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Abstract. We studied the effect of artificial pinning centers in the form of
nanoinclusions of stannate BaSnOg (BSO) and zirconate BaZrOz (BZO) barium on
the critical current of high-temperature superconducting tapes of the second generation
(2G) based on YBayCu3O7_; films (YBCO). It has been found that the introduction
of BaZrO3 nanoinclusions increases the critical current at 77 K for the magnetic field
direction parallel and normal to the tape surface, while the introduction of BaSnOs
nanoinclusions decreases the critical current in both cases. To elucidate the origin of
a different impact of nanoinclusions we examined the local structure of the YBCO-
matrix using x-ray absorption spectroscopy (EXAFS and XANES). The spectra were
collected at K-edges of Cu, Sn, and Zr at the European Synchrotron (ESRF). It
was revealed that the introduction of BaZrOs; nanoinclusions increases the stiffness
of copper - oxygen bonds in superconducting CuQO, plane and minimizes their static
disorder in the YBCO matrix, while the introduction of BaSnOg3 nanoinclusions leads
to a significant increase in static disorder with a relatively weak effect on the stiffness
of Cu—0O bonds. These changes in the local structure become decisive for changing
the macroscopic properties of HT'SC - tapes.
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1. Introduction

The REBayCuzO7_s compounds (REBCO, where RE is a rare earth element) belong
to the family of cuprate high-temperature superconductors (HTSC) and form a group
of ceramic superconducting materials most important for practical applications. These
compounds are used to fabricate composite superconducting materials - HT'SC tapes
of the second generation and wires based on them [1, 2, 3]. The critical current J.,
which is the most important practical characteristic of a superconductor, as well as the
dependence of the critical current on the applied magnetic field J.(H), can be improved
by adding the artificial pinning centers using various methods, for example, introducing
the multilayered structure [4], irradiating by heavy ions [5] or fabricating a pattern of
microholes [6], magnetic dot arrays [7], etc. One of such methods is the introduction
of non-superconducting nanoinclusions into the superconducting matrix, which under
certain conditions can play the role of additional artificial pinning centers and lead to
an increase in the critical current [8, 9, 10]. Nanoparticles must meet two main criteria:
first, they must not significantly decrease the critical temperature T,, and second, their
characteristic size must be of the order of the coherence length.

Most often, oxides of tetravalent metals M (M = Zr, Hf, Ce, Ti, and Sn) are
used as nanoadditives to HT'SCs. They form nanoscale inclusions of BaM O3 perovskite
phases in the REBCO matrix [11, 12]. The most common uses are barium stannate and
zirconate. In particular, in the works [13, 14] it was shown that BaZrOjz nanoparticles
have good prospects for use as chemically inert (with respect to the HTSC matrix)
pinning centers.

Studies on the introduction of nanoadditives as pinning centers were carried out for
a wide range of methods for the synthesis of HT'SC films: pulsed laser deposition (PLD -
Pulse Laser Deposition) [15, 16], deposition from liquid organometallic precursors (MOD
- Metalorganic Deposition) [17, 18], gaseous deposition using organometallic compounds
(MOCVD - Metalorganic Chemical Vapor Deposition) [11, 12, 19, 20, 21, 22]. Along with
monoadditives, the combinations of point and columnar defects were also considered [23].
A well-known example of such a combination is BaZrO3(BZO) and Y203 [24, 25], and
BaSnO3(BSO) [26].

It was shown that BaZrOs inclusions in thin HTSC films are assembled into self-
organized structures in the form of columnar defects - nanocolumns elongated along
the normal to the film surface, which work especially well as pinning centers in a
perpendicular magnetic field [16, 19, 20]. In the work [20], the effect of the concentration
of BaZrO3 nanoinclusions on the magnetic and electrical transport properties of the
second generation HTSC tapes produced by SuperPower Inc. using the MOCVD
technique was studied in detail. It was shown that the optimal content of BaZrOs
is about 5 % mol.

Artificial pinning centers based on BaZrOsz; and BaSnOs; have the greatest effect
on the properties of HTSC at low temperatures and high magnetic fields [26, 27, 28].
However, the enhancement of the pinning effect in HTSCs doped with BaZrOg is also
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noticeable at higher temperatures [29].

To gain insight into the nature of the influence of pinning nanoinclusions on
the critical characteristics of HTSC, it is necessary to study their impact on the
structure of a superconductor. There are several publications on the microstructure
of REBCO composites with BaZrOs [21, 26, 27, 30, 31, 32] and BaSnO3 [22, 26, 27, 33].
Transmission electron microscopy [30] and x-ray diffraction [21, 31, 32] are actively used
for this purpose. However, there are few studies of the influence of nanoinclusions on the
structure of a superconductor at the local level, and this effect needs further investigation
so far. Thus, the study of HTSC tapes by x-ray absorption spectroscopy (EXAFS and
XANES) gave additional evidence for the existence of zirconium nanoinclusions in the
form of BaZrOj3 [19]. Prayoonphokkharat et al [22] found the secondary phase BaSnOj
in tin-doped YBCO and proved using XANES spectroscopy that tin does not substitute
for copper. Oh et al [33] reported the EXAFS study of GdBayCuzO7_s films with
BaSnOj3 nanoinclusions fabricated using PLD. They concluded that the films have local
oxygen deficiency at the apical position, depending on the film thickness and acting as
additional pinning centres, which are most efficient for 0.8 pm-thick films.

However, at the moment there is no consistent comparative study of the impact of
nanoinclusions BaZrO3; and BaSnO3; on the critical current and the local structure of
identical HTSC-matrices, which would help to clarify the nature of their differences in
the influence on the critical parameters of a superconductor.

In the previous study [34] we investigated the impact of nanoinclusions of BaZrOj
on the local structure of YBCO matrix. We found the optimal content of nanoinclusions
(5 mol %) and revealed a correlation between the local structure of the superconducting
YBCO matrix and the critical current in HTSC tapes with BaZrO3 additives. Namely,
an increase in the stiffness of bond Cu—O0, accompanied by a decrease in their local
disorder, correlates well with an increase in the critical current.

Complementing the previous work and proceeding further, we set a goal, firstly, to
compare the influence of artificial pinning centers on the critical current of HT'SC tapes
for identical YBCO matrices with nanoadditions of BaSnO3 and BaZrOs, fabricated
under identical conditions using MOCVD. Secondly, to use XAFS spectroscopy to
elucidate the origin of the different impact of two types of nanoinclusions on the critical
current on a local scale.

2. Experimental methods

All samples were superconducting YBasCuzO7_5 2G tapes deposited on buffer layers
with the following sequence (from the top to the substrate): LaMnO3/MgO/Y203/Al50s.
The buffer layers were grown on the electropolished Hastelloy C276 tape. All buffer lay-
ers except MgO were deposited by magnetron sputtering. Amorphous Al,O3 and Y503
were used to obtain the low roughness required for MgO deposition using the IBAD
technique. The biaxial texture formed in the MgO layer was inherited by the epitaxial
LaMnOj layer.
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Superconducting YBCO layers with a content of 5 mol.% BaZrOs; and BaSnOs;
were obtained by metalorganic chemical vapour deposition (MOCVD) using Y (thd)s,
Ba(thd)o* tetraglyme, Cu(thd),, Zr(thd), and Sn(thd), as precursors. A detailed
description of the deposition process of YBCO films with the introduction of
nanoinclusions, together with the results of the structure analysis by x-ray diffraction
(XRD) and scanning electron microscopy (SEM), is presented in [34] taking as an
example the introduction of BaZrO3 nanoinclusions.

To measure the critical current, which requires soldering metal contacts, the samples
were coated with copper by electroplating. To study the local structure by x-ray
absorption spectroscopy (XAFS), small fragments of each tape were taken, the upper
protective silver layer was dissolved in a mixture of HyO, and NH,OH.

The x-ray absorption spectra were collected above the K absorption edges of Sn
(29200.1 eV), Zr (17998 €V), and Cu (8978.9 V) at the BM-23 [35] and BM-08 (LISA)
[36] beamlines of the European Synchrotron Radiation Facility (Grenoble, France) in
the fluorescence mode using a highly sensitive 13-element Germanium Discrete Array
Detector CANBERRA. The x-ray beam was perpendicular to the surface of the HTSC
tape during measurements, which corresponded to the polarization E|jab for the taken
spectra. Double-crystal monochromators Si(311) and Si(111) were used for measuring
at K-Sn, K-Zr, and K-Cu, respectively, with a slit of 0.3 mm, providing an energy
resolution of ~0.5 eV for XANES and ~2 eV for EXAFS. The spectra were analyzed
after correction for the self-absorption of fluorescence emission in accordance with [37].
Temperature measurements in the range of 20—300 K were carried out using a liquid
helium continuous flow cryostat with temperature stability of 0.1 K at 20 K and +1 K
at 300 K. For all the studied absorption edges, the length of the spectra in the k-space
was 16 A=1. In order to collect statistics at each temperature, 4 spectra were measured
with subsequent integration. The processing of the spectra of extended x-ray absorption
fine structure (EXAFS) was carried out using the software packages VIPER[38] and
IFEFFIT[39].

3. Results

3.1. The impact of nanoinclusions of BaSnOs and BaZrOs on the critical current
density in YBCO at 77 K.

The critical temperature 7. and the critical current density J. were measured by a
standard four-probe method. The samples were 12 mm-wide and 30 mm-long. The
value of the critical temperature T, was determined from resistivity measurements and
for the sample without additives was 89.8 K. The critical current was measured at
T=77 K in the range of magnetic field of 0—8 T for two directions of the magnetic field:
parallel and perpendicular to the plane of the tape. The value of the critical current
was determined from the I-V curves according to the criterion of 1 xV/cm. Fig. 1 shows
on a double logarithmic scale the obtained dependences of the critical current density
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on both directions of the applied magnetic field J.(H) for the pure YBCO tape, and for
tapes with BSO and BZO inclusions.
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Figure 1. Dependence of the critical current density of the initial superconducting
YBCO tape and tapes with nanoinclusions of barium stannate (BSO) and zirconate
(BZO) on the induction of a magnetic field applied a) parallel (H || ab) and
b) perpendicular (H || ¢) to the tape surface at T=77 K. The concentration of
nanoinclusions of both types was 5 mol.%.

Based on the Dew-Hughes scaling law [40], we calculated field dependences of the
pinning force F,, (F,=J. x puoH) in magnetic field perpendicular to the tape surface
for three samples (pure YBCO and YBCO with BZO and BSO nanoinclusions).The
pinning force was further normalized by F,(max) and magnetic field was normalized by
irreversibility field H;,..(taken as 8 T) h=H/H,,,.. The resulting normalized dependences
F,/F,(max) vs h have pronounced dome-like shape (Fig. 2). The position of the
maximum is almost the same for all samples under study which means that the pinning
mechanism in tapes with both types of nanoinclusions is the same as in pure YBCO
tapes according to [40]. A similar analysis for direction Hljab is complicated by high
values of irreversibility field (when the critical current drops to zero), which were not

achieved in our measurements.

3.2. XAFS spectroscopy results

The XAFS spectroscopy study, presented in [34], revealed that zirconium, introduced
into the YBCO matrix, forms barium zirconate BaZrOs. Literature data (see, for
example, [22, 26, 27]) indicate a similar type of nanoinclusions of tin compounds
at concentrations exceeding 0.2 mol%. In order to specify the structure of tin
nanoinclusions in the YBCO superconducting matrix, XANES and EXAFS spectra
collected at the K-Sn absorption edge were analyzed. The spectra at the K-edge of
Sn for BaSnOj3 polycrystalline powders were also taken in the transmission mode as
a reference. The K-Sn XANES spectra for the pure BaSnO3z and the YBCO matrix

with nanoinclusions are given in Fig. 3a), where one can clearly see that they are quite
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Figure 2. The normalized pinning force F,/F,(max) vs normalized magnetic field
h=H/H,,, measured at T=77 K. The magnetic field is perpendicular to the surface of
the tape (H || ¢). The concentration of nanoinclusions of both types was 5 mol.%.

similar. At the same time, they strongly differ from K-Sn XANES spectra of SnO,
or other possible Sn-based compounds that could be formed during the film growth
with nanoinclusions. The shape of the white line repeats that for pure BaSnOs3;, except
for a slight decrease in the intensity of the first peak, which may be associated with
an increase in the local disorder of the local environment. Thus, the XANES study
confirms that Sn is introduced into the YBCO matrix in the form of barium stannate
BaSnOs.

A similar conclusion concerning the presence of Zr in the form of BaZrO3 was drawn
from comparing the XANES spectra at the K-Zr absorption edge [34]. However, the
intensity of the white line does not decrease in this case.

Additional evidence of the presence of Sn in the YBCO matrix in the form of
BaSnOj nanoinclusions comes from the analysis of EXAFS spectra. Figure 3b) shows the
Fourier transform modules (FT) of the k?-weighted EXAFS functions x(k)k* measured
above the Sn K-edge for pure BaSnO3 powder and for the YBCO tape with BaSnOg3
nanoinclusions. Each FT peak corresponds to the nearest coordination shells of the Sn
as follows: Sn—0O, Sn—Ba, Sn—Sn. Here and further one should bear in mind that the
distances in the Fourier transform differ from the real values due to the backscattering
phase shift of the photoelectron wave. The correct values of the distances, given in
Table. 1, were extracted after fitting the model EXAFS function to the experimental
one. It is obvious that the number and position of the FT peaks for the case of
BaSnOj3 nanoinclusions coincide with the FT peaks for the pure BaSnOj3. Since the
shape of the Fourier transform module of the EXAFS function resembles a pair radial
distribution function of atoms, from the changes in its shape one can qualitatively
judge the differences in the local structure in the samples under study. For BaSnOj
nanoinclusions, as well as for BaZrOs nanoinclusions [34], there is a decrease in the
amplitude of the first peak of the FT module and a shift towards smaller values of R
compared to the reference samples. The observed difference in peak amplitude indicates
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the presence of a local structural disorder inside the nanoinclusions.
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Figure 3. K-Sn XANES spectra (a) and Fourier transform modules K-Sn EXAFS
spectra (b) for BaSnOg3 in a YBCO matrix and BaSnO3 powder at 300 K. The inset
in (b) shows the fitting of the first coordination shell Sn—O.

A shift means a decrease in the radius of the first coordination shell. It is also
worth noting that the decrease in the height of the following peaks corresponding to the
next coordination shells is more pronounced, which indicates a stronger disorder in the
coordination shells Sn—Ba, Sn—Sn compared to the pristine sample. This may originate
from the compression of the lattice of the nanoinclusions due to the semi-coherent
interface with the HTSC matrix, as well as the reduction of particle size to nanoscale
when incorporated into the YBCO matrix. The fitting of the experimental spectra
made it possible to extract the radii of the first coordination shell and the Debye—Waller
factors (D-W), which describe the standard deviation of the interatomic distance from
its average value and characterizes the local disorder. In BaSnOj nanoinclusions, the
coordination radius of the first shell decreases by 0.02 A compared to BaSnO; powder,
and the D-W factor increases by 0.002 A2 (Table. 1), which confirms the qualitative

analysis. A similar situation is observed at the Zr K-edge.

Table 1. The parameters of the first coordination shell M-O for Sn and Zr in BaSnOj3
and BaZrOjs nanoinclusions, respectively at T=77 K.

sample R, A o2, A2

BaSnO; 2.061(3) 0.0028(5)
5% BaSnOs in YBCO  2.041(8)  0.0060(6)
BaZrOy 2.088(9) 0.0041(6)
5% BaZrOs in YBCO  2.080(9)  0.0070(6)

The numbers in parentheses are the estimated
standard deviations (esd) obtained from the least-
squares fits, R - a distance between M and O, o2 -

the Debye -Waller factor.

Fig. 4 shows k*weighted K-Cu EXAFS functions y(k)k® (a) and the Fourier
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transform modules of EXAFS spectra (b) measured at a temperature of 77 K for the
pure YBCO matrix and the matrix with nanoinclusions of BaSnO3 and BaZrOs;. One
can see from Fig. 4b) that for BaSnOj3 the amplitude of all peaks of the Fourier transform
module is smaller than for the pure YBCO matrix and the matrix with the addition of
BaZrOj. The peak positions for all three samples are almost the same.

When analyzing the Cu K-edge absorption spectra, we focused on the behavior of
Cu—0 bonds, since they are most important for the superconducting properties of HT'SC
cuprates [41, 42, 43, 44, 45]. Therefore, using the Hanning window, we selected the
region corresponding to the first Cu—O shell in the Fourier transform (FT) of EXAFS
function x(k)k*. Next, we performed the inverse Fourier transform and thus restored
the experimental EXAFS spectrum from the nearest oxygen shells, the so-called filtered
EXAFS function. The spectra were fitted in k-space following the standard EXAFS
formula obtained in the approximation of harmonic vibrations of atoms in the framework
of the Einstein model, which according to [46] has some advantages over the Debye model
when analyzing the first coordination shell of identical atoms. The amplitudes and phase
shifts of backscattering were calculated from the first principles based on the theory of a
self-consistent field embedded in the FEFF9[47] program code, while the structure was
calculated on the basis of x-ray diffraction data. Since copper atoms occupy two different
positions in the crystal structure of YBayCuzO7_s, the first coordination shell Cu—0 in
the Fourier image (FT) includes several short (~1.9A) distances: Cu(2)-0(2,3) inside
the ab plane and Cu(1)—O(1) in the chain structure along the b axis (in the notation [48]
for the superconducting orthorhombic phase YBCO). The longer apical bond Cu(2)-
O(4) (~2.3 A) and the bond Cu(1)-O(4) along the ¢ axis do not contribute to the
measured EXAFS function due to the linear polarization of synchrotron radiation along
the tape plane (E||ab). Since the lengths of bonds Cu(2)-0(2,3) and Cu(1)-0O(1,4) are
very similar, we considered them one bond Cu—O of the average length in a single-shell
model.

By fitting the experimental spectra, we have obtained the temperature dependences
of the radii of the nearest coordination shells Cu—0O and their Debye-Waller factors in
the YBCO matrix (see Table. 2, Fig. 5).

The analysis revealed that within the fitting error, the bond lengths almost do not
change with temperature, which may indicate a small coefficient of thermal expansion
of the nearest environment of Cu. Shown in Fig. 5, the temperature dependences of the
Debye-Waller factor of bond Cu—O for the initial YBCO matrix and the matrix with
nanoinclusions BaSnO3 and BaZrOj include static and dynamic contributions, which
can be separated based on the following formula:

0*(T) = 0% + 0a(T), (1)

The static contribution does not change with temperature, and the dynamic contribution
associated with thermal vibrations of atoms is described in the framework of Einstein’s
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Figure 4. K-Cu EXAFS functions x(k)k? (a) and the Fourier transform modules
of EXAFS spectra (b) for the initial YBCO matrix and the matrix with an optimal
concentration of 5 mol% of BaSnO3 and BaZrOjs nanoinclusions measured at 77 K.
The inset in (b) shows the fitting of the first coordination shell Cu—O for the matrix
with BaSnO3 nanoinclusions.
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Figure 5. Temperature dependences of Debye-Waller factors for Cu—O coupling
from the analysis of EXAFS spectra for the initial YBCO matrix and a matrix with
an optimal concentration of 5 mol% of BaSnO3 and BaZrOs nanoinclusions

harmonic model [46] as follows:

h o1 T

2 2 E

T) = ———coth|—= 2
PT) = s+ g comh | E | 2)
Here h is Planck’s constant, kp is Boltzmann’s constant, Tr = +/kpona/pt is the
Einstein temperature expressed in terms of the bond stiffness kyong and the reduced
mass 1t = mM/(m+ M) of an ion pair with masses m and M. The static Debye-Waller
factor o2

sta
minus the value ¢3(0) corresponding to the amplitude of zero-point vibrations for a

. was determined by extrapolating the experimental dependence to T = 0 K

specific Einstein temperature [49].

The results of fitting (Table 2, Fig. 5) demonstrate that the nanoinclusions BaSnO3
and BaZrO; affect the crystal lattice of the matrix at the local level. The Einstein
temperature of the Cu—O bond in matrices with nanoinclusions turns out to be higher
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than in the pristine one. This means that nanoinclusions of both types increase the
stiffness of the bond, which should have a positive impact on the critical superconducting
current.

Table 2. The parameters of the first coordination shell Cu—O for the initial YBCO
matrix and matrices with an optimal concentration (5 mol%) of BaSnOs and BaZrOs
nanoinclusions at T=77 K.

sample R, 02 o2 ks Tg,
A A2 A2 K
YBCO 1.89(1) 0.0060(1) 0.0061(1)  409(10)

5% BaSnOs in YBCO 1.90(1) 0.0068(1) 0.0069(1)  430(10)
5% BaZrOs in YBCO  1.88(1) 0.0059(1) 0.0059(1)  488(10)

The numbers in parentheses are the estimated standard
deviations (esd) obtained from the least-squares fits, R - a
distance between Cu and O, 02, - the static Debye -Waller
factor.

However, in the case of BaSnOs, the local disorder in Cu—O shells increases
significantly. The D-W factor occurs to be greater in the entire temperature range,
and the static D-W factor increases by 8-10~* A2 compared to the pure matrix and by
9-10~* A2 compared to the YBCO matrix with BaZrO; nanoinclusions. As a result, at
77 K, the critical current of the sample with BaSnO3 turns out to be even less than
the critical current of the pure YBCO matrix at both directions of the magnetic field
(Fig. 1). Thus, it becomes clear that the influence of nanoinclusions on the static disorder
of the Cu—O0 bond of the YBCO matrix plays a decisive role in improving the critical
characteristics of the HT'SC tape. A decrease in local disorder is an additional cause of
an increase in the critical current in YBCO tape with BaZrO3; nanoinclusions, whereas
an increase in local disorder and the Cu—0O bond in the YBCO matrix with BaSnOs3
nanoinclusions levels some increase in the stiffness of Cu—O bonds, which eventually
leads to a decrease in J.(77 K).

4. Discussion

The value of the critical current itself is a rather conditional parameter of the samples
under study. In the general case, it is incorrect to compare by the magnitude of the
critical current only the quality of samples of commercial HT'SC-tapes based on a wide
range of matrices such as YBCO [3, 11, 12, 13, 14, 15, 17, 34, 19], GABCO [16, 26, 27, 33|
and fabricated by a great variety of techniques, for example, PLD [12, 15, 26, 27] ,
MOCVD [11, 34, 19], MOD process [18], as well as thin films deposited on SrTiOj
substrates of limited size using coprecipitation method [21], by solid-state synthesis
[22] or by PLD [33]. The critical current primarily depends on the initial distribution
of intrinsic defects in a superconductor, and even different samples with an absolutely
identical critical current can, with the introduction of artificial pinning centers, give both
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an increase and a decrease in J., depending on the initial defects background. Therefore,
the comparative studies of the effect of nanoinclusions on the critical characteristics of
HTSC tapes should be performed only using identical superconducting matrices with
the introduction of nanoinclusion in an identical way, which was done in this work.

There are different opinions in the literature about the effect of BaSnOj
nanoinclusions on the density of critical current of HTSC films. Thus, it was shown
in [12, 26] that an increase in the critical current of 2G HTSC tapes with BaSnOj can
be observed only at low temperatures and high magnetic fields. At the same time, Oh
et al [33] noticed a certain increase in the critical current at 77 K in GdBCO films,
deposited on Sr'TiO3 using PLD. This discrepancy with our results may be due, firstly,
to different types of structures under study: the YBCO film grown on the multilayer
tape and the GABCO film on a SrTiOg; secondly, to different methods of film synthesis:
MOCVD and PLD; and, the last but not the least, to different methods of measuring the
critical current: directly by transport and deducing from the DC magnetization loops,
as done in [33]. Indeed, the introduction of nanoinclusions may increase the intragrain
critical current (which affects the magnetization), and decrease the transport current
due to a deterioration in the quality of the intergrain boundaries.

As for the EXAFS study [33], carried out to specify the pinning centers in GABCO
films, the results and conclusions cast some doubt. As we noted above, in the standard
scheme of collecting spectra in the fluorescent mode, synchrotron radiation is directed
normally to the surface of the film, which means that the polarization vector E is
parallel to the film surface and hence, E||ab if the HTSC film is grown on the substrate
of SrTiO3(100). For this geometry, as shown in Section 3.2, the information extracted
from the spectra relates to the average of Cu(2)—-0(2,3) bonds in the ab plane and the
Cu(1)—0O(1) bond along the b axis, but not to the Cu(1)—0O(4) bond along the ¢ axis,
which was selected by Oh et al. [33] in EXAFS spectra fitting.

It is worth noting that the E || ¢ orientation can be obtained if the film is grown
on the SrTiO3(110) substrate, though the authors did not mention this. Let us assume
that they indeed conducted research on such a film and obtained an EXAFS function
from the contribution of Cu(1)-0(4) bonds along the ¢ axis. In this case, the result
obtained seems irrelevant, since, for example, a decrease in the coordination number of
the Cu(1)—0O(4) shell from N=2 to N~1.3 in films with a thickness of 0.6 pm means
the absence of an apical atom O(4) in every third unit cell of the lattice. Since O(4) is
a structure-forming atom [48], such a film cannot exist.

It is generally known, that the oxygen deficiency in the YBCO (GdBCO) matrix
is not associated with apical oxygen O(4), but with vacancies in the O(1) site in
Cu(1)-O(1) chains along the b axis [48]. Therefore, the authors seem to make a mistake
attributing the EXAFS data to the Cu(1)-O(4) bond, which does not contain any
information about the local oxygen deficiency in the films, and has no relation to the
film thickness. Thus, the conclusions of [33] concerning oxygen deficiency in O(4) as
additional pinning centers seem to be incorrect.

Now let us estimate how a possible change in the occupancy of the O(1) site in
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the matrix of YBayCuzO, (y=T7-9) affects the results of our EXAFS analysis given in
Sec. 3.2.

Since the in-plane (E||ab) polarized Cu K-edge EXAFS probes the Cu—O pair
correlation averaged over Cu(2)-0(2,3) and Cu(1l)-O(1) pairs, the contribution of
Cu(1)-0O(1) to the average coordination can be estimated as (2y — 4)/3 [50]. Taking
into account, that for our YBCO tapes with T.=88.9 K, we can estimate the oxygen
deficiency as ¢ ~0.19 [48], and hence obtain (2y —4)/3 ~ 15%. Since the contribution of
the Cu(1)-O(1) bond to the EXAFS function of the averaged coordination Cu-O shell
does not exceed 15%, even a significant change in the occupancy of the O(1) site (if
possible) cannot have a noticeable effect on the Debye-Waller factor of the Cu—0O bond,
extracted from the EXAFS spectra and presented in Table 2 and Fig. 5.

5. Conclusion

The study of the dependence of the critical current of 2G HTSC tapes on the type of
artificial pinning centers in the form of inert nanoinclusions showed that, despite the
same perovskite structure and the same concentration (5 mol.%) of BaSnOjs barium
stannate and BaZrOj barium zirconate, their effect on critical parameters at 77 K is
different. It is found that the BaZrOs; nanoinclusions increase the critical current for
both directions of the magnetic field relative to the tape surface, while the BaSnO3
nanoinclusions reduce the critical current in both cases. Studies conducted by locally
sensitive x-ray absorption spectroscopy methods EXAFS and XANES have shown that
the nature of such a discrepancy is related to the different impact of BZO and BSO
nanoinclusions on the local structure of the superconducting CuO, plane of the HTSC
matrix. It is found that the BaZrOjz; nanoinclusions increase the stiffness of copper-
oxygen bonds and minimize their static disorder in the YBCO matrix. On the contrary,
the introduction of BaSnO3 nanoinclusions leads to a significant increase in the static
disorder of Cu—O bonds with a relatively weak effect on their stiffness. The results
argue in favour of BaZrO3 nanoinclusions (as opposed to BaSnOj) as effective pinning
centers for HTSC tapes used in superconducting devices operating at the boiling point
of liquid nitrogen.
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