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This paper shows that the combination of self-assembled structures in the form of “whiskers” and

nanoparticles, which appear as a result of the joint sintering powders YBa2Cu3O7�x and arc

nanopowders CuO, leads to a significant increase in the current density and the appearance of the

peak effect in strong magnetic fields range. Very high critical current density appears from a

complex vortex pinning, where the defects in the form of “whiskers” provides more energy of

pinning, and nanoparticles inhibit the flux creep. Regulation of the morphology of such structures

can be achieved by simple change of the concentration of nanodispersed additives. It is shown that

the optimal additive is CuO equal to 20 wt. %. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4926549]

I. INTRODUCTION

One of the basic characteristics of superconductors is

the critical current density Jc (and, accordingly, the critical

current Ic). In cuprate high-temperature superconductors

(HTSC), the Jc value at H ¼ 0 is very high, but decreases

rapidly with increasing H, which limits the use of high-

temperature superconductors in electrical power devices and

windings of powerful magnets at liquid nitrogen temperature.

To increase Jc, the defects, as pinning centers, are deliberately

introduced in superconductor, which prevent free movement

of magnetic vortices, which leads to energy dissipation. The

task is to determine the optimum size and shape of the pinning

centers, as well as their number and location in the sample.

After ion irradiation of single crystals of YBa2Cu3O7�x,

a significant increase in Jc is observed; it can reveal that the

radiation-induced defects are effective centers of flux

pinning.1 The traditional methods of increasing the critical

current density Jc in high-temperature superconductors, such

as irradiation by high-energy ions or neutrons, in spite of

their certain success, are time consuming and expensive.

Obviously, other relatively simple physico-chemical meth-

ods of creating artificial pinning centers are required. One of

the most promising methods from the technological point of

view for creating additional pinning centers and therefore

increasing the transport characteristics of HTSC is to intro-

duce nanoscale additives (NSA) of inorganic materials in the

superconducting material. It is necessary to choose additives,

which are inert to the superconducting matrix. On the one

hand, they would not reduce Tc of the source superconductor,

and on the other hand, it would play the role of effective

pinning centers, when introduced into the superconducting

material.

The effective pinning centers, which “fix” vortices, are

the inclusions of impurity phases with dimensions equal to

the order of the superconducting coherence length. The fea-

tures of the pinning in YBa2Cu3O7�x nanocomposite films,

obtained by the dissolution method and containing randomly

oriented non-superconducting “nanodots” BaZrO3, Y2O3,

BaCeO3, and Ba2YTaO6 with an average radius of (10–20)

nm, are studied in the work.2 The record pinning force of

more than 20 GN/m3 has been achieved in films with

BaZrO3 content about 10 mol. %.

The authors offered a new model of pinning, whereby

deformation of HTSC matrix in the vicinity of nanodots

leads to lengthening Cu-O bonds, resulting in the holes

decoupling at the neighboring nodes of copper and normal

areas of pinning centers are formed.3

Holesinger et al. studied the joint effect of the flat and

columnar defects obtained by joint chemical deposition of

organometallic compounds. These studies showed that the

combined effects of random nanoparticles and columnar

defects lead to an increase in the critical current density at

low and high fields. However, since the microstructural

defects are highly dependent on the methods of their growth,

there is no assurance that this method allows creating ran-

dom particles as well as columnar defects. More importantly,

it is not easy to control their growth and interaction, main-

taining the proper constant composition.4

Maiorov et al. have developed a method for fabricating

YBa2Cu3O7�x films using pulsed laser deposition, contain-

ing inclusions of BaZrO3 impurity phases of two types:

randomly distributed nanoparticles and columns oriented pri-

marily in one direction (but at a slight angle to each other).

The ratio between the concentrations of these defects can be

controlled simply by changing the substrate temperature and

the film growth rate in the process of laser deposition, which

is associated with different kinetics of film formation. The

joint analysis of the dependence of Jc from H and micro-

structure of the films obtained at different conditions showed

that Jc in a strong field has its maximum in the case when the

number of nanoparticles and “columns” is approximately the
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same.5 The authors of this work explain the obtained results

by the suppression of magnetic flux creep due to the expan-

sion of the double kink in the vortex that is attached simulta-

neously to two “columns.” They suppose that the reason for

the lower Jc of single crystals irradiated by heavy ions is the

absence of nanoparticles, which are much more effective

pinning centers than point radiation defects generated by

irradiation at the same time as “columns.” The purpose of

this work is to study the influence of the concentration of

non-superconducting nanoscale additives of CuO on the

superconducting properties of polycrystalline composites

CuO-YBa2Cu3O7�x at liquid nitrogen temperature.

II. EXPERIMENTAL

Nanodispersed powders (NP) CuO with a characteristic

grain size less than 10 nm have been applied to create artifi-

cial pinning centers. CuO nanopowder synthesis was carried

out in the plasma-chemical reactor.6–9 An arc evaporator was

used with the following characteristics: the pulsed arc dis-

charge current of 2.3 kA and the intensity of a longitudinal

magnetic field on the surface of the cathode, produced by the

focusing coil, of 80 mT. A technological quality copper was

chosen as a sputtering cathode. Plasma chemical reactions

were implemented by filling with the gas mixture composed

of 10% O2þ 90% Ar in the chamber after the preliminary

pumping out to a pressure of 1 MPa. The synthesis was car-

ried out at a pressure of 10 Pa. The cathode was heated up to

700 K before evaporation. The rate of evaporation was meas-

ured experimentally by the cathode decrease and was equal

to 9 g/min. Nanopowder of copper oxide has been produced

during the time of 10 min. Nanopowder of copper oxide had

a black color. Weight additive concentrations were 10 and

20 wt. %. A precursor powder YBa2Cu3O7�x was obtained

by conventional solid phase synthesis. The mixture of

YBa2Cu3O7�x powders and CuO nanoparticles was stirred in

a rotating vessel for 30 h and then was cold pressed in a

cylindrical shape with a diameter of 1 mm and a length of

7 mm. Compacting pressure for all samples were similar and

equal to 10 MPa. Subsequent high-temperature sintering of

tablets of different composition, including a sample without

additives, was carried out simultaneously. Sintering is car-

ried out at a temperature of 840 �C for 10 h.

The sample structure was studied by scanning and

transmission electron microscopy by electron microscopes

JEM-100CX and JEOL JEM-2100.

Magnetization was recorded by differential Hall magne-

tometry by using two semiconductor Hall sensors switched

opposite to the Hall potential outputs. As a result of the appa-

ratus subtraction of the Hall potential of the first Hall sensor

from the potential of the second Hall sensor, the resultant

signal appeared to be corresponding to the magnetization

M(H).

A superconducting solenoid of NbTi was used as a

source of the external magnetic field. According to the Bean

formula including the demagnetization factor and the

dependence of the critical current on the magnetic field,

Jc(H)¼ 30 M(H)/d, where M is the width of the magnetic

hysteresis loop and d is the average size of the crystallite.

The value d� 6 lm was used according to the electron

microscopy results. The hysteresis magnetic loops were

measured at 70 and 77 K.

The transition temperatures, Tc, were determined from

the magnetic transition curves taken after zero-field cooling

as the mid-point of these curves with an applied external

magnetic field of 2 mT. The transition widths were defined

as DTc¼ Tc0.9�Tc0.1, where Tc0.1 and Tc0.9 were determined

as 10% and 90% heights of the transition curve, respectively.

III. RESULTS AND ANALYSIS

Figure 1 shows results of scanning electron microscopy

of brittle fracture of the obtained samples at two concentra-

tions of CuO nanosized additives—10 and 20 wt. %.

As it is shown in the figures, after addition of 10 wt. %

CuO, the defects are formed as dropshaped inclusions with a

maximum drop size of 90–120 nm. After increasing CuO

concentration up to 20 wt. %, the inclusions in the form of

“whiskers” with the size of 200–300 nm in length as well as

droplet defects appear. “Whiskers” have a columnar struc-

ture, directed predominantly isotropic. The rounding of the

tip is about 10 nm. A statistical analysis of the several hun-

dred defects showed that the average size of the structures in

maximum droplet diameter is 65 nm, and the columnar

FIG. 1. Changing the microstructure of the composite CuO-YBa2Cu3O7�x

at the CuO concentration increasing from 10 to 20 wt. %.
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structures in basis diameter are 80 nm and 250 nm in length.

Fig. 2 shows a typical micrograph of “whiskers” at CuO con-

centration of 20 wt. %. It was obtained using transmission

electron microscopy.

The presented figures show that the “whiskers” have a

self-organizing structure consisting of nanocrystallite with

an average size of 8 nm. Each “whisker” consists of several

smaller “whiskers” with a basis diameter of 20 nm and a

length of 80–100 nm. The rounded radius of the tip is

3–5 nm. The phase and elemental analysis showed that

the bulk of the “whiskers” consists of non-stoichiometric

CuO0.8 with monoclinic lattice with the next parameters:

a¼ 0.4682 nm, b¼ 0.3421 nm, and c¼ 0.5126 nm, and prac-

tically coincides with the data of the diffraction standards

ICDD-JCPDS-38-1420. Certain conclusions can be resulted

from the microscopic analysis: (1) The additives of arc CuO

nanopowder lead to an increase in non-superconducting CuO

inclusions in the structure of the YBa2Cu3O7�x granules,

which form the pinning centers; (2) Growth of nanostructure

defects, their morphology, the ratio between different types

of defects, and the direction of growth may be controlled by

simply changing the concentration of nanopowder additives.

The critical current density Jc for alloyed and unalloyed

YBCO superconductors at 77 K under magnetic field B is

shown in Fig. 3 at a xCuO concentration of 10 and 20 wt. %,

respectively. The corresponding magnetic transition curves

from xCuO concentration are shown in Fig. 4. The sample

composites YBa2Cu3O7�x/CuO with 10 wt. % of nano-CuO

showed some increase in current density Jc in a magnetic

field B in the range from 0 to 1 T, which indicates increased

magnetic flux pinning due to the non-superconducting

inclusions (Fig. 1). They lead to a distortion of the crystal

structure at the interface and influence the distribution of

oxygen-deficient areas, as well as to increasing the number

of microareas with a low Jc.
10 However, further increase in

the magnetic field leads to sufficiently abrupt decrease of a

current density down to 0. In this range of magnetic field, the

dissipation occurs according to the Arrhenius law R� exp

(�U(H)/T),11 which is characteristic for the magnetic flux

creep model with temperature-independent energy pinning

U(H).12–16 As can be seen from Fig. 4, the introduction of

10 wt. % CuO nanopowder leads to a decrease in the critical

temperature Tc and the increase in the transition zone width,

which confirms the above assumption. Fig. 5 shows the

dependence of the critical current density Jc on the magnetic

field B for composites YBa2Cu3O7�x/CuO with 10 and

20 wt. % of CuO at 70 K.

The critical current density Jc of the samples is signifi-

cantly increased under magnetic field B in the range from 0

to 1 T, but the overall behavior of the curve remains typical,

as it is for 77 K. The composite samples YBa2Cu3O7�x/CuO

with 20 wt. % of nano-CuO show a substantial increase in

the critical current density Jc in the whole range of the

applied magnetic field B (Fig. 3). In addition, the samples

show a clear peak effect in the range of magnetic fields B

from 1 to 2 T. Comparing the graphs (Fig. 3) for composites

YBa2Cu3O7�x/CuO with 10 and 20 wt. % of CuO and their

micrographs (Fig. 1), it becomes obvious that in the range of

magnetic field B from 0 to 1 T, the increase in magnetic flux

pinning occurs due to drop-shaped non-superconducting

FIG. 2. TEM micrograph of columnar defects formed during the production

of the composite YBa2Cu3O7�xþ 20 wt. % CuO.

FIG. 3. The dependence of critical current density Jc of magnetic field B for

YBa2Cu3O7�x/CuO composites with nano-CuO concentration of 10 and

20 wt. % at 77 K. Inset: M-H loop for YBa2Cu3O7�x/CuO composites with

nano-CuO concentration of 20 wt. % at 77 K.

FIG. 4. Magnetic transition curves from xCuO concentration taken after zero-

field cooling with an applied external magnetic field of 2 mT.
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CuO inclusions. Whereas, in the range of magnetic fields B

from 1 to 5 T for composites YBa2Cu3O7�x/CuO with

20 wt. % of CuO increase in the critical current density Jc,

and especially, the peak effect is probably the result of non-

superconducting inclusions of CuO as “whiskers.” Such

composites are characterized by a complex interaction of

two types of defects—drops and “whiskers.”

The peak effect represents the broadening of the mag-

netization hysteresis loop M in the zone of intermediate

fields (above the penetration field Hp) and the appearance of

the second maximum in the graph of relation of the critical

current as function of the field and temperature.17,18 In Refs.

18 and 19, it was shown that the defects associated with the

peak effect should represent topologically closed system of

zones with weak superconductivity, changing to a normal

state in the fields of the second maximum in the graph of

relation M(H). It was also shown that the system of weak

coupling occurs most likely in the areas with lack of oxy-

gen.18 In Ref. 20, it was shown that the peak effect is also

clearly seen in the area of T> 60 K. Kwok et al. showed that

the appearance of the peak effect is associated with pinning

intensification due to the softening of the vortex lattice

before its melting (melting-transition).21,22 It can be assumed

that only the extended defects are responsible for the peak

effect, while the YBCO superconductors have several types

of pinning defects. In this case, the role of such defects is

played by non-superconducting inclusion of CuO in the form

of “whiskers,” which leads to significant distortion of the lat-

tice vortex. It is shown that a magnetic field penetrates the

superconductor only along the direction of the “whiskers.”

However, Figure 1 shows that the distance between the

whiskers is sufficiently large (about 1 lm). This allows to

conclude that the efficiency of the magnetization due to the

pinning depends on the relationship between defects in

the form of droplets and defects in the form of “whiskers.”

Fig. 5 is a quite clear confirmation of this concept.

In addition to a substantial increase in the critical current

density Jc for composite YBa2Cu3O7�x/CuO with 20 wt. % of

CuO peak effect shows the temperature dependence. For 77

and 70 K, peak value of Bp is, respectively, 1.5 and 2.5 T. The

defects with the shape of “whiskers” influence on the critical

temperature Tc and the width of the transition zone DTc, as it

is confirmed by Fig. 4. For the composite YBa2Cu3O7�x/CuO

with 20 wt. % of CuO, these values are, respectively, 91 and

0.5 K. The models of increasing the transition temperature in

superconductor (Tc), caused by defects in the crystal, deter-

mining the long-range deformation, are presented.23 It is

shown that the effect of deformation, introduced by defects,

that changes Tc, is noticeably increased in the HTSC due to

the increase of the coherence length and the strong aniso-

tropic dependence of the bulk values of Tc on pressure.24

Deformation associated with defects in the form of

“whiskers” may be strong enough, causing local plastic

deformation or structural transformations around arrays of

dislocations. The increase in Tc can be estimated for edge dis-

locations,25,26 the low-angle grain boundaries and metastable

linear dislocation arrays based on anisotropic strain depend-

ence of Tc in the ab plane and the proximity effect, which

determines the superconducting state on the intercrystallite

borders. In addition, changes in composites YBa2Cu3O7�x/

CuO with 20 wt. % of CuO, caused by fields of deformation

from defects and the effect of changing Tc influence the mag-

netic flux pinning and magnetic granularity.

The most effective pinning can occur as a result of an

appropriate combination of defects.27 The aim of the work

should be not to increase the number of defects but to use

them in the most effective way, for example, the method of

combining different types of defects. In particular, methods

for constraining the negative effects of thermal fluctuations

are almost unstudied. While the task of obtaining defects by

introducing various kinds of nanoparticles is currently

completely solvable, the problems associated with growing

columnar defects such as “whiskers,” are currently not inves-

tigated. Practically, it is very important that the granular

superconductors are obtained by the optimal technology, and

the value Jc is practically independent from the orientation

of the magnetic field.

IV. CONCLUSION

Therefore, the introduction of up to 20 wt. % of nonsu-

perconducting nanoscale powders CuO, obtained in the

plasma low pressure arc discharge in the polycrystalline

HTSC YBa2Cu3O7�x, can allow producing a new type of

composites with nanoscale defects in the form of drops and

“whisker.” The study of the superconducting properties of the

composites showed a significant increase in the critical cur-

rent density and the peak effect in strong magnetic fields. The

main contribution to the pinning force is made by defects in

the form of “whiskers,” while auxiliary pinning on the drops

prevents creeping. Defects in the form of “whiskers” are re-

sponsible for the increase of the critical temperature Tc and

the decrease of width of the transition zone DTc.
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FIG. 5. The dependence of the critical current density Jc of magnetic field B

for YBa2Cu3O7�x/CuO composites with CuO concentration of 10 and

20 wt. % at 70 K. Inset: M-H loop for YBa2Cu3O7�x/CuO composites with

nano-CuO concentration of 20 wt. % at 70 K.
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