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Abstract—A method making it possible to form HTS ceramics of non-superconducting coating consisting of
self-organizing CuO crystals, whose sizes are less than the coherence length, i.e., within several tens of nano-
meters, has been developed. It has been shown that the combination of self-organizing structures in the form
of whiskers and nanoparticles which arise as a result of combined sintering of YBa2Cu3O(7–x) powders and
electric arc CuO nanopowders results in a significant increase in the current density and appearance of peak
effect at high magnetic fields. Very high current density arises from the complex vortex pinning, where whis-
ker defects provide high pinning energy and nanoparticles suppress f lux creep. The morphology of such struc-
tures can be controlled by a simple change in the concentration of nanodisperse additives. It has been shown
that 20 wt % of CuO additive is optimal.
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INTRODUCTION
Critical current density Jc (and, accordingly, criti-

cal current Ic) is one of main characteristics of super-
conductors. The Jc value is very large at H = 0 in
cuprate HTSs; however, it quickly decreases with an
increase in H, which restricts the application of HTSs
in high-power electrical devices and windings of pow-
erful magnets at temperature of liquid nitrogen. To
increase Jc, defects are added to superconductor,
which represent pinning centers and prevent free dis-
placement of magnetic vortices, which results in dissi-
pation of energy. The problem is to determine optimal
sizes and shape of pinning centers, as well as their
number and arrangement in the specimen.

After ionic irradiation of single crystals of
YBa2Cu3O(7–x), there is a significant increase in Jc,
which indicates that radiation defects are the most
effective pinning centers of magnetic f lux [1]. Intro-
duction of nanosized additives (NSAs) of inorganic
materials to superconducting material is one of the
promising methods for the formation of additional
pinning centers and, consequently, an increase in

transport characteristics of HTSs [2, 3]. In this case,
the choice of the impurities which are inert with
respect to the superconducting matrix is necessary.
Firstly, these impurities should not decrease the Tc
value of the initial superconductor. Secondly, they
would act as effective pinning centers upon addition to
the superconducting material.

Effective pinning centers, which “anchor” eddies,
are represented by the inclusions of impurity phases
with the sizes corresponding to the length of supercon-
ducting coherence. Features of pinning in nanocom-
posite films of YBa2Cu3O(7–x) grown by chemical solu-
tion deposition and containing randomly oriented
non-superconducting “nanodots” of BaZrO3, Y2O3,
BaCeO3, and Ba2YTaO6 with the mean radius of 10–
20 nm were studied in [4]. The record pinning force of
greater than 20 GN/m3 was achieved in the films con-
taining about 10 mol % BaZrO3.

The authors from [5] suggest a new pinning model
according to which strain of the HTS matrix near nan-
odots results in the elongation of Cu–O bonds, as a
result of which the pair suppression of holes at neigh-
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boring copper nodes occurs and normal domains rep-
resented by pinning centers are formed.

Holesinger et al. [6] considered the mutual effect
from columnar and planar defects grown by combined
chemical solution deposition of organometallic com-
pounds. These studies showed that the combined
effect of random nanoparticles and columnar defects
results in the increase in the critical current density at
low and high fields. However, because microstructural
defects depend strongly on the growth methods, it is
not evident that this method could provide both ran-
dom particles and columnar defects. It is important
not only to control their growth and interaction but
also to preserve constant composition.

B. Maiorov et al. [7] developed the procedure of
YBa2Cu3O(7–x) film growth using pulsed laser deposi-
tion containing inclusions of the BaZrO3 impurity
phase of two types: randomly oriented nanoparticles
and mainly uniaxially oriented (but at a small angle to
each other) “columns.” The concentration ratio of
these defects can be controlled by varying the tempera-
ture of the substrate and the growth rate of the film
upon its laser deposition, which is related to different
kinetics of film growth. Combined analysis of the
dependences of Jc on H and microstructure of films
grown under various conditions showed that Kc is max-
imal in a strong field when the number of nanoparticles
and “columns” is nearly identical. These results are
explained by the authors from [7] by the creep sup-
pression of magnetic f lux, which is caused by the
expansion of a double kink on the vortex, which is
bound simultaneously to two “columns.” They sug-
gest that the absence of nanoparticles in single crys-
tals, which are much more effective pinning centers
than point radiation defects, which are formed upon
irradiation with the “columns,” is the reason for the
lower Jc value of single crystals.

The aim of this work is to study the effect of the
concentration of non-superconducting nanosized
CuO additives on the superconducting characteristics
of YBa2Cu3O(7–x) + nano CuO polycrystalline com-
posites at the temperature of liquid nitrogen.

EXPERIMENTAL
The powder of YBa2Cu3O(7–x) precursor was prepared

through solid-phase synthesis. The YBa2Cu3O(7–x)/
nano-CuO composite was modified using a device
described in detail in [8]. Copper of M00b brand was
chosen as the cathode for sputtering. The HTS powder
was first exposed to purification in a glow discharge at
the voltage of 1000 V on the substrate for 1 min; acti-
vation by ionic bombardment was carried out for 1 min
at the arc discharge current of 20 A and the voltage of
1000 V on the substrate. The rotation frequency of the
mixing unit was 8 min–1, the vibration amplitude was
1 mm, and vibration frequency was 50 Hz. Direct
deposition of copper oxide nanoparticles onto HTS
micrograins was carried out at the discharge current of
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
500 A and the longitudinal magnetic field intensity
generated by the focusing coil was 80 Oe on the cathode
surface. To carry out plasma chemical reactions, a
10% O2 + 90% Ar gas mixture was charged to the
chamber after preliminary vacuum pumping to the
pressure of 10–3 Pa using a two-channel gas f low regu-
lator. Synthesis was carried under the pressure starting
from 60 Pa. After deposition of nanoparticles, the
specimens were passivated in an atmosphere of pure
oxygen for one day. The weight concentrations of the
additives were 0.5, 5, 15, and 20%.

The obtained mixture was pressed into pellets 10 mm
in diameter and 1 mm in height under the pressure of
10 MPa. Then, the grains were sintered at 940°C for
24 h with subsequent exposure at 400°C and final
cooling to room temperature in the furnace in the air.

Structural studies of the specimens were carried out
on a JEOL JSM-7001F scanning electron microscope.

Magnetic measurements were carried out using an
MPMS-XL5 unit. X-ray diffraction patterns were
recorded on a D8 ADVANCE diffractometer (Bruker
AXS). The isothermal dependences of magnetization
on the magnetic field were measured at the temperature
of 4–77 K. The critical current density of the specimens
was evaluated according to the magnetic hysteresis loop
using the model of expanded critical state.

RESULTS AND DISCUSSION
Figure 1 shows the diffraction patterns of the

YBCO + xCuO composites (x = 0.5, 5, 15, and 20 wt %)
at room temperature. Analysis of the diffraction pat-
tern showed that all specimens crystallize in the ort-
horhombic phase with the Pmmm space group. The
lattice parameters and other determined parameters of
all specimens are given in Table 1.

The presence of CuO peaks in the YBCO matrix is
illustrated by additional peaks in the diffraction pat-
tern, whose intensity increases with an increase in the
concentration of CuO in YBCO. The monoclinic
(2θ = 35.44, 35.56, 38.78, and 48.76; hkl: (002), (–111),
(111), and (–202)) phase of CuO nanoparticles was
detected. Full-profile analysis of the diffractograms
according to the Ritveld method showed that plasma
treatment of HTS and addition of more than 5 wt % of
copper oxide result in the formation of two orthor-
hombic phases with different lattice parameters. The
effect of the concentration of copper oxide nanopow-
der on the magnitude of residual stresses of the YBCO +
xCuO composites was investigated. The results are
given in Table 1. Change in the phase composition of
the composite should significantly affect their mag-
netic and transport characteristics. Figure 2 shows the
SEM micrograph of the YBCO + xCuO composite. The
nanopowder is homogeneously distributed along the sur-
face of YBCO particles and also fills the intergranular
space and pores, which can act as a catalyst to improve
the structural quality at grain boundaries. This forces the
grain to act consistently and significantly changes the
 12  No. 1  2021
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Fig. 1. X-ray diffraction patterns of the YBCO + xCuO
composites (x = 0.5, 5, 15, and 20 wt %).
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Table 1. Lattice parameters of YBCO in the composite

Specimen a(Å) b(Å) c(Å)
Residual 
stresses, 

MPa

YBCO 3.825 3.888 11.695 —
YBCO + 0,5% CuO 3.826 3.893 11.681 45
64,9%YBCO1 + 5%CuO 3.828 3.890 11.688

50
+ 34,6%YBCO2 3.884 3.8193 11.681
44,8%YBCO1 + 15%CuO 3.828 3.890 11.688

67
+ 50,2%YBCO2 3.881 3.8189 11.687
YBCO2 + 20%CuQ 3.879 3.8185 11.679 73

Fig. 2. SEM micrographs of the YBCO + xCuO compos-
ites (x = (a) 15 and (b) 20 wt %).
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mechanical and transport measurements. It should be
noted that self-organized structures in the form of whis-
kers arise along with agglomerates at the concentration of
copper oxide nanopowder of 20 wt %.

Figure 3 shows the results of the magnetization study
of the specimens. As follows from the results of the stud-
ies, the behavior of hysteresis curves agrees well with the
results of the study of phase composition and micro-
structure. The appearance of two orthorhombic phases
in the composites with the additives of 5 and 15 wt %
CuO results in the shift of HC1 to higher values and, con-
sequently, a decrease in critical current, in particular, at
high fields. Addition of 20 wt % CuO results in a remark-
able (more than threefold) increase in the peak value of
magnetization both at Meissner currents and at high
fields. To study this effect in detail, the magnetic proper-
ties were investigated at high temperatures.

Critical current densities Jc for YBCO-doped
superconductors at 77 K depending on magnetic field
B are given in Fig. 4 at the concentration xCuO = 10
and 20 wt %, respectively.

The corresponding dependences of critical tem-
peratures Tc and transition band width ΔTc on the con-
centration x of CuO are given in Fig. 5 and Table 2.

The specimens of the YBCO + CuO composites
with 10 wt % of nano-CuO demonstrate a slight
increase in the current density Jc at magnetic field B in
the range from 0 to 1 T, which indicates enhancement
of magnetic f lux pinning due to non-superconducting
inclusions. They result in the lattice distortions at the
interface and affect the distribution of oxygen-defi-
cient domains with low Jc. However, the subsequent
increase in magnetic field results in a nearly stepwise
decrease in current density to 0. In this range of mag-
netic fields, dissipation is intrinsic to the magnetic
flux creep model with the temperature-independent
pinning energy U (H). As follows from Fig. 5, addition
INORGANIC MATE
of 10 wt % of nanodispersed CuO powder results in a
decrease in critical temperature Tc and an increase in
the transition band width, which confirms the state-
ments above.

Figure 6 gives the dependences of critical current
densities Jc on magnetic field B for the YBCO + CuO
composites with 10 and 20 wt % CuO at 70 K. The
RIALS: APPLIED RESEARCH  Vol. 12  No. 1  2021
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Fig. 3. Isothermal magnetization hysteresis loops of the
YBCO + xCuO composites (x = 0.5, 5, 15, and 20 wt %) at 5 K.
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critical current density Jc of the specimens signifi-

cantly increases at the magnetic field B of 0 to 1 T;
however, the form of the curve remains on the whole
typical, as in the case of 77 K. The composite speci-
mens YBa2Cu3O(7–x)–CuO with 20 wt % nano-CuO

demonstrate a significant increase in the critical cur-
rent density Jc in the entire range of the applied mag-

netic field B (Fig. 4). In addition, the specimens dis-
play a clear peak effect in the magnetic field B from 1
to 2 T. If the plots for the YBCO + CuO with 20 wt %
CuO are compared (Fig. 4), it becomes evident that
the magnetic f lux pinning is enhanced in the magnetic
field B range from 0 to 1 T owing to non-supercon-
ducting inclusions of drop-shaped CuO.

However, an increase in the critical current density
Jc and, in particular, peak effect are presumably

caused by the appearance of non-superconducting
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
inclusions of CuO in the form of whickers at magnetic
field B from 1 to 5 T of the YBCO + CuO composites
with 20 wt % CuO. In such composites, a complex
interaction of two types of defects represented by
drops and whiskers is intrinsic. Thus, the whisker
defects give the main contribution to the pinning
force, while “auxiliary” pinning on drops prevents
creep. Figure 6 is a clear illustration of this concept. In
addition to a significant increase in the critical current
density Jc of the YBCO + 20 wt % CuO composite, the

peak effect displays a temperature dependence. The
peak value Bp corresponds to 1.5 and 2.5 T at 77 and

70 K. As follows from Fig. 4, the whisker defects affect
the critical temperature Tc and the transition band

width ΔTc. These values are 91 and 0.5 K in the YBCO +

20 wt % CuO. Strain models of the increase in the
transition temperature in bulk superconductor (Tc)
 12  No. 1  2021
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Table 2. Critical temperatures Tc and the transition band
width ΔTc in the YBCO + CuO composites

Specimen Tc, К ΔTc, К

YBCO 89.5 0.85

YBCO + 10% CuO 88.5 1.0

YBCO + 20% CuO 91.0 0.5
due to the lattice defects are given in [9]. It was shown
in [10] that the bulk values of Tc depend strongly on

pressure, which arises owing to local strains of
nanoparticles, with anisotropy. This effect is explained
by the increase in the coherence length. It is shown in
Table 1 that strains around the array of dislocations,
which are related to whisker defects, can be signifi-
cant. An increase in Tc can be evaluated on intercrys-

tallite boundaries determining the superconducting
state, edge dislocations [11, 12], small-angle grain
boundaries, and metastable linear dislocation arrays.
Changes in the YBCO + 20 wt % CuO composites,
which are related to the strains from defects, and an
increase in Tc affect magnetic f lux pinning.

CONCLUSIONS

Thus, addition of up to 20 wt % of non-supercon-
ducting nanosized CuO powders prepared in the
low-pressure arc discharge plasma to polycrystalline
YBa2Cu3O(7–x) HTSs results in the design of novel

type of composites with nanosized defects in the form of
drops and whiskers. Study of superconducting character-
istics of the composites has revealed a remarkable increase
in the critical current density and peak effect at strong
magnetic fields. The main contribution to the pinning
force is given by the whisker defects, while “auxiliary”
pinning on drops prevents creep. The whisker defects are
responsible for an increase in the critical temperature Tc

and a decrease in the transition band width ΔTc.
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