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The aim of this research was an analysis of physicochemical properties of a ceramic high-temperature super-
conductor Er0.5Dy0.5Ba2Cu3O6.83. Qualitative and quantitative phase analysis of the raw material sintering and
annealing in oxygen atmosphere was performed by method of X-ray diffraction. The structural analysis revealed
that the high-temperature superconductors mainly crystalize in orthorhombic phase with small traces of BaCuO2

and CuO. Local microstructure analysis was carried out by scanning electron microscopy. The thermogravimetric
and differential thermal analysis show that in addition to the presence of the main phase, other phases are also
observed. Critical temperatures Tc0 and Tc, critical current density Jc and superconducting transition width ∆T
were evaluated from resistance and AC susceptibility measurements.
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1. Introduction

In a numerous group of superconductors, one can
distinguish the low-temperature superconductors (LTS),
where superconductivity state exists below 30 K, and the
high-temperature superconductors (HTS) having critical
temperature above 30 K. Over the last 30 years many
materials belonging to the high-temperature supercon-
ductors group have been discovered [1–7]. They are of
great interest because of their electrical and magnetic
properties and their practical applicability [8–10].

So far, many studies have been focused on the proper-
ties of superconducting ceramic YBa2Cu3O7−x (YBCO).
In recent years, many articles were published describing
the properties of REBa2Cu3O7−x, materials in which yt-
trium (Y) were replaced by other rare earth elements, in
particular Er, Ho, Dy, Gd, Eu, Sm, Nd, La or their com-
binations [11–14]. Among other, the research is focused
on the resistivity of these compounds in function of tem-
perature [11] and the impact of high-pressure treatment
on conductivity and critical temperature [15, 16].

In the article by Kumar-Naik et al. [17], the au-
thors analyzed the structural properties of materials
REBa2Cu3O7−x (RE = Gd, Sm, Nd in equal pro-
portion) in function of the infiltration growth process.
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Fetisov et al. [18] discussed the thermal and spectro-
scopic results of DyBa2Cu3O7−x. The motivation of
these studies was to analyse the results of Murugesan
et al. [19] showing higher stability towards corrosion of
DyBa2Cu3O7−x relative to YBa2Cu3O7−x.

The physical properties of the ceramic superconduc-
tors mainly depend on the synthesis methods and the
technological aspects used for preparing the raw mate-
rials [20–22]. A large effort is aimed for reducing the
costs and time of producing a material with the rele-
vant properties. In present study a superconducting ma-
terial Er0.5Dy0.5Ba2Cu3O7−x was fabricated by a solid
state reaction method and its physicochemical proper-
ties were compared with the reference YBa2Cu3O7−x
sample [23, 24]. The Er and Dy atoms were selected
due to the similarity of the effective ionic radii for Er3+
(89.0 pm) and Dy3+ (91.2 pm), whose average value
90.1 pm is close to that of Y3+ (90.0 pm) [24, 25].

2. Experimental

2.1. Synthesis procedure
For material synthesis, we used Sigma Aldrich sub-

strates of erbium(III) oxide — Er2O3, dysprosium(III)
oxide — Dy2O3 (both with 99.99% purity), POCH bar-
ium carbonate — BaCO3 with purity of 99.6%, and Alfa
Aesar copper(II) oxide — CuO with purity of 99.999%.

After weighing the substrates in an appropriate
amounts the mixture of powders was milled with iso-
propanol in a ratio of 1:1. After drying, the powder was
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twice sintered in order to perform a solid state reaction.
After each sintering step, the sinter was ground in a mor-
tar. The both sintering step were carried out in air at-
mosphere in an electric muffle furnace according to the
temperature profile shown in Fig. 1.

Fig. 1. Temperature profile of sintering steps for
REBa2Cu3O7−x.

Fig. 2. Temperature profile of annealing in oxygen at-
mosphere for REBa2Cu3O7−x [26].

The samples were formed into pellets of 12 mm in
diameter and 1.5 mm thick by uniaxial pressing at
800 MPa. The annealing were made in the oxygen at-
mosphere (flow of 20 l/h) according to the temperature
profile presented in Fig. 2.

2.2. Characterization
X-ray diffraction measurements of the sinters after the

sintering and annealing steps were made by Brucker AXS
D8 Discaver, where quantitative measurements were car-
ried out by means of the Rietveld analysis in Topas
software.

Sample morphology and local microstructure analy-
sis were performed by using the FEI Nova NANOSEM
2000 field emission electron microscope equipped with
the ETD (Everhart-Thornley detector).

The zero field cooling (ZFC) dispersion χ′ and absorp-
tion χ′′ parts of AC susceptibility were measured as a
function of temperature and HAC magnetic field ampli-
tudes ranging from 0.022 Oe to 10.9 Oe by a standard
mutual inductance bridge operating at the frequency

of 189 Hz. A Stanford Research System SR830 DSP lock-
in amplifier served both as a source for the AC current
for the coil producing the AC magnetic field and as a
voltmeter of the bridge. The applied magnetic field HAC

was parallel to the surface plane of the rectangular prism
cut from the pellet. The temperature was monitored by
the Lake Shore Model 330 autotuning temperature con-
troller with chromel-gold — 0.07% Fe thermocouple of
0.3 K accuracy and resolution of 0.05 K. The above ap-
paratus was also used in measurements of the resistance
vs. temperature by the four-point method.

3. Results and discussion

The microscopic images of the milled raw powders
show that the rare earth oxide grains (Er2O3, Dy2O3)
have various shapes and are cracked, the barium carbon-
ate (BaCO3) grains are oriented in one direction, while
the copper oxide (CuO) grains create highly porous ag-
glomerates (Fig. 3).

The highest average apparent density were reached
for Er0.5Dy0.5Ba2Cu307−x sample before annealing in
oxygen atmosphere (6.31 ± 0.15) g/cm3 and after an-
nealing (5.62 ± 0.06) g/cm3. For comparison, the av-
erage density of YBa2Cu3O7−x were (5.25± 0.09) g/cm3

and (4.89 ± 0.06) g/cm3 before and after annealing,
respectively.

The local microstructures of all superconductors are
similar. The SEM images show the presence of large
grains and areas containing smaller, well-sintered grains.

Qualitative and quantitative powder phase analysis
was performed with X-ray diffraction (XRD) method.
Accuracy of the method was about 1%. In Tables I and II
are presented the results of the crystalline phase content
of the individual samples.

The X-ray analysis showed that after the sec-
ond sintering, the amount of the superconduct-
ing phase REBa2Cu3O7−x was increased, while
the contributions of BaCuO2, BaCO3, CuO, and
RE2BaCuO5 were decreased. For DyBa2Cu3O7−x and
Er0.5Dy0.5Ba2Cu3O7−x the BaCO3 crystalline phase
disappears after the second sintering (Table I).

The oxygen factor x = 0.17 in crystalline phase
REBa2Cu3O6.83 were calculated by Rietveld method
based on published crystalline structures (COD and PDF
+ 2014, including ICSD).

The phase analysis after annealing in an oxygen atmo-
sphere showed that the orthorhombic REBa2Cu3O6.83 is
a major phase, and only small contributions of BaCuO2

and CuO were identified in the samples (Table II). SEM
of the REBa2Cu3O6.83 samples microstructure are shown
in Fig. 4.

In the case of ideally mixed precursors only one-
fold sintering should be sufficient to obtain single-phase
REBa2Cu3O7−x sample. Nevertheless, in a real tech-
nological process the number of obtained crystalline
phases depends on how well the precursors were mixed.
As one can follow the results shown in Table I and
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Fig. 3. SEM images of raw powders used for the preparation of REBCO with ETD detector (magnification: 10000×):
(a) Er2O3, (b) Dy2O3, (c) BaCO3, (d) CuO.

TABLE I

Crystalline phase contents of ErBa2Cu3O7−x, DyBa2Cu3O7−x, Er0.5Dy0.5Ba2Cu3O7−x, YBa2Cu3O7−x after first and
second sintering

Crystalline phase
Phase content [wt. %]

ErBa2Cu3O7−x DyBa2Cu3O7−x Er0.5Dy0.5Ba2Cu3O7−x YBa2Cu3O7−x

After first sintering
REBa2Cu3O7−x

a 60.7 ± 0.7 72.2 ± 0.7 79.6 ± 0.5 70.7 ± 0.5

BaCuO2 15.7 ± 0.3 4.9 ± 0.3 4.4 ± 0.2 8.1 ± 0.2

BaCO3 3.9 ± 0.3 1.5 ± 0.3 2.6 ± 0.3 5.7 ± 0.2

CuO 9.6 ± 0.5 10.6 ± 0.4 5.4 ± 0.3 7.2 ± 0.3

RE2BaCuO5 10.1 ± 0.2 10.8 ± 0.2 8.0 ± 0.2 8.3 ± 0.2

After second sintering
REBa2Cu3O7−x

a 74.7 ± 0.6 79.9 ± 0.7 89.5 ± 0.5 81.9 ± 0.6

BaCuO2 7.6 ± 0.2 4.0 ± 0.3 3.0 ± 0.3 6.1 ± 0.3

BaCO3 1.6 ± 0.2 – – 2.9 ± 0.3

CuO 8.4 ± 0.3 10.5 ± 0.4 3.4 ± 0.3 4.1 ± 0.3

RE2BaCuO5 7.6 ± 0.2 5.5 ± 0.2 4.2 ± 0.2 4.9 ± 0.2
aRE = Er, Dy, Er0.5Dy0.5, Y
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TABLE II

Results of Rietveld analysis of ErBa2Cu3O6.83, DyBa2Cu3O6.83, Er0.5Dy0.5Ba2Cu3O6.83, YBa2Cu3O6.83, samples after
annealing in oxygen atmosphere

Crystalline phase
Phase content [wt. %]

ErBa2Cu3O6.83 DyBa2Cu3O6.83 Er0.5Dy0.5Ba2Cu3O6.83 YBa2Cu3O6.83

REBa2Cu3O6.83
a 91.3 ± 0.8 92.1 ± 0.7 98.1 ± 0.5 92.4 ± 0.5

BaCuO2 3.3 ± 0.3 3.8 ± 0.2 0.9 ± 0.1 5.1 ± 0.2

CuO 5.5 ± 0.3 4.1 ± 0.4 1.0 ± 0.2 2.4 ± 0.2
aRE = Er, Dy, Er0.5Dy0.5, Y

Fig. 4. SEM images of REBa2Cu3O6.83 microstructure with ETD detector (magnification: 5000x):
(a) Er0.5Dy0.5Ba2Cu3O6.83, (b) ErBa2Cu3O7−x, (c) DyBa2Cu3O6.83, (d) YBa2Cu3O6.83.

Table II, the percentage quantity of superconducting
crystalline phase REBa2Cu3O7−x increases with in-
creasing number of the steps of milling followed by
high-temperature annealing. The quantity of non-
superconducting crystalline phases decreases. The ex-
tra mixing/grinding steps allow the minor phases to take
part in solid state reaction, which results in creation of
more superconducting crystalline phase REBa2Cu3O7−x.

After annealing in oxygen atmosphere, the high-
est amount of superconducting phase REBa2Cu3O6.83

was found to be (98.1 ± 0.5) wt% in the mixed
Er0.5Dy0.5Ba2Cu3O6.83 sample, and the smallest amount
of (91.3 ± 0.8) wt% in sample ErBa2Cu3O6.83. The
BaCuO2 content of about (3.3 ÷ 3.8) wt% in the
ErBa2Cu3O6.83 and DyBa2Cu3O6.83 ceramics is sig-
nificantly higher than that for the mixed sample

Er0.5Dy0.5Ba2Cu3O6.83 (0.9±0.1) wt% but lower than for YBa2Cu3O6.83 (5.1±0.2) wt%. Also, CuO contributions



32 P. Pęczkowski et al.

Fig. 5. The TG/DTA for Er0.5Dy0.5Ba2Cu3O7−x: (a) in air atmosphere after the first sintering, (b) in oxygen atmo-
sphere after the second sintering.

in ErBa2Cu3O6.83 (5.5 ± 0.3) wt% and DyBa2Cu3O6.83

(4.1±0.4) wt% are significantly higher than for the mixed
sample Er0.5Dy0.5Ba2Cu3O6.83 (1.0 ± 0.2) wt%.

The unit cell parameters for orthorhombic phase
REBa2Cu3O6.83 were determined by the Rietveld analy-
sis of the XRD patterns (Table III).

The unit cell parameters for orthorhombic phase
YBa2Cu3O6.83 are very similar to the parameters
of Er0.5Dy0.5Ba2Cu3O6.83. The volume of the unit
cell for orthorhombic phase depends on the radius

TABLE III

The unit cell parameters for orthorhombic phase
REBa2Cu3O6.83

Superconductor
a

[nm]
b

[nm]
c

[nm]
V

[nm3]
ρ

[g/cm3]
ErBa2Cu3O6.83 0.3826 0.3880 1.1671 0.1733 7.123
DyBa2Cu3O6.83 0.3850 0.3878 1.1682 0.1744 7.030
Er0.5Dy0.5Ba2Cu3O6.83 0.3830 0.3884 1.1674 0.1737 7.084
YBa2Cu3O6.83 0.3831 0.3882 1.1675 0.1736 6.350
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of the RE3+ ion. The mean radius of the ions Er3+
and Dy3+ is similar to the radius of the Y3+, there-
fore the unit cell volumes for orthorhombic phase are
comparable [24, 25].

Since the main purpose of this work was to characterize
the superconductor Er0.5Dy0.5Ba2Cu3O7−x, the results
of thermal and magnetic investigations of this material
were only included in the article.

The results of the thermogravimetric–differential
thermal analysis (TG–DTA) carried out in air at-
mosphere after the first and second sintering for
Er0.5Dy0.5Ba2Cu3O7−x are shown in Fig. 5. One can
see the characteristic temperatures of endothermic re-
actions, where a formation of Er0.5Dy0.5Ba2Cu3O7−x
phase take place around 912.9 ◦C and about 937.4 ◦C
after the first and the second sintering, respectively.
On the other hand, the peritectic reactions associated
with the decomposition of Er0.5Dy0.5Ba2Cu2O7−x to
Er0.5Dy0.5Ba2Cu2O5, Ba2Cu2O5 and BaCuO2 are char-
acteristic around 1012.6 ◦C and 1031.9 ◦C after the first
and second sintering. Also, the thermograms show that,
in addition to the main Er0.5Dy0.5Ba2Cu2O5 phase, the
other phases contribution to the additional effects are
observed on the DTA curves [27, 28].

Fig. 6. Temperature dependence of the resistance of
Er0.5Dy0.5Ba2Cu3O6.83.

The temperature dependence of the resistance of
Er0.5Dy0.5Ba2Cu3O6.83 is shown in Fig. 6. The sample
exhibits critical temperature Tc0 = (92.09 ± 0.30) K and
narrow superconducting transition ∆T = (0.69±0.05) K.
The definitions of Tc0 and ∆T are as in [29]. For com-
parison, the DyBa2Cu3O6.83 sample studied in [30] has
the critical temperature Tc = (91.40 ± 0.10) K and
∆T = (0.70 ± 0.10) K. Moreover, the round-shaped
Er0.5Dy0.5Ba2Cu3O6.83 pellet of thickness 3 mm and
12 mm in diameter exhibits a specific resistance about
(3.30±0.15) mΩ cm, which was determined at room tem-
perature using the van der Pauw method [31, 32].

Fig. 7. The real (a) and imaginary (b) parts of the AC
susceptibility for Er0.5Dy0.5Ba2Cu3O6.83 in function of
temperature and applied magnetic field.

Fig. 8. The critical current density vs. temperature
for Er0.5Dy0.5Ba2Cu3O6.83 calculated from the Bean
critical state model (Eq. (1)). The solid line is the fit
to Eq. (2).
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The ZFC dispersion χ′ and absorption χ′′ parts of AC
susceptibility are show in Fig. 7. The intra-grain criti-
cal temperature Tc = (92.10 ± 0.30) K was determined
from the dispersion part of AC susceptibility. The Tc
was defined as the temperature corresponding to the last
negative value of χ′ when the temperature of the sample
was increasing. The temperature dependences of the ab-
sorption part of AC susceptibility at different magnetic
fields HAC were measured in order to evaluate the criti-
cal current density Jc. In general, the absorption part of
the AC susceptibility exhibits one peak associated with
the energy losses related to the magnetic field penetra-
tion at grain boundary regions. In the case of the studied
sample the absorption peak associated with the energy
losses in grains was also observed. The former peak is
located at lower temperatures than the latter. When the
applied magnetic field HAC is being increased, the inter-
grain peak moves faster to the lower temperatures than
the intra-grain peak. According to the Bean critical state
model the position of the absorption peak on the temper-
ature axis is related to the critical current density Jc with
formula (1) [33, 34]:

Jc = 2HAC/d, (1)
where HAC is the AC field amplitude and d is the sam-
ple thickness in the direction perpendicular to the mag-
netic field HAC . The critical current flows through the
grains and inter-grain regions. The critical current den-
sity is limited by the weakest junctions (i.e. intergrain
regions) on the percolation path of the current. The cal-
culated intergrain critical current densities Jc are pre-
sented in Fig. 8. According to the Ginzburg–Landau
strong coupling limit approach, the critical current den-
sity varies with temperature according to the following
equation [35]:

Jc = Jc0(1 − T/TcJ)n, (2)
where TcJ is the critical temperature of intergrain regions
and Jc0 is the intergrain critical current density at 0 K.

Figure 8 shows the temperature dependence of the crit-
ical current density fitted by Eq. (2), where the TcJ , Jc0
and n are fit parameters. The value of critical current
density Jc at 77 K is about (165±30) A cm−2 and is typ-
ical for bulk RE-123 HTS samples (where RE rare-earth
element) with large grains and weak intergrain links. The
values of fitted parameters are TcJ = (90.61 ± 0.12) K,
Jc0 = (1318 ± 171) A cm−2 and n = 1.096 ± 0.056.

4. Conclusion

The article describes a method of preparing the ce-
ramic high-temperature superconductors based on the
rare-earth elements RE = Er, Dy, Y. The materials
were obtained by solid state reaction method followed
by grinding, sintering, and annealing of the mixture
of powders in oxygen atmosphere at high-temperature.
Structural studies have confirmed that the orthorhombic
phase is responsible for high-temperature superconduc-
tivity, and the Er0.5Dy0.5Ba2Cu3O6.83 sample contains
of about 98% of the superconducting phase.

Critical temperatures Tc0 and Tc, critical current den-
sity Jc and superconducting transition width ∆T of
Er0.5Dy0.5Ba2Cu3O6.83 were evaluated from resistance
and AC susceptibility vs. temperature measurements.
The values of critical temperatures were Tc = (92.10 ±
0.30) K and ∆T = (0.70±0.10) K, Tc0 = (92.09±0.30) K
and ∆T = (0.70 ± 0.10) K. Critical current density
Jc = (165 ± 30) A cm−2 at liquid nitrogen temperature
was calculated using the Bean critical state model and
the Ginzburg–Landau strong coupling limit approach.
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