. Petrov

Kirensky Institute of Physics, Krasnoyarsk Scientific Center,
Siberian Branch of the Russian Academy of Sciences, Krasnoyarsk 660036, Russia

*e-mail. dabalaev@iph.krasn.ru

Received September 12, 2023
Revised October 13, 2023
Accepted October 16, 2023

Abstract. The evolution of the magnetic hysteresis loops of the granular high-temperature supercon-
ductor YBa,Cu,;0,_; with varying the maximum external applied field H,,,. has been experimentally
studied. In the range of weak fields (up to ~10 Oe at a temperature of 78 K), the small hysteresis loop
is observed, associated with diamagnetism and the penetration of Josephson vortices into the subsystem
of intergranular boundaries, which is a Josephson medium. With further growth of 4., the larger mag-
netization hysteresis loop appears, associated with the penetration of Abrikosov vortices into supercon-
ducting granules. When analyzing the experimental data, a non-trivial fact was discovered: the magnetic
response from the subsystem of intergranular boundaries becomes less noticeable with increasing H,,,,,
and at a certain value of H,,,, this response disappears. This occurs even though the small hysteresis loop

at small values of H,,,, is comparable to the magnetic response of superconducting granules.

The described evolution of magnetic hysteresis is explained using the concept of an effective field in an in-
tergranular medium. The total magnetic field in the subsystem of intergranular boundaries is determined
not only by the external field, but also by closing fields from the magnetic moments of superconducting
granules. In other words, the interaction between the superconducting subsystems of granules and in-
tergranular boundaries leads to the small hysteresis loop in sufficiently small fields, and to its complete
disappearance with increasing magnetization modulus of superconducting granules.
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magnetic flux, Abrikosov vortex, Josephson vortex
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1. INTRODUCTION

The parameters of the magnetic hysteresis loop are
one of the main characteristics of superconductors
both for practical applications and for understanding
the fundamental processes of penetration, distribution,
and anchoring (pinning) of Abrikosov vortices. The di-
versity of types of superconducting materials [1-6] and
the need for controlled control of vortex pinning [7, 8]
require an understanding of the physical mechanisms
of the formation of magnetization hysteresis loops,
which has prompted numerous studies [9-24]. In the
almost 60 years since the Bean critical state model [25]
appeared, there have been many further modifications,
improvements, and changes, see, for example, [26],

including those that take into account the granularity
of the superconducting material [27-31].

The granular structure of high-temperature super-
conductors (HTS) and their small coherence length
cause that the transfer of superconducting current
through the intergranular boundaries occurs due
to the Josephson effect. The subsystem of intergranu-
lar boundaries is a network of Josephson junctions and
is a separate “weak” superconducting subsystem con-
nected with another already “strong” superconducting
subsystem — HTS granules. As a result, a two-lev-
el superconducting state is formed in granular HTS
materials [27], which is manifested in their magnet-
ic-transport properties, such as the two-step transition
to the superconducting state observed in the resistance
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dependences on temperature in an external field,
or stepped character of magnetoresistance (at constant
temperature).
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Fig 1. Magnetic hysteresis loops M(H) of the studied sample
YBa,Cu;0,_; in different external field ranges. The legend cor-
responds to both the main figure and the insets. The lower inset
shows the contribution from the M,(H) intergranular boundary
subsystem obtained after subtracting the field linear diamagnetic
contribution from the superconducting granules.

The subsystems of intergranular boundaries and
granules are also characterized by the presence of hys-
teresis in different ranges of magnetic fields [32-35].
It should be noted that the vast majority of studies con-
sider magnetization hysteresis in moderate and strong
magnetic fields, where the magnetic response is mainly
determined by superconducting granules. At the same
time, little attention has been paid to the hysteresis be-
havior of magnetization associated with the intergran-
ular boundary subsystem (hereafter referred to as small
hysteresis), and the aforementioned papers [32-35] are
a very representative list of works on this topic. In this
work, we set out to investigate in detail the evolution
of the magnetic hysteresis shape of the granular Y-Ba-
Cu-O HTS system under increasing external field and
to reveal the peculiarities of the interaction and mutual
influence of the subsystems of intergranular boundar-
ies and superconducting granules.

2. EXPERIMENT

The YBa,Cu;0,_; HTS sample was prepared
by solid-phase synthesis in air atmosphere from the
corresponding oxides with three intermediate grind-
ings. At the final stage of preparation, special mea-
sures were taken to optimize the annealing (50h
at 940°C followed by holding at 350°C for 10h).
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Only reflections corresponding to the 1-2-3 struc-
ture were present on the diffractogram. The average
size of granules according to scanning electron mi-
croscopy was about 10 um. The temperature of the
transition to the superconducting state according
to magnetic and transport (onset of transition) mea-
surements was 93 K, the value of the critical current
at the temperature of liquid nitrogen was 150 A/cm?.

Magnetic measurements were carried out
on a LakeShore VSM 8604 vibrating magnetometer.
For measurements the sample was made in the form
of a ball with a diameter of about 3 mm. The mag-
netic hysteresis loops were measured at 78 K. The rate
of field variation was 0.1-10 Oe/s (for the small and
large field ranges, respectively). The experimental data
(external field magnitude) were corrected for the de-
magnetizing factor of the sample.

3. RESULTS AND DISCUSSION

The general form of the M(H) dependences in the
field range up to =15 kOe and also up to £1 kOe
is shown in the upper inset of Fig. 1. The asymmet-
ric form of the M(H) dependences with respect to the
abscissa axis is typical for granular HTSs at sufficient-
ly high temperatures. This asymmetry is explained
by the presence of a surface layer in the granules
in which the pinning of Abrikosov’s vortices is weak-
ened [30, 31, 36-38]. The mutual arrangement of the
M(H) dependences measured to different values of the
maximum applied field, including H,,, = £50 Oe,
is shown in Fig. 1 (main figure). Note that all depen-
dencies in Fig. 1 are measured after cooling at zero
external field. The behavior of the M(H) dependence
measured in the range of small fields (£50 Oe) in the
vicinity of the origin is shown in the bottom inset
of Fig. 1. It follows from these data that in the field
range up to about 12 Oe, the M(H) dependence exhib-
its hysteresis, while further, with increasing external
field, the magnetization behaves in an almost revers-
ible manner and the M(H) dependence is linear in the
field.

The described small hysteresis, clearly visible in the
lower inset of Fig. 1, is the response of the intergranu-
lar boundary subsystem, as discussed in the Introduc-
tion and observed in the papers cited above [32-35].
It should also be noted here that small hysteresis is not
observed on the grinded (from pellets) to powder HTS
samples. The diamagnetic response from supercon-
ducting pellets is observed as a field linear and almost
reversible behavior of the M(H) dependence in fields
larger than about 10 Oe. By subtracting this linear
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contribution yH (where ¢ < 0) from the experimental
M(H) dependence, the hysteresis loop of the M;z(H)
magnetization from the intergranule boundary subsys-
tem can be obtained:

Mp(H) = M(H) - yH.

The obtained hysteresis dependence of M z(H)
is shown in the lower inset of Fig. 1. It is similar to the
hysteresis loops of the magnetization of superconduc-
tors of the second kind (the subsystem of intergranular
boundaries, i.e., the Josephson medium, is a supercon-
ductor of the second kind [39, 40]).

The critical state model [25] establishes the rela-
tionship between the magnetization and the critical
current density J., which makes it possible to deter-
mine J. from magnetic measurements. For an infinite-
ly long cylinder with diameter d [31]

Jo(A/em?) = 30 AM[CGSM un./cm’ | / d[em], (1)

where AM is the height of the magnetization hys-
teresis loop, AM(H) = M,,. (H) — M,,.(H), M,,.(H)
and M,,.(H) are the hysteresis branches for increas-
ing and decreasing external field, respectively. For
a ball-shaped sample, such a simple analytical ex-
pression (Bean’s formula) gives only an approximate
value. A more accurate approximation for estimating
Jo in a ball-shaped sample can be obtained by re-
placing d by the effective value d,; = nd,,,,/4, where
d_ ;. 18 the diameter of the ball. The value of AM at
H=0is 0.24 units SGSM/cm’ and d,; = 0.131 cm, giv-
ing Jogp =55 A/cm? . It is well known that Bean’s for-
mula gives underestimated values of the critical cur-
rent near H = 0 [41-44]. Indeed, the value of the
critical current determined from transport measure-
ments by the four-probe method is somewhat higher
(~ 150 A/cm?).

For the magnetic hysteresis loop measured to fields
larger than 1 kOe, it is necessary to substitute in ex-
pression (1) not the sample size, but the average size
of the granules [45], since the intergranular currents
are suppressed in large fields. For a large loop, we ob-
tain the value of the intragranular critical current
Jog~ 2+ 10° A/em? at d ~ 10 um. The described dif-
ference of several orders of magnitude in the values
of J.op and J is a characteristic feature of granu-
lar HTSs. In the light of the above, for the complete
magnetic hysteresis loop M, ,,,(H) (below we will use
the notation M(H), M,,,(H) = M(H)) of a granular
superconductor can be written down in the following
expression:
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M(H) = Mg (H) + M (H), 2

where M;(H) is the response from superconduct-
ing granules. The additive contribution from the two
contributions to the total magnetization of the gran-
ular sample was implied in a number of studies cited
above. However, expression (2) lacks the relationship
between the intergranular boundary and granule sub-
systems. To elucidate such a relationship, the partial
hysteresis loops of the magnetization were measured
with successive increases in the maximum applied
field +H,,,.. These data are summarized in Fig. 2. The
step along the increasing maximum field value was
(taking into account the demagnetizing factor of the
sample)10-13 Oe.
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Fig. 2. Magnetization hysteresis loops obtained at different values

of the maximum applied field + H,,,. with successive increase of the

H, .. value. The upper inset shows the same loops in the vicinity

max
of the origin on an enlarged scale; the arrows point to the discussed

arc-shaped feature. The lower inset shows the dependence of the
residual magnetization M, (H,,. = 0) on H,,,. in double logarith-
mic scale.

Let us first focus on the behavior of the residu-
al magnetization M,,,, as a function of H,, ., shown
in the lower inset of Fig. 2 (double logarithmic scale
used). This dependence has a two-step character,
in which there is an intermediate saturation (in fields
larger than about 10 Oe) and another (main) saturation
in larger fields. The departure from a roughly constant
value at the intermediate saturation occurs at a field
of about 35-40 Oe, as indicated (arrow) in the lower
inset of Fig. 2. Obviously, in this interval of the exter-
nal fields, the penetration of Abrikosov vortices inside
the granules begins, and this field is called the field
of the first penetration of H,, [34, 35, 46, 47]. Conse-
quently, at H, . > H,p, we deal with the superposition
of two hysteresis magnetizations from two subsystems
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(intergranular boundaries and granules), according
to expression (2).

In the form of partial hysteresis loops in the ori-
gin region, the arch-shaped features (curving), clear-
ly visible in the enlarged scale in the upper inset
of Fig. 2 (marked with horizontal arrows), attract at-
tention. These bends of the M(H,,,) and M(H,,,) depen-
dences are observed in the vicinity of the field of about
*5 Oe, and they are associated with the contribution
from small hysteresis (the presence of extrema of the
M z(H) dependence, see the lower inset of Fig. 1).
At the same time, from the data shown in the upper
inset of Fig. 2, we can conclude that at sufficiently
large values of H,,, the described feature becomes
either weakly pronounced or absent. In other words,
in a certain range of H,,,, values the influence of small
hysteresis is preserved, and at sufficiently large values
of H,,,. the contribution from magnetic hysteresis be-
comes insignificant. The described behavior is illus-
trated in more detail in Fig. 3a, which shows the plots
of M(H) dependences when the external field changes
from+H,,, to-H,,, for values of H,,,, in the range from
13 to 184 Oe. The shape of the discussed feature on the
M(H) dependence in the form of an arch implies two
alternate changes of the curvature sign when the field
changes; the field at which the curvature sign changes
is indicated in Fig. 3a by arrows. In the absence of the
arch-shaped feature, there is no change in the sign
of curvature and the dependence M(H) is, to a first
approximation, a linear function (in Fig. 3a, straight
lines are drawn to compare with the experimental data
at H,,. = 162, 173, and 184 Oe). Figures 3b, 3c illus-
trate the derivatives dM(H)/dH. At sufficiently small
values of H,,,., the dM/dH derivatives show two distinct
extrema, which become weakly pronounced as H,,,, in-
creases. From analyzing the data in Fig. 35, 3¢ we can
conclude that at H,,,, = 173 Oe there are no extrema
on the dM/dH derivatives, and the M(H) dependences
in the range +20 to —20 Oe are almost linear functions
relative to the field (see Fig. 3a). Thus, at values of the
maximum applied field around 173 Oe and large values
of H,,,, the small hysteresis of magnetization does not

manifest itself in the region of small fields.

The range of variation of the AM, small hys-
teresis magnetization (M z(H) dependence) in the
*10 Oe range is about 2 G (see the bottom inset
of Fig. 1), while the magnitude of the total magne-
tization at H,,. = 173 Oe in the £10 Oe neighbor-
hood varies from 5 to 15 G (Fig. 3a). Thus, AM, and
M(H = £10 Oe) are comparable values. The absence
of the manifestation of an extremum from small hys-

teresis on the M(H) dependence at sufficiently large
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Fig. 3. a — plots of M(H) dependences (from the data of Fig. 2)
in the range £20 Oe at change of the external field H from +H,

max
to —H,,,, (symbols); straight lines — approximation by a linear

function, b, ¢ — derivatives of dM/dH for the data shown in Fig. a.

values of H,,,, means that the contribution from small
hysteresis is not always additive to the contribution
from superconducting granules. The observed fact, i.e.,
collapse of the small magnetic hysteresis loop, to the
best of our knowledge, has not been revealed in early
studies [32-35]. To explain the behavior of the small
loop, it is necessary to take into account the interac-
tion between the granule subsystems and intergranular
boundaries. Instead of expression (2), we can formally
write as follows

M(H) = Mgp(H,Ms(H))+ Mg;(H), ©))
implying that M, decreases both with increasing H and

with increasing M. In other words, the intergranular
medium is not only in the external field but also in the
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field induced by the magnetic moments of the super-
conducting granules. The relationship between the
magnetization of superconducting granules and the
magnitude of the total field in the intergranular medium
was revealed in a series of works on the study of magnet-
ic-transport effects in granular superconductors [48-58].
Further we apply the concept of effective field in the in-
tergranular medium of a granular superconductor.

As the external field increases, Meissner currents
circulate both through the intergranular boundaries
(J g5 currents) throughout the entire volume of the
granular sample and within each superconducting
granule (J,,; currents). They generate diamagnetic
responses from the intergranular boundary subsys-
tem and the granule subsystem, respectively, see the
schematic representation in Fig. 4. The external field
penetrates into the intergranular boundary subsystem
at sufficiently small external field magnitudes (fractions
of an Oersted) in the form of Josephson vortices [39].
For our case, in a field larger than about 12 Oe, the
height of the AM,, hysteresis loop becomes small, the
diamagnetic response from the subsystem of intergran-
ular boundaries is practically absent, and for the range
of fields H > 10 Oe we should apparently speak either
of the flow of Josephson vortices or simply of magnetic
flux. At lower fields, one can operate with the mag-
netic moment from the M, intergranular boundary
subsystem, the magnetic induction lines (dashed lines
in Fig. 4) from which are closed outside the sample.
The magnetic moments of the M, granules in fields
H < H, , are determined only by the Meissner currents
Jue- At H > H,p, the Abrikosov vortices can penetrate
many granules, located predominantly along the H di-
rection; the vortices give a positive contribution to the
total magnetization of the superconductor. The mod-
ulus of the M4, vectors can be considered to decrease
due to the contribution of the vortices. The magnet-
ic induction lines from the M, magnetic moments
(dashed lines in Fig. 4) should close not only outside
the sample, but also through the intergranular bound-
aries, as shown in Fig. 4.

Proceeding from the described picture, in the in-
tergranular medium the superposition of the external
field H and field B,,, induced by the magnetic moments
of M. Applied to the subsystem of intergranular
boundaries, one can operate with the averaged or ef-
fective field B, and, B,,= H + B,,,. It is clear that B,,,
depends on M, and since the magnetization of the
subsystem of superconducting granules M; is the sum
of M, from all granules, this relation can be written as

B, = oM,

JETP, Vol. 165, No. 2, 2024
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Fig. 4. Schematic representation of the mutual arrangement of the
external field vectors H (increasing), Meissner currents J 55, 3,65
magnetic moments M,, M, from the subsystem of intergranu-
lar boundaries (indices “MGB” and “GB”) and granules (indices
“MG” and “GR”). The magnetic induction lines from M, and
M, are shown (dashed lines and highlighted in color). The loca-
tion of Abrikosov vortices (AV) is also schematically represented.

or
B, (H) = aM(H).

Here, the averaged proportionality factor o in-
cludes both the influence of demagnetizing factors
of the granules and the effect of strong compression
of the magnetic flux in the intergranular medium [51,
53-58]. With the mutual arrangement of the vectors
H(A = H,,,) and M, shown in Fig. 4, we can write
the expression for the scalar value of the effective field
in the form of

B, = H - oM,

and, finally, operating with the magnetization of the
granules M,(H), the following expression can be writ-
ten down:

By (H)=H — oM (H). @

The expression (4) was used to analyze the field
hysteresis of magnetoresistance and critical current,
and based on numerous experiments, it was shown that
the dimensionless parameter a has a rather large value,
o ~ 10-20 (with M; measured in Gausses) [51, 53-58],
which is an indication of magnetic flux densification
in the intergranular medium.
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Applied to the small magnetization hysteresis (low-
er inset of Fig. 1), the described concept of the effective
field in the intergranular medium implies that the de-
pendence of Mp(H) is a function of B g i.e., Mp(B,z) =
= f(H — oM (H)). It follows that not only the external
field but also the magnetic moments of the granules
are responsible for the decrease in the height of the
M z(H) hysteresis loop. From the data of Fig. 1 (low-
er inset) and Fig. 2 (upper inset) we can conclude
that in the external field H,,. = (12 = 1) Oe the value
of AM; (at H,,, = H,,.)) becomes very small. The mag-
nitude of the effective field B, at H,,. = 12 Oe is equal
to B,;~ 12 Oe — a.* (=8 G). On the other hand, it was
found above that at H,,,, = 173 Oe the small hysteresis
is not evident in weak fields (range =5 Oe). To esti-
mate the effective field by expression (4) in the spec-
ified field range, we take the value M = M, (H,,.. =
= 173 Oe) roughly equal to 9 Gs and then we obtain
B,;~0— o -9 G. Comparing the effective field moduli

for the considered cases, we obtain

|120e —o- (—8G)| ~ |00e —a-9G].

We obtain o = 12 from this expression. However,
what is important here is not the fact of confirming
the large value of the parameter o, but the fact that the
external field plays a very weak role in the obtained
equality. In other words, it is not the external field
penetrating into the intergranular boundary subsys-
tem, but the field induced by the magnetic moments
of the superconducting granules that mainly contrib-
utes to the reduction of the magnetic response from the
intergranular boundary subsystem.

Thus, taking into account that the subsystem of in-
tergranular boundaries is in the field B, for the total
magnetization of the granular superconductor instead
of expressions (2) and (3) we can write down

M(H)=Mgp(H -oMg;(H))+ M (H), (5)

where the parameter a is sufficiently large (o > 10).

The disappearance of the arch-shaped feature of the
M(H) dependence in the range of small fields at a cer-
tain value of the maximum applied field (Fig. 3 @) and
the collapse of the small magnetic hysteresis loop are
adequately explained within the framework of expres-
sion (5).

4. CONCLUSIONS

A detailed study of the magnetic hysteresis of the
granular yttrium HTS system in different ranges
of external fields allowed us to reveal the peculiarities

of the disappearance of the small hysteresis loop. The
arc-shaped feature in the region of weak fields, which
is a characteristic feature of the M(H) dependence
of granular HTSs, becomes less pronounced as the
maximum external applied field H,,,, increases and
disappears at H,,,. = 170 Oe (T = 78 K). In this case,
we can speak about the collapse of the small magnetic
hysteresis. The observed behavior is explained by the
interaction between the superconducting subsystems
of granular HTS: granules and intergranular bound-
aries. The magnetic hysteresis in weak (up to = 12 Oe
at T=78 K) fields is a response from the intergranular
boundary subsystem, and this subsystem is in an effec-
tive field that is a superposition of the external field
and the field induced by the superconducting gran-
ules. Thus, the behavior of the small hysteresis loop
is explained within the framework of the model of flow
compression in the intergranular medium. The sub-
system of the intergranular boundaries, which is a Jo-
sephson medium (and is responsible for the observed
small hysteresis), is formed by superconducting gran-
ules. At the same time, the influence of the magnetic
moments of superconducting granules on the inter-
granular medium leads to a rather rapid (with increas-
ing external field) disappearance of the small magnetic
hysteresis under certain conditions. We can say that
the subsystem of granules both generates and elimi-
nates the magnetic response from the subsystem of in-
tergranular boundaries.
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