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Abstract—To elucidate the origin of the well-known anisotropy of the magnetoresistive properties of granular
high-temperature superconductors (HTSs), which is related to the mutual orientation of magnetic field H
and transport current j, we investigate the hysteretic dependences of magnetoresistance R(H) of the yttrium
HTS sample at the perpendicular (H L j) and parallel (H | j) configurations. The hysteretic R(H) dependences
are analyzed using the concept of the effective field in the intergrain boundaries through which supercon-
ducting current carriers tunnel. The effective degree of magnetic flux compression in the intergrain medium
at the perpendicular configuration was found to be twice as much as at the parallel one. This approach
explains well the anisotropy of the magnetoresistive properties of granular HTSs, which was previously
reported by many authors, and the temperature dependences of the resistance in the resistive transition

region.
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1. INTRODUCTION

As is known, granular high-temperature supercon-
ductors (HTSs) demonstrate the anisotropy of mag-
netoresistance R(H) and resistive transition R(7) at
different mutual orientations of magnetic field H and
transport current j (hereinafter, vector j corresponds to
the macroscopic direction of the current flowing in a
sample) [1—13]. On one hand, this is no surprise, since
in the classical Bardeen—Stephen consideration the
magnetoresistance of the second-order semiconduc-
tors, which depends on the angle 6 = £H, j, is propor-
tional to sin?0 [14]. The rate of energy dissipation on
the vortex length depends on the product of the
Lorentz force and vortex velocity [14, 15]; since the
vortex motion is induced by the Lorentz force, the vor-
tex velocity is proportional to sin® and, therefore, we
have R ~ sin’0.

On the other hand, the observed dependence of the
magnetoresistance on angle 6 for granular HTSs is
caused by the processes occurring in the randomly ori-
ented intergrain boundaries; in this case, HTS crystal-
lites (grains) are also randomly oriented. The inter-
grain boundaries are regions with suppressed super-
conducting properties, which behave like Josephson
junctions through which superconducting current car-
riers tunnel. The nature of the magnetoresistance

anisotropy in such a random system requires special
consideration.

Certain progress in understanding this anisotropy
was made in [7], where the magnetic fields induced by
screening currents on the surface of superconducting
grains were assumed to significantly contribute to the
magnetic induction in the intergrain medium.
Although the authors of [7] obtained good agreement
between the experimental and model dependences of
the value R(H L j)/R(H || j) on the applied field, they
did not directly determine the effective field in the
intergrain medium.

The technique for determining the effective field in
the intergrain medium and degree of magnetic flux
compression in the intergrain spacings directly from
the experimental data on magnetization and magneto-
resistance was proposed in [16—18]. The aim of this
work was to determine these quantities at H || j and H
1 j in order to unambiguously establish the origin of
the observed anisotropy of the magnetoresistive prop-
erties of granular HT'Ss.

2. MODEL

Let us consider a schematic of the distribution of
local fields induced by the magnetic moments of
superconducting grains in the intergrain medium. Fig-
ure la shows the distribution of lines of magnetic
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induction B, 4 for two grains separated by a sufficiently
large distance and located in the increasing applied
field H = Hy. Here, M; is the magnetic moment of an
individual grain, which is directed antiparallel to the
applied field at H = Hp, and the B, 4 distribution is
only related to M. Each point beyond the grain is
affected by the local field B,,.,(r), which is superposi-
tion of B, 4(r) and applied field H:

Blocal(r) =H+ Bind(r)-
Since the By 4(r) value is related to M, we can write
Blocal(r) = 4TCMGK(I') + Ha (1)

where K(r) depends on the geometrical parameters of
the grain and distributions of the screening currents
and flux trapped in it.

If we bring two grains close to each other (Fig. 1b),
as in polycrystalline materials, the lines of magnetic
induction B, 4 between grains 4 and B will obviously
be significantly crowded. Then, in the region of our
interest (between grains 4 and B in Fig. 1b), we can
introduce effective field B.y, which, after averaging
over local fields (1), will be related to the sample mag-
netic moment M as

Parameter o arises upon averaging K(r) in Eq. (1) and
characterizes the degree of crowding of the magnetic
induction lines related to the grain magnetic
moments.

Equation (2) explains the origin of the magnetore-
sistance hysteresis R(H) in granular HTSs: R  |Bg
(ignoring the details of the functional dependence
R(B.g)) and the magnetic moment M(H) of the sample
is a hysteretic function of the applied field (Fig. 2).
When the applied field increases, we have M(Hr) < 0.
When the field decreases (H, = Ht), we have M(H|) >
M(Hy), or the M(H17) value is positive in a certain field
range (Fig. 2). If the magnetic moment M is negative
(M <0 at H= Hp > 0), then the field induced in the
spacing between grains A and B is codirected with the
applied field (Fig. 1b). At M >0 (H= H > 0), the B, 4
direction between grains 4 and B is opposite to the H
direction (the arrows indicating the direction of mag-
netic induction lines in Fig. 1b change their direction
for the opposite one). Hence, taking into account the
sign of the M(H) dependence, we obtain the effective
field in the intergrain medium determined by Eq. (2):

B.(Hy) = —4nM(Hy)o+ Hy, (3)
Beff(Hi) = —47tM(H¢)OL +H,. (@))

Equations (3) and (4) allow us to estimate the
degree of magnetic flux compression, i.e., coefficient
o, which, as a rule, is much higher (by an order of
magnitude) than unity [16—19]. The o value is deter-
mined using the obvious condition: if the experimen-
tal hysteretic dependence meets the condition
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Fig. 1. Schematic of magnetic induction lines in the inter-
grain medium related to the magnetic moments of super-
conducting grains. (a) Grains are sufficiently far from each
other and (b, ¢) magnetic induction lines are crowded at
the sufficiently small intergrain distance. Schematic tra-
jectories of microscopic currents / for (b) the perpendicu-
lar and (c) parallel configurations of H and j. In all the
cases, the applied field increases: H = Ht. (b, on the left)

Scheme of the experiment.

R(H?) = R(H,), then B.(Hpy) = B.g(H)). Thus, we
obtain from (3) and (4)

AH = H, — Hy = 04T{M(H ) - M(H.)}.  (5)

Using Eq. (5), we can determine the o value from the
experimental hysteretic R(H) and M(H) dependences
obtained on the same sample. The approximation of
the weak magnetic field dependence of a (a0 #= f{H))
was found to be not bad, although in the field range
corresponding to M = 0 (in this case, the contribution
Vol. 59
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of the trapped magnetic flux is similar to the diamag-
netic contribution) the effect of magnetic moments of
grains remains significant.

Let us now pass to the problem of flowing of micro-
scopic currents I through the intergrain boundaries at
H | jand H L j. At the perpendicular orientation, the
current flow from grain A4 to grain B (Fig. 1b) will obvi-
ously be unfavorable, since at I L B4 the magnetore-

sistance will be maximum (R « sin’0, 6 = ZH, j).
Obviously, the path through the neighboring grain
(C), at which the mutual orientation of I and B, is
almost parallel (the path 4 — C — B schematically
shown in Fig. 1b), will be more favorable for the
microscopic transport current. At H | j, the optimal
flow path is still A — B (Fig. 1c). Certainly, in this
case, there are also many intergrain boundaries in
which the parallel orientation of H and j is broken.
This difference from the ideal parallel orientation
manifests itself in the fact that even at H || j the coeffi-
cient o appears to be about 10. In [16—19], the mea-
surements were performed for this very orientation. It
would be reasonable to suggest that the o value for the
same sample will by larger at H|| j than at H L j. The
experiments will finally confirm that it is the magnetic
flux crowding (significant o value) that determines the
observed magnetoresistance anisotropy (magnetic
field—transport current) of granular HTSs.

3. EXPERIMENTAL

The Y,45Pry4,Ba,Cu;0;, HTS was prepared by
standard solid-state synthesis. The X-ray diffraction
study revealed only 1-2-3 reflections. The R(7)
dependence of the sample above 7 (90.5 K) is of the
metal type characteristic of such systems.

The transport measurements were performed on
the samples with a typical size of ~(1 X 1 X 7) mm.
The temperature dependences of magnetoresistance
(R(H) = U(H)/j, where U is the potential drop and is
the transport current), and resistance (R(7)) were
measured by a standard four-probe method. The
transport current flew parallel to the long sample side.
During the measurements of the R(H) dependences
(the data are given for j = 30 mA), the sample was
immersed in liquid nitrogen. The external field was
specified by an FL-1 electromagnet, which allowed
measuring the transport characteristics for both the
parallel (H || j) and perpendicular (H L j) orientations.
After zero-field cooling (ZFC), the external field was
changed for the maximum applied field H,,, = 500
or 1000 Oe. Then, the data on the forward and
reverse branches of the hysteretic dependences, except
for the initial path from H = 0 to H,,, = +500 Oe, were
analyzed. The R(7T) dependences were measured
under ZFC and field cooling (FC) conditions with the
subsequent switching-off the field at the two orienta-
tions (H ||j and H L j).
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The magnetic measurements were performed on a
vibrating sample magnetometer [20]. For this purpose,
samples with the geometrical parameters similar to
those used in the transport measurements (~(0.5 X
0.5 x 3.5) mm) were prepared. Therefore, the demag-
netizing factor of the sample shape in the magnetic
and transport measurements should be the same. The
Puzei electromagnet-based setup [20] allows measure-
ments at both H| Land at H L L, where L is the vector
directed parallel to the long sample side. The applied
field variation rate in the transport and magnetic mea-
surements was the same (~2 Oe/s). The M(H) and
M(T) dependences were measured under the same
external conditions as the R(7) dependences.

4. RESULTS AND DISCUSSION
4. 1. Anisotropy of the Magnetoresistance R(H)

To correctly compare the M(H) and R(H) depen-
dences, the magnetic measurements were performed
at two mutual orientations of L (the long sample side)
and applied field H. The M, (H) (H L L) and M|(H)
(H|| L) dependences for the investigated sample are
shown in Fig. 2. It can be seen that the difference
between the cases H| L and H L L is minor (there is a
small discrepancy between the M, (H) and M|(H)
dependences in the field range of 500—1000 Oe); the
demagnetizing factor of the sample shape does not
play a decisive role in the magnetic measurements of
granular HTSs. The M(H) hysteresis loop is typical
of granular HTSs synthesized using a standard tech-
nique [21].

Figure 3 shows hysteretic R(H) dependences for the
parallel (R(H)) and perpendicular (R (H)) mutual
orientations of H and j. One can clearly see the afore-

Il
—1000 —-500

Fig. 2. M(H) magnetic hysteresis loops for the investigated
sample in maximum applied fields of Happ = 500 and
1000 Oe for the indicated configurations (scheme of the
experiment is shown in Fig. 1b). Arrows show the direction

of the applied magnetic field variation.
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Fig. 3. Hysteretic field dependences of magnetoresistance
R(H) for the investigated sample at maximum applied

fields of H,,, = 500 and 1000 Oe for the indicated config-

urations (schematic of the experiment is shown in Fig. 1b).
Arrows show the direction of the applied field variation.
Solid lines show the reverse R(H|) dependences at Hy,, =

500 Oe. Horizontal lines illustrate determination of the
hysteresis field width AH at Hy = 90 Oe. Inset: R(H)

dependences in weak fields.

mentioned magnetoresistance anisotropy: R, (H) >
Ry(H). The inset in Fig. 3 shows the R(H) dependences
in the range of +55 Oe. The minima in the R(H))
dependences arise under the condition of the maxi-
mum compensation of the field B,y induced by the
grain magnetic moments by the applied field. At the
H\ values smaller than ~50 Oe, the M(H}) value is
positive (Fig. 2) and the terms in the right-hand side of
Eq. (4) have different signs, which leads to the occur-
rence of the minimum in the B,{H;) and R(H))
dependences.

The horizontal lines in Fig. 3 show an example of
determination of the magnetoresistance hysteresis
width AH =|Hy — H|| at the same value Hy =90 Oe. It
can be seen that the AH value (the difference between
the fields Hy and H| at which the horizontal straight
crosses the R(H|) dependences) for R, (H) is notice-
ably higher than the AH value for the R/(H) depen-
dence. As was established previously [22—24], the
parameter AH at one chosen orientation of H and j is
independent of the transport current in a wide range of
this quantity.

To determine the o values at the parallel and per-
pendicular orientations, we used the magnetic mea-
surement data (Fig. 2) and built the hysteretic B.;{(H)
dependences using Egs. (3) and (4). Since the magne-
toresistance is determined by the absolute value of B
rather than by its direction (R « |B.), we took the
absolute value of the B,(H) function. Then, the o val-
ues were chosen so that the value AH= H| — Hp deter-
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Fig. 4. Hysteretic field dependences of the effective field
B.i(H) in the intergrain medium (absolute value of

Egs. (3) and (4)) obtained using the M(H) data from Fig. 2
at two o values for the perpendicular and parallel configu-
rations. Horizontal lines illustrate determination of the
hysteresis field width AH at Ay = 90 Oe (analogous to

Fig. 3).

mined directly from the B.{(H1) and B.(H|) depen-
dences was similar to the AH value obtained from the
experimental R(H) dependences (Fig. 3). In this case,
the R,(H) and R(H) dependences were compared
using the M,(H) and M|(H) data. In addition, we
made one more assumption: in Egs. (3) and (4), the
difference between projections of the vector H for the

H ||j and H 1 j orientations was ignored.!

The best agreement in the wide field range (see
below) was observed at o0 ~ (22—25) for the perpendic-
ular configuration and o ~ (10—15) for the parallel
configuration. The larger o values describe better the
data for the field range of 500—100 Oe, which is appar-
ently due to the fact that the condition o # f{ H) is only
met in the first approximation (see Section 2).

Figure 4 shows the obtained B.4(H) dependences
for o = 10 and 22. The horizontal lines illustrate the
determination of the AH value at Hy = 90 Oe for these
configurations, similarly to the example for the R(H)
dependences in Fig. 3. It can be seen that a decrease in
AH for the parallel configuration related to the smaller
parameter o, is reproduced well at this approach.

Figure 5 shows the data on the dependences of AH
on H| (the lengths of the horizontal portions between
H, and Hp in Figs. 3 and 4 at R = const and B, =
const) obtained in the maximum applied field of

! Obviously, for a polycrystal the angle 6 in the expression for the
projection of H onto the j direction (Hsin0) will not be strictly 0
and 90° at the H for the H || j and H L j orientations. In these
cases, the variation in the effective angle 6 leads to the occur-
rence of additional fitting parameters, although, according to
our estimations, does not drastically affect our conclusions con-
cerning the larger o value at the perpendicular configuration.

Vol. 59 No.7 2017
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Fig. 5. Dependences of the hysteresis field width AHon H|
obtained from the R(H) dependences (dots) and from the
B.¢(H) dependences using Egs. (3) and (4) (lines) at dif-
ferent o values. The data for H,,, = 1000 Oe are shown.

app
Inset: the data for H,,, = 500 Oe.

H,,, = 1000 Oe from the hysteretic R(H) dependences

(dots) and B.( H) dependences (lines). The calculated
AH(H}) dependences were obtained at several o val-
ues. The inset in Fig. 5 shows the data obtained at
H,,, = 500 Oe. Despite the certain spread of the o val-
ues in fields of up to 500 Oe and 500—1000 Oe, good
agreement between the experimental and calculated
AH(H\}) dependences allows us to state that at the par-
allel configuration H | j, the parameter o is almost
twice as small as its value at H L j. This confirms our
assumptions (see Section 2) on the character of mag-
netic induction line crowding in the intergrain
medium.

4.2. Anisotropy of the R(T) Dependences

The above statement is confirmed also by the effect
of the mutual orientation of H and j on the resistive
transition. Figure 6 shows the R(7T) dependences for
the investigated sample in the region of the resistive
transition at H || j and H L j. The sharp resistance
growth corresponds to the transition in HTS grains
and the smooth portion of the R(7) dependences, to
the transition in the intergrain boundary subsystem
[17, 24—26]. It can be seen that the difference between
the R(T) dependences for H || j and H L j is observed
earlier in the temperature range corresponding to the
resistive transition in the intergrain medium [7, 10].

Let us use the aforementioned approach to esti-
mate the temperature evolution of the effective field in
the intergrain medium. The ZFC M(T) dependences,
analogously to the R(7) dependences in Fig. 6, are
shown in Fig. 7 in the bottom. Figure 8 presents tem-
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Fig. 6. ZFC R(T) dependences in different applied fields at
different mutual orientations of H and j in the resistive
transition region.

perature dependences of the effective field in the inter-
grain medium obtained from Eq. (3) with regard to the
M(T) data: B.(T) = —4nM(T)o. + H. In the calcula-
tion of these dependences, the o values were the same
as in building the B.( H) dependences shown in Fig. 4,
i,e.,o=10at H|j| Land o.=22at H L. In this case,
it can be seen that the main difference between the
behaviors of the resistive transition is due to the differ-
ent effective fields in the intergrain medium, which
changes monotonically with increasing external field
and, additionally, with the change of the parallel ori-
entation for the perpendicular one.

H=0, after Hgc
| ~O~Hpgc(450e) L L -
v~ Hgc(45 Oe) | L

_D_Hpc(loo Oe) 1L
ey O HEc(100 Oe) | L
"R "d‘-"s‘o\‘v.o &
0 _________________ : A%
O 10
= Oe (HLL)
20 -©0-50e (H|L) |
—~150e (HLL)
2+ 150e (H| L)
—30 —=-450e (H_L L)]
—o-45Oe (H|| L)
_40 1 1 1 1 1 |

1
78 80 82 84 8 8 90 92
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Fig. 7. In the bottom (negative M values): ZFC tempera-
ture dependences of the magnetic moment M(T) for the
investigated sample in different external fields and differ-
ent mutual orientations of H and L (see Fig. 1b). On the
top (positive M values): FC M(T) dependences obtained
with subsequent switching off of the applied field (H = 0).



T T T T T T T T T T T T T
ZFC i
——50¢ (HLj)
—-50e (H|j)
—~—150e (HLj) |

o[ ~=150¢ (H )
@ —==450e (H Lj) 1
2] —0— .
Q 400 45 O0e (H ” i) |
=22 (HLj)
200

Fig. 8. ZFC temperature dependences of the effective field
in the intergrain medium at different mutual orientations
of H and j obtained for two o values from the M(7T) data
from Fig. 7.

As is known, after the FC procedure, the sample
has the negative magnetic moment, but with the
smaller absolute value as compared with the case of
the ZFC conditions. Then, after switching off the
field, the magnetic moment of the sample takes the
positive value due to the trapped flux. The M(T)
dependences measured in zero external field (after the
FC procedure) are shown in Fig. 7 (on the top). After
this thermomagnetic prehistory, the distribution of the
induced fields in the intergrain medium will be analo-
gous to that shown in Fig. 1b for the case of cooling at
Hpc L j and Fig. 1c for Hgc || j, but here there is no
external field (H = 0) and the directions of B;,4 and
M, vectors changed for the opposite ones, which,
however, do not matter for the current flow.

In the investigated case, similar to the ZFC R(H)
and R(7T) dependences, the R(7) dependences for
Hpc L j and Hyc || j will be different. This behavior is
illustrated in Fig. 9. All the data in Fig. 9 were obtained
in zero applied field, although the thermomagnetic
prehistories were different. The analogous behavior of
the R(T) dependences is observed after the ZFC pro-
cedure with the subsequent switching on/off the
applied field H,,, = 500 Oe (not shown).

It should be noted that the difference between the
R(T) dependences at Hg L j and Hp¢ | j is not as
much (Fig. 9) as at Hyp L j and Hy g || j (Fig. 6) and
is pronounced only in the logarithmic scale by R. This
is apparently due to the invalidity of the condition o0 =
const (see Section 2) in such a wide field range.
Indeed, there is the discrepancy between the experi-
mental and calculated AH(H|) dependences (Fig. 5) in
fields H| below ~100 Oe. The minima in the experi-
mental R(H}) dependences (inset in Fig. 3) are
observed at H| ~ 25 and ~18 Oe for H L jand H || j,
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Fig. 9. R(T) dependences for the investigated sample in
zero applied field near the resistive transition. Cooling was
performed in an applied field at different mutual orienta-
tions of H and j; after that, the applied field was
switched off.

respectively. At oo = 22 (H L j) and 10 (H | j), the
B.+(H)) dependences (Fig. 4) have the minima at the
higher H| values (~45 and 40 Oe). To adjust the
B.(H|) minima with the R(H;) minima within the
approach used, it is necessary to use smaller o values
(~2.2 and ~1.5) for the orientations H L j and H || j,
respectively. The conditions of the thermomagnetic
prehistory for the regime H — +H,,, — H = 0 (simi-
larly to the R(H) dependences) and the FC mode with
the subsequent switching off of the field (Fig. 9) are
analogous and, according to the critical state model,
the trapped flux remains mainly at the grain center. It
is natural that in these cases the effect of the trapped
flux on the intergrain medium will be weaker than
when the screening currents flow mainly near the
grain surface (with increasing external field H = H;
after the ZFC procedure). This explains the weaker
flux compression in weak fields (at H = H}) and
smaller o values. Nevertheless, the difference between
the cases of Hpc L jand Hc || j is observed even in zero
applied field (Fig. 9) and is related to the effect of the
flux trapped in grains on the intergrain medium.

5. CONCLUSIONS

Thus, it was demonstrated that the observed
anisotropy (magnetic field—transport current) of the
magnetoresistive properties of granular HTSs is
caused by the magnetic flux compression in the inter-
grain medium. At different mutual orientations of H
and j, the transport current chooses mainly the trajec-
tories at which intergrain tunneling occurs along the
direction corresponding to the smallest angle between
B;,q and j, where the magnetic induction lines are the
most rarified. At the parallel configuration (H || j), the
Vol. 59
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effective degree of magnetic flux compression is
approximately twice as lower than at the perpendicular
configuration (H L j). This is valid in a fairly wide
field range (from ~10% to 103 Oe). As the external field
further increases or the temperature approaches 7¢,
the effect of the grain magnetic moments on the inter-
grain medium weakens and the second term in Eq. (2)
becomes larger than the first term. In this case, the
observed magnetoresistance anisotropy decreases,
i.e., the value R(H || j)/R(H L j) approaches unity, in
accordance with the model representations proposed
in[7].
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