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Abstract The correlation between experimental magnetic
field dependences of magnetoresistance and magnetization
hysteresis in granular YBa;Cu3O7 is established. Within
the proposed approach, magnetoresistance is assumed to be
determined by the effective field in the intergrain bound-
aries the ensemble of which is considered to be a Joseph-
son medium. The effective field in the intergrain medium
can be written in the form Beg(H) = H —4nM(H) X «,
where « is the parameter of averaged demagnetizing factors
of grains and the degree of flux compression. A comparison
of experimental magnetoresistance R(H ) and magnetization
M (H) hysteresis dependences obtained at different external
magnetic field sweep rates yields the value o ~ 10, which
is caused by the flux compression between grains. The pro-
posed model describes well most of the features of the mag-
netoresistance hysteresis in granular high-7¢ superconduc-
tors.

Keywords Granular superconductor - Josephson medium -
Effective field - Magnetoresistance - Magnetization
hysteresis

1 Introduction

Since the discovery of high-temperature superconductivity,
the magnetoresistive effect in granular high-7¢ supercon-
ductors (HTS) has been in focus of researches. Bulk HTS
materials are interesting for both application and funda-
mental research due to the possibility of implementation

D.A. Balaev (X)) - S.V. Semenov - M.I. Petrov

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

e-mail: smp@iph.krasn.ru

of Josephson junction networks. In granular HTS mate-
rials, an intergrain boundary length is a few nanometers,
which is comparable with the superconducting coherence
length. This favors the formation of the Josephson coupling
between superconducting grains. The ensemble of grain
boundaries in granular HTS materials can be considered as a
Josephson medium [1]. Specifically, a granular HTS is con-
sidered as a two-level superconducting system [2] consisting
of superconducting grains and a Josephson medium. Both
subsystems contribute to the magnetic and magnetoresistive
properties of a material. The magnetic contribution of the
Josephson medium subsystem is observed as a weak M (H)
hysteresis against the background of a large diamagnetic re-
sponse of HTS grains. This behavior usually takes place in
very weak magnetic fields.! In the field dependence of mag-
netoresistance R(H), the dissipation (the voltage drop in an
external magnetic field) is governed mainly by processes oc-
curring in the Josephson medium subsystem. The contribu-
tion of HTS grains to the magnetoresistance is visualized in
the R(H) dependence as the curvature variation in strong
magnetic fields.”

As is known, the magnetic field dependence of magne-
toresistance R(H) in granular HTS materials is a hysteresis
function [6-24]. After pioneering reports [6, 7], a number
of studies on the magnetoresistance hysteresis in granular
HTS systems have been published [11-24] aimed mainly at
clarification of the hysteretic behavior of magnetoresistance.
Today, one may conclude that the hysteresis of the R(H)

ITypically, a few Oersteds at the liquid helium temperature and about
the Earth’s magnetic field or lower in the vicinity of the liquid nitrogen
temperature [3, 4].

2For example, for optimally doped Y-Ba-Cu-O with T¢c ~ 90 K, the
field of the dissipation onset in grains is about ~10° Qe at the liquid
nitrogen temperature [5].
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dependence is caused by the effect of magnetic moments of
HTS grains on the total magnetic induction in the intergrain
medium. If an external field exceeds the first critical field of
the Josephson medium, the total magnetic induction in the
intergrain medium is a vector sum of the external field H
and the field induced by HTS grains.

Surprisingly, the effect of the magnetic moments of HT'S
grains on the total field in the intergrain medium appeared
much larger than that estimated using the conventional
M (H) data [22, 24]. Therefore, to obtain the parameters of
the R(H) hysteresis, one should assume that the magnetic
flux is compressed in the intergrain medium. In this study,
based on the R(H) dependences for bulk YBa;Cu307 mea-
sured at different rates of the external field sweep (d H/dt),
we experimentally confirm the existence of flux compres-
sion in the intergrain medium of a granular HTS material.
We demonstrate that it is the flux compression that ensures
the strong correlation of the magnetic and magnetoresistive
properties of granular HTS materials.

2 Experimental

A sample to investigate is the classical YBa;Cu3O7 ob-
tained by a standard solid-state reaction technique. The pa-
rameters of the sample are typical of this composition: the
critical temperature Tc =~ 92 K; the resistivity 1.8 mQcm
and 1 mQcm at 300 K and 100 K, respectively; and the crit-
ical current density ~50 A/cm? at 77.4 K. The physical den-
sity is about 87 % of the theoretical value.

Transport measurements were performed by a standard
four-probe method. The sample was ~0.8 x 0.8 x 7 mm?>
in size. In measuring the R(H) dependence, the sample
was placed inside a copper solenoid in the liquid nitrogen
medium to exclude the Joule heating effect and stabilize the
transport current / = 150 mA. A magnetic field was ap-
plied parallel to the transport current direction, i.e., along
the largest dimension of the sample.

Magnetic measurements were performed on a vibrating
sample magnetometer on the sample used for magnetoresis-
tance measurements to ensure the same demagnetizing fac-
tor of the entire sample in the R(H) and M (H) measure-
ments. The conditions for the magnetoresistive and mag-
netic measurements (zero field cooling and magnetic field
sweep rate d H /dt) were identical.

3 Results and Discussion
Figure 1 shows the hysteresis dependence of magnetization
for the investigated sample for two measurement types. In

the measurements of type (i), the entire hysteresis loop was
obtained in the fields varying from H = 0 to Hy,x = 500 Oe
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Fig. 1 Hysteresis field dependences of magnetization for different
magnetic field sweep rates d H /dt. Arrows show the field scanning di-
rections. The inset shows the details of the field sweep rate effect

and then cycling within £500 Oe at the field sweep rate
dH/dt =2 Oe/s. In addition, this measurement type in-
cludes a subloop, in which the field in the descending branch
increases again to Hpmax at H = 200 Oe. In the measure-
ments of type (ii), the hysteresis loop portions were obtained
at the field varying from H = 0 to Hp,x = 500 Oe and back
at different field sweep rates d H /dt.

Asymmetry of the M (H) loop relative to the abscissa
axis (Fig. 1) is typical of a bulk HTS in the high-temperature
region [25, 26]. The effect of the magnetic field sweep rate
on the M (H) dependence of HTS materials is well-known.
As the sweep rate is increased, the absolute value of the total
magnetization grows due to the features of the intragrain re-
laxation processes [25]. The effect of the sweep rate on the
R(H) hysteresis is discussed below.

Figure 2(a) shows the hysteresis dependence of magne-
toresistance R(H) for the investigated sample. The mag-
netic prehistory of the presented data corresponds to the re-
sults of the magnetic measurements of type (i). The shape
and main features of the hysteresis dependence R(H), in-
cluding the existence of the minimum at field Hp;, in the
descending branch of the dependence are typical of granular
HTS materials [10, 19]. To describe the magnetoresistance
hysteresis, let us briefly consider the model of a granular
HTS in an external magnetic field [19, 20].

The complex distribution of magnetic induction lines in
the intergrain medium can be simplified by introducing ef-
fective field Begr in it. A variety of grain boundaries are in
the same effective field, which is the superposition of an ex-
ternal field and the field induced by magnetic moments of
grains Bj,q. The induced field Bjng is co-directed with H
at M < 0 and antiparallel to H at M > 0 (for more details,
see the schematic of magnetic induction lines in the inter-
grain medium in Fig. 2(a) and the figures in [19, 21, 24]).
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Fig. 2 Hysteresis field dependences of (a) magnetoresistance and
(b) effective field Befr(H) calculated using Eq. (2) from the data pre-
sented in Fig. 1. (a) Schematic of magnetic induction lines in the inter-
grain medium of the granular superconductor: ovals correspond to the
superconducting grains, H is the external field. Horizontal lines are ex-
amples of determination of field hysteresis width AH at H, =200 and
400 Oe, arrows show the field scanning directions. (b) The straight line
Besr = H is shown to clarify the effect of parameter o on the Beg(H)
dependence

To relate field Bjyg induced by superconducting grains to
the macroscopic magnetic moment obtained by the magnetic
measurements, a parameter « is introduced:

Bing =47 M X o. (1)

This parameter includes averaged demagnetizing factors of
superconducting grains and the degree of flux compression
in the intergrain medium due to the interference of neighbor-
ing grains [10, 19, 24]. Relation (1) is applicable in a wide
magnetization range, except the region near M = 0 in the
descending branches of the hysteresis dependence M (H)
(Fig. 1). Indeed, the zero total magnetization results from the
equality of the magnetic contributions from the screening
(Meissner) currents and Abrikosov vortices averaged over

the entire sample. These contributions, however, can yield
the nonzero magnetic induction in the intergrain medium.

Thus, the effective field in the intergrain medium can be
written as

Betf(H)=H —4nM(H) X «. 2)

Equation (2) takes into account the mutual orientation of H
and Bjyg. In the first approximation, parameter « is assumed
to be field-independent. Regarding the magnetoresistance,
we should consider the absolute values of the effective field
| Bt (H)|.

If the dissipation (the voltage drop in an external field)
occurs in the intergrain medium only, the value of |Bef|
eventually determines the magnetoresistance. The R (Befr)
dependence is assumed to be non-hysteretic, while the
M (H) hysteresis (Fig. 1) results in the Befr(H) hysteresis
and, consequently, the R(H) hysteresis. For any two points
in the R(H) hysteretic dependence where R = const, the
effective fields are assumed to be equal. This hypothesis
was confirmed by the studies of the R(H) hysteresis at dif-
ferent transport currents [19, 20, 23, 27]. Indeed, if for cer-
tain increasing (H4) and decreasing (H ) fields, the equality
R(H4y) = R(H)) is valid, this equality holds in a wide trans-
port current range (R(H) = V(H)/I) despite the strongly
nonlinear behavior of the (/-V') characteristics. Therefore, it
would be reasonable to introduce a current-independent pa-
rameter of the hysteresis dependence R(H), specifically the
field hysteresis width AH = H| — H, obtained at R = const
and Begr = const. This parameter is convenient for compar-
ison of the hysteresis dependences R(H) and Begr(H) [19,
20, 23]. From Eq. (2), we obtain

AH=H,— Hy=a x4 (M(H)) — M(Hy)). A3)

Figure 2(a) shows the examples of determination of field
hysteresis width AH for the R(H) dependence (horizon-
tal lines). Figure 2(b) demonstrates the absolute value of the
Beff(H) dependence obtained by Eq. (2) using the magnetic
data presented in Fig. 1. Horizontal lines in Fig. 2(b) cor-
respond to field hysteresis width AH for the Beg(H) de-
pendence. At o &~ 12, the values of AH for the R(H) and
Beir(H) dependences from Figs. 2(a) and 2(b) are in good
agreement.

Regarding the shape of the R(H) dependence, the mag-
netoresistance is a function of the absolute value of the
effective field. As follows from the conventional descrip-
tion of dissipation processes in type II superconductors, the
R(| Beft]) dependence should be an S-shaped curve tending
to saturation at relatively high Beg. A pronounced plateau
on the R(H;) dependence corresponds to the behavior of
the Befr(H) dependence. With a further increase in an exter-
nal field (up to ~10* Oe), the resistance slowly grows. Ac-
cording to our estimations based on the R(T, H) data (not

@ Springer



1428

J Supercond Nov Magn (2014) 27:1425-1429

T T T T T
6.50 F (a)
—— dH/dt= 0.5 Oe/sec \ |
o 645 3 Oefsec : 1
g — 8 Oe/sec
- 6.40 F 1
o~
6.35 b
6.30 L L
0 100 200 300 400 500
e
T T T T T
1000 - (b) -
—— dH/dt = 0.5 Oe/sec
- 950 F — 0.5 Oe/sec i
O] — 8 Oe/sec
mv 900 - b
850 - B
800 L
0 100 200 300 400 500
H, Oe
25F T | T T T
(c) 200 & (d) / :
2.0 £ = dH/dt(Oe/sec)
~ e 150 0571
G 1s5f 15 :
g - —_—2
; & 100 | 4
~ 10 — 0.5 Oe/sec|m” — 8
sk —— 2 Oe/sec | 501 / \
’ —— 8 Oelsec
0.0 L L L 1 0 1 | |
0 10 20 30 40 50 0 10 20 30 40 50
H, Oe

H, Oe

Fig. 3 Details of the hysteresis (a, ¢) R(H) and (b, d) Besr(H) (calcu-
lated by Eq. (2) from the data presented in Fig. 1) dependences ob-
tained at different field sweep rates d H/dt. (a, b) Horizontal lines
show the values identical to AH for the R(H) and Beg(H) depen-
dences obtained using relation (4)

shown), the value R(Hy =500 Oe, T =77.4 K) is about
70 % of the maximal contribution of intergrain boundaries
to the total resistance

Thus, the consideration of the effective field Beg(H) al-
lows explaining the following features of the hysteresis de-
pendence R(H): (i) the sharp growth of the resistance in
weak magnetic fields (up to 10% Oe), (ii) the plateau-like
behavior in fields over 10? Oe, (iii) the specific shape of
the descending R(H|) branch (the change of the curva-
ture sign at H| ~ 400 Oe), (iv) the subloop behavior at
H > 200 Oe, and (v) the relative position of the virgin R(H)
curve and the R(H4, H\) branches in the fields from H =0
to Hpax = £500 Oe.

Figure 3(a) shows the portions of the R(H) dependences
obtained at different field sweep rates d H/dt (measure-
ments of type (ii)). It can be seen that at a certain field
value the growth of d H/dt results in the growth of magne-
toresistance. This effect is explained well within the model
discussed above. The M (H) dependences measured at the
same values of d H/dt as the R(H) dependences are shown
in Fig. 1. Figure 3(b) presents the portions of the Beg(H)
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dependences obtained by Eq. (2) using the M (H) data and
the value o = 12 at different field sweep rates. One can
see the qualitative consistency with the data in Figs. 3(a)
and 3(b). The quantitative agreement can be seen from pa-
rameters AH of these dependences shown by horizontal
lines in Figs. 3(a) and 3(b). Indeed, if R = const for cer-
tain fields H; and H, of the R(H) dependences for dif-
ferent sweep rates, then the condition Beff(H1) = Beff(H2)
can be valid. In this case, instead of expression (3), we ob-
tain

AH = Hyy — Hip =« x 47 (Msra2(Hyy) — Msri(Hip)),
)

where Msr; and Mggr, are the magnetizations measured
at different sweep rates. As can be seen from Figs. 3(a)
and 3(b), the values of A H (horizontal lines) obtained using
relation (4) are similar.

Note that the Beg(H) data obtained at d H/dt = 0.5 and
8 Oe/s differ by about 20 Gs for the same values of H,
while the difference in the M (H) data obtained at the same
sweep rates is merely about 1.5 Gs. The larger difference
in the Begr(H) data is caused by the factor o = 12 used in
the calculation of the effective field. Thus, the effect of the
field sweep rate on the R(H) dependence is clear, assuming
o~ 10.

In addition, the approach used explains the relative po-
sitions of the R(H) curves at different sweep rates in the
field range 0-50 Oe (Figs. 3(c) and 3(d)). The minima in
the Ber(H ) and, consequently, R(H|) dependences result
from the maximum cancellation of the external field and in-
duced field Bing.> As can be seen in Figs. 3(c) and 3(d), an
increase in the sweep rate results in the shift of Hp, to-
ward higher fields both for the R(H|) and Beg(H ) depen-
dences.

Analogously, the effect of the field sweep rate on the
R(H) dependence is explained. Figure 4 shows portions of
the hysteresis R(H) dependences measured in the following
way. The field was increased from H = 0 with the sweep
rate d H/dt = 0.5 Oe/s; then, at H = 250 Oe the sweep rate
was changed for 8 Oe/s (Hpax = 500 Oe). In the other ex-
periment, the sweep rate was changed from 8 to 0.5 Oe/s
at H =250 Oe. It can be seen that the R(H) dependences
measured under these conditions intersect near H &~ 250 Oe.
The Begr(H) dependences calculated from the M (H) data
obtained under the same experimental conditions at o = 12
behave similar to the R(H) dependences.

3Some discrepancy between the values of Hp, for the Begr(H) and
R(H) data in Figs. 3(c) and 3(d) originates from the fact that rela-
tion (1) is not quite applicable in the vicinity of zero magnetization
(M ~ 0 at H, ~£50 Oe), as was discussed above.
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Fig. 4 Details of the hysteresis (a) R(H) and (b) Begr(H) (calculated
by Eq. (2)) dependences. At Hy = 250 Oe, the magnetic field sweep
rate was changed as shown

4 Conclusions

Thus, the consideration of the effective field in the intergrain
medium of a granular HTS material in the form of Eq. (2)
accounts for the observed magnetoresistance hysteresis and
the effect of a magnetic field sweep rate on the R(H) depen-
dence. The description involves the important phenomenon
of flux compression in the intergrain medium. The flux com-
pression results in the strong effect of magnetization of su-
perconducting grains on the effective field and eventually
on the magneto-resistive effect in the granular HTS in weak
magnetic fields (up to 103 Oe).

The observed effects are inherent to bulk HTS materials
since the sample under study has standard characteristics.
Different preparation techniques, chemical substitution, or
addition of non-superconducting components can affect the
magnetic and transport properties of HTS materials. Nev-
ertheless, the main features of the R(H) hysteresis are ex-
plained within the approach based on the correlation be-
tween magnetoresistance and magnetization.

References

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Sonin, E.B.: JETP Lett. 47, 496 (1988)

Ji, L., Rzchowski, M.S., Anand, N., Tinkham, M.: Phys. Rev. B
47,470 (1993)

Jung, J., Mohamed, A .K., Cheng, S.C., Frank, J.P.: Phys. Rev. B
42(10), 6181 (1990)

Andrzejewski, B., Guilmeau, E., Simon, Ch.: Supercond. Sci.
Technol. 14, 904 (2001)

Balaev, D.A., Bykov, A.A., Semenov, S.V., Popkov, S.I.,
Dubrovskii, A.A., Shaykhutdinov, K.A., Petrov, M.1.: Phys. Solid
State 53(5), 922 (2011)

Quian, Y.J., Tang, Z.M., Chen, K.Y., Zhou, B., Qui, J.W., Miao,
B.C,, Cai, Y.M.: Phys. Rev. B 39, 4701 (1989)

Sun, S., Zhao, Y., Pan, G., Yu, D., Zhang, H., Chen, Z., Qian, Y.,
Kuan, W., Zhang, Q.: Europhys. Lett. 6(4), 359 (1988)

Kunchur, M.N., Askew, T.R.: J. Appl. Phys. 84(12), 6763 (1998)
Kuz’michev, N.D.: JETP Lett. 74(5), 262 (2001)

Daghero, D., Mazzetti, P., Stepanescu, A., Tura, P., Masoero, A.:
Phys. Rev. B 66(13), 11478 (2002)

. Sukhareva, T.V,, Finkel, V.A.: Phys. Solid State 50, 1001 (2008)

Sukhareva, T.V., Finkel’, V.A.: J. Exp. Theor. Phys. 107, 787
(2008)

. Derevyanko, V.V., Sukhareva, T.V., Finkel, V.A.: Tech. Phys. 53,

321 (2008)

Balaev, D.A., Dubrovskii, A.A., Shaikhutdinov, K.A., Popkov,
S.I., Petrov, ML.I.: Solid State Commun. 147, 284-287 (2008)
Belevtsev, B.I., Beliayev, E.Yu., Naugle, D.G., Rathnayaka,
K.D.D.: Physica C 483, 186 (2012)

Olutas, M., Kilic, A., Kilic, K., Altinkok, A.: Eur. Phys. J. B 85,
382 (2012)

Olutas, M., Kilic, A., Kilic, K., Altinkok, A.: J. Supercond. Nov.
Magn. (2013). doi:10.1007/s10948-013-2201-9

Altinkok, A., Kilic, K., Olutas, M., Kilic, A.: J. Supercond. Nov.
Magn. (2013). doi:10.1007/s10948-013-2139-y

Balaev, D.A., Gokhfeld, D.M., Dubrovskii, A.A., Popkov, S.I.,
Shaykhutdinov, K.A., Petrov, M.I.: J. Exp. Theor. Phys. 105, 1174
(2007)

Balaev, D.A., Dubrovskii, A.A., Shaykhutdinov, K.A., Popkov,
S.I., Gokhfeld, D.M., Gokhfeld, Yu.S., Petrov, M.1.: J. Exp. Theor.
Phys. 108, 241 (2009)

Balaev, D.A., Dubrovskii, A.A., Popkov, S.I., Shaykhutdinov,
K.A., Petrov, M.1.: Phys. Solid State 50(6), 1014 (2008)
Shaykhutdinov, K.A., Balaev, D.A., Popkov, S.I., Petrov, M.L.:
Phys. Solid State 51(6), 1105 (2009)

Balaev, D.A., Dubrovskii, A.A., Popkov, S.1., Gokhfeld, D.M., Se-
menov, S.V., Shaykhutdinov, K.A., Petrov, M.L.: Phys. Solid State
54(11), 2155 (2012)

Balaev, D.A., Popkov, S.I., Sabitova, E.I., Semenov, S.V.,
Shaykhutdinov, K.A., Shabanov, A.V., Petrov, M.I.: J. Appl. Phys.
110, 093918 (2011)

Yeshurn, Y., Malozemoff, A.P., Shaulov, A.: Rev. Mod. Phys. 68,
911 (1993)

Gokhfeld, D.M., Balaev, D.A., Petrov, M.IL, Popkov, S.I.,
Shaykhutdinov, K.A., Val’kov, V.V.: J. Appl. Phys. 109, 033904
(2011)

Balaev, D.A., Semenov, S.V., Petrov, M.I.: Phys. Solid State
55(12), 2422 (2013)

@ Springer


http://dx.doi.org/10.1007/s10948-013-2201-9
http://dx.doi.org/10.1007/s10948-013-2139-y

	Correlation Between Magnetoresistance and Magnetization Hysteresis in a Granular High-TC Superconductor: Impact of Flux Compression in the Intergrain Medium
	Abstract
	Introduction
	Experimental
	Results and Discussion
	Conclusions
	References


