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Oxides RBa2 Cu3 O6+𝛿 (R=Y, Nd) subjected to mechanical activation in AGO-2 mill have been studied by X-ray photoelectron spectroscopy (XPS), thermal analysis, and magnetometry. It has been shown that mechanoactivation accelerates chemical degradation
under the impact of H2 O and CO2 in YBa2 Cu3 O6+𝛿 samples. Degradation occurs in the standard way. Investigation of mechanically
activated NdBa2 Cu3 O6+𝛿 has revealed other results. It has been suggested that CO2 can diffuse into its structure more freely
than in YBa2 Cu3 O6+𝛿 ; as a result, carbonization may proceed directly in the volume of NdBa2 Cu3 O6+𝛿 and independently of the
hydrolysis process. In addition, the mechanism of interaction between the oxide and water is not active and not “traditional” for the
homologous series REBa2 Cu3 O6+𝛿 (where RE = rare earth and Y)—the characteristic “color” phase (Nd2 BaCuO5 ) is not formed
during hydrolysis. It is known that high-temperature treatment of NdBa2 Cu3 O6+𝛿 oxide results in partial substitution of cations
Ba by Nd; which is accompanied by decrease in the superconducting transition temperature and formation of the impurity phase
Ba2 Cu3 O5+𝑦 . According to our data, mechanical activation of the resulting solid solution Nd1+𝑥 Ba2−𝑥 Cu3 O6+𝛿 unexpectedly has
led to the reverse redistribution of cations, which has been manifested in the complete disappearance of the impurity phase and
increase in T 𝑐 .

1. Introduction
Compounds RBa2 Cu3 O6+𝛿 (R=Y and Ln elements) are well
known as high-temperature superconductors with the temperature of the transition to the superconducting state of 90–
93 K [1]. The composition with R=Y is a standard material
for superconducting electronics under development, cooled
with liquid nitrogen [2, 3], the magnetic field sensor of 𝜋
SQUID type [2], high current cables [4], and other products.
Besides, this compound has very significant oxygen diffusion
parameters, and there is an intention to use it as oxygen-ion
conductor [5].
It is also known that the replacement of yttrium by
neodymium results in the emergence of so-called “anomalous
peak effect” [6], which leads to significant improvement
of the superconducting transport properties of the material. An additional advantage of the oxide NdBa2 Cu3 O6+𝛿
(Nd-123) is its higher chemical stability by comparison with

YBa2 Cu3 O6+𝛿 (Y-123) [7, 8]. The disadvantage of Nd-123
is ease of substitution of neodymium by barium ions in
their structural positions during high temperature annealing [8–10], with the result that the temperature of the
transition to the superconducting state (𝑇𝑐 ) of the solid
solution Nd1+x Ba2−x Cu3 O6+𝛿 appears to be relatively low and
it decreases rapidly with increasing 𝑥 (maximum 𝑇𝑐 equal
to 94 K was recorded at 𝑥 = 0 [9], and 𝑇𝑐 ≈ 80 j 60 K
were reported for 𝑥 = 0.08 j 0.16, resp. [10]). Effect of
substitution of barium by neodymium is amplified at high
values of temperature and oxygen partial pressure [8, 9].
Simultaneously with the enrichment of the superconducting
oxide by neodymium, to comply with cation balance in the
system the impurity phase depleted in this element (e.g.,
BaCuO2 [9]) is formed.
It should be noted that the superconducting properties
of the solid solution Nd1+x Ba2−x Cu3 O6+𝛿 can be significantly
reduced even when 𝑥 → 0 due to the mutual penetration
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of Nd and Ba in the structural position of each other, which
can occur during high-temperature annealing in an oxygen
enriched atmosphere [9].
It is known [11] that high-intensity mechanical activation processing (hereinafter, MA) can significantly modify
physicochemical properties of various materials. At the same
time, such researches focused on the change of the functional
properties of superconducting oxides RBa2 Cu3 O6+𝛿 (R-123)
and to our knowledge have not yet been carried out (existing
works like [12] are devoted to mechanical activation of
precursors). Apparently this is related to the fact that the
chemical stability of these oxides to the impact of air atmosphere components is not high even in the normal state [1].
Besides, mechanical treatment leads to substantial increase
and activation of the free surface contacting with the atmosphere and during grinding spalling of R-123 particles occurs
mainly along the basal plane of the crystallites and exposes
the chemically active structural layer BaO [13]. Nevertheless,
in the present study, we have attempted to assess how much
the surface of R-123 actually degrades under MA and, just
as importantly, what is the influence of this effect on the
functional properties of these superconducting oxides. We
have limited our investigations to compounds with R=Y, Nd,
which are promising for applied developments.
Thus, the objectives of this work were (1) analysis of the
chemical composition of the surface of mechanoactivated
R-123 powders (hereinafter, MP) and determination of the
degree of its chemical degradation under the influence of
aggressive components of the environment: H2 O and CO2 ;
(2) analysis of the effect of mechanical activation on the
functional properties of the superconducting material.
To fulfill the tasks we used the following methods: X-ray
diffraction (XRD), thermal analysis, magnetometry, and Xray photoelectron spectroscopy (XPS). The latter is a powerful tool to study the chemical and even phase composition
of the material locally—in the thin layer (nearly 10 nm in
thickness) of the external boundary. This method allows
detecting impurity phases occurring at the average volume
concentration outside the sensitivity of X-ray diffraction and
also phases in the amorphous state.

2. Experimental Technique
Oxides R-123 were obtained by stepwise annealing a mixture
of barium nitrate Ba(NO3 )2 (“chemically pure” grade), the
corresponding oxide of the rare earth element (RE), and basic
copper carbonate CuCO3 × Cu(OH)2 (“especially pure”
grade) at 798 K for 5 h, 998 K (5 h), and 1213 K (140 h). The
products were subjected to oxidative annealing by slow (with
furnace) cooling from the synthesis temperature to 673 K and
exposed to this temperature in air for 3 hours. The oxygen
content of the samples (6 + 𝛿) according to the oxidative
annealing conditions can be estimated as 6.90 ± 0.03 [1]. The
thus obtained material was “initial sample” (hereinafter, IP).
In the course of our research we also needed to obtain
samples of Nd2 BaCuO5 and Y2 BaCuO5 to determine the
spectral parameters of these compounds, as we did not find
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relevant and reliable data in the literature. They were synthesized at 1000∘ C for 23 h from previously obtained Nd-123 and
Y-123 with the addition of necessary amounts of BaCO3 and
Nd2 O3 (Y2 O3 ). Before the synthesis homogenized mixtures
of reagents were compressed into tablets.
Mechanical activation of the synthesized oxides Nd-123
and Y-123 was performed in a high energy AGO-2 planetary
ball mill (set material: Fe) with acceleration of milling bodies
of 60 g. The initial powders were dry milled for 0.5, 1, 2, and
10 min. The obtained materials were mechanically activated
powders (hereinafter, MP), referred to, respectively, as N-0.5,
N-1, N-2, N-10 (series of Nd-123) and Y-0.5, Y-2, Y-10 (series
of Y-123). The particles size was determined using a scanning
electron microscope Carl Zeiss EVO 40 (Germany) and
amounted to (3–5) ⋅ 10−6 m, while the particles themselves
were agglomerates consisting of stuck together crystallites
with the size of nearly 0.3 ⋅ 10−6 m.
X-ray examination of samples was carried out using
a diffractometer Shimadzu XRD-7000 (Japan). The size of
coherent scattering regions (CSR) was determined by X-ray
diffraction analysis using the approximation method [14].
Silicon powder was used to determine the instrumental
broadening of the diffraction lines. Selection of the function
for approximating diffraction peaks was made using the
program [15].
Thermal studies were carried out using the thermal analyzer Netzsch STA 449C Jupiter (Germany), combined with
a mass spectrometer Netzsch QMS 403C Aëolos (Germany)
for evolved gas analysis. The rates of heating and cooling of
samples were 10 K/min.
The magnetization (𝑚) was measured using a commercial
vibrating sample magnetometer Cryogenic CFS-9T-CVTI
in the temperature range 4.2–300 K. The measurements in
the heating mode were performed on samples cooled in a
magnetic field (field cooling, FC) and in the absence of magnetic field (zero field cooling, ZFC).
XPS study was performed on a Omicron Multiprob spectrometer (Germany). The test sample (RBa2 Cu3 O6+𝛿 powder
and R2 BaCuO5 ceramic tablet, where R=Y, Nd) was attached
to the sample holder using conductive double-sided adhesive
tape and moved into the workspace of the spectrometer.
Ceramic samples were subjected to scribing in ultrahigh
vacuum before study. The source of the exciting radiation for
XPS was Mg-anode of X-ray gun with 170 W. The energy scale
of the spectrometer was calibrated by the binding energies
of the peaks: Au 4f7/2 (84.00 eV), Ag 3d5/2 (368.29 eV), and
Cu 2p3/2 (932.67 eV). The value of samples surface charge
was determined by the difference between the measured
binding energy of the C 1s signal due to C–H groups and the
value of 285.0 eV. Wide-scan survey spectra were recorded
with 0.5 eV energy step and the signal accumulation time
of 1 s at the pass energy (𝐸PE ) of 100 eV. High-resolution
spectrum was recorded with 0.05 eV energy step, exposure
time of 7.5 s (15 scans by 0.5 s), and 𝐸PE = 20 eV. The
accuracy of peak position determination in the latter case was
0.1 eV. Decomposition of the spectra into components and
extraction of the background were performed by the Shirley
method using the program XPSPeak 4.1.
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3. Experimental Results
3.1. Oxides Y2 BaCuO5 and Nd2 BaCuO5
Attestation of Y 2 BaCuO5 and Nd2 BaCuO5 Oxides by XRD
and XPS Methods. X-ray analysis has not shown the presence
of any impurity phases in the synthesized oxides Y2 BaCuO5
and Nd2 BaCuO5 . Syngony, space group, and lattice parameters for Y2 BaCuO5 oxide are, respectively, orthorhombic,
Pbnm, a = 7.1304(6) Å, b = 12.1761(10) Å, c = 5.6571(6) Å, for
Nd2 BaCuO5 oxide: tetragonal, P4/mbm, a = 6.6950(5) Å, c =
5.8188(9) Å.
The results of XPS study of these oxides are shown in
Figure 1. Decomposition of the obtained electronic spectra
was carried out on the basis of choosing the most appropriate
model for the phase composition of the surface and the
mutual coherence between the spectra of different elements
(with adjustments taking into account the analyzer transmission efficiency and differences in the photoionization
cross-section). The spectrometric data for oxides BaO, Y2 O3 ,
Nd2 O3 , and barium carbonate were taken from [16, 33–35],
respectively.
Let us discuss some controversial points arising during
decomposition of the spectra. As can be seen from Figure 1,
in the spectra of the sample containing neodymium, there
are the intense peaks at 779.0 (Ba 3d5/2 ) and 528.6 (O 1s)
eV, which coincide with the signal from BaO [33] with high
accuracy. This can mean that the synthesis of the sample
has not been completed, and the unspent furnace charge
components have been localized in the surface layer of the
material (location explains the fact that X-ray analysis, unlike
XPS, has not revealed the presence of impurity oxides in
the sample), hiding the main compound (Nd2 BaCuO5 ) and
making its identification ambiguous. To test this hypothesis,
we have prepared one more sample Nd2 BaCuO5 at more
high the synthesis temperature—1050∘ C. It was expected that
if indicated signals belonged to BaO, their intensity would
significantly decrease along with increase in intensity of the
main compound peaks after the new heat treatment. But
nothing like this has happened—the intensity of all the peaks
stayed the same. That proves that the peaks at 779.0 (Ba 3d5/2 )
and 528.6 (O 1s) eV relate directly to the oxide Nd2 BaCuO5 .
In addition to the main compound, there is a barium
carbonate on the surface of Nd2 BaCuO5 sample; that is
confirmed by the peak of corresponding intensity at 289.1 eV
in the spectrum of C 1s; see Figure 1. This presence is apparently due to insufficiently complete decomposition of source
BaCO3 involved in the synthesis, (there was not barium
carbonate on the surface of the sample synthesized at 1050∘ C;
however, there was a similar amount of unidentified barium
compound with the binding energy of Ba 3d5/2 electronic
level of 780.7 eV).
Next we turn our attention to the sample Y2 BaCuO5 , for
which the intensity of the barium oxide peak in O 1s spectrum, according to calculations, should be negligible and
amount to ∼1/50 of the main compound peak intensity.
However, in a given location of the spectrum (more precisely,
near 529 eV) there is a clear peak, whose intensity is about 1/4
of the intensity of the peak that is near (referred to Y2 BaCuO5
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compound). We suppose that this small peak also belongs
to the main compound. Indeed, O 1s peak of Y2 BaCuO5 at
531.3 eV is located near the corresponding peak of the yttrium
oxide (see Figure 1), which is explained by the presence of the
same type of Y–O bond in both oxides. Meanwhile, there is
also a Ba–O bond in Y2 BaCuO5 compound, which should
be reflected by additional oxygen peak located near the O 1speak of barium oxide. Note that only one peak was enough to
describe O 1s spectrum of Nd2 BaCuO5 .
Quantitative analysis of the elements, carried out on the
basis of the decomposition of the spectra, has shown a good
agreement with formula composition for both compounds
under study.
3.2. Oxides YBa2 Cu3 O6+𝛿 and NdBa2 Cu3 O6+𝛿
3.2.1. X-Ray Diffraction Study of Oxides YBa2 Cu3 O6+𝛿 and
NdBa2 Cu3 O6+𝛿 . The obtained lattice parameters data and the
size of the coherent scattering region are presented in Table 1.
One can see that the first 1-2 minutes of grinding lead to a
significant decrease in the size of CSR in both superconductors, that is, refinement of the microstructure. With increasing milling duration up to 10 min further changes of CSRsize practically do not occur. However, there is a fundamental
difference in the effect of mechanical activation on the phase
composition of Y-123 and Nd-123. In the initially single-phase
yttrium superconductor with increasing milling duration, the
amount of impurity phase (Y2 BaCuO5 ) increases continuously, whereas in the neodymium superconductor it is vice
versa—a small amount of impurity phase (Ba2 Cu3 O5+x ) existing in the initial sample is not observed in all mechanically
activated samples. This confirms the findings of the high
chemical stability of Nd-123 oxide by comparison with its
yttrium homologue.
Another interesting point worthy of discussion is the fact
that there is no more than one impurity in all the tested
samples (Y-123 and Nd-123); that, according to the mass
balance, should affect the cation stoichiometry in the main
phase of the sample.
As for Nd-123 samples, deviations from the ideal cation
stoichiometry after a long (150 hours) high-temperature
annealing is just a characteristic feature of them [9]. Appearance of impurity Ba2 Cu3 O5+x phase in an amount of 3%
indicates that the IP of Nd-123 (sample N-0) is in fact a solid
solution Nd1.03 Ba1.97 Cu3 O6+𝛿 . Unspent Ba (in amount of
∼3%) seems to form under atmospheric moist air the X-ray
amorphous phase of Ba(OH)2 ⋅ nH2 O, which is easily transformed into BaCO3 from the surface due to the presence of
CO2 in the air.
Y-123 MP, which contains a rich by yttrium impurity
Y2 BaCuO5 , to comply with the ion balance, should include
the phase not containing this element. Since these phases
were not detected by XRD, we have assumed that as a result
of mechanical activation they became X-ray amorphous. In
fact, they were later identified by us with the use of XPS; see
later.
3.2.2. XPS Study of YBa2 Cu3 O6+𝛿 Oxide. Figure 2 shows the
survey spectra of the powders YBa2 Cu3 O6+𝛿 under study.
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Figure 1: XPS spectra of Y2 BaCuO5 and Nd2 BaCuO5 oxides. The peaks related to the main oxide are marked by bold lines. The ordinate
hereinafter is the intensity of the XPS signal in arbitrary units. To reduce the figure size, the y-axis itself is not shown.
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Table 1: Phase composition, lattice parameters, and the size of coherent scattering regions (𝐿) for YBa2 Cu3 O6+𝛿 and NdBa2 Cu3 O6+𝛿 before
and after mechanical treatment.
Crystallographic parameters

Milling duration in AGO-2
(1) YBa2 Cu3 O6+𝛿 powders
0s
30 s
2 min
(sample Y-0)
(sample Y-0.5)
(sample Y-2)

10 min
(sample Y-10)

The main phase—orthorhombic S.G. Pmmm
𝑎, Å
𝑏, Å
𝑐, Å
3
𝑉, Å
Impurity, mass%
𝐿, nm

3.8208(3)
3.8218(3)
3.8884(5)
3.8893(5)
11.6809(11)
11.6793(12)
173.541(53)
173.599(55)
—
∼5% Y2 BaCuO5
167
57
(2) NdBa2 Cu3 O6+𝛿 powders
0s
30 s
(sample N-0)
(sample N-0.5)

3.8287(10)
3.8938(15)
11.6739(33)
174.036(161)
∼5% Y2 BaCuO5
25

3.8344(10)
3.8879(15)
11.6663(31)
173.919(158)
∼7% Y2 BaCuO5
20

2 min
(sample N-2)

10 min
(sample N-10)

3.8727(12)
3.9225(14)
11.7630(39)
178.688(178)
—
22.9

3.8754(12)
3.9161(15)
11.7661(24)
178.564(212)
—
16.9

The main phase—orthorhombic S.G. Pmmm
𝑎, Å
𝑏, Å
𝑐, Å
3
𝑉, Å
Impurity, mass%
𝐿, HM

3.8677(1)
3.9202(1)
11.7612(3)
178.328(6)
∼3% Ba2 Cu3 O5+𝑥
179.2

Ba 3d

Cu 2p

Y-10
Y-2

Fe 2p
O 1s

Y-0.5

Y 3d C 1s
Ba 4d

Y-0

3.8731(3)
3.9206(10)
11.7622(24)
178.608(118)
—
32.5

(represented as a doublet of Ba 3d5/2 −Ba 3d3/2 ) in the spectra
of activated samples testifies the redistribution of elements
between the volume and surface occurs, which is usually
the result of chemical degradation of the surface under the
influence of an environment. In this case, it could be a wellestablished [36] reactions as follows:
2YBa2 Cu3 O6.5+𝑥 + 3H2 O
→ Y2 BaCuO5 + 3Ba(OH)2 + 5CuO + ↑ 𝑥O2 ,

0

200

400
600
800
Binding energy (eV)

1000

1200

Figure 2: XPS survey spectra of the initial and mechanoactivated
YBa2 Cu3 O6+𝛿 samples.

Recording such spectra conducted in high sensitivity mode
(at high 𝐸PE ) allows to consider the main lines of all elements
presented in the surface layer of the material in amounts
greater than 0.3 at.%. As could be expected, there are peaks of
the electronic levels of yttrium, barium, copper, and oxygen
contained in the composition of the oxide under study. The
C 1s peak includes a signal from the carbon contamination of
the random nature.
One can see (Figure 2) that on the surface of MP samples there is no iron (mill headsets material), leading to
the appearance of specific magnetic and superconducting
properties of the material. Strongly increased barium peak

Ba(OH)2 + CO2 → BaCO3 + H2 O.

(1)
(2)

Table 2 summarizes the obtained BaCO3 of CP grade, calcinated at 700∘ C, Y2 BaCuO5 and taken from the literature of
spectrometric data for the reactants involved in the reactions
(1) and (2) for reliable identification of the peaks of these
compounds in the spectra of the samples under study.
High-resolution XPS spectra showing the characteristic
electronic levels of the elements constituting Y-123 samples
are presented in Figure 3.
The analysis of the Ba 3d spectra has showed that in addition to barium carbonate (line Ba 3d5/2 at 779.9 eV) there is
the phase Y2 BaCuO5 (line Ba 3d5/2 at ∼782 eV) on the surface
of the samples. The line Ba 3d5/2 at 778.0 eV, which is observed
only in the IP, is directly owned by Y-123 (see Table 2).
The Y 3d spectra confirm the presence of Y2 BaCuO5 -phase
on the surface of samples; the substance’s line Y 3d5/2 at
158.7 eV is clearly visible in these spectra (see Table 2).
Besides, the Y 3d spectra reveal the surface contains the
following oxides: Y2 O3 [34] (line Y 3d5/2 at 156.9 eV), Y-123
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Figure 3: XPS spectra of YBa2 Cu3 O6+𝛿 powders. Dark shading: the main phase signal; light shading: Y2 BaCuO5 signal.

Table 2: The positions of the characteristic XPS lines of barium compounds.
Electron orbital

BaCO3

Ba 3d5/2

779.9 [16, 17]
779.8∗

Ba 4d5/2

89.3∗

Ba(OH)2
Binding energy, eV
781.3 ± 0.1
[18, 19]

Y 3d5/2
Cu 2p3/2
O 1s

C 1s
∗

531.4 ± 0.1
[16, 17]
531.4∗
289.25 ± 0.15 qB
[16, 17]
289.4∗

531.2 qB
[27]

Y-123

Y2 BaCuO5

777.7 ± 0.1
[20–23]
87.5
[22]
156.0 ± 0.2
[21, 24, 25]
933.5
[21, 26]

781.9∗

528.45 ± 0.05 qB
[20–23]

158.7∗
935.6∗
(529.1, 531.3)∗

Our data.

(line Y 3d5/2 at 156.0 eV in the spectrum of IP) and the phase
Y2 (C2 O4 )3 [37] (line Y 3d5/2 at 160.1 eV). The presence of
Y2 BaCuO5 compound in samples is also reflected in the
spectra of Cu 2p: a high-energy doublet (main peak at
935.6 eV) corresponds to it. At the same time, the low-energy
Cu 2p-doublet parameters are close to those found in [22] for
Y-123: the main peak at 933.5 eV, a satellite at ∼943 eV, as well
as parameters relating to copper oxide Cu (II) [28]: 933.6 eV
and 942.5 eV, respectively. However, from the analysis of the
spectra of Ba 3d and Y 3d (see earlier), it can be argued that

the Cu 2p signal from the phase of Y-123 may be only in the
spectrum of IP samples.
Thus, in addition to the main phase, the surface of IP
contains the final products of the reactions (1) + (2) and Y2 O3
phase probably sourced by the initial precursor incompletely
consumed during the synthesis of YBa2 Cu3 O6+𝛿 . As a result
of MA treatment, the surface of the powder is covered with a
layer of yttrium oxide and the products of reactions (1) + (2) to
a considerable depth of at least 10 nm (judging by the amount
of Y2 BaCuO5 phase in the samples determined by XRD).
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3.2.3. XPS Study of NdBa2 Cu3 O6+𝛿 Oxide. Figure 4 demonstrates the survey spectra of Nd-123 powders. One can see
that, as in the case of Y-123 samples, the signal representing
the iron was not observed for any intensive milling duration.
The feature of Nd-123 samples is rather low intensity of the Ba
3d and Ba 4d peaks for powders activated for 0.5 and 2 min
(compare Figure 4 with Figure 2 for Y-123 powder). Barium
peaks has markedly increased (as well as oxygen O 1s peak)
only at 10 min of activation.
Figure 5 shows the high-resolution spectra of the electronic levels of barium (3d and 4d), neodymium (4d), and
copper (2p) in powders with different activation prehistory.
In the barium spectra the high-intensity peaks at 779.9 eV
(3d5/2 ) and 89.3 eV (4d5/2 ) are obviously responsible for the
compound BaCO3 , and the low-intensity peaks at 778.0 and
87.6 eV, which are observed only in IP samples (dark shaded
in Figure 5), correspond to the main phase by analogy with
Y-123 samples. The analysis of Cu 2p spectra has revealed the
presence of copper ions with the electronic structure similar
to that in Y-123 or in CuO oxide.
However, as seen in Figure 5, the state Cu 2p with high
binding energy (935.9 ± 0.3 eV) is also present in all Nd-123
samples. According to our data (see Table 3), this state is not
typical for simple and ternary compounds of copper. During
MA processing, its share in Cu 2p spectra changes in strict
accordance with the high energy components of the Ba 3d and
Ba 4d spectra, light shaded in Figure 5 (at 781.7 eV (Ba 3d5/3 )
and 91.9 ± 0.3 eV (Ba 4d5/3 )), which implies that a double
oxide of barium-copper was on the surface of the samples.
We tend to identify this oxide as Ba2 Cu3 O5+x phase, which
was detected by X-ray diffraction analysis of IP samples (see
Table 1). Despite the fact that this phase was not found by
XRD in samples N-0.5, N-1, and N-2, it is visible in the XPS
spectra due to the effect of spatial localization.
According to Figure 5, the surface of the samples also
contained the oxide Nd2 O3 (line Nd 4d5/2 at 121.1 eV), which
under intense grinding, at the initial stages, was partly transformed into Nd2 (C2 O4 )3 [37] (line Nd 4d5/2 at ∼122.5 eV).
Based on the analysis of possible superpositions of the spectra
of Ba 3d, Ba 4d, and Cu 2p, the low-energy Nd 4d doublet
(line Nd 4d5/2 at 115.7 eV), the intensity of which is almost
independent of the MA duration, belongs to a double oxide
NdCu𝑦 O1.5+y+z of undetermined composition. The Nd 4d
doublet of the main compound, apparently, overlaps with one
of the previously noted signals, and so it is shown explicitly
in Figure 5.
On the intensity ratios of the peaks in Figure 5, one can
construct a model of the relative position of the phases Nd123, BaCO3 , and Ba2 Cu3 O5+x in the surface layer of the
material (this method has been used, e.g., in [22] to analyze
the relative position of the layers Y-123 and BaCuO2 ). To
realize this we use the dependence of the layer thickness,
analyzed by XPS (usually taken as 3 ⋅ 𝜆 𝑚 ), on the kinetic
energy of the electrons [38], referring to the electrons, giving
the corresponding lines in the spectra of Ba 3d and Ba 4d as
follows:
𝜆 𝑚 = 2170𝐸𝑘−2 + 0.72(𝑎𝐸𝑘 )1/2 ,

(3)

Ba 3d

Cu 2p

N-2

Fe 2p
O 1s

Cu 3s,
Nd 4d

N-10

N-0.5
N-0

Cu LVV
C 1s

Ba 4d
0

200

400
600
800
Binding energy (eV)

1000

Figure 4: XPS survey spectra of the initial and mechanoactivated
NdBa2 Cu3 O6+𝛿 samples.

where 𝜆 𝑚 is the electron mean free path, expressed in monolayers, 𝑎 is monolayer thickness in nm, 𝐸𝑘 is kinetic energy
in eV (𝐸𝑘 = ℎ] − 𝐸BE − 𝜑), ℎ] = 1253.6 eV is the energy of
the exciting radiation, used in XPS analysis, 𝐸BE is the binding
energy of the electronic level under analysis, and 𝜑 is the work
function of the spectrometer (3.46 eV).
According to this relationship, the thickness of the layer
under analysis increases monotonically with increasing 𝐸𝑘
in the range 𝐸𝑘 > 40 eV. As can be seen from Figure 6,
increase in the thickness of the layer under analysis can
affect the following volume ratios detectable by XPS: phase
I/phase III, and phase II/phase III and has no influence on
the volume relation: phase I/phase II. The phase fraction
to a first approximation is proportional to the area under
corresponding XPS peak. Therefore, based on the ratio of
areas of the different lines in the spectra in Figure 5, one can
conclude that both barium-containing products of chemical
decomposition of Nd-123 are located atop of the main oxide,
that is, correspond to phases I and II in Figure 6. The thickness of the degraded layer in N-10 sample is ∼10 nm (as the
original phase is barely visible through it) and in IP (N-0)
sample it is estimated to be 5-6 nm.
It should be noted, however, that such a small thickness
of Ba2 Cu3 O5+x layer in IP has not prevented this phase to be
recognized by XRD analysis (see Table 1). One can therefore
conclude that IP particles contain, in addition, a considerable
amount of Ba2 Cu3 O5+x in the form of individual inclusions
in bulk (as a result of this oxide synthesis features; see
Section 1). During MA processing, material particles cracked
and inclusions went outside, resulting in the fraction of
Ba2 Cu3 O5+x phase on the surface increased up to a point
(up to 1 min, inclusive). The subsequent decrease in this
phase (see Figure 5) is apparently due to the fact that another
process also developed on the surface during grinding:
spending of Ba2 Cu3 O5+x involving the original solid solution
Nd1+x Ba2−x Cu3 O6+𝛿 to formation of cation-stoichiometric
NdBa2 Cu3 O6+𝛿 . To prove the occurrence of such interaction,
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Figure 5: XPS spectra of NdBa2 Cu3 O6+𝛿 powders.
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Table 3: Characteristic spectral parameters of different copper compounds.

Electron orbital

CuO

CuCO3

Cu(OH)2
Binding energy, eV

Nd2 BaCuO5

Cu2 CO3 (OH)2

Ba 3d5/2

779.0∗

Nd 4d5/2

118.2∗

Cu 2p3/2
O 1s

934.8
[28]

934.74 ± 0.06
[29, 31]
531.24
[31]

934.7
[32]

933.5∗
528.6∗

Our data.

later we present the data of magnetic measurements, which
indicate that MA treatment results in significant increase in
the temperature of the superconducting transition in separate
regions of the material.

3.2.5. Study of Magnetic Properties of YBa2 Cu3 O6+𝛿 and
NdBa2 Cu3 O6+𝛿 . Temperature dependences of ZFC magnetization of the samples Y-0, Y-0.5, Y-2, and Y-10 are shown
in Figure 8. A sharp downturn in magnetization at ∼90 K
observed in the samples Y-0, Y-0.5, and Y-2 clearly shows
the presence of the superconducting phase. Superconducting
transition temperatures of the samples Y-0, Y-0.5, and Y-2
have been determined by taking the derivative of the magnetization against the temperature (𝑑𝑚/𝑑𝑇). Thus, defined
temperatures 𝑇𝑐 are equal to 91 K for the samples Y-0 and
Y-0.5 and 88 K for the sample Y-2. A wide transition width
around 𝑇𝑐 = 90 K indicates that both the initial and MP
samples contain inhomogeneous superconductor phases with
different 𝑇𝑐 . The following facts indicate the presence of
paramagnetic contribution in the magnetization behavior of
MP samples and its growth with increasing milling duration:
a significant increase in magnetization 𝑚 of the samples Y0.5 and Y-2 compared with the initial sample Y-0 at the
temperatures 𝑇 > 𝑇𝑐 ; weak temperature dependence 𝑚(𝑇)
in the temperature range 100–300 K for MP samples; a
significant increase in the magnetization of Y-10 sample at low
temperatures.
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3.2.4. Thermal Analysis of YBa2 Cu3 O6+𝛿 and NdBa2 Cu3 O6+𝛿 .
Samples of R-123 have been studied by thermogravimetry
coupled with mass-spectrometry to analyze the gases evolved
during experiments. Results of the study are summarized
in Figure 7. It is seen that reversible change in mass of IPsamples occurs in the range of 430–900∘ C; that must be due
to oxygen exchange between nonstoichiometric R-123 oxides
and the gas phase taking place at these temperatures [1]. MP
samples start losing mass sharply around 70∘ C when heated.
Mass spectrometry analysis of thermal desorption products
indicates the presence of large amount of water and a small
amount of carbon dioxide contained in the samples in the
form of BaCO3 (the temperature range in which the CO2
was released and the value of 𝑝CO2 used for thermal analysis
of the atmosphere was consistent with conditions of barium
carbonate decomposition).

0
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Figure 7: Thermal analysis results for samples: Y-0 (1), N-0 (1 ); Y2 (2), N-2 (2 ) and Y-10 (3), N-10 (3 ). Mass spectrometry data are
related to the samples Y-10 (solid curves) and N-10 (dashed lines).

For comparison, Figure 9 shows the temperature dependence of the FC magnetization in a magnetic field 𝐻 =
500 Oe for two new samples of Y-123 (𝛿 ≈ 0.7). The first
sample has been freshly prepared and the other one has been
subjected to treatment at 297 ± 1 K for 120 h at absolute
humidity of 2.3 𝜅Pa. The sample with low oxygen content
(and as a consequence with low 𝑇𝑐 ) has been chosen due
to its relatively easy moisture saturation in these conditions
without the use of MA (moisture saturation was controlled
by the increase in weight, which eventually was ∼4 wt.%).
One can see that the sample saturated with water has a
positive magnetic moment above the temperature 𝑇𝑐 and
shows an increase in magnetic moment on cooling below this
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Figure 9: FC magnetizations as a function of temperature of freshly
prepared YBa2 Cu3 O6+𝛿 sample (empty points) and of hydrated sample (black points) at 𝐻 = 500 Oe. Inset: the temperature dependence
of magnetization of hydrated sample at 𝐻 = 10 kOe.

A wide transition width around 𝑇𝑐 = 57 K (|Δ𝑇𝑐 ∼ 20 K|)
in MP samples of Nd-123 series cannot be explained only by
the presence of water in the structure. The observed changes
indicate that during MA treatment diffusion processes associated with the ordering of the cations Nd3+ and Ba2+ apparently occur; according to [8–10], that has a significant effect
on 𝑇𝑐 .

Figure 8: ZFC magnetizations as a function of temperature at
𝐻 = 50 Oe for the initial and mechanically activated samples:
YBa2 Cu3 O6+𝛿 (top); NdBa2 Cu3 O6+𝛿 (bottom).

4. Discussion of Results

temperature similarly to Y-10 sample. Onset temperature of
the magnetic anomaly in the hydrated sample is the same
as that in the freshly prepared sample. This experiment
demonstrates that the presence of water in MP samples
has a significant effect on the temperature dependences of
the magnetization observed in samples of Y-123 series (see
Figure 8).
Temperature dependences of ZFC magnetization of MP
samples in Nd-123 series are shown in Figure 8. The superconducting transition temperatures of the samples N-0, N0.5, and N-1 are independent of milling duration and equal to
𝑇𝑐 ∼ 57 K. Mechanical treatment leads to a substantial change
in the magnetization of MP samples throughout the investigated temperature range. MP samples exhibit near-roomtemperature hysteretic behavior; that is, ZFC magnetization
is more diamagnetic than FC magnetization. It may be due to
magnetic particles of mechanoactivated Nd-123 samples or to
the presence of impurity phases, whose low content or highly
disordered crystal structures do not allow to observe these
phases by X-ray diffraction measurements. We also cannot
exclude the formation of CuO phase (𝑇𝑁 ∼ 220 K) at the
surface of large NdBa2 Cu3 O6+𝛿 particles proceeding under
mechanical activation. At the same time, a significant increase
in the paramagnetic contribution to the magnetization with
increasing milling duration is observed.

4.1. Interaction of YBa2 Cu3 O6+𝛿 and NdBa2 Cu3 O6+𝛿 with
CO2 . From comparison of Figures 4 and 5, it is clear that with
increasing duration of MA processing (𝜏𝑔 ) the amount of
barium-containing impurities on the surface of Nd-123 samples continuously increases up to 𝜏𝑔 = 10 min, in contrast
to the situation for the oxide Y-123, for which initially (up
𝜏𝑔 = 0.5 min) sudden change and subsequent (after 𝜏𝑔 =
0.5 min) almost stagnation in the accumulation of chemical
degradation products were observed (see Figures 2 and 3 and
data on the impurities in YBa2 Cu3 O6+𝛿 sample). One can see
from Figure 7 that the degree of water saturation (𝜂) of both
oxides (this parameter can be traced by sharp descending
branch of sample mass change in the temperature range of
30–450∘ C) obeys similar relationships with increasing 𝜏𝑔 : its
growth with increasing MA duration close to proportional
for Nd-123 (𝜂 ∼ 𝜏𝑔 ), and tendency of 𝜂 to decrease for Y-123
(𝜂 = 1.55 ⋅ 𝜏𝑔 0.3 ), which is close to the root dependence, characteristic of reagent diffusion through the reaction products
layer.
Taking into account the data in [1], stating the chemical
degradation of Y-123 is carried out on the interface between
Y-123 and gas phase, and one can explain sharply falling
rates of change in concentration of its products, as well as of
H2 O dissolved in the oxide; the diffusion path length of H2 O
and CO2 reactants to the location of the reactions (1) and
(2) increases with time 𝜏𝑔 . However, the uniformity of the
absorption of H2 O and CO2 gases by MP of Nd-123 testifies
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that the thickness of the degraded layer on the surface varies
slightly. Apparently, it does not exceed 10 nm, as indicated by
a weak but clear signal of the main phase, which appeared in
the Ba 4d-spectrum of N-10 sample (see Figure 5). However,
it should be noted that Nd-123 MP sample actively enters
into chemical reaction with atmospheric CO2 , the gas escapes
from the samples quite intensively when heated in the range
of 800–900∘ C (see Figure 7). Therefore, the question of
localization place of products of interaction between Nd-123
and atmospheric components arises.
Homogeneous nucleation and growth of interaction products in the volume of Nd1+x Ba2−x Cu3 O6+𝛿 parent phase may
be the answer. This assumption is based on the fact that the
products of thermal desorption of N-10 sample (see Figure 7)
contain weakly bound form of CO2 escaping in a wide temperature range of 200–550∘ C. Obviously, it is a form of gas
dissolved in the structure. Since the carbonization energy of
Ba2+ ions is quite high, homogeneous nucleation of carbonate
phase at a certain concentration (≡activity) of CO2 in the
structure, facilitated by the participation of structural defects
(whose concentration should be significant in MP samples),
seems quite possible.
4.2. Interaction of YBa2 Cu3 O6+𝛿 and NdBa2 Cu3 O6+𝛿 with
Water. In the Introduction, we have put links to works stating
that the crucial feature for the practical application of the
superconductor Nd-123 is its high resistance to chemical
degradation under moisture. Additional information that
expands understanding of this feature has been received in
our study. Thus, it is shown (see Figure 7) that a high concentration of water accumulates in MP samples of Nd-123 in
dissolved form, but the hydrolysis reaction development is
quite limited, as evidenced by the relatively low temperature
of H2 O release from this oxide. Moreover, the results of
XRD and XPS analyzes have not detected even traces of the
ternary compound Nd2 BaCuO5 in these samples, while it is
the compounds R2 BaCuO5 due their characteristic colours
that are indicators of the hydrolysis reaction for the whole
family of compounds R-123 [1, 39, 40]. Thus, if the hydrolysis
reaction develops (there is a small peak on H2 O desorption
curve for sample N-10 at ∼455∘ C that can be attributed to
the chemically bound water), then it proceeds through nontraditional mechanism and with low rate.
According to [41], the hydration mechanism for the
homologous series of R-123 compounds is in four stages. At
the initial stage, water molecules penetrate into the bulk of
the crystallites through the structural channels [(1/2) b 0],
located in interspaces between CuO-chains typical for this
type of superconductors. At the next stage, protons, which
are located in the oxygen positions of CuO-chains, can be
split up of water molecules. This proton transfer is considered
to cause an internal (within the [Cu–O]+ -system) charge
transfer, resulting in formation of molecular oxygen, leaving
the structure. At high concentrations of hydroxide ions
accumulated in the structure, the chemical decomposition
of the initial oxide occurs. Based on the previous scheme,
one can understand the reasons for high resistivity of N-123
superconductor to chemical interaction with water.
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The authors of [42] discussed the high corrosion resistance of Nd-123 films in the water compared to the film
structures of Y-123 and Eu-123, which was attributed to the
partial oxygen disorder in the planes of CuO-chains. Such
a disorder should occur in Nd-123 due to the presence of
some amount of Nd3+ ions in the sites nearby to CuO-planes
of divalent barium. According to the authors, that should
lead to overlapping structural channels for H2 O diffusion
and, hence, blocking the hydration process. However, our
data on the thermal analysis (see Figure 7) illustrate that
the saturation of Nd-123 structure with water during MA
treatment proceeds almost as fast as in Y-123 (in the range
of 2–10 minutes, even faster). Therefore, the sought cause
of the chemical stability of Nd-123 MP cannot be related to
problems of H2 O diffusion.
The stage of removing oxygen from the structure is considered [41, 42] to be extremely important for the hydration
process of R-123. Thus, the chemical degradation of Y-123
oxide immersed in the water is completely stopped under
potential of 0.8 V relative to the standard electrode-saturated
sodium calomel [41]. It is expected that the substitution
Nd3+ → Ba2+ in Nd-123 in addition to oxygen disordering in
the base structural plane should also lead to the strengthening
of its bond with the lattice (due to electrostatic effect of highly
charged Nd3+ ion) [42]. According to the authors [42], this
should inhibit the reduction stage of hydration. However, it is
important to consider the fact that the structure of MP of Nd123 contains a large amount of weakly bound CO2 , located
near Ba ions (since there is a tendency to the formation of
BaCO3 ), therefore, localized in the channels of the base plane
[(1/2) b 0], where also there is water. In our opinion, just these
CO2 particles block channels of oxygen desorption, which is
the main reason for the high stability of Nd-123 in relation to
the hydrolysis reaction.

5. Conclusion
Thus, as a result of mechanical activation treatment, the
surface of YBa2 Cu3 O6+𝛿 is covered by products of hydrolysis
and carbonization to a considerable depth. The chemical
degradation process proceeds the normal way—through the
formation of Y2 BaCuO5 phase.
Chemical
degradation
of
mechanoactivated
NdBa2 Cu3 O6+𝛿 powders under the impact of CO2 is
not directly connected to hydrolysis process, as occurs in
YBa2 Cu3 O6+𝛿 (see reactions (1) and (2)). Carbonization
proceeds homogeneously through the stage of carbon
dioxide dissolution in the lattice of NdBa2 Cu3 O6+𝛿 . In its
turn, the presence of CO2 molecules in the structure of
mechanoactivated NdBa2 Cu3 O6+𝛿 powders leads to a radical
change in the mechanism of interaction between the superconductor and water. This mechanism eliminates the normal
for a homologous series of RBa2 Cu3 O6+𝛿 the hydrolysis
reaction with the formation of characteristic “color”
R2 BaCuO5 phases. The rate of chemical decomposition of
mechanically activated NdBa2 Cu3 O6+𝛿 by the new mechanism (not yet studied) is quite low.
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Mechanical treatment affects the temperature dependence of the magnetization of RBa2 Cu3 O6+𝛿 compounds.
There is a significant increase in the paramagnetic and ferromagnetic contributions to the magnetization with increasing
milling duration. The latter leads to near-room-temperature
hysteretic behavior of NdBa2 Cu3 O6+𝛿 samples between ZFC
and FC regimes. It may be due to magnetic particles of mechanoactivated NdBa2 Cu3 O6+𝛿 samples or to the presence of
impurity phases, whose low content or highly disordered
crystal structures do not allow to observe these phases by
X-ray diffraction measurements. The mechanical treatment
does not have substantial influence on the transition temperatures of superconducting phases 𝑇𝑐 in the RBa2 Cu3 O6+𝛿
compounds, but a wide transition width around 𝑇𝑐 indicates
that mechanically activated samples contain inhomogeneous
superconductor phases with different 𝑇𝑐 . The broadening
of the superconducting transition in mechanically activated
NdBa2 Cu3 O6+𝛿 samples may be due to redistribution of
cations between Nd- and Ba-sublattice.
Finally, we note that the high temperature superconductor RBa2 Cu3 O6+𝛿 , subjected to mechanical activation certainly has no significant advantages over conventional nonmechanoactivated material, but it is obvious that physicalchemical studies of such powders reveal results interesting
from the point of view of fundamental science.
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