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Manipulating compositional stoichiometry in high-temperature

superconductors to enhance critical currents

under high magnetic fields
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The influence of the deviation in the target chemical composition from the stoichiometric ratios of yttrium-

barium-copper oxide (YBCO) Y :Ba : Cu= 1 : 2 : 3 on the properties of coated conductors fabricated through pulsed

laser deposition was investigated. An optimal target composition was empirically established, facilitating both a

reduction in anisotropy and an enhancement of the critical current at liquid helium temperatures and under intense

magnetic fields.

Keywords: YBCO, coated conductor, pinning centers, anisotropy, target.

DOI: 10.61011/PSS.2024.12.60171.6507PA

1. Introduction

The technology of the second generation high-

temperature superconductors (HTS-2 or coated conductors)
consists of epitaxial synthesis of a chemical compound

belonging to the (RE)Ba2Cu3O7−x (REBCO, where RE is a

rare earth element) family on textured buffer layers covering

a flexible metallic tape substrate. This technology has the

potential to revolutionize many industries, including electric

motors and generators for aviation and space, energy storage

devices, medical imaging devices, among others. The

prospect of employing HTS-2 within the magnetic systems

of compact thermonuclear fusion (TF) devices is particularly
significant. The essential relevance for TF is the capability

to produce high magnetic field ∼ 20T and higher, which

subsequently results in the reduction of the operational

temperature of the coated conductors to near liquid helium

temperatures. Previous studies [1,2] have demonstrated that

the maximal critical current (Ic) at this temperature level

can be achieved through the utilization of yttrium-barium-

copper oxide (YBCO). Further improvement of the current-

carrying capacity of YBCO can be achieved by introducing

artificial pinning centers.

It is well-established that, in contrast to the oxygen [3,4],
deviations in the stoichiometric indices of the Y, Ba and

Cu target from the nominal values leads to a significant

change in the coated conductor characteristics. An excess

of Ba is considered undesirable, since the resulting phases

are unstable and negatively affect the performance prop-

erties [5]. The effect of Cu-excess remains insufficiently

examined, and the available results are contradictory. It has

been confirmed that Cu-excess contributes to the generation

of relatively large (> 1µm) CuO particles on the surface of

the HTS layer, which are nearly absent within the bulk of

REBa2Cu3O7−x layer. Consequently, these particles cannot

act as pinning centers. Nevertheless, a positive correlation

has been reported between the appearance of CuO and an

enhancement in Ic [5]. A moderate Y-excess leads to the

formation of finely dispersed of Y2O3 particles, which act

as effective pinning centers. This is a rather attractive way

to increase the critical current, since it is relatively easy to

scale up [2]. In addition, by sequentially sputtering multiple

targets, it is possible to induce the precipitation of non-

superconducting phase Y2BaCuO5(Y211) particles within

the HTS layer, which also contributes to an increase in the

critical current [6].

In this paper, we present the preliminary findings from

investigations aimed at identifying the optimal deviations

from the target stoichiometry to enhance the current-

carrying capacity of coated conductors in high magnetic

fields.

2. Experiment

The 4-mm-wide coated conductors were fabricated on the

experimental production line at the Kurchatov Institute [7,8].
The HTS layer was synthesized via pulsed laser deposition

(PLD) on a steel substrate with YSZ (yttrium-stabilized

zirconium oxide) and CeO2 buffer layers. The targets were

produced at JSC VNIINM through oxalate co-precipitation

from a mixture of Y, Ba, and Cu nitric acid solutions,
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microwave drying, pyrolysis, pressing, and high-temperature

treatment. The deviation from stoichiometry was created

in several ways. . In the first target, the initial solutions

for co-precipitation were taken with a deficiency of barium

so that the gross formula of the mixture corresponded to

Y : Ba : Cu= 1 : 1.8 : 3. In the second target, an additional

incorporation of Y2O3 was implemented enhance the Y-

excess, resulting in a molar fraction of Y2O3 equating to 8%.

Finally, in the third target, the ceramic powder of YBCO

of stoichiometric composition was mixed with additionally

prepared powder of Y2BaCuO5 (Y-211), ensuring that the

molar fraction of Y-211 also constituted 8%.

The critical current was determined using the criterion

of 1µV/cm, achieved in the current-voltage characteristics

(CVC) during standard transport measurements using the

four-terminal method. The critical current angular depen-

dences Ic(θ) were recorded in the so-called maximum

Lorentz force configuration: the magnetic field is always

orthogonal to the transport current. The angle θ was

quantified relative to the tape plane. The angular depen-

dences were studied under conditions of liquid nitrogen.

The critical current was also measured in liquid helium

(4.2K) with the external magnetic field oriented normally to

the tape. The critical current at intermediate temperatures

(20 and 40K) was estimated using the magnetization

loop width measured on a PPMS vibration magnetometer.

The proportionality coefficient between the loop width

and the critical current was determined using transport

measurements at 4.2K.

The sample synthesized utilizing the barium-deficient

target (YB1.8CO) is designated as
”
387-1“, and has a HTS

layer thickness of 1.4µm and a critical current in the

self-field (at 77.4 K) of 96A. The sample made from the

target with the addition of yttrium oxide (YB1.8CO+Y2O3)
is

”
466-4“, the thickness is 1.6µm, and the critical

current is 133A. The target with the addition of the

Y211 phase (YBCO+Y211) corresponds to the sample

”
282“, with a thickness of 1.6µm and a critical current

of 91A.

3. Results and discussion

Figure 1, a illustrates the critical current angular depen-

dences in an external magnetic field of 0.5 T. All angular

dependences are well described within the framework

of the anisotropic pinning model [9,10]. Note that for

sample 387-1, a pronounced asymmetry in the angular

dependence Ic(θ), is observed, the explanation of which

is given in [10]. The most favorable orientation of the

field from the point of view of maximizing the critical

current is in the plane of the tape (θ = 0◦). In this

geometric arrangement, the critical current decreases in

the sequence 466-1→ 282→ 387-1. Excluding the minor

asymmetry of sample 387-1, the least favorable orientation

is the normal direction of the field, wherein the sequence of

decreasing critical current reverses to 387-1→ 282→ 466-1.
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Figure 1. a — angular dependence of the critical current Ic (θ)
at 77.4K in an external field µ0H = 0.5 T; b — field dependence

of anisotropy Ic(θ = 0◦)/Ic (θ = 90◦) at 77.4 K.

The degree of anisotropy can be estimated by the ratio

Ic(θ = 0◦)/Ic(θ = 90◦). The anisotropy differs significantly

for the studied samples (Figure 1, b) and increases with

increasing field. The lowest anisotropy (< 4) is observed in

sample 387-1, which was synthesized utilizing the barium-

deficient target.

Figure 2 illustrates the field dependence of the critical

current in the perpendicular geometry at temperatures of

4.2, 20, and 40K. Sample 387-1 demonstrates the highest

critical current across all tested temperatures even despite

the fact that its thickness (1.4µm) is slightly smaller than

that of samples 282 and 466-1 (1.6µm). It is interest-

ing to compare the obtained results with contemporary

advancements documented in publicly available literature

The work [6] collected data on record-breaking values of

the volume pinning force achieved up to the year 2024.

By employing a non-stoichiometric target it was possible to

achieve ∼ 0.9TN/m3 (9 T; 4.2K) on thin films (∼ 0.3µm)
grown on single crystals. For comparison purposes, we will

assume that the current density is constant across the HTS
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Figure 2. Critical current field dependences at 4.2 (a), 20 (b)
and 40K (c), estimated from the magnetization loop width. Large

symbols in panel (a) correspond to values obtained from transport

measurements.

layer thickness. For sample 387-1, the calculated value

at 9 T and 4.2K is also ∼ 0.9TN/m3, although our HTS

layers are much thicker and grown on the buffered metallic

substrate. This value also aligns closely with the record

data presented in [2], wherein exceptionally high current

densities for superconducting tapes utilized in TF magnetic

systems are presented.

4. Conclusion

The results of studies of three samples prepared by pulsed

laser deposition on the pilot line of the National Research

Center
”
Kurchatov Institute“ utilizing targets with varying

degrees of stoichiometric deviation are presented. The

samples produced from a barium- deficient target exhibit the

highest current-carrying capacity in strong magnetic fields

while simultaneously demonstrating the lowest anisotropy.

For this particular sample, critical currents are comparable

to the record values encountered in the literature.

Funding

The study was performed using equipment of the re-

source center
”
Electrophysics“ within the state assignment

of the National Research Center of
”
Kurchatov Institute“.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] V.V. Guryev, I.V. Kulikov, I.M. Abdyukhanov, M.V. Alekseev,

Yu.N. Belotelova, P.V. Volkov, P.V. Konovalov, V.S. Kruglov,

V.E. Krylov, D.V. Lazarev, A.A. Nikonov, A.V. Ovcharov,

D.N. Rakov, S.V. Shavkin. FTT 65, 1, 12 (2023). (in Russian).
https://doi.org/10.61011/FTT.2023.12.56725.5015k

[2] A. Molodyk, S. Samoilenkov, A. Markelov, P. Degtyarenko,

S. Lee, V. Petrykin, M. Gaifullin, A. Mankevich, A. Vavi-

lov, B. Sorbom, J. Cheng, S. Garberg, L. Kesler, Z. Hart-

wig, S. Gavrilkin, A. Tsvetkov, T. Okada, S. Awaji, D. Abrai-

mov, A. Francis, G. Bradford, D. Larbalestier, C. Senatore,

M. Bonura, A.E. Pantoja, S.C. Wimbush, N.M. Strickland,

A. Vasiliev. Sci. Rep. 11, 1, 2084 (2021).
https://doi.org/10.1038/s41598-021-81559-z

[3] S.V. Shavkin, A.K. Shikov, I.A. Chernykh, V.V. Guryev,

E.S. Kovalenko, E.V. Yakovenko, M.L. Zanaveskin, D.N. Ra-

kov, A.E. Vorobieva. J. Phys.: Conf. Ser. 507, 2, 022030

(2014). https://doi.org/10.1088/1742-6596/507/2/022030
[4] I.A. Chernykh, A.M. Stroev, M.Ya. Garaeva, T.S. Krylova,

V.V. Gur’ev, S.V. Shavkin, M.L. Zanaveskin, A.K. Shikov.

Tech. Phys. Lett. 40, 1, 29 (2014).
https://doi.org/10.1134/S1063785014010027.

[5] A.E. Shchukin, A.R. Kaul’. Inorg. Mater. 58, 13, 1365 (2022).
http://doi.org/10.1134/S0020168522130015

[6] A.K. Jha, K. Matsumoto, T. Horide, S. Saini, A. Ichinose,

P. Mele, Y. Yoshida, S. Awaji. Superconductivity 9, 100087

(2024). https://doi.org/10.1016/j.supcon.2024.100087
[7] E.P. Krasnoperov, V.V. Guryev, S.V. Shavkin, V.E. Krylov,

V.V. Sychugov, V.S. Korotkov, A.V. Ovcharov, P.V. Volkov.

J. Eng. Sci. Tech. Rev. 12, 1, 104 (2019).
https://doi.org/10.25103/jestr.121.12

Physics of the Solid State, 2024, Vol. 66, No. 12



International Conference PhysicA.SPb, 21−25 October, 2024 1997

[8] E.P. Krasnoperov, V.V. Sychugov, V.V. Guryev, S.V. Shavkin,

V.E. Krylov, P.V. Volkov. Electrical Eng. 102, 3, 1769 (2020).
https://doi.org/10.1007/s00202-020-00977-w

[9] V.V. Guryev, S.V. Shavkin, V.S. Kruglov. J. Phys.: Conf. Ser.

2103, 1, 012096 (2021).
https://doi.org/10.1088/1742-6596/2103/1/012096

[10] V.V. Guryev, I.V. Kulikov, S.V. Shavkin. VANT, ser. Termoy-

aderniy sintez 47, 3, 93 (2024). (in Russian).
https://doi.org/10.2151/0202-3822-2024-47-3-93-107

Translated by M.Verenikina

Physics of the Solid State, 2024, Vol. 66, No. 12


