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Abstract—The composition and the structure of ceramic EuBa,Cu;0q . 5 (Eu-123) oxide samples annealed
in steps with varying processing conditions (in air or oxygen and argon atmosphere at a temperature of 940—
960°C for 1—70 h with or without homogenization) were studied by the X-ray phase and chemical analysis,
electron diffraction pattern analysis, elemental analysis, and high-resolution transmission electron micros-
copy. Regardless of the processing conditions, Eu-123 nanostructured oxide with a tetragonal or orthorhom-
bic structure and domains 1—20 nm in size was obtained as a result of annealing. Nanostructuring of the sam-
ples, which was revealed by high-resolution electron microscopy, is attributed to their chemical nature: the
presence of identical structural elements in members of the homologous Eu,Ba,,Cu,, . ,O, series of oxides
allows them to intergrow coherently and create an illusion of a single crystal. Just like any other member of
the Eu,Ba, Cu,, , ,O, series, oxide Eu-123 is disproportionate depending on the annealing conditions to form

other members of this series located on either side of the dominant oxide. Temperature 7 of the supercon-
ducting transition of each member of the series depends on the average oxidation state of copper Cu. At
Cu < 2, all members of the series have a tetragonal structure and do not exhibit superconducting properties.

AtCu = 2.28, five members of the Eu, Ba,, Cu,, nOy series with matrices (Ba: Cu) 5:8,3:5,2:3,5:7,and
3 : 4 exhibit superconducting properties with 7, = 8§2—90 K.

Keywords: EuBa,Cu;0g 4 5 oxide, Eu,Ba,,Cu,, , ,0, homologous series, nanostructuring, high-temperature

superconductivity
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INTRODUCTION

The study of high-temperature superconducting
(HTSC) oxide EuBa,Cu;0g¢ 5 (Eu-123), which is a
crystallochemical analog of YBa,Cu;0q4. 5 (Y-123),
provides an opportunity to reveal the effect of the ionic
radius of a rare-earth element (0.93 A for Y3* and 1.03 A
for Eu**) on structural and superconducting proper-
ties. Oxide Y-123 is a nanostructured material con-
taining coherently incorporated inclusions several
nanometers in size [1]. The cation composition of
these inclusions is established by the existence of the
homologous Y, Ba,,Cu,, , ,0O, series [2, 3].

Cation nonstoichiometry of Eu-123 in all three cat-
ions was reported in [4]. This nonstoichiometry is
established by the existence of a similar
Eu,Ba,Cu, 0, series [5]. The available literature
data on the synthesis conditions and properties of Eu-
123 [6—13] are presented in Table 1. It was assumed in

[6—11, 13] that Eu-123 has a single-phase and uniform

structure. This assumption is based on the results of
X-ray diffraction studies. The possibility of variation
of the cation composition of Eu-123 (partial substitu-
tion of barium for europium) was only noted in [12],
although the copper content was still assumed to be
constant.

It is well known that Y-123 and Eu-123 with the
maximum oxygen saturation (0.8 < 6 < 1.0) are formed
by twins with a size of 50—100 nm, while the oxides
undersaturated with oxygen (6 = 0.4—0.6) are com-
posed of domains of oxygen-depleted and oxygen-
enriched phases ~20 nm in size [14—16]. Oxide Y-123
with the maximum oxygen saturation (ortho-phase
with a twin structure) and oxide Y-123 undersaturated
with oxygen (tetra-phase) are materials with a much
finer scale of structural elements (several nanome-
ters). This raises the questions as to whether the struc-
ture of Eu-123 depends on the synthesis conditions
and how the nanostructure is related to superconduct-
ing properties.
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THE EFFECT OF SYNTHESIS CONDITIONS ON THE PHASE COMPOSITION 217
Table 1. Literature data on the conditions of synthesizing Eu-123
o Synthesis conditions
Initial reagents Sample composition woolin Parameters ofthe |Refe-
(Eu:Ba: Cu) atm. T,°C T,h mng obtained product  |rence
regime
Eu,0; BaCO;, 123 0o, 950 50 20°C T, =90 K, [6]
CuO 0, 950 — 20 s/c? 350°C T, =90 K,
O, |+hb950 10 | N, quench|450°C T, = 80 K,
Air 350, 450, 600 N, quench| gpgeC T.=50 K (p)°
Eu,0; BaCO; 123 Air 950 24 T.=91.5K (%) [7]
CuO O,  |+h.900 12
0, 900 — 20 50°C /h
Eu,05 BaCO; 123 Air 960 10 T,=94.5K (%), [8]
CuO Air [+ h. 960 17 |100°C /h | T, =93.7 K (p)
0, 980 8
0, 980 — 200 s/c
Air 200 — 20
Eu,0; BaCO; 123 0o, 950 4 T.=92 K, [9]
CuO 950 — 50 75°C/h|AT, = 1K (p),
+h. 950 15 T.=90 K,
950 — 20 AT, =6 K (x)
Eu,0; BaO, CuO 123 0.105 [900 50 8=0.38,7,=93K [10]
900 — 20 s/c (from 960°C),
960 50 8=0.38, T,~45K
960 — 20 (3 h.) (from 900°C) (p)
Eu,0; BaO CuO 123 0, 960 + 800 50 §=0.25T7.=93K [[l]1]
with different P(O,) 6=0.38, .= 60 K
8=0.5,7.=60 K (p)
Eu,0; BaO CuO | Eu, ; Ba,_ ,Cus0,_5|Air 800 24 x=0,T,=93K [12]
x=0.02—0.20 0, 950 25 x=0.05T,=91 K
950 — 500 s/c x=0.10, T.=83K
500 7 x=0.15,T,=67K
500 — 20 x=0.20, T, = 55K (p)
Eu,05 BaCO; 123 Air 940 12 T.=94.5K (p) [13]
CuO O, |+h.950 36
400 24
400 — 20 s/c

4 Slow cooling. b Samples were homogenized (h.) by grinding and pressing after the specified annealing period. ¢ Temperature depen-
dences of either the resistivity (p) or the magnetic susceptibility () were used to determine 7.

In the present study, the effect of the atmosphere,
temperature, and duration of the initial annealing,
successive annealings, and intermediate homogeniza-
tion on the phase composition and the structure of
Eu-123 samples were examined. The phase composi-
tion and the structure of samples were investigated by
X-ray phase analysis and elemental analysis (EA) in a
transmission electron microscope (TEM) with simul-
taneous monitoring of electron diffraction (ED) pat-
terns and high-resolution electron microscopy
(HREM) data. The average oxidation state of copper
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Cu in the samples was determined by chemical analy-
sis, and the temperature 7, of the superconducting
transition was identified by examining the temperature
dependence of magnetic susceptibility.

It turned out that nanostructuring is characteristic
of Eu-123 and is not affected by the synthesis condi-
tions. However, the composition and the size of inclu-
sions vary depending on the production process and
exert a certain influence on the superconducting prop-
erties.
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Table 2. Conditions of multistage synthesis of Eu-123 samples

KLINKOVA et al.

Group Synthesis conditions Cell parameters of the Eu-123 tetragonal phase o
Sample no. Cu
of samples atm. | T,°C T, h a,A c, A v, A3

1-1 Air 940 |1 3.879 11.806 177.64 1.79

1 1-2 Air 940 |6 3.880 11.825 178.01 1.83
1-3 Ar 940 |6h2+3 3.878 11.827 177.86 1.73

2-1 Air 940 |1h.+2 3.880 11.813 177.84 1.78

2 2-1 Air 940 |1h.+2h.+3 3.881 11.814 177.94 1.78
3-1 Air 960 |19 3.879 11.815 177.78 1.79

3 3-2 Air 960 | 19h. + 28 3.878 11.814 177.67 1.80
3-3 Air 960 | 19h. + 28h. + 23 3.879 11.825 177.93 1.79

4-1 (O} 950 |3h.+3 3.883 11.786 177.71 1.91

4 4-2 0, 950 |[3h.+3h.+4 3.884 11.792 177.89 1.90

8 Samples were homogenized (h.) by grinding and pressing after the specified annealing period.

EXPERIMENTAL

Eu,0; (TU 48-4-194-72), BaO, (analytical-
reagent grade), and CuO (extra-pure grade) were used
as the source materials. Oxides were subjected to ther-
mal processing similar to that used in [17]. Stoichio-
metric mixtures of Eu,0;, BaO,, and CuO were
homogenized and pressed into pellets (A =5 mm, D =
8 mm) in order to synthesize Eu-123. The annealing
conditions, which are close to the empirically adjusted
conditions detailed in [6—13], are given in Table 2.
Pellets were annealed in air, argon, or an oxygen atmo-
sphere (P(O,) = 101 kPa) in alundum crucibles. Sam-
ples were quenched with liquid nitrogen after each
stage of annealing; the morphology was not altered by
this procedure.

X-ray diffraction (XRD) patterns were measured at
room temperature using a Siemens D-500 setup with
CuKo, radiation and a monochromator. The parame-
ters of unit cells were determined by profile analysis
with an error of £0.005 A.

Samples for TEM were prepared by cleaving the
synthesized crystals (without grinding) in an agate
mortar and making a suspension with particles several
micrometers in size. The suspension prepared for ele-
mental and diffraction analysis was deposited onto
thin carbon films resting on support beryllium grids.
These studies were conducted at an accelerating volt-
age of 100 kV using a JEM-2000FX (JEOL) electron
microscope fitted with an INCA elemental energy-
dispersive analysis system (Oxford Instruments) and
an analytical holder (Gatan) with a beryllium sample
cradle. In order to determine the cation composition
of oxides, spectra of several dozen particles were mea-
sured with simultaneous monitoring of ED patterns.
The relative accuracy of determining the cation com-
position was £3%.
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HREM studies were carried out using a JEM-2100
(JEOL) TEM. Samples for these studies were pre-
pared by depositing the suspension on holey carbon
films. The crystal structure was examined at the edges
of thin particles within the holes. The substrate did not
affect the contrast of electron-microscopy images.

The amount of copper in a formal oxidation state of
+3 (Cu(IIl)/Cu,,, where Cu,, is the total copper con-
tent of a sample) was determined by double iodomet-
ric titration [18]. The average oxidation state of copper

Cu was calculated as Cu = 2 + Cu(lll)/Cu,,. The
Cu* content (Cu(I)/Cu,,,) was determined by dissolv-
ing a sample in a hydrochloric Fe(III) salt solution
with subsequent titration of the produced Fe(Il) by
dichromate [19]. The average oxidation state of copper

was then calculated as Cu =2 — Cu(1)/Cu,. Samples
were unsealed at argon bubbling of the solutions. The
total copper content Cu,, was determined by iodome-

try. The error in determining Cu did not exceed
+0.04.

The measurements of dynamic magnetic suscepti-
bility x were conducted at a frequency of 100 kHz in
the temperature interval of 4—300 K. A sample was
placed inside a pair of coaxial coils 6 mm in diameter.
One coil produced an alternating magnetic field, and
the other one was used for measurements. An identical
pair of coils located nearby served to cancel out the
signal when a sample was not present. The mismatch
signal was measured using the standard synchronous
detection scheme. This signal is proportional to mag-
netic moment M = yVH, where H = 0.1 Oe is the
strength of the magnetic field produced by the coil,
and V'is the volume of the sample. Temperature 7, of
the onset of the superconducting transition was deter-
mined based on the temperature dependence of mag-
netic susceptibility ¥ = f(T) of samples.

No. 3 2018
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Fig. 1. (a) X-ray diffraction patterns of Eu-123 samples of the first group. Unlabeled peaks correspond to the tetragonal Eu-123
oxide. (b) Cation composition determined based on the EA data for particles of the tetragonal phase.

RESULTS

The samples were divided into four groups with dif-
ferent annealing regimes (Table 2).

Samples of the First Group

Short-term annealing of samples 1-1 and 1-2 for
1 and 6 h at 940°C in air did not result in the synthesis
of a single-phase product (Fig. 1), although it facili-
tated the synthesis of the tetragonal Eu-123 phase.
Phases of the Ba—Cu—-O (Ba,Cu,, , ,0,) [20] matrix
system with the BaCuQO, structure and a varying com-
position, Eu,BaCuQOs, and CuO were present as impu-
rities. Homogenization and subsequent annealing in
argon atmosphere (3 h) had a positive effect; the
results of an X-ray analysis of sample 1-3 demon-
strated that it was single-phase.

The Ba/Cu ratio is plotted on the abscissa in
Fig. 1b, vertical lines correspond to oxides Ba,,Cu,, , ,0,,
and the Eu/Cu ratio is plotted on the vertical axis. The
sloping straight line corresponds to the stoichiometric
compositions of members of the Eu,Ba,Cu,, ,O,
homologous series [5]. According to the EA data, the
samples of the first group are characterized by a non-
uniform cation composition in the range of matrix

oxides (Ba: Cu) (3:5)—(3:4).
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Samples of the Second Group

Sample 2-1 differed from sample 1-1 in that it was
subjected to homogenization after annealing for 1 h at
940°C (Fig. 2a). At this stage, its X-ray pattern corre-
sponded to single-phase tetragonal Eu-123. Addi-
tional homogenization and subsequent annealing for
3 h in the same regime did not alter its nature (sam-
ple 2-2). The parameters of the tetragonal phase of

samples 2-1 and 2-2 (Table 2) and the Cu values in
these samples were close. This suggests that the short-
term annealing of the initial oxide mixture at 940°C
for 1 h with subsequent homogenization and addi-
tional annealing in the same regime are sufficient to
produce an X-ray single-phase sample. The EA data
(Fig. 2b) showed that the cation composition of the
studied particles of samples 2-1 and 2-2 differed con-
siderably from the nominal 123 composition. How-
ever, their XRD pattern was that of a single-phase
sample.

Samples of the Third Group

Long-term annealing of the samples of the third
group in air at 960°C with homogenization after each
annealing stage did not result in the complete removal
of impurity phases BaCuO, and Eu,BaCuOs, but their
fraction decreased gradually, while the fraction of

No.3 2018
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Fig. 2. (a) X-ray diffraction patterns of Eu-123 samples of the second group. (b) Cation composition determined based on the

EA data for particles of the tetragonal phase.

Eu-123 increased to 97.8 wt % after 70 h of annealing
(Fig. 3a). The cation composition of particles of the
tetragonal Eu-123 phase varied in the process of
annealing; it shifted gradually toward the composition
of barium-rich matrix oxides starting from the domi-
nant oxides with matrices 4 : 7 and 3 : 5 in sample 3-1
(Fig. 3b).

Samples of the Fourth Group

The fourth group of samples were annealed in oxy-
gen atmosphere at 950°C for 6 and 10 h with interme-
diate homogenization. At the end of the first anneal-
ing stage, sample 4-1 contained BaCuO,; in the pro-
cess of further annealing, the fraction of this impurity
phase was reduced to trace levels (Fig. 4a). According
to the results of EA of particles of the tetragonal
Eu-123 phase in samples 4-1 and 4-2, their cation
composition differed from the stoichiometric compo-
sition at all stages of annealing (Fig. 4b). Particles with
matrices (Ba : Cu) 2 : 3 and 5 : 7 were dominant.
Oxides with matrix 3 : 5 were lacking. Almost all par-

Table 3. Parameters of the orthorhombic cell of Eu-123

ticles were enriched with europium in excess of stoi-
chiometry. The samples were enriched in oxygen

(a = 1.90—1.91). The tetragonal cell parameters
were close to the reference values for

EuBa,Cul'"’0q ;5: @ = 3.879(1) A, ¢ = 11.811(1) A,
and V= 177.72 A3 [21] (Table 2).

Annealing of Samples in Oxygen Atmosphere
at 450°C for 5 h

The Eu-123 phase in samples of all four groups
acquired an orthorhombic structure after oxygen
annealing (Fig. 5a). However, the cation composition of
particles with this structure remained inhomogeneous
(Fig. 5b). The XRD patterns did not reveal this inhomo-
geneity; according to the XRD data, samples 1-4, 2-3,
4-3, and 4-4 were single-phased. The parameters of
the orthorhombic Eu-123 phase (Table 3) differed
somewhat from those determined for EuBa,Cu;0;

(Cu =2.33) (a=3.8973 A, b=3.8384 A, c=11.7069 A,

Cell parameters -
Sample no.
P @A b A oA VA Cu
1-4 3.905 3.844 11.711 175.79 2.28
2-3 3.904 3.844 11.705 175.66 2.24
3-4 3.905 3.841 11.705 175.56 2.28
4-3 3.903 3.850 11.708 175.93 2.29
4-42 3.900 3.851 11.694 175.63 2.28
4 The sample was cooled slowly (50°/h) to 20°C.
PHYSICS OF METALS AND METALLOGRAPHY Vol. 119 No.3 2018
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Fig. 3. (a) X-ray diffraction patterns of Eu-123 samples of the third group. (b) Cation composition determined based on EA data

for particles of tetragonal phase.
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Fig. 4. (a) X-ray diffraction patterns of Eu-123 samples of fourth group. (b) Cation composition determined based on EA data for

particles of tetragonal phase.

PHYSICS OF METALS AND METALLOGRAPHY Vol. 119

No.3 2018



222 KLINKOVA et al.

(@)

o BaCuO,

! EuyBaCuOs

1-4

] 1 l, L L 0.2 l\/

0.6 Ba:Cu

0.4

B

2-3

[ ] [ ] \
Y
| l, L . 02h | AN

0.6 -

04 N[ eddes | 123

./

E 0.6
=
(5]
.% 6
e 3-4 | 204 \\{; -l 34
é - o c. o \!
Z } N
g e 0.2t AN
0.6
4-3

M\ N AA , L L 02t . \.\\

04 N looaddl [ 143

4-4

|
] I L L L, 0.2} N

0.6

0.4« dqe %

Tohe 4-4

20 40 60
20, deg

80 0.6 0.7 0.8
Ba/Cu

Fig. 5. (a) X-ray diffraction patterns of Eu-123 samples of all four groups after oxygen annealing at 450°C (5 h). (b) Cation com-
position determined based on the EA data for particles of the orthorhombic phase. Sample 4-4 was cooled slowly (50 K/h) to 20°C.

and V= 175.13 A%) [22]. This may be attributed to the

difference in the Cu values.

Superconducting Properties of Samples
with the Orthorhombic Phase

Sample 1-4 had a narrow superconducting transition
starting at 88 K in the y =AT) dependence (Fig. 6a). The
bends at 86, 85, and 82 K indicate the presence of sev-
eral superconducting phases in sample 1-4. The phase
with 7, = 82 K produced the dominant contribution.

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 119

The x = A(T) dependence for sample 2-3 revealed an
extended superconducting transition starting at 7, =
86 K and ending at 20 K (Fig. 6a). Thus, the introduc-
tion of two additional homogenizations had no posi-
tive effect on the 7 value of the orthorhombic Eu-123
phase.

The three-phase composition of sample 3-3
(Fig. 3b) was retained after additional annealing in
oxygen at 450°C for 5 h (sample 3-4, Fig. 5b). The
composition range of particles of the orthorhombic
Eu-123 phase in sample 3-4 was the widest at (5 : 9)—

No.3 2018
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(3 : 4). The magnetic susceptibility curve of this multi-
phase system (Fig. 6b) had bends corresponding to
superconducting phases with 7, = 88, 86, 85, and 82 K.
In contrast to sample 1-4, the phases in sample 3-4 pro-
duced comparable contributions. Thus, longer (70 h)
annealing at a higher temperature (960°C) with
homogenization performed after each annealing stage
facilitated the formation of phases with high T values
(82—88 K).

Samples 4-1 and 4-2 did not exhibit superconduct-

ing properties (a = 1.91 and 1.90, respectively).
Samples 4-3 and 4-4 were superconducting (Fig. 6¢),
but had considerably different properties. Sample 4-3

(a = 2.29), which was quenched from 450°C, had
7.= 78 K, while the superconducting transition in

sample 4-4 (Cu = 2.28), which was slowly (50°/h)
cooled in oxygen to 20°C, was initiated at 90 K, and
dependence y = f{T) had bends in the range of §2—
90 K and was similar in shape to the dependence for
sample 1-4. Thus, the use of an oxygen atmosphere in
the synthesis of rhombic Eu-123 did not offer any
noticeable advantages over annealing in air with addi-
tional processing in oxygen atmosphere at 450°C.

Samples 4-4 and 4-3 had close Cu values (2.28 and
2.29, respectively). These samples were also similar in
terms of their cation composition and differed only in that
the oxide with matrix 3 : 5 was present in sample 4-4.
Therefore, sample 4-3 with 7, = 78 K should be con-

sidered oversaturated with oxygen (G = 2.29). This
oversaturation resulted in the loss of superconducting
properties of certain phases with 7, = 8§2—90 K.

HREM Studies of the Nanostructure
of Eu-123 Samples

HREM images of particles of all the studied oxides
revealed nonuniform structures with two types of non-
uniformities. Nonuniformities of the first type mani-
fested as darker or lighter (compared to the surround-
ing areas) regions with a size of just one or several
nanometers seen in the image taken in the [001] direc-
tion (Fig. 7a). When viewed along the [100] direction
(Fig. 7b), these regions appear as dark stripes parallel
to planes (001). The crystal regions corresponding to
these dark stripes had a thickness of 2—3 interplanar
distances d. The distance between these regions
measured along planes (001) did not exceed 5 nm. Evi-
dently, their crystal structure differed from that of the
surrounding areas.

Nanostructural nonuniformities of the second type
manifested as regions 10—20 nm in size with a blurred
image of the crystal lattice. More often than not, the
intensity of these regions of HREM images also dif-
fered from the intensity averaged over the sample
(Figs. 7a, 8a). The aforementioned blurriness can be
attributed to the local lattice misalignment with the
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and 4-4.

incident electron beam (lattice directions [001] or
[100] in regions with a clear image of the atomic struc-
ture are perfectly aligned with the incident beam).

The examination of ED patterns and HREM
images of samples revealed their qualitative similarity.
The ED patterns (insets in Figs. 7 and 8) did not have
any signs of nonuniformity or defects (strands, diffuse
scattering). This suggests that both types of heteroge-
neous regions had close crystal structures and were
matched coherently to the structure of the primary
phase.

The presence of nonuniformities with typical sizes
of 10—30 nm in an Nd-123 superconductor, which is
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2006 -

Fig. 7. HREM images and ED patterns (insets) of particles
of sample 2-3 along directions (a) [001] and (b) [100].
Nanoirregularity regions of the first type are indicated by
arrows, and second-type irregularities are indicated by
dashed lines.

an analog of Eu-123, was noted in [23—25]. These
nonuniformities were attributed to the local nonstoi-
chiometry of the cation [25]. Thus, the obtained data
regarding the presence of nonuniformities of the sec-
ond type with a typical size of 10—20 nm in Eu-123
agree with the literature data [23—25] and substantiate
the assumption that these nonuniformities are associ-
ated with the local cation nonstoichiometry. The
observation of nonuniformities of the first type with a
typical size of several nanometers is an essential addi-
tion to the already available data. These features were
not observed in [23—25], since the images obtained in
these studies did not have the required atomic-level
resolution.

It was assumed in [26] that the inhomogeneous
state of RE-123 superconductors with light REs (rare-
earth elements) is established by spinodal decomposi-
tion, which produces enriched and depleted regions
with different RE/Ba ratios. The authors of [26]
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Fig. 8. HREM images and ED patterns (insets) of particles
of sample 3-4 along directions (a) [001] and (b) [100].
Nanoirregularity regions of the second type are outlined
with dashed lines.

believed that the ordered state of RE and Ba atoms
could be present in enriched and depleted regions; this
is assumed in the present study. The obtained data
suggest that the RE/Ba ratio varies discretely in these
regions.

Hypothetical structure cells (cation sublattice) of
members of the Eu,Ba, Cu, , ,0, homologous series
(123, 235, and 257) are shown in Fig. 9. The presence
of identical structural units in cells allows the crystal
domains of members of this series to intergrow coher-
ently and form a pseudosingle crystal with an averaged
structure of the Eu-123 phase.

Contribution of Nonstoichiometric Europium
to the Structuring of Oxides
of the Eu,Ba,Cu,, . ,0, Series

The question then arises as to what positions in
domains of oxides of the Eu,Ba,Cu,, , ,0, series are
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Fig. 9. Hypothetic structure of the cation sublattice of
members of the Eu,Ba, Cu,, ;. ,0, homologous series with

the following compositions (Eu : Ba : Cu): 123, 235, and 257.

occupied by excess europium revealed by EA. Excess
europium can occupy irregular positions in domains of
oxides of the Eu,Ba,Cu,, , ,O, series and, thus, form
no superlattice structure. Figure 10 shows a hypothet-
ical diagram for Eu-123, where a coherent intercell of
three europium atoms is formed in the unit system of
three 257 cells and three excess europium ions. In
Eu, ;;Ba;Cu;0,, one europium atom is added to three
Eu,Ba;Cu;0, cells.

Samples 1-4 and 3-4 contain 0.6 atoms of excess
europium per a particle of the Eu, ¢Ba;Cu;0, compo-
sition (three europium atoms per five 257 cells). The
estimated europium excess is ~30%.

The second question concerns the source of this
excess europium. The material balance of Eu, Ba, and
Cu atoms should be maintained in the synthesized
samples; it is maintained if the impurity phases are
factored in. In some samples, these impurity phases
(BaCuO,, CuO, Eu,BaCuOys) with a composition dif-
fering greatly from Eu-123, were detected by X-ray
analysis; in other samples, TEM studies that reveal
individual particles of impurity phases were required.

The next question concerns the fraction of euro-
pium in each particle, which establishes the necessary
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Fig. 10. Irregular arrangement of units of three Eu-257 oxide
cells (open and filled circles denote barium and europium)
and excess europium (squares with filled circles).

Eu-123 structure. The compositions in Fig. 5b provide
an answer to this question. The excess europium in
particles with matrices 3 : 5 and 5 : 8 may be as large as
10 and 17%, while the europium deficiency can be as
large as 20 and 7%, respectively. The europium excess
in particles with matrices 2 : 3 and 5 : 7 can be as sig-
nificant as 29 and 48%, respectively.

DISCUSSION

Effect of Temperature on the Process
of Synthesis of Eu-123

The temperature of the first stage of annealing of
sample 3-1 (960°C) was somewhat higher than that of
sample 1-1. This facilitated the synthesis of copper-
rich oxides with matrices (Ba: Cu)5:9,4:7,3:5, and
5 : 8. While the annealing time of sample 3-1 was also
increased to 19 h, this does not alter the conclusion
above, since subsequent annealings of this sample
with intermediate homogenizations were not condu-
cive to preservation of its initial cation composition.
The sample composition changed in the process of
homogenization and subsequent annealing; oxides
formed at the first stage of annealing were partially
preserved.

When the temperature of the first stage of anneal-
ing was raised from 940 to 960°C, the fraction of the
BaCuO, impurity phase, which did not disappear in
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the process of further annealing, increased. This is
attributed to the fact that, under these conditions, no
barium-rich oxide with matrix 3:4 was formed. The
synthesis of this oxide was initiated in the process of
additional oxygen annealing (450°C, 5 h), which facil-
itated the decomposition of oxides with matrices 5 : 9,
4:7,and 3 : 5 (sample 3-4). This sample had the high-
est fraction of phases with 7, = 82—88 K and the wid-
est range of variation in the cation composition of the
Eu-123 phase (Ba/Cu = 0.55—0.75). For comparison,
Ba/Cu = 0.60—0.75 in sample 1-4.

Effect of Homogenization in the Synthesis
of Eu-123 Oxide

The results of comparison of superconducting
properties of samples 1-4 (Cu = 2.28, T, = 82—88 K)

and 2-3 (Cu = 2.24, T, = 20—86 K), which were first
annealed at 940°C, suggest that double homogeniza-
tion had a negative effect on samples. The conditions
of oxygen annealing were the same (450°C, 5 h), but
sample 2-3 had less oxygen. This is why the oxides
present in this sample were undersaturated with oxy-
gen and europium. It is quite likely that the reason why
these oxides have lower 7 values (despite that the cat-
ion compositions of matrices are centered around
oxide 2 : 3) is the same.

However, initial annealing with double homogeni-
zation in air at 960°C and long-term holding (sample
3-4) did not adversely affect the superconducting
properties of this sample emerging after its additional
oxygen annealing.

Effect of Annealing Duration
on the Superconducting Properties
of Eu-123 Oxide Samples

The effect of the duration of annealing is identified
based on the variations in the parameters of samples
from the third group with the finest superconducting
properties. It can be seen that the faction of impurity
oxides BaCuO, and Eu,BaCuO; decreased as the
annealing time increased from 19 to 47 h. However,

the values of Cu = 1.79—1.80, which agree within the
limits of method error, in samples with the tetragonal
phase were not affected by a further increase in
annealing time (to 70 h). No clear pattern of variations
in the parameters of tetragonal and orthorhombic
phases with annealing time could be traced.

Effect of Oxygen Atmosphere at the First Stage
of Annealing of Eu-123 Oxide Samples

The product synthesized at the first stage of
annealing of sample 4-1 in oxygen atmosphere at
950°C with two homogenizations was not single-
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phased and contained BaCuO, impurities. The aver-
age copper oxidation state was 1.91 (sample 4-1) or
1.90 (sample 4-2). The oxides assumed a tetragonal
structure with cell parameters falling between those of
tetragonal and orthorhombic phases (Table 2). Sam-
ples 4-1, 4-2, and 4-3 differed from the first three
groups of samples in that they lacked oxides with cop-
per-rich matrices (Ba : Cu = 3 : 5). These oxides
formed in sample 4-4 during slow cooling in an oxygen
atmosphere to room temperature. This is likely attrib-
utable to the disproportionation of matrices (e.g.,
4(2:3) > 3 : 5+ 5:7). The coexistence of these
matrix oxides has already been reported [20]. The

superconducting transition in sample 4-4 (Cu = 2.28),
which was obtained by cooling sample 4-2 slowly from
950°C to 450°C, annealing at this temperature for 5 h,
and then cooling slowly to 20°C, was observed at 90 K.
Three bends at 88, 85, and 82 K can be seen in the y =
AT dependence.

Sample 4-3 quenched from 450°C after 5 h of
annealing differed from samples 2-3 and 1-4 in that it
had a much lower temperature of the onset of the

superconducting transition (78 K) and a higher Cu
value (2.29). However, with the partial change in the
cation composition in the orthorhombic phase taken
into account, sample 4-3 can be considered to have
the same cation composition as the preceding sam-
ples, but is overdoped with oxygen. This overdoping
may result in the suppression of superconducting
properties of oxides, i.e., the reduction of 7, from
82—90 to 78 K.

The obtained data suggest that it is undesirable to
introduce the initial annealing of Eu-123 samples in
the oxygen atmosphere into the synthesis process.

Thus, the examination of microstructures of
Eu-123 samples and the joint analysis of structural
data, the cation composition, and the data on super-
conducting properties reveal the relations between
these parameters and provide an opportunity to char-
acterize the effect of synthesis conditions on the super-
conducting properties of samples. These relations stem
from the chemical nature of Eu-123 samples, which is
governed by oxides of the Eu,Ba,,Cu,, , ,0, series that
form in the melt through intercalation [5] and inherit
the structure of matrix oxides Ba,,Cu,, , ,O, [20].

CONCLUSIONS

(1) Eu-123 samples were annealed for 1—70 h at
temperatures in the range of 940—960°C in air, oxy-
gen, or an argon atmosphere with or without interme-
diate homogenization. Regardless of the processing
conditions, nanostructured objects with the structure
of a tetragonal or orthorhombic Eu-123 oxide phase
and domains 1—20 nm in size were obtained.
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(2) The nanostructuring of these objects is
attributed to their chemical nature; the presence of
identical structural elements in oxides of the homolo-
gous Eu,Ba,,Cu,, . ,0, series allows them to intergrow
coherently and create an illusion of a pseudo-single
crystal.

(3) Just as any other member of the Eu, Ba,Cu,, , ,0,
series, oxide Eu-123 is disproportionate depending on
the annealing conditions to form other members of
this series located on either side of the dominant

oxide.

(49) Members of the Eu,Ba,Cu, , ,0, series
undergo a transition from the tetragonal phase to the
orthorhombic one and acquire superconducting prop-
erties in the process of the additional annealing in oxy-
gen atmosphere. Temperature 7, varies from one
member of the series to another.

(5) The 7 value of each member of the series
depends on the average oxidation state of copper Cu.

At Cu < 2, all members of the series have tetragonal
structures and do not exhibit superconducting properties.

At Cu = 2.28, five members of the Eu,Ba,Cu, , ,0,
series with matrices (Ba: Cu)5:8,3:5,2:3,5:7,and
3 : 4 exhibit superconducting properties with 7, = 82—
90 K.

(6) Eu-123 samples differ from Y-123 in that they
have larger inclusions of the second type. This can be
attributed to the fact that Eu?* has a larger ionic radius
than Y**. The trend becomes more evident in Nd-123
[23—25], where even micrometer-sized inclusions can
be observed.
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