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Previously [1, 2], we presented the results of exper-
imental investigations into the magnetoresistance (MR)
of composites based on high-temperature superconduc-
tors (HTSCs). Prepared using the method of fast sinter-
ing [3], these composites possess large MR at liquid
nitrogen boiling temperature. The values of the resistiv-
ity response 
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) = 

 

ρ
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) – 
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 = 0) and the sensitiv-
ity 

 

d
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/
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 to magnetic field, which were observed for
the composites of Y

 

3/4

 

Lu

 

1/4

 

Ba

 

2

 

Cu

 

3

 

O

 

7

 

 (referred to below
as YBCO) with copper oxide (CuO), have proven to be
several orders of magnitude higher (e.g., 
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 cm; 
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 cm)/Oe) than those
for pure HTSCs of the YBCO system [2, 3]. The rela-
tive MR, defined as 
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can reach thousands of percent (in a field of several
dozen oersteds) [1–3], which is comparable with the
analogous effect observed in lanthanum manganites in
much greater fields. These results are indicative of good
prospects for using YBCO–CuO composites as highly
sensitive cryogenic detectors of weak magnetic fields.
Therefore, further experimental investigations aimed at
elucidating the physical mechanisms responsible for
MR of such composites are necessary.

This Letter reports the results of measurements of
the angular dependence of the MR in YBCO–CuO
composites. Using these data, it is possible to judge the
Lorentz force acting upon magnetic vortices. The MR
and electric resistance of polycrystalline HTSCs and
related composites are largely determined by the well-
developed network of Josephson junctions, which are
formed at the boundaries between HTSC grains
through which the charge carrier transport unavoidably
proceeds. In the composites, the role of intergrain spac-
ers is played by the non-HTSC component [1–3]. The

network of contacts formed in such systems may be
called a Josephson medium [4].

The MR measurements were performed for an
YBCO–CuO composite containing 70 vol % YBCO
and 30 vol % CuO, which was prepared by the fast sin-
tering method [3]. The samples were annealed accord-
ing to the following schedule: 2 min at 910

 

°

 

C, 3 h at
350

 

°

 

C, and cooling down to room temperature with the
furnace.

The electrical measurements were performed
according to the standard four-point-probe scheme. The
sample had the dimensions 1 

 

×

 

 1 

 

×

 

 9 mm, and the dis-
tance between the potential contacts was ~5 mm. The
magnetic field was generated using Helmholtz coils.
The voltage drop between the contacts was measured
both in the absence of magnetic field and in a constant
field at various angles 

 

θ

 

 between the directions of elec-
tric current (along the sample) and magnetic field. The
whole system was immersed in liquid nitrogen. No spe-
cial measures were taken to shield the Earth’s magnetic
field.

It was previously established [1] that the tempera-
ture dependence of the electric resistance of YBCO–
CuO composites at 

 

H

 

 = 0 has a two-step shape. The first
sharp jump at 

 

T

 

C

 

 = 93.5 K corresponds to the transition
of HTSC grains into a superconducting state. The sec-
ond, smooth and delayed transition at 

 

T

 

C0

 

 (

 

T

 

C0

 

 < 

 

T

 

C

 

 for

 

ρ

 

 < 10

 

–6

 

 

 

Ω

 

 cm) corresponds to the transition of weak
bonds (Josephson junctions) to the superconducting
state. The angular dependence of MR was measured on
a sample with 

 

T

 

C0

 

 < 77 K, which was selected from a
series studied previously [1, 2]. Accordingly, at 77 K,
this sample had 

 

ρ

 

(

 

H

 

 = 0) > 10

 

–5

 

 

 

Ω

 

 cm (at this tempera-
ture, the current–voltage characteristic is nonlinear [2]).
It was also established [2] that the resistivity 

 

ρ

 

(

 

H

 

) at
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composites has been studied. These composites represent a system of Josephson junctions and exhibit a large
magnetoresistance at 77 K. In addition to the isotropic component, there is the angle-dependent component pro-
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, where 
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 is the angle between the directions of current and magnetic field. This behavior is
unambiguous evidence for the process of flux flow in the Josephson medium realized in the composites.
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77 K exhibited reversible variation for

 

 H

 

 = 0–38 Oe. In
greater fields, the MR exhibits a hysteresis that is
related to the hysteresis of magnetization. In order to
eliminate the influence of the hysteresis in 

 

ρ

 

(

 

H

 

) on the
angular dependence 

 

ρ

 

(

 

H

 

), the MR measurements in
this study were restricted to weak fields (below 38 Oe),
where the magnetic field effect on the resistivity is most
pronounced [1, 2].

Figures 1a and 1b show plots of the voltage drop on
the sample versus angle 

 

θ

 

 between the field and current,
which were obtained for 

 

H 

 

= 0, 24, and 38 Oe at two
values of the transport current 

 

j.

 

 There are two impor-
tant features in these experimental results. First, a large
component of the MR is independent of the field direc-
tion. Second, there is an angle-dependent MR compo-
nent, which is well described by the relation

(1)

where 
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 is the isotropic part of the MR (or 
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) and 
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 is the voltage drop at 

 

j
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H

 

. Analogous
shapes of the 

 

U

 

(

 

θ

 

) curves were observed for all trans-
port currents within 1–10 mA and for the other values
of magnetic field (12 and 18 Oe) in the range studied.

First, let us make some remarks concerning the iso-
tropic part of the MR. This component is frequently
observed for single crystals of HTSCs (see, e.g., [5, 6])
and practically always for polycrystalline HTSCs [7–11].
In the latter case, one possible explanation is related to
the chaotic orientation of Josephson junctions in poly-
crystalline samples, since the direction of microscopic
current is not parallel to the field even when the total
transport current is 

 

j

 

 

 

||

 

 

 

H

 

. Moreover, it was recently
demonstrated [12] that the joint action of an external
magnetic field and the field generated by screening cur-
rent in grains of the Josephson medium results in the
direction of a local magnetic field not coinciding in the
general case with that of the external field. According to
the theory proposed in [12], the anisotropy parameter

 

U

 

is

 

/

 

U

 

max

 

 increases with the magnetic field. The same
conclusion follows from the results of our measure-
ments. A quantitative comparison of the experimental
data and theory [12] will be presented in a forthcoming
paper.

The second important result of this study is related
to the angle-dependent part of the MR. The law 

 

R

 

 ~
sin

 

2

 

θ

 

 was originally predicted in the Bardeen–Stephen
theory [13] for type-II superconductors (including
YBCO-based HTSCs). According to this theory, the
rate of energy dissipation per vortex length depends on
the product 

 

F

 

L

 

v

 

L

 

, where 

 

F

 

L

 

 of the Lorentz force and the

 

vL is vortex velocity [13, 5]. Since the vortex motion is
caused by the Lorentz force, vL is proportional to sinθ
and, hence, the energy dissipation rate and the R value
are proportional to sin2θ. At the same time, it was
pointed out [8, 10, 14] that, if the vortex pinning force
is comparable with the Lorentz force, an additional
term proportional to sinθ appears in the angular depen-
dence of the MR:

(2)

Thus, the ratio A1/A2 in relation (2) is proportional to
the ratio of the Lorentz force to the vortex pinning force
[8, 10, 14].
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Fig. 1. Plots of the voltage drop U versus angle θ between
the transport current j and the magnetic field H for an
YBCO–CuO composite sample at 77 K and various values
of the field H (0, 24, and 38 Oe, as indicated in the figure)
and probing current j = 0.83 mA (a) and 0.17 mA (b). Points
present the experimental data; curves show the results of fit-
ting to the functions U(θ) = Uis + (Umax – Uis)sin2θ and
U(θ) = Uis + (Umax – Uis)sinθ.
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As can be seen from Fig. 1, relation (1) described
our experimental results well. An attempt to describe
these data using Eq. (2) with two angle-dependent
terms does not improve the fit of experimental points to
theoretical curves, which indicates that the contribution
of the term proportional to sinθ is rather insignificant.
Therefore, in our system at 77 K, the pinning force is
much smaller than the Lorentz force and, hence, the over-
barrier flow of vortices (flux flow) must take place [13].
This situation is quite possible in the composite under
study, since the introduction of a non-HTSC compo-
nent (CuO) into the HTSC matrix (YBCO) decreases
the Josephson bonds between superconducting gran-
ules. The composite sample used for the MR measure-
ments occurs in the resistive state even in a zero mag-
netic field, because the temperature (77 K) is above TC0

for this sample (TC0 ≈ 70 K). For all values of the probing
current in the interval studied, this current exceeds the
critical value. The magnetic field penetrates into the sys-
tem of grain boundaries of the polycrystalline sample pri-
marily in the form of Josephson vortices, since the first
critical field for the Josephson medium at 77 K can be on
the order of a fraction of an oersted or lower [4, 15]. On
the other hand, the probing current density (~1 A/cm2)
is several orders of magnitude smaller than the critical
values for HTSC granules (~103–104 A/cm2 [16]), for
which the first critical field is on the order of several
dozen oersteds [12]. For this reason, the MR under
these experimental conditions is determined entirely by
the process of energy dissipation in the network of
Josephson junctions (YBCO–CuO–YBCO) realized in
the composite. Therefore, in the presence of an external
magnetic field, the Josephson vortices move over the
Josephson medium in accordance with the flux flow
model (not being retarded on the pinning centers), and
this circumstance determines the observed angular
dependence of the MR.

It should be noted that an analogous angular
dependence of the anisotropic part of the MR (R ~
sin2θ) was previously observed for polycrystalline
HTSCs of the compositions La1.85Sr0.15CuO4 (at T =
10–30 K in the magnetic fields H = 2–15 Oe) [7–9],
Bi1.6(Pb0.3Sb0.1)Sr2Ca2Cu3Ox (T = 77 K, H = 250 Oe)
[10], and YBa2Cu3O7 (T = 77 K, H ~ 11 Oe) [11]. In this
study, the MR anisotropy has been measured for the
first time in YBCO-based HTSC composites. For an
artificial Josephson medium realized in such compos-
ites, the mechanism of energy dissipation, at least in the
presence of a magnetic field, is apparently the same as
that in the pure HTSCs where the Josephson medium
involves the natural grain boundaries. The results of our
experiments are of practical significance, since the

knowledge of the angular dependence of the MR in
active HTSC elements is important for the use of mag-
netic field sensors.
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