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Abstract—This paper reports on the results of an investigation into the influence of magnetic fields (0-60 kOe)
on the temperature dependences of the electrical resistance R(7) of the Y3,4Lu;,4Ba,Cu3;05 + CuO composites.
The structure of these composites is considered to be a network of tunnel-type Josephson junctions in which a
nonsuperconducting component (CuO) forms boundaries (barriers) between high-temperature superconducting
crystallites. The temperature dependence R(7) of the composites has two steps characteristic of granular super-
conductors: (i) an abrupt change in the electrical resistance at the critical temperature of high-temperature
superconducting crystallites and (ii) a smooth transition to the superconducting state under the influence of the
boundaries between the crystallites. The experimental dependences R(7T) are analyzed within the Ambegaokar—
Halperin model of thermal fluctuations in Josephson junctions and the flux creep model. An increase in the mag-
netic field leads to a crossover from the Ambegaokar—Halperin mechanism to the flux creep mechanism. The
temperature dependences R(T) in the range of weak magnetic fields (from 0 to 10? Oe) are adequately described
by the relationship following from the Ambegaokar—Halperin model. In the range of strong magnetic fields
(from 103 to 6 x 10* Oe), the dissipation obeys the Arrhenius law R ~ exp(~U(H)/T)], which is characteristic of
the flux creep model with a temperature-independent pinning energy U(H). The effective Josephson coupling
energies and the pinning energies corresponding to the Ambegaokar—Halperin and flux creep mechanisms are

determined.
PACS numbers: 74.81.Fa, 74.50.+r
DOI: 10.1134/S1063783406050039

1. INTRODUCTION

Since the discovery of high-temperature supercon-
ductors [1-5], the effect exerted by a magnetic field on
their transport properties has been continuing to attract
the particular attention of researchers (see, for example,
[6—15]), because the numerous processes of dissipation
and suppression of superconductivity by a transport
current and a magnetic field in high-temperature super-
conducting materials can have different origins and
proceed through a variety of mechanisms [16]. In high-
temperature polycrystalline superconductors, the resis-
tive transition occurs in two stages [1, 8—12, 17]: (i) the
first stage is characterized by an abrupt jump in the tem-
perature dependence of the electrical resistance R,
which considerably broadens only in strong magnetic
fields (10-60 kOe) and corresponds to a transition of
high-temperature superconducting crystals to a super-
conducting state; and (ii) the second state is character-
ized by an extended tail in the dependence R(7), which
increases even in weak magnetic fields (tens of oer-
steds) and is associated with the flow of the transport
current through a three-dimensional network of grain
boundaries. These boundaries are weak links of the
Josephson type. This circumstance is responsible for
the high sensitivity of the electrical resistance of high-
temperature superconducting polycrystals to weak

magnetic fields. The network of Josephson junctions
formed in high-temperature granular superconductors
can be referred to as a Josephson medium [18].

The transport properties of high-temperature granu-
lar superconductors in magnetic fields have been
described in the framework of a number of mechanisms
(see, for example, [16]). In the present paper, we ana-
lyze the ranges of applicability of two mechanisms,
namely, the Ambegaokar—Halperin (AH) mechanism
[19] and the mechanism of magnetic flux creep [20].
Within the Ambegaokar—Halperin model [19], thermal
fluctuations in a Josephson junction bring about a loss
of phase coherence between the two superconductors
forming this junction. In this case, the difference
between the phases of the wave functions of the super-
conductors changes abruptly; i.e., there occurs a phase
slip by 2. This leads to a nonzero voltage drop across
the junction. As was first shown by Tinkham [3], a sim-
ilar result follows from analyzing the thermally acti-
vated motion of vortices in a Josephson medium. Vortex
jumps through potential barriers also lead to a phase
slip by 2m and give rise to an additional resistance,
which can also be described in the framework of the
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Ambegaokar—Halperin model [3]. The ratio of the
Josephson coupling energy

E(T) = 1l (T)le ey

to the product k3T is a measure of suppression of the
superconducting properties of the Josephson junction.
Here, I(T) is the function describing the temperature
dependence of the critical current of the Josephson
junction in the absence of fluctuations. For a low trans-
port current (j << I-), the Ambegaokar—Halperin model
predicts the following relationship for the resistance
caused by the thermal fluctuations [19]:

R = {I(E,(T)2ksT)} ", )

where [ is the modified Bessel function. Relationship (2)
can be rewritten as

R = {I,(C(H)J(T)12T)} 7, 3)

where J(T) = I(T)/1(0 K), and C(H) is the parameter
characterizing the Josephson coupling strength, which
depends on the applied magnetic field. This parameter
is given by the formula

C(H) = hI-(H,0K)/kze = E,(H,0K)/ky. (4)

The Ambegaokar—Halperin model has been used to
describe the transport properties of single Josephson
junctions [21, 22], high-temperature polycrystalline
superconductors [8, 23-25], and high-temperature
superconducting composites [16, 26] in magnetic
fields. In the last two cases, the three-dimensional net-
work of Josephson junctions is replaced by an effective
junction. The validity of this approach was discussed in
[16, 23, 25].

Apart from the Ambegaokar—Halperin model, the
thermally activated motion of vortices can be described
within the model of magnetic flux creep [20]. In this
model, the dependence R(H, T) obeys the Arrhenius
law [2]

R = Ryexp(~U(H, T)/kT), 5)

where R is the preexponential factor, and U(H, T) is the
function describing the field and temperature depen-
dences of the pinning potential, i.e., the mean height of
the energy barrier that has to be overcome by a vortex
(or a bundle of vortices) of the magnetic flux during its
motion in an intergranular region, which eventually
gives rise to an electrical resistance. The results
obtained from a number of experiments with high-tem-
perature polycrystalline superconductors [correspond-
ing to the second portion of the dependence R(7)] have
been interpreted in the framework of the aforemen-
tioned approach [4, 11, 12, 27]. In some cases, the pin-
ning potential exhibits classical temperature-indepen-
dent behavior U(H, T) = U(H) [4, 27].

However, in our opinion, the field ranges used in the
above studies of polycrystals and composites are not
sufficient to provide a comprehensive description of the
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transport properties of Josephson media in magnetic
fields. The temperature dependences of the electrical
resistance R(T) were measured and analyzed in the fol-
lowing ranges: 0-130 Oe [23], 0-75 Oe [25], O-
3.5 kOe [26], and 1-17 kOe [8] in the framework of the
Ambegaokar—Halperin model; and 0.3-20.0 kOe [11],
0-10 kOe [12], and 0-300 Oe [27] in the framework of
the flux creep model.

This paper reports on the results of the measure-
ments and interpretation of the temperature depen-
dences of the electrical resistance R(T) for composites
prepared from the high-temperature superconductor
Y;,Lu,,4Ba,Cu;04 and copper oxide CuO in the range
of magnetic fields from 0 to 60 kOe. The structure of
two-phase composites based on high-temperature
superconductors is considered to be an artificially pro-
duced network of Josephson junctions [28, 29]. In these
composites, the nonsuperconducting component is a
material forming barriers between superconducting
grains (i.e., Josephson junctions). It should be noted
that the Josephson coupling strength (energy) can be
controlled by varying the volume ratio of the compo-
nents. Since the resistance of CuO at temperatures
below 100 K is relatively high (>10% Q c¢m), the com-
posites based on high-temperature superconductors and
CuO have a network of tunnel-type junctions.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The composites were prepared according to the fast
backing technique described in our previous paper [28].
The temperature—time conditions of heat treatment
were as follows: heating at 910°C for 2 min and, after
cooling, repeated heating at 350°C for 3 h. The trans-
port properties of the composites in the absence of mag-
netic fields were investigated in [28]. Hereafter, the
composites will be designated as YBCO + VCuO, where
Vs the CuO content (in vol %) in the composite and the
superconductor content is equal to 100 vol % — V.

The temperature dependences of the electrical resis-
tance R(T) were measured by the standard four-point
probe method during heating of the sample preliminar-
ily cooled to 4.2 K. The magnetic field H was applied
perpendicular to the direction of the electric current.
The samples were cooled in a zero magnetic field. The
transport current density j ~ 0.03 A/cm? was less than
1% of the critical current density for the samples at
4.2 K [j(4.2 K) = 3-6 A/cm?] and, in our opinion, sat-
isfied the condition j < j.. Decreasing the transport cur-
rent density had virtually no effect on the dependence
R(T). By contrast, an increase in the transport current
density j led to a smearing of the resistive transition.

3. RESULTS AND DISCUSSION

Figures 1 and 2 present the temperature depen-
dences of the electrical resistance R(7) of the YBCO +
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Fig. 1. Temperature dependences of the electrical resistance
of the YBCO + 30CuO composite in the magnetic field
ranges (a) 0—183 Oe and (b) 1-60 kOe.

30CuO and YBCO + 15CuO composites in the T-'-
logR coordinates. It can be seen that these dependences
have no linear portions in magnetic fields weaker than
=200 Oe (Figs. 1a, 2a) but, contrastingly, are linear over
a wide range of temperatures in strong magnetic fields;
i.e., H=1, 10, and 60 kOe for the YBCO + 30CuO com-
posite (Fig. 1b) and H = 0.4, 1.1, and 5.0 kOe for the
YBCO + 15CuO composite (Fig. 2b). This suggests
that the Arrhenius law (5) holds at an approximately
temperature-independent pinning energy. As was done
by the authors of a number of papers (see, for example,
[11, 25]), the functional temperature dependence of the
pinning energy U(T) in weak magnetic fields can be
found in the form U(T) = (1 — T/T,)%. Indeed, the expo-
nent g is estimated to be ¢ = 2.9 for H =0 Oe, g = 2.3
for H=138 Oe, g = 2.2 for H="179 Oe, and ¢g = 1.6 for
H = 180 Oe. (Note that, within this approach, it is
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Fig. 2. Temperature dependences of the electrical resistance
of the YBCO + 15CuO composite in the magnetic field
ranges (a) 0—180 Oe and (b) 0.4-5.0 kOe.

impossible to describe the low-resistance range
R/R(T;) < 1072). However, it will be shown below that
there is another approach to describing the temperature
dependence of the electrical resistance R(T) for com-
posites in the range of weak magnetic fields (<200 Oe).

In order to describe the experimental dependences
R(T) in the framework of the Ambegaokar—Halperin
model, it is necessary to determine the dependence
J(T). For this purpose, we used the classical Ambe-
gaokar—Baratoff dependence [30] for a tunnel-type
Josephson junction. This dependence was already used
in our previous study [28] for describing the depen-
dences R(T) of high-temperature superconductor +
CuO composites in the absence of magnetic fields
within the Ambegaokar—Halperin model. Therefore,
apart from weakly varying parameters, such as the
resistance R(T;) of the barriers separating high-tem-
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Fig. 3. (a) Electrical resistance of the YBCO + 30CuO com-
posite as a function of the temperature and the applied mag-
netic field (points). Solid lines indicate the results of the best
fit within the Ambegaokar—Halperin model [19] using rela-
tionship (3) for the parameters C(H) = 1760, 1080, 860, and
620 (corresponding to an increase in the magnetic field).
(b) The same as in panel (a) with the electrical resistance R
plotted on a logarithmic scale. R(T¢;) and T; are the
parameters used for constructing the theoretical depen-
dences R(T).

perature superconducting crystallites [corresponding to
the second step in the dependence R(T)] and the critical
temperature 7; at which all high-temperature super-
conducting crystallites have already transformed into
the superconducting state, there is only one adjustable
parameter C(H) defined by expression (4). The results
of fitting the experimental temperature dependences of
the electrical resistance R(7T) in the framework of the
Ambegaokar—Halperin model with the use of relation-
ship (3) for the YBCO + 30CuO and YBCO + 15CuO
composites in magnetic fields are presented in Figs. 3
and 4, respectively. The abscissa X, the ordinate ¥, and
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(a) YBCO + 15CuO
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Fig. 4. (a) Electrical resistance of the YBCO + 15CuO com-
posite as a function of the temperature and the applied mag-
netic field (points). Solid lines indicate the results of the best
fit within the Ambegaokar—Halperin model [19] using rela-
tionship (3) for the parameters C(H) = 3000, 1980, 1500,
1150, 1000, and 820 (corresponding to an increase in the
magnetic field). (b) The same as in panel (a) with the elec-
trical resistance R plotted on a logarithmic scale.

the applicate Z are respectively the temperature, the
magnetic field, and the electrical resistance normalized
to the resistance R that corresponds to the temperature
of the onset of the transition of high-temperature super-
conducting crystallites (7= 93.5 K) and is identical for
all the composites. The dependences R(T) exhibit two
steps (see above). The Ambegaokar—Halperin theory
adequately describes the second (smooth) portion of
the temperature dependence of the electrical resistance
R(T). It can be seen that the experimental and theoreti-
cal dependences R(T) are in good agreement in mag-
netic fields of up to =150 Oe. Moreover, as is clearly
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Fig. 5. Magnetic-field dependences of the effective Joseph-
son coupling energy E;(H, 0 K) calculated from the results

of the best fit within the Ambegaokar—Halperin model
(Figs. 3, 4) using the parameters C(H) defined by expression
(4) and the vortex pinning energy U(H) determined from the

slopes of the curves logR(T‘l) (Figs. 1b, 2b) according to
relationship (5) for the YBCO + 15CuO and YBCO +
30CuO composites.

seen from Figs. 3b and 4b (in which the electrical resis-
tance is plotted on a logarithmic scale), this agreement
is retained in the range of low resistances R, i.e., the
resistances three orders of magnitude lower than the
resistance R(T)). It is worth noting that the experimen-
tal results are inconsistent with the Ambegaokar—Halp-
erin theory in magnetic fields stronger than =150 Oe
[see the dependences R(T) for H = 180 Oe in Figs. 3a
and 4a]. In magnetic fields H = 0.4, 1.0, 5.0, 10.0, and
60.0 kOe, this discrepancy for the samples under inves-
tigation increases and reaches =100%.

The above results allow us to make the inference
that the dissipation in a network of Josephson junctions
occurs through the mechanism described by the Ambe-
gaokar—Halperin model in magnetic fields of up to
~10% Oe and the mechanism of magnetic flux creep in
fields stronger than ~10° Oe, in which the resistance R
is determined by relationship (5). In the authors’ opin-
ion, this situation is quite realistic. There are a few pos-
sible qualitative explanations for this behavior of the
dissipation. First, according to the commonly accepted
model of a Josephson medium [18], the Meissner state
in the subsystem of grain boundaries is destroyed even
in a zero field: the magnetic field penetrates into the
sample in the form of slow network hypervortices
whose sizes decrease and whose number increases with
increasing field strength. As the magnetic field
increases to a strength H;, the hypervortices transform
into Josephson vortices [7, 18]. In [7], the magnetic
field H; was compared with the field H;;,, in which the
dependence of the magnetization on the magnetic field
strength in magnetic measurements changed irrevers-
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ibly. The magnetic fields H,, obtained in [7] and in
other experiments with high-temperature yttrium
superconductors [9, 31] at temperatures close to 77 K
are equal to tens of oersteds. It is clear that the field
dependence of the magnetoresistance of a network of
weak links should also change in magnetic fields close
to the field H; or H,,, in which the vortex structure
undergoes a transformation. For the samples under
investigation, the magnetic field H;, at T = 77 K is
approximately equal to 38 Oe according to the results
obtained from the electrical [R(H)] and magnetic mea-
surements. Possibly, the change in the behavior of the
magnetoresistance is difficult to determine reliably
because of the distribution in the geometric parameters
of the network of Josephson junctions in the YBCO +
CuO composites.

Second, the magnetic field begins to penetrate into
superconducting grains at a strength H,,. It should be
noted that the magnetic field strength H,, at tempera-
tures close to 77 K can also amount to tens or hundreds
of oersteds [9, 13, 15, 18]. Therefore, interaction of the
two vortex subsystems becomes probable: Josephson
vortices in the form of Abrikosov vortices pass from
weak links into grains (and vice versa). These processes
can also affect the temperature dependence of the elec-
trical resistance of the network of weak links.

Finally, as was noted in [16], the Ambegaokar—Hal-
perin and flux creep mechanisms formally differ only in
the choice of the pinning potential. The potential used
in the Ambegaokar—Halperin model is periodic (the
equation describing the behavior of a Josephson junc-
tion is equivalent to that for the motion of a Brownian
particle at a periodic potential [19]), whereas the flux
creep model does not impose stringent restrictions on
the arrangement of pinning centers with respect to each
other. An increase in the magnetic field leads to an
enhancement of the Lorentz force and, hence, to a
change in the coordinate function of the pinning poten-
tial and a decrease in the pinning force as the potential
gradient. As a result, only the deepest pinning centers
remain in strong fields. Consequently, in strong mag-
netic fields (>10% Oe), there arise conditions similar to
those used in the flux creep model. In the field range
10%-10° Oe, either both mechanisms coexist or there
occurs a crossover from the Ambegaokar—Halperin
mechanism to the flux creep mechanism.

The pinning energy U(H) of Josephson vortices in
the intergranular region can be determined from the

slopes of the curves logR(T_l) (Figs. 1b, 2b). More-
over, the mean Josephson coupling energy E,;(H, 0 K)
can be obtained from the results of the best fit of the
experimental dependences R(7) within the Ambe-
gaokar—Halperin theorys; i.e., it can be determined from
the parameters C(H). From relationship (4), we obtain
E;(H, 0 K) = kzC(H). The quantities E;(H, 0 K) and
U(H) for the composites under investigation are plotted
on a log—log scale in Fig. 5. As can be seen from this
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figure, the points obtained in the framework of the
Ambegaokar—Halperin and flux creep models fall on
straight lines. This indicates that the dependences U(H)
and E;(H) obey a power law; i.e., U(H) and E;(H) ~ H™.
The calculations performed for magnetic fields in the
range from ~10 to 2 x 10? Oe lead to the following rela-
tionships: E,(H) = H % for the YBCO + 30CuO com-
posite and E,;(H) = H %% for the YBCO + 15CuO com-
posite. For stronger magnetic fields, we have U(H) =
H72 for the YBCO + 30CuO composite in the field
range from ~10° to 6 X 10* Oe and U(H) = H*? for the
YBCO + 15CuO composite in the field range from
0.4 x 10° to 5 x 10 Oe. The exponents obtained in the
framework of the Ambegaokar—Halperin model are
close to those determined by processing the depen-
dences R(7) within this model for polycrystals
YBa,Cu;O, [25, 26] (n = 03-0.5) and
Bi, ;Pb,,Sb, ;Sr,Ca,Cus0,, [23] (n = 0.33) (also in
weak fields up to ~200 Oe). It should be noted that the
exponent determined in [23] was explained in terms of
the averaging of the Fraunhofer dependence J(H) for
Josephson junctions with due regard for the distribution
in the physical parameters of grain boundaries in high-
temperature superconducting polycrystals [32]. The
revealed change in the exponent n in the above relation-
ships also indicates a crossover between the dissipation
mechanisms in the transition field range 10>-10° Oe.

In a number of works [8, 21-23, 25, 26], the exper-
imental dependences R(T) were fitted within the Ambe-
gaokar—Halperin model by using the phenomenologi-
cal relationship E;(T) = (1 — T/T;)" for the energy E;
[and, hence, a similar expression for the quantity
Jo(D)]. According to our calculations within this
approach, the experimental and theoretical data are in
somewhat worse agreement (than those presented in
Figs. 3 and 4) for oo = 0.65-0.75; i.e., in the case when
the function a(1 — T/T;)* (where a is a constant) in the
high-temperature range 0.77/T.; < T < 17T/T4; can
approximate the Ambegaokar—Baratoff dependence (in
the immediate vicinity of the temperature T, at
0937/To; < T £ 1T/T¢;, the Ambegaokar—Baratoff
dependence is linear, oo = 1 [30]). However, the electri-
cal resistance of the YBCO + 45CuO composite even at
H = 0 becomes nonzero already at a temperature of
=12 K = 0.137/T; and the tail of the temperature
dependence of the electrical resistance R(7) is ade-
quately described in the framework of the Ambe-
gaokar—Halperin theory with the use of the dependence
Jo(T) derived within the Ambegaokar—Baratoff model
(Fig. 6). Consequently, the discrepancy between the
experimental and theoretical data in the low-tempera-
ture range (0.17/T.; < T < 0.5T/T;) in magnetic fields
stronger than =150 Oe cannot stem from the fact that,
in this range, the dependence J(7T) obeys another law.
Therefore, we can make the inference that the depen-
dence J(T) obtained within the Ambegaokar—Baratoff
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Fig. 6. Temperature dependence of the electrical resistance
of the YBCO + 45CuO composite at H = 0 and j =

0.003 mA/cm? (points). The solid line indicates the results
of the best fit within the Ambegaokar—Halperin model using
relationship (3) for the parameter C = 280 with the temper-
ature dependence Jo(T) in the Ambegaokar—Baratoff
model.

model can be used for describing the resistive transition
of the network of tunneling Josephson junctions in the
framework of the Ambegaokar—Halperin theory.

4. CONCLUSIONS

Thus, the temperature dependences of the electrical
resistance R(T) of the Y;,Lu,,Ba,Cu;0,; + CuO com-
posites were measured in weak (H ~ 0-200 Oe) and
strong (H ~ 10-60 kOe) magnetic fields. The results
obtained from these measurements made it possible to
draw the conclusion that the mechanism of dissipation
in a network of Josephson junctions undergoes a cross-
over with an increase in the magnetic field. Earlier, only
one dissipation mechanism was considered in similar
investigations into the resistive state of Josephson
media in magnetic fields (most likely, due to the use of
narrower ranges of magnetic fields) [8, 11, 12, 23-25,
27]. We analyzed the experimental dependences R(7) in
the framework of the Ambegaokar—Halperin and flux
creep models. The results of the analysis performed
have demonstrated that the dissipation proceeds
through the Ambegaokar—Halperin mechanism in the
range of weak magnetic fields from ~0.5 x 107! to
10% Oe, the crossover of the dissipation mechanisms
occurs in the range 10>-103 Oe, and the electrical resis-
tance is caused by the magnetic flux creep in strong
magnetic fields from ~103 to 6 x 10* Oe.
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