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1. INTRODUCTION

Superconductors of the Y-123 family incorporating
rare-earth elements (i.e., 

 

R

 

Ba

 

2

 

Cu

 

3

 

O

 

7

 

, where 

 

R

 

 stands
for a rare-earth element) are presently the best studied
and most promising materials for emerging applica-
tions. That is why the increase in the critical current
density is an urgent issue. One of the ways to reach this
goal lies in creating pinning centers in the grains. Non-
superconducting regions in the sample, which can be
formed by various means, can act as pinning centers.
One of these means consists in doping the crystal lattice
by different cations.

Many researchers had studied the effect of doping
by various rare-earth elements introduced in different
combinations on the properties of YBa

 

2

 

Cu

 

3

 

O

 

7

 

 (YBCO).
Most of the rare-earth elements doped onto yttrium
sites affect only weakly the critical temperature and the
critical current [1]. Cerium cannot form the 123 struc-
ture and, when doped, precipitates as a nonsupercon-
ducting phase [2]. The effect of rare-earth impurities on
YBCO properties was studied for concentrations of
about a few tens of atomic percents [3–10], which, in
our opinion, does not permit investigation of lattice
point distortions on the superconducting properties.
Study of the effect of low dopant concentrations on the
magnetic and transport properties should permit a bet-
ter insight into the mechanism of pinning in YBCO-
based superconductors doped by oxides of rare-earth
elements.

Impurities introduced in small amounts into a super-
conductor can either dissolve in the lattice to form point
defects through distortion of the electronic structure or
precipitate in nanosized inclusions of nonsupercon-

ducting phases [11]. In order to identify the origin of
pinning centers, one has to investigate the effect of
impurity concentration on the properties of grains and
intergrain space.

The present paper reports on an experimental study
of the magnetic and transport characteristics of the
yttrium HTSC system Y

 

(1 – 

 

x

 

)

 

Ce

 

x

 

Ba

 

2

 

Cu

 

3

 

O

 

7

 

, in which
yttrium ions were substituted for by ions of cerium in
different concentrations. We chose the concentration 

 

x

 

such that the most probable distance between cerium
ions is a multiple of the lattice constant in the plane, i.e.,

 

x

 

 = 1/

 

n

 

2

 

, where 

 

n

 

 = 2, 3, 4, 5, 6, 7, 8, 9, 10, and 

 

∞

 

. This
was done under the assumption that cerium atoms
occupy yttrium sites and are uniformly distributed over
the rare-earth plane (Fig. 1). The composition of a sam-
ple with 

 

n

 

 = 

 

∞

 

 corresponds to classical YBa

 

2

 

Cu

 

3

 

O

 

7

 

.
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Abstract

 

—The Y

 

(1 – 

 

x

 

)

 

Ce

 

x

 

Ba

 

2

 

Cu

 

3

 

O

 

7

 

 system with low cerium concentrations has been synthesized. The cerium
solubility limit measured using x-ray powder diffraction analysis is about 2.4 at. %. The temperature depen-
dences of the magnetization 

 

M

 

(

 

T

 

) are measured for samples cooled in a magnetic field (FC) and in a zero field
(ZFC). The difference between the magnetizations 

 

M

 

ZFC

 

 – 

 

M

 

FC

 

 at 77.4 K, which is proportional to the pinning
potential, passes through a maximum at 

 

x

 

 = 0.0156. This concentration corresponds to the average distance
(equal to eight lattice constants) between the impurity ions in the plane of the rare-earth elements, which is com-
parable to the diameter of Abrikosov vortices in YBa

 

2

 

Cu

 

3

 

O

 

7

 

.
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Fig. 1.

 

 Idealized lattice in the plane of rare-earth elements
in the (123) structure for (a) 

 

n

 

 = 4, 

 

x

 

 = 0.0625 and (b) 

 

n

 

 = 3,

 

x

 

 = 0.11.
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2. EXPERIMENT

Ten samples of Y

 

(1 – 

 

x

 

)

 

Ce

 

x

 

Ba

 

2

 

Cu

 

3

 

O

 

7

 

 with 

 

x

 

 = 0.25,
0.11, 0.0625, 0.04, 0.0278, 0.0204, 0.0156, 0.0123,
0.01, and 0, which corresponds to 

 

n

 

 = 2, 3, 4, 5, 6, 7, 8,
9, 10, and 

 

∞

 

, were synthesized by the standard solid-
phase technique. The starting reactants were Y

 

2

 

O

 

3

 

,
CeO

 

2

 

, and CuO (reagent grade) and BaCO

 

3

 

 (analytical
grade).

The corresponding amounts of reagents were mixed
thoroughly in an agate mortar, pelletized, and annealed
at 930

 

°

 

C. The synthesis, including seven intermediate
crushings and pressings, lasted 160 h. Longer proce-
dures favor ordering of rare-earth elements and cerium
substitution in yttrium positions. The synthesis com-
pleted, the samples were annealed at a temperature of
300

 

°

 

C for 3 h and cooled slowly in the furnace to room
temperature to reach oxygen saturation.

The electrical resistivity was measured by the stan-
dard four-point probe technique with samples of rectan-
gular cross section (

 

≈

 

2 

 

×

 

 1 mm), the distance between
the potential contacts being 2 mm.

The magnetic properties were measured with a
vibrating-sample magnetometer [12]. The samples
were cut out in the shape of cylinders 

 

≈

 

5 mm in height
and 

 

≈

 

0.5 mm in diameter. The magnetic field was
applied parallel to the cylinder axis.

3. RESULTS AND DISCUSSION

Because cerium cannot form 123-type structures
[2], its solubility in the YBCO lattice should not be
high. At low cerium concentrations (<5%) in
Y

 

(1 

 

−

 

 

 

x

 

)

 

Ce

 

x

 

Ba

 

2

 

Cu

 

3

 

O

 

7

 

, the determination of the fraction
of a foreign phase by the x-ray powder diffraction anal-
ysis meets with difficulties. Therefore, we performed
the x-ray powder diffraction analysis of the samples

with cerium contents of 0.25, 0.11, and 0.0625. The
dependence of the reflection intensity of the foreign
phase BaCeO

 

3

 

 on the cerium concentration is presented
in Fig. 2. To estimate the solubility limit of cerium in
the YBCO structure, we extrapolated the data obtained
with a straight line. The solubility of cerium was found
to be about 2.4 at. %.

The temperature dependences of the electrical resis-
tivity 

 

ρ

 

(

 

T

 

) were measured for all the
Y

 

(1 

 

−

 

 

 

x

 

)

 

Ce

 

x

 

Ba

 

2

 

Cu

 

3

 

O

 

7

 

 samples. Figure 3 displays the
dependences 

 

ρ

 

(

 

T

 

) for samples with 

 

x

 

 = 0.25, 0.11,
0.0156, and 0. Above the transition temperature 

 

T

 

c

 

, all
the dependences have metallic character. The ratio

 

ρ

 

(300 K)/

 

ρ

 

(100 K) decreases, however, monotonically
with increasing cerium concentration (Fig. 4a). Data on
the cerium concentration in Fig. 4 are given in units of

 

n

 

 (

 

x

 

 = 1/

 

n

 

2

 

).

The electrical resistivity does not practically change
in magnitude (within the accuracy of the measurement
of the cross-sectional area of the samples) for composi-
tions with 

 

x

 

 varying from 0 to 0.0625 and at 300 K is
about 3.0 

 

× 

 

10

 

–3

 

 

 

Ω

 

 cm. The electrical resistivity of sam-
ples with higher cerium concentrations increases to
become about 0.01 and 0.12 

 

Ω

 

 cm for compositions
with 

 

x

 

 = 0.11 and 0.25, respectively.

The resistive transition in the samples under study is
typical of granular HTSCs [13–15] and exhibits a sharp
drop of the resistance at 

 

T

 

c

 

 and a smooth part. The insets
to Fig. 3 present the dependences 

 

ρ

 

(

 

T

 

) in the region of
the superconducting transition. The sharp jump in the
resistivity occurring at 

 

T

 

c

 

 can be identified with the
transition in HTSC grains [13–15]. The values of 

 

T

 

c

 

coincide with the critical temperatures derived from
magnetic measurements. The temperatures Tc obtained
in this way are practically independent of the cerium
content in the sample and vary within 91–92 K. The
lowest value Tc = 90.8 K was obtained in the sample
with x = 0.25. The smooth part in ρ(T) can be assigned
to the transition at intergrain boundaries, which in gran-
ular HTSCs are Josephson weak links [13–15]. This
part of ρ(T) broadens with increasing transport current,
a feature observed by us in samples of this lot under
application of a magnetic field as well [13, 15]. The
temperature range in ρ(T) corresponding to the transi-
tion at intergrain boundaries can be taken as a charac-
teristic of the “strength” of Josephson links in granular
HTSCs. Figure 4b plots the width of this temperature
range ∆T = Tc – Tc(R = 0) as a function of n (x = 1/n2);
here, Tc(R = 0) is the temperature at which the sample
resistance vanishes. The width of the superconducting
transition ∆T is 2°–4° for compositions with x varying
from 0 to 0.04. As x increases, ∆T is observed to
increase markedly. For the composition with x = 0.25,
Tc(R = 0) is about 78 K. The above analysis of the
dependences ρ(T) suggests that, at cerium concentra-
tions above 0.0625 (n = 4), Josephson links weaken
substantially. This conforms to the x-ray powder dif-
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Fig. 2. Dependence of the maximum relative intensity of
diffraction reflections from BaCeO3 on the Ce content in the
Y(1 – x)CexBa2Cu3O7 compounds.
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fraction data obtained for these samples (Fig. 2), which
indicate the formation of the second phase (BaCeO3). It
is known that the formation of a nonsuperconducting

phase reduces the “strength” of Josephson links in
granular HTSCs, which, in this case, are already two-
phase composites. For compositions with x ≤ 0.0625,
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Fig. 3. Temperature dependences of the electrical resistivity ρ(T) of Y(1 – x)CexBa2Cu3O7 samples. The insets show the dependence
ρ(T) in the region of the resistive transition.
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Fig. 4. (a) Dependences of the ratio ρ(300 K)/ρ(100 K) and (b) the superconducting transition width on the cerium content in the
Y(1 – x)CexBa2Cu3O7 compounds.
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such parameters as Tc, ρ(300 K), ρ(300 K)/ρ(100 K),
and ∆T, practically do not differ from those measured in
YBa2Cu3O7.

In order to establish the effect of the cerium content
on the intragrain pinning in Y(1 – x)CexBa2Cu3O7, we
measured the temperature dependences of the magneti-
zation M(T) of the samples. The difference between the
field-cooled and zero-field-cooled sample magnetiza-
tions MFC and MZFC is known to be proportional to the
pinning force and, hence, to the critical current [16].
Figure 5 plots the temperature dependences of the mag-
netizations MFC and MZFC for samples with x = 0.25,
0.11, 0.0156, and 0. Figure 6 displays the dependence
of the difference between the magnetizations ∆M =
MFC – MZFC as a function of n at 77 K. This curve passes
through a clearly pronounced maximum at n = 8 (x =
0.0156). The major contribution to the magnetization
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Fig. 5. Temperature dependences of the magnetizations MFC (open circles) and MZFC (closed circles) in the field H = 100 Oe.
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measured in a constant field comes from the grains,
which implies that the diamagnetic response is gov-
erned by intragrain currents. This gives grounds to
interpret the above observation as a result of the
increase in the intragrain critical current density. In
samples with a low cerium content, the impurity Ce
atoms (valence state > +3) act as point lattice defects
and produce additional pinning centers, which favors
an increase in the critical current. The most probable
distance between Ce impurity atoms corresponding to
the maximum pinning force is 30 Å, which is close to
1–2 coherence lengths in YBCO [17, 18]. This can find
explanation in that the defects spaced at distances equal
to the Abrikosov vortex diameter promote an increase
in the pinning force in weak fields.

4. CONCLUSIONS

Thus, the investigation of the transport and magnetic
properties of a series of Y(1 – x)CexBa2Cu3O7 compounds
has showed that doping of cerium impurity atoms in
small amounts up to the solubility limit brings about the
formation of pinning centers and an increase in the
intragrain critical current in the samples.
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