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Magnetoresistance of bulk textured Bi; gPbg3Sr; 9Ca;CusO, + Ag ceramics has been studied in the mag-
netic fields applied parallel and perpendicular to a-b planes of Bi2223 crystallites. Besides well known
anisotropy of magnetoresistance of textured superconductors (Ry | ¢ > Ry | o-b), anisotropic hysteresis of
R(H) dependences was investigated. Parameters characterizing hysteretic R(H) curves differ for the cases

H|| c and H|| a-b. This behavior is explained within the model of a granular superconductor where the
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total magnetic induction in the intercrystallite boundaries is superposition of the external field and
the magnetic field induced by dipole magnetic moments of neighbor crystallites.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hysteretic behavior of magnetoresistance R(H) and critical cur-
rent I(H) of granular high-T, superconductors (HTSCs) in external
magnetic field H has been revealed soon after discovery of HTSCs
[1,2]. Systematic experiments focused on understanding of mech-
anisms responsible for the hysteretic magnetoresistance (HMR)
have appeared during past few years [3-13]. A granular structure
of HTSCs is found to be responsible for HMR [10]. The superposi-
tion of external field and local fields induced by magnetic dipole
moments of neighbor superconducting crystallites in the intercrys-
tallite boundaries causes the specific character of HMR. Detail
study of HMR of the weakly coupled composite system Y-Ba-
Cu-0 + CuO [10] and ‘pure’ granular Y-Ba-Cu-0, Bi-Ca-Sr-Cu-0,
and La-Sr-Cu-0 [13] at various transport currents has shown that
R(H) dependences may be characterized by the field width of hys-
teresis AH, the current-independent parameter depending on the
crystallite pinning.
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The textured Bi-based HTSC system is rather interesting object
for studying of HMR because the textured ceramics demonstrate
the anisotropy of magnetization with respect to the orientation
of external field and crystallographic axes of superconducting crys-
tallites. Therefore, it is possible to observe the correlation between
hysteretic properties of magnetization and HMR. Previous studies
of transport properties of Bi-based textured samples focused on
the dependence of critical current and magnetoresistance on the
angle between H and c-axis [14-19]. In this paper we have studied
HMR of textured Bi2223 + Ag ceramics for orientations H || a-b and
H||c.

2. Experimental details

The preparation of bulk textured 70 vol.% Bi;gPbgsSrigCas
Cu30, + 30 vol.% Ag ceramic samples used in these experiments' is
described in [20]. In these textured ceramics the plate-like Bi2223
crystallites have thickness 1-2 pm along c-axis and average linear
dimensions ~20 x 20 um in a-b plane. The critical temperature T,
determined from the magnetic measurements is 108 K. The critical

! Similar data have been obtained for textured Bi; sPbg 35r; 9Ca;Cus0, without Ag
additions (not presented here).
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current density j. is ~ 220 A/cm? at T = 77.4 K. The value of resistivity
just above resistive transition (113 K) is ~ 0.4 mQ c¢m [20]. The maxi-
mal magnitude of magnetoresistance at T = 77.4 K obtained at trans-
port current I = 1000 mA and external field H = 12 kOe is about 10%
of resistance of this sample above resistive transition (113 K).

The magnetoresistance R(H)=U(H)/I (where U is the voltage
drop) was measured by the standard four-probe technique. The
samples have dimensions 0.5 x 0.5 x 10 mm>. The constant trans-
port current I up to 1000 mA was applied along the a-b planes of
Bi2223 crystallites (along the largest dimension of sample). The
external magnetic filed H was applied normal or parallel to a-b
planes of crystallites and was always perpendicular to transport
current direction, see Fig. 1. Electrical contacts were made using
the epoxy Ag paste. The sample was cooled in zero magnetic field.
During R(H) measurements the sample was immersed in the liquid
nitrogen bath so self-heating of the sample was negligible.

Magnetic measurements have been performed using the vibra-
tion sample magnetometer. The sample of cubic form
0.5 x 0.5 x 0.5 mm?> was cut from the same sample that was before
used for transport measurements.

3. Results and discussion
3.1. Anisotropy of magnetic and transport properties

3.1.1. Anisotropy of magnetic hysteretic loops

The textured sample under study demonstrates an anisotropy
of magnetization M(H) with respect to the orientation of H and
a-b planes of the crystallites. The diamagnetic response for
H || a-b is smaller in 1.7 times than for H || c (see Figs. 2 and 3a).
This anisotropy originates from the intrinsic anisotropy of Bi2223
crystallites. The critical state model [21] is usually used for extrac-
tion of a field dependence of the crystallite critical current density:
j{H) ~ AM(H)/d, where AM(H)=|M(H;)— M(H,)|, at H=H, =H;,
and d is the size of crystallites. Hereafter we denote H =H; and
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Fig. 1. Schematic representation of fields and transport current in a granular
superconductor. Total magnetic induction B, in the intercrystallite separation. (a)
External field H applied parallel to c-axis of Bi2223 crystallites. (b) External field H
applied parallel to a-b-planes of Bi2223 crystallites. M is magnetic moment of
Bi2223 crystallite when H is increased (magnetization is negative). Dashed lines are
lines of magnetic induction from the screening currents in crystallites. Dotted line is
the direction of transport current I.
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Fig. 2. Magnetization of textured ceramic for H||c and H||a-b at T=77.4K
(Hmax =250 0e). (a) Hysteretic magnetization M(H). (b) The difference
AM(H) = M(H;) — M(H,). Arrows indicate the direction of scanning of external field.

H=H, for increasing or decreasing external field correspondingly.
At high temperatures, however, an extraction of correct depen-
dence of j(H) from AM(H) is complicated because influence of
the vortex pinning becomes comparable with the geometric barrier
or Bean-Livingston barrier [22,23]. Nevertheless, the approximate
proportionality of AM to the crystallite j. should holds. So we as-
sume that the AM(H) dependences behave similarly to j{(H) ones,
i.e. AMy | (H) is proportional to the crystallite critical current den-
sity in the a-b plane, AMy | (H) Nj?’b(H), and AMy | ¢-p(H) is pro-
portional to the critical current density along the c-axis,
AMy || o-p(H) ~jo(H). 1t is seen from Figs. 2 and 3b that
AMy || {H) > AMy | o-p(H) in the low-field range (H < 400 Oe),
while AMy || {H) < AMy | «-s(H) in the range of intermediate fields
H > 400 Oe. This behavior reflects the well known feature of
Bi2223 system: the j‘;’b(H) dependence decreases faster than
JS(H) [19,23,24]. Fig. 4 shows the M(H) dependences in the range
0-5 kOe (external field was cycled up to 20 kOe). The irreversibility
field, at which the forward and the reverse branches of M(H) begin
to coincide, is estimated to be 1800+ 1000e for H||c and
3800 £ 200 Oe for H || a-b. This is in accordance with the data ob-
tained for Bi2223 system by other groups from magnetic [23-25]
and transport [18] measurements. The behavior of M(H) and
AM(H) dependences is crucial for understanding of hysteretic
properties of R(H) curves (see below).

3.1.2. The contributions from intercrystallite boundaries and Bi2223
crystallites to the magnetoresistance

Fig. 5 shows magnetoresistance curves measured at transport
currents 100-1000 mA in both H|| a-b and H || ¢ directions. The
anisotropy of magnetoresistance with respect to orientation of H
and crystallographic axes of Bi2223 crystallites is clearly seen:
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Fig. 3. Magnetization of textured ceramic for H||c and H||a-b at T=77.4K
(Hmax = 1600 Oe). (a) Hysteretic magnetization M(H). (b) The difference
AM(H) = M(H;) — M(H,). Arrows indicate the direction of scanning of external field.
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Fig. 4. Hysteretic magnetization M(H) of textured ceramic for H|| c and H || a-b at
T=77.4K (Hnax = 20 kOe). Thin arrows indicate direction of scanning of external
field. Bold arrows mark the field of irreversibility.

Ru | cis larger than Ry || a-p. Similar behavior have been reported for
textured (Bi,Pb),Sr,Ca,Cu30, silver-clad tape [14]. Additionally the
R(H) curves in Fig. 5 have a peculiarity which was not pointed out
in cited work [14]. At high transport currents (I > 200 mA) the mag-
netoresistance firstly saturates at H~ 1 kOe and then the R(H)
dependences change the curvature (about H~ 2 kOe for H||c
and H ~ 4 kOe for H || a-b) following by further increase of resis-
tance. Such a behavior is evidently related to contribution of the
intercrystallite boundaries to magnetoresistance. Namely the dissi-
pation begins in the boundaries between Bi2223 crystallites at
external magnetic fields less than several kOe at sufficiently high

temperatures (T>50K). The change of curvature of the R(H)
dependences corresponds to the onset of dissipation within
Bi2223 crystallites (the similar effect was observed in YBCO sys-
tems [6]). Really, according to magnetic measurements, see Section
3.1.1, the crystallite j. becomes vanishingly small at H > 2 kOe for
H||c and at H> 4 kOe for H|| a-b. So, the magnetoresistance is
contributed from two subsystems: intercrystallite boundaries
and Bi2223 crystallites. At high transport current the former con-
tribution is dominating in the range H <2 kOe and the latter is
dominating in the range H > 2 kOe. At the low transport current
both contributions seem to take place at H > 2 kOe.

3.1.3. Scaling of magnetoresistance curves

The effective-mass model for anisotropic superconductor
[26,27] predicts the scaling of R(H) dependences for different an-
gles 0 between H and c-axis of crystallites. All the R(H) dependenc-
es at a certain temperature should coincide if they be replotted as

R(H"), where the effective field H = H 1/y-2 sin® 6 + cos? 6, 7y is the

anisotropy parameter, and 0 is the angle between H and c-axis.
According to this scaling approach Ry {H) = Ry a-p(yH). In
Fig. 6 the magnetoresistance curves are replotted as Ry (H) and
Rujia-p(yH) dependences. These curves coincide satisfactorily for
v =1.95. The coincidence in Fig. 6 is best for high magnetic field
range where the dissipation in crystallites contributes mainly to
R(H). In the range of low and intermediate magnetic fields the
magnetoresistance of sample is determined by the intercrystallite
boundaries and parameter y has probably the different nature.

The estimated 7y is similar to the results for textured Bi2223
samples with the similar geometry of experiments [14,15,17,28].
This value of y is much smaller than the anisotropy parameter
job/ji¢ for a single crystal of Bi2223 which known to be 50-100.
The misalignment of the crystallites is partially responsible for this
difference. However the commonly observed decrease of the
anisotropy of the textured HTSCs in 20-50 times in comparison
with single crystals [14,15,17,28] is unclear and required further
investigations.

3.2. Anisotropy of hysteresis of magnetoresistance

3.2.1. Correlation of hysteresis of magnetoresistance and
magnetization

Fig. 7 shows portions of magnetoresistance curves at I = 400 mA
in the field range up to 5 kOe. In these measurements the external
field was cycled up to various maximal values Hy,.x and after every
measurement the sample was heated up to T > T,. It is seen that the
R(H) dependences are hysteretic in the range H < 1750 + 150 Oe
for H|| c and H < 3600 * 200 Oe for H || a-b. It correlates with the
behavior of M(H), see Fig. 4 and Section 3.1.1. We did not observe
a visible effect of variation of transport current in the range where
the hysteresis of R(H) exists. So, one can conclude that the R(H)
dependences are hysteretic in the same field range as the M(H)
ones.

Figs. 8 and 9a show typical HMR curves in both H|| a-b and
H|| c directions measured when the field was cycled up to
250 Oe and 1600 Oe correspondingly (similarly to the M(H) curves
presented in Figs. 2 and 3a).

Let us consider the effect of magnetic moments of crystallites
on the magnetic induction in the intercrystallite media in the field
range H < 2 kOe where the magnetoresistance is caused by dissipa-
tion in the intercrystallite boundaries. When H is larger than the
first critical field of the intercrystallite media? the total magnetic

2 Initial branch of M(H) curves (Fig. 2a) exhibits a kink at H ~ 6 Oe. In [29] the
similar kink observed at nearly the same external field at T= 77 K was interpreted as
the first penetration field in the intercrystallite (Josephson) media.



64 D.A. Balaev et al./Physica C 470 (2010) 61-67

R.omQ

0.0

0 2000 4000 6000 8000 10000 12000 O

H. Oe

3.0

20

1.0

2000 4000 6000 8000 10000 12000

0.0

H. Oc¢

Fig. 5. Magnetoresistance R(H) of textured ceramic for H|| c and H || a-b at T=77.4 K at transport currents 100, 200, 600, 800, and 1000 mA (from bottom to top).
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Fig. 7. Hysteretic magnetoresistance R(H) of textured ceramic for H|| cand H || a-b
at T=77.4 K. External field H was cycled up to 0.3, 0.5, 0.7, 0.9, 1.3, 1.5, and 12 kQOe.
Thin arrows indicate direction of scanning of external field. Bold arrows mark the
field of irreversibility.

induction By, in the boundaries between Bi2223 crystallites is the
vector sum of external field and field B;,q induced by magnetic mo-
ments of neighbor Bi2223 crystallites:

Bjm = ,uoH +Bind7 (1)

where g is the magnetic permeability of vacuum.

Fig. 1 shows schematically the lines of B;j,q caused by the mag-
netic moments of crystallites for different orientations of H and
crystallographic axes of crystallites. The magnitude of Bj,q is pro-
portional to the magnetization of HTSC crystallites, Bj,q ~ M. It is
seen that B;,q is co-directional to the external field when field is in-
creased (H = H;). When H is decreased Biyq is also co-directional to
H in the range of field where the magnetization is negative, but the
magnitude Bjnq(H,) is less than Binq(H;) so far as [M(H;)| > [M(H,)|.
In the range of H; < 500e the magnetization is positive, see
Fig. 2a, therefore B;,q is directed opposite to H. It can result in
appearance of minimum on the R(H,) dependence in the low mag-
netic field range [10] if transport current I larger than critical cur-
rent I(H;=0). This case was studied in detail for YBCO + CuO
composites in Ref. [10].

The dissipation in the intercrystallite boundaries is determined
by the magnetic induction Bjy, such that R ~ Bj,. Therefore, the
hysteresis of magnetoresistance originates from the difference of
magnitudes of Bj, in the intercrystallite media when the external
field is increased or decreased. Bjhq(H;) is larger than Binq(H,),
therefore R(H,) > R(H,) at H; = H, that leads to hysteretic behavior
of the R(H) dependences.

3.2.2. Anisotropy of hysteresis of magnetoresistance

The anisotropy of magnetization M(H) of textured sample
causes the anisotropy of magnetoresistance R(H) in the range
H <2 kOe (where the dissipation takes place mainly at the inter-
crystallite boundaries). Really, the module |My | 5| is always less
than [My |, see Figs. 2-4. Therefore Bl > B!l*"* at H, = const
such that leﬂc > Bfln‘_‘laih and Ry I C(HT) >Ry I a—b(HT)- In the field
range above the irreversibility field the anisotropy of magnetore-
sistance seems to arise from intrinsic properties of crystallites.

From the other hand, the anisotropy of AM(H) curves (Figs. 2
and 3b) results in the anisotropic HMR measured at the same cur-
rent for H || a-b and H || c. So far R is proportional to B;,q, therefore
the height of hysteresis AR(H)=R(H;) — R(H,) (at H; =H,) is pro-
portional to Binda(H;) — Bina(H;), hence AR(H)~ AM(H). Figs. 8
and 9b show AR(H) dependences obtained from data of Figs. 8
and 9a correspondingly. It is seen that in the low-field range
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Fig. 8. Magnetoresistance of textured ceramic for H || c and H || a-b (Hmax = 250 Oe). (a) Hysteretic magnetoresistance R(H). Arrows indicate direction of scanning of external
field. Double arrows show parameters characterizing hysteresis of R(H): AH and AR. (b) The height of hysteresis AR(H;) =R(H;) — R(H,) for H, = H,. (c) Magnetic width of

hysteresis AH(H;) = H, — H, for R(H;)=R(H)).

(Fig. 8b) ARy | c> ARy ap- An opposite situation takes place
when H is cycled up to 1600 Oe (Fig. 9b): ARy || < ARy |jqp IN
the range H > 300 Oe. It correlates with the behavior of AM(H)
dependences (Figs. 2 and 3b): AMy || > AMy || o-p in the low-field
range, while AMy | < AMy | o-p in the intermediate field range
(H; = 400 Oe).

Although AR(H) ~ AM(H) ~ j.(H), the resistance is a function
of both Bj,q and the transport current I. In Ref. [10] we have
introduced a new parameter characterizing the hysteresis of
magnetoresistance of granular HTSCs: the magnetic width of
hysteresis AH=H, _ H; at R=const. The main statement of [10]
is that if the hysteresis of R(H) is induced by the intracrystallite
pinning then AH does not depend on the transport current I.
According to above consideration (Section 3.2.1), the equality
of resistance at a some values of H, and H; means the equality
of total magnetic induction By, at these fields: if R(H,)=R(H;)
for H #H, then Bj,(H,)=B;m(H;). Since (1), we obtainH; +
Bind(HT) = Hl + Bind(Hl) and, ﬁnally, AH = Hl — HT = Bind(HT) —
Bina(H|) ~ [M(H;) — M(H,)|. Hence, the magnetic width AH of
R(H) hysteresis is determined by the magnetization of sample
at points H; and H; [10,13]. An example of determination of
AH is shown in Fig. 8a. The typical AH(H,) dependences ob-
tained by treating of experimental R(H) dependences (Figs. 8
and 9a) are presented in Figs. 8 and 9c correspondingly. Simi-
larly to AR(H) dependences, the AH(H,) ones behave likely to

the AM(H) dependences. Namely, AHy > AHy|qp in the
range of low magnetic fields, however, AHy| < AHy|ap in
the range of intermediate magnetic fields.

We verified that AH is independent of the transport current I in
the range 100-1000 mA for the textured ceramics under study.
From the model [10], it follows that the hysteresis of R(H) is pro-
duced by the intracrystallite pinning but not intercrystallite one.

So, the model (Section 3.2.1, Fig. 1) developed to describe the
hysteretic behavior of granular HTSCs explains well the anisotropy
of HMR of the textured Bi2223 ceramics.

4. Conclusions

In this paper the anisotropic behavior of magnetoresistance of
bulk textured Bi; gPbg 3Sr; 9Ca;CusOy + Ag ceramics has been stud-
ied. It was found that the R(H) dependences exhibit the peculiarity
related to the onset of dissipation within Bi2223 crystallites. The
contributions to the magnetoresistance from intercrystallite
boundaries and Bi2223 crystallites in various magnetic fields are
distinguished. It is confirmed from both magnetic and magnetore-
sistive measurements that M(H) and R(H) dependences are hyster-
etic in the same magnetic field range. The anisotropy of hysteresis
of magnetoresistance with respect to the orientation of H and crys-
tallographic axis of Bi2223 crystallites was observed. The anisot-
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Fig. 9. Magnetoresistance of textured ceramic for H || c and H || a-b (Hmax = 1600 Oe). (a) Hysteretic magnetoresistance R(H). Arrows indicate direction of scanning of external
field. (b) The height of hysteresis AR(H;) = R(H;) — R(H,) for H; = H,. (c) Magnetic width of hysteresis AH(H;) = H, — H; for R(H;)=R(H)).

ropy parameter obtained by comparing the irreversibility fields of
M(H) (Section 3.1.1) and the analogous points of hysteretic R(H)
(Section 3.2.1) for H|| c and H || a-b and from the scaling of R(H)
curves (Section 3.1.3) is ~2.

Experimental data were analyzed within the model of granular
HTSC [10], in which the intercrystallite boundaries are contained in
the effective field resulting from superposition of the external field
and the field induced by Bi2223 crystallites. The intercrystallite
boundaries may be considered as the resistive sensor detecting this
effective field. This approach allows to explain the anisotropy of
hysteresis of R(H) by means of the anisotropy of magnetization
hysteretic loops.
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