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In this study, YBCO superconducting samples with the nominal composition of
Y(Ba1−xMgx)2Cu3O7−δ, where x = 0.0, 0.5, 1.0, and 1.5, were prepared by the solid-state
method to get better superconducting properties. Structural, electrical transport, and magnetic
characterizations up to ±9 T applied fields were performed, including calculations of the upper
critical field Hc2(0), irreversibility field µ0Hirr, activation energy U0(J, T,H), and pinning force Fp,
and the obtained results were presented the first time for the Mg substitution to a Ba site in an
optimally-doped YBCO superconducting system. It was found that the crystal parameters changed
with the Mg substitution, but the crystal symmetry remained unchanged. Two impurity phases,
Y-211 and MgO, were grown and became dominant at high substitution ratios. The superconducting
properties of the samples deteriorated with the substitution of Mg; even high MgO substituted
samples showed no superconducting properties. Deteriorations were also obtained in the properties
Hc2(0), µ0Hirr, U0(J, T,H), and Fp. Two important points are thought to be responsible for these
deteriorations. (i) MgO is not being able to be fully resolved in the matrix. Therefore, instead of Mg
replacing with Ba, MgO remains in the impurity phase. As a result of this, the Ba concentration in the
structure gradually decreases, and then the superconductivity is destroyed. (ii) The samples shift from
the optimally doped region to the over-doped region due to the increase in hole concentration.
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1. Introduction

YBa2Cu3O7−x (Y-123) high-temperature super-
conductors (HTS), which have a history of around
30 years, are still up-to-date for technological ap-
plications as they show a superconducting transi-
tion, Tc, above the liquid nitrogen temperature. In
addition, these materials show high current carry-
ing capacities even under high magnetic fields, high
values of the upper critical field Hc2(0), easy pro-
duction in the form of thin/thick films, tapes, and
wires, and do not contain toxic elements. In order
to carry a higher critical current and have smaller
anisotropy, defects of various sizes and shapes and
partial substitution/displacement studies were car-
ried out on the Y-123 material [1–12]. The ma-
terial Y-123 has a multilayer perovskite structure
with oxygen deficiency and orthorhombic P/mmm
symmetry. It also has Cu–O chains along the b-axis
and two Cu–O layers in the ab-plane of the multi-
layer structure. In this context, the critical current
density, Jc, of the system is strongly dependent on

the Cu chains in the Cu–O planes, which control
the carrier density, and thus the Tc value [13, 14].
Therefore, it was shown that positive results in
terms of electrical transport could not be achieved
in experimental studies using different elements for
the Cu region.

However, it is an accepted idea that changes in
characteristic parameters can be obtained by sub-
stituting any cation, particularly for the Y and/or
Ba atoms in the system [15–16]. For example, it
has been reported that the basic characteristics of
Y-123 can be improved significantly with Er/Y par-
tial substitution up to a certain level, but above this
level, there is a dramatic deterioration due to the
solid-solubility limit being exceeded [17].

It was confirmed by Shakeripour et al. [15] that
the partial increase in Tc was achieved by the addi-
tion of magnetic elements such as Co, Fe, and Ni to
the Y positions. Similarly, the substitutions Ce and
Gd were studied for the Ba position in the Y-123
system, and although there is a decrease in Tc for
both types of substitutions, an improvement in Jc
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was reported for Ce-doped samples and deteriora-
tion for Gd-doped samples [16]. Another study re-
vealed several types of pinning centers that increase
Jc for substituting Mo to the positions of Cu atoms
with extra oxygen treatment [18].

There are few studies in the literature on the
substitution of Mg in the Y-123 structure, and all
of them have been done for the Cu sites, however,
there was no significant improvement obtained, es-
pecially in Tc values. For example, the effects of the
double substitution of Y by Ca and Cu by Mg have
been studied in polycrystalline YBa2Cu3O7−δ. It
was found that the substitution of Ca alone reduces
Tc and increases the width of the transition. The
low rate of Mg substitution also reduced Tc more,
and the width of the transition increased. However,
a higher rate of Mg results in a decrease in the width
of the transition. In addition, substitution with Ca
alone reduces Jc, and substituting by Mg together
with Ca seems to have a compensatory effect that
enhances Jc and leads to values higher than in the
undoped sample [19]. Vieira et al. [20] worked on
the low field resistive transition, fluctuation conduc-
tivity, and magnetic irreversibility for fields applied
along the c-axis as well as along the ab-plane of the
YBa2Cu2O7−δ single crystal sample in which 1 at.%
of Cu was substituted by Mg. As reported, Mg
impurities impede full oxygenation of the samples,
a drastic decrease of Tc, and the growth of the effect
of granularity in the sample [20]. Melt-textured sin-
gle domains of Mg-doped YBa2(Cu1−xMgx)3O7 su-
perconductors were prepared by top seeding growth
by J. Figueras et al. [21]. They obtained a strong re-
duction in the Tc values of the samples. Their inves-
tigations also showed that the mass anisotropy de-
creased with Mg doping. They interpreted their re-
sults in the framework of the non-magnetic impurity
scattering effects in d-wave superconductors, where
the main distinguishing feature has been the devel-
opment of new quasi-particle states within the su-
perconducting gap [21]. The superconducting prop-
erties of YBa2(Cu1−xMgx)3O7−δ have also been
studied by Raffo et al. [22], and they showed that
an increase of the dopant content induces a contrac-
tion of the crystallographic c-axis and a reduction
in Tc. They also reported that the Mg substitution
affects the temperature dependence of Jc [22]. In
another work [23], the relationship between pseudo-
gap behavior and Mg doping was investigated, and
it was reported that the magnitude of pseudo-gap
increased with the level of Mg doping. In addition, it
was found that the Tc value decreased with increas-
ing Mg concentration in the structure [23]. Gener-
ally, the reason why Mg substitution is preferred for
the Cu positions is due to the reduced ionic radius
(0.65Å), which is close to the reduced ionic radius
of Cu ions (0.72Å).

The sensitivity of Y-123 to the magnetic field due
to its granular feature causes different results, es-
pecially in measurements made under a magnetic
field. In order to explain the formation, movement,

or freezing of pinning centers and the mechanism of
vortex trapping, enlargement in ∆T (= Tc − Tzero)
under the applied field should not be too ex-
treme. Thus, it is more appropriate to evaluate
the results with the thermally assisted Flux Flow
(TAFF) mechanism and collective pinning theory
(CPT) [4, 22–32], which can be successfully applied
in HTS systems.

In this study, different proportions of Mg were
substituted to the Ba site according to the
formula Y(Ba1−xMgx)2Cu3O7−δ, and results are
presented.

2. Experimental methods

YBCO superconducting samples with a nominal
composition Y(Ba1−xMgx)2Cu3O7−δ, where x =0.0
0.5, 1.0, and 1.5, were prepared using the solid-state
method. In the sample preparation stage, high pu-
rity (99.9%) Y2O3, BaCaO3, CuO, and MgO (Alfa
Aesar) powders were weighed in the determined
stoichiometry as starting chemicals and mixed in
an agate mortar for 60 min. The powder mixtures
were then calcined for 12 h in air at 700 and 750◦C.
Between each calcination process, the powders were
ground in an agate mortar for 60 min. Then, the
powders were turned into pellet form under a pres-
sure of 12 MPa and heated to 910◦C with a heating
rate of 5◦C/min in an O2 atmosphere for 24 h. Next,
the samples were cooled down to room temperature
with a cooling rate of 5◦C/min. At the last stage, af-
ter taking the samples out of the furnace, they were
ground in an agate mortar for 30 min and made into
pellets, and then subjected to heat treatment again
under the same conditions.

The characterization process of the prepared sam-
ples started with X-ray diffraction (XRD) analyses.
In order to determine the phases and parameters
of the crystal structure of the samples, the Cu Kα

radiation and Malvern Panalytical Empyrean X-ray
diffractometer were used in the range of 2θ = 10–
65◦, with a scan speed of 2◦/min. The XRD pat-
terns were then analyzed with the aid of the Full-
Prof program and the phase analyses, and crystal
structure parameters were solved.

For scanning electron microscope (SEM) analy-
sis, the Thermo Scientific-FEI Apreo S system was
used for surface morphology and phase analysis of
the produced samples, and the energy-dispersive X-
ray (EDS) detector, UltraDry EDS, and the elec-
tron backscatter diffraction (EBSD) detector, Qua-
sor II EBSD, systems were used for stoichiometric
analysis.

In order to determine the electrical transport
properties, the magneto-resistance versus temper-
ature measurements were carried out with up to
9 T applied field, parallel to the sample sur-
face, and zero-field-cooling (ZFC) procedure. For
all electrical measurements, rectangular bar-shaped
samples with 1 × 1.5 × 10 mm3 in size and
physical property measurement system (PPMS),
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Fig. 1. XRD patterns and Rietveld refinement results of (a) Pure, (b) Mg05, (c) Mg10, and (d) Mg15 samples
prepared. Panels (e–h) show changes on the twin characteristic peak at 2θ = 32.536/32.893 for Pure, Mg05,
Mg10 and Mg15 samples, respectively. Blue numbers show Y-123 phase planes, green number show Y-211
phase planes and black numbers indicates MgO phase planes.

Quantum Design PPMS-9T, was used. Mag-
netic properties were determined by Quantum
Design vibrating sample magnetometer (VSM)
attachment, fixed to the PPMS-9T system.
Magnetization-temperature measurements (M–T )
and magnetization-applied field (M − −H) ana-
lyzes were carried out with 1 × 1.5 × 10 mm3 in
size rectangular bar-shaped samples and ±9 T ap-
plied magnetic fields parallel to the sample surface.
In order to make following the samples throughout
the text easier, the pure sample is coded as Pure,
Y(Ba1.5Mg0.5)2Cu3O7−δ sample as Mg05, Y(Ba1.0
Mg1.0)2Cu3O7−δ sample as Mg10, and Y(Ba0.5
Mg1.5)2Cu3O7−δ sample as Mg15.

3. Results and discussions

3.1. XRD analysis

The XRD patterns and Rietveld refinement re-
sults of the produced samples in this work are
given in Fig. 1a–h. No impurity phase was found in
the Pure sample, and characteristic 013/103 twin
peaks of the Y-123 material were obtained at 2θ =
32.53/32.89 (Fig. 1a). In Fig. 1b, the XRD pat-
tern of the Mg05 sample is given. As seen from the
pattern, especially of the Y2Ba1Cu1Ox, the Y-211
phase has started to form in the matrix, and along

with this, the intensities of the main phase peaks,
except the 013/103 peaks of the Y-123 phase, have
begun to decrease. In the Mg10 sample, a more
complex situation was encountered compared to the
Mg05. Together with the Y-211 phase, the MgO
phase started to form as an additional impurity.
Also, the cleavage in the 013/103 characteristic twin
peak disappears, and their intensities equalize and
return to a single peak form (Fig. 1c and Fig. 1e–h).
When the substitution ratio was further increased
to Mg15, the Y-123 phase began to be suppressed by
the Y-211 and MgO phases, and the structure was
transformed into a highly complex multiphase ma-
trix form (Fig. 1d). As seen in Fig. 1h, 013/103 char-
acteristic twin peak disappeared completely, imply-
ing that the fraction of the Y-123 phase significantly
decreased in the Mg15 sample.

The structural parameters, including atomic posi-
tions, were obtained from the Rietveld refinement.
To refine the main Y-123 phase, it was assumed
that all occupancies were 1 for all the sites —
Y (1/2, 1/2, 1/2); Ba (1/2, 1/2, z); Cu1 (0, 0, 0); Cu2
(0, 0, z); O1 (0, 0, z); O2 (1/2, 0, z); O3 (0, 1/2, z);
O4 (0, 1/2, 0) — for the initial refinements. We con-
sider χ2 of the refinement to be the main sign of the
beneficence of fitting. A single Y-123 phase improve-
ment was conducted until χ2 remained constant.
Then, the Y-211 phase and MgO phase were added
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TABLE I

Rietveld refinement results of the samples. 1538678 file is available in Crystallography Open Data Base COD [33].

Properties
COD ID:
1538678

Pure
(χ2: 4.67)

Mg05
(χ2: 1.44)

Mg10
(χ2: 1.78)

Mg15
(χ2: 3.45)

a-axis [Å] 3.8200 3.8120(5) 3.8224(5) 3.8369(6) 3.8499(6)
b-axis [Å] 3.8800 3.8810(6) 3.8874(5) 3.8827(5) 3.8861(6)
c-axis [Å] 11.6620 11.6300(4) 11.6672(5) 11.7016(5) 11.8384(5)
Cell V. [Å3] 172.85 171.8709 173.125 174.3250 170.432
Fraction of Y-123 [%] – 100.00 95.40 82.48 48.56
c/a 3.0492 3.0509 3.0523 3.0498 3.0750
c/b 2.9893 2.9967 3.0013 3.0138 3.0463
Ortho-rhombicity
(b− a)/(b+ a) 0.0099 0.0090 0.0084 0.0059 0.0047

Fig. 2. (a) Calculated lattice parameters and (b)
phase fraction of the samples prepared.

to this refinement work. The structural parameters
for the samples were refined, and the calculated val-
ues of the fittings agreed well with the observed
spectrum, Fig. 1a–d. In accordance with XRD pat-
terns and the Rietveld analyses, it was found that
the crystal structure is in the orthorhombic form,
and the space group is Pmmm. This is confirmed
by the presence of characteristic discrete 013/103
peaks [34, 35].

Figure 2a and b show the lattice parameters
change and phase fractions, respectively. When the
Mg concentration increased, there was an increase
in the a-axis, no significant change in the b-axis,

and a systematic increase in the c-axis (Fig. 2a and
Table I). With the increase in the substitution ra-
tio in the matrix, it was seen that the orthorhom-
bicity value and crystallite sizes decreased signifi-
cantly. According to the Rietveld analysis, there is
no orthorhombic–tetragonal phase transformation
obtained, and, in addition, it is clearly seen that
the Y-123 fraction decreased with increasing sub-
stitution ratio, while the Y-211 and MgO phases
increased (Table I and Fig. 2b). According to these
data, the absence of large displacement in the char-
acteristic XRD peaks of Y-123 and the prominent
appearance of the peaks of the MgO phase reveal
that Mg did not enter the crystal structure fully
and did not fully react with the Y-123 material
itself. However, we assume that Mg may have re-
acted with Y-123 at an atomic size at a certain rate,
as much as the solid-solubility allows, and Ba defi-
ciency in the structure may cause dislocations in
different formats and affect the crystal parameters.
In addition, the fact that the c/a and c/b ratios
change slightly with increasing the amount of Mg
substitution shows that there is a certain amount
of internal lattice strain in the structure, and we
believe that Mg is concentrated mostly in the inter-
granular region.

3.2. SEM and EDS analysis

The surface morphologies of the prepared sam-
ples are given in Fig. 3a–e. For the Pure sample
(Fig. 3a), it was observed that there was a partial
melting and particles of different sizes and geome-
tries on the surface of the samples. This actually
delineates the classical structure of the Y-123 bulk
material obtained previously by various research
groups [36–38]. Similar morphology was obtained
in the Mg05 sample, and it was found that partial
melting continued, and rectangular and spherical
particles ranging from 1–15 µm in size formed on
the partly molten surfaces (Fig. 3b). As a result of
the EDS analysis, it was found that these spherical-
shaped particles mainly represent the Y-211 phase.
In Fig. 3c, a surface micrograph of the Mg10 sample
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Fig. 3. SEM micrographs of (a) Pure sample, (b)
Mg05 sample, (c) Mg10 sample, (d) Mg15 sample,
and (e) one of the enlarged grains of the Mg15
sample.

is shown. The surface morphology is found different
than in the Pure and Mg05 samples. A granular
formation is dominant on the surface with differ-
ent particle sizes. It has been determined from EDS
analysis that these particles have predominantly
Y-211 and also a little amount of MgO phases.

However, as seen in Fig. 3d, it was found that the
structure in the Mg15 sample completely degener-
ated, and the partially melted structure in the pre-
vious substitution levels turned into a mainly gran-
ular structure with a few micron sizes and different
geometries. At the same time, it is clearly seen that
the spaces between the particles begin to form in-
tensively, and the porosity increases (Fig. 3d). In
addition, it has been observed that MgO particles
of 50nm–5µm in size in different geometries with
approximately 96% MgO composition are densely
located on the surface together with the Y-123 and
Y-211 phases. One of the enlarged grains of the
Mg15 sample is shown, as an example, in Fig. 3e,
and clearly shows us that MgO does not fully re-
act with the Y-123 matrix. This situation is also
confirmed by the XRD analysis in Fig. 1. However,
a similar formation was also found, to a lesser ex-
tent, in the Mg10 sample. This clearly shows us that
the solubility of MgO in the matrix can be possible
up to a certain limit (in our case, this limit value
is understood to be up to 0.5 Mg substitution) and
that the solubility starts to decrease as the substi-
tution rate increases.

3.3. Electrical measurements

The electrical measurement, ρ(T ), results of the
produced samples, in the temperature range of
300 K and 60 K, and under the applied magnetic

field up to 9 T, are given in Fig. 4a–f and Table II,
for Pure, Mg05, and Mg10 samples. Since the Mg15
sample showed a very high resistance value both at
room temperature and also at 4.2 K and remained
well over the measurement limits of the equipment,
the measurement could not be performed during
this work. The resistivity values of the samples de-
creased linearly from 300 K to Tc, revealing that
electron-phonon scattering is the dominant mecha-
nism in Pure, Mg05 and Mg10 samples. The results
obtained for ρ(T ) values were fitted to the equation
ρn(T ) = ρo + αT , and it was found that the resid-
ual resistivity of the Mg10 sample was 1.17 times
higher than that of the Mg05 sample, and 1.22 times
higher than that of the Pure sample. This reveals
that the scattering is increased with the increase
of Mg concentration in the matrixes due to the
disruption of structural order at the atomic scale.
Also, this can be associated with the large differ-
ence in ionic radius (Ba+2 — 1.35 nm vs Mg+2 —
0.72 nm), meaning that there will be a significant re-
organization in the structure when the Mg concen-
tration is increased, which is also evidenced in XRD
patterns.

The dρ/dT vs T plots of Pure, Mg05, and Mg10
samples are given in Fig. 4d–f. The fact that the
curves obtained in the graphs are in the form of
a single peak in the phase transition region, indi-
cates that the Y-123 phase is dominant. However,
as seen in Fig. 4e and f, the peak widths increase,
which is considered an effect of impurity phases in
the material, as confirmed in XRD and SEM-EDS
analysis, and is interpreted as the effect of scatter-
ing from non-conducting phases and also possible
dislocations in the material at Tc region.

Hole concentration, p, is known as a significant
parameter in terms of superconductivity in YBCO
superconductors, and it is important to calculate
the number of holes per Cu atom because of the
superconducting role of CuO chains/planes in the
samples. Accordingly, the following equation was
used to find out how the p concentration changed
with the Mg substitution

Tc
Tmax
c

= 1− 82.6
(
p− 0.16

)2
. (1)

In (1) [39–41], p gives the number of holes per Cu
and Tmax

c , is the maximum Tc for the Y-123 sys-
tem, and is taken as 92 K. The p values calcu-
lated for Pure, Mg05, and Mg10 samples were found
to be 0.134, 0.136, and 0.139, respectively. Mean-
while, the p-value found for Pure is in agreement
with the previously calculated values (0.133–0.135)
in the literature [18, 42–45], however, the p-value
increases as the Mg substitution increases. This in-
dicates a transfer of the hole concentration of Y-
123 material from the optimal-doped region to the
over-doped region, and may cause an excessive hole
concentration in the Cu–O chain. We assumed that
this causes suppression of superconductivity at high
Mg concentration cases.
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Fig. 4. The graphs of ρ versus T of (a) Pure sample, (b) Mg05 sample, (c) Mg10 sample, and dρ/dT versus
T plots of (d) Pure sample, (e) Mg05 sample, and (f) Mg10 sample.

3.4. Activation energy calculations U(H,T )

The activation energy, U(H,T ), plays a signifi-
cant role in determining the flux dynamics in HTS
systems. With the calculation of U(H,T ), impor-
tant details can be obtained about the height of the
energy barrier, which can provide relevant informa-
tion for vortex mobility. In the thermally activated
flux flow (TAFF) regime, the thermally activated
resistivity is given by the following equation [46, 47]

ρ = ρ0 exp

(
−U(J,H, T )

kBT

)
. (2)

In (2), ρ0 is the pre-exponent factor, kB is the Boltz-
man constant, and U is the activation energy de-
pending on temperature (T ), current density (Jc),
and applied field (H) for the flux motion. For con-
stant current values, the functional dependence of
U(H,T ) gives correct information for the dissipa-
tion mechanism. However, U(H,T ) can be thought

of as a temperature-independent function in the low
resistance regions of the samples for a narrow tem-
perature region, and thus J will be negligibly small
under these conditions. Accordingly, the activation
energy can be calculated from the slope of the graph
of ln(ρ/ρ0) relative to 1/T as U(H) — depending
only on the field. The graphs of ln(ρ/ρ0) versus 1/T
are given in Fig. 5a–c for the samples Pure, Mg05,
and Mg10, respectively, and the activation energy
values calculated from the slopes of the graphs are
given in Fig. 6 and Table III. It was found that
the calculated U(H) values for all samples started
to decrease with the increase of Mg concentration
and magnetic field. In this case, the decrease in
U(H) with increasing Mg concentration is related
to both flux trapping and flux motion, and it is
assumed that especially flux motion slows down,
in our case, with the Mg substitution. Similarly,
the significant decrease in U(T ) with the increase
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TABLE II

Electrical transport, pinning force, and activation energy properties of the samples prepared, where ∆T = (T onset
c, −

Tzero), and the error is 0.02 %.

Happ [T] T onset
c [K] Tzero [K] ∆T [K]

Fitting param.
α (×104)

Hole
number p

Jmag
c at 8 K

(×104) [A/cm2]
Fp at 8 K
[T.A/cm2]

U0 [eV]

Pure
0 95.3 91.4 3.9 1.066 0.134 26.7 0 1.64
1 94.2 87.6 6.6 – – 13.8 1.38 × 109 0.67
2 92.5 85.1 7.4 – – 10.2 2.04 × 109 0.65
3 91.9 83.6 8.3 – – 8.80 2.64 × 109 0.54
4 91.3 81.6 9.7 – – 8.29 3.32 × 109 0.45
5 90.8 79.1 11.1 – – 8.01 4.01 × 109 0.47
6 89.3 76.8 12.5 – – 7.87 4.72 × 109 0.4
7 88.7 75.9 12.8 – – 7.78 5.45 × 109 0.35
8 87.4 73.9 13.5 – – 7.71 6.17 × 109 0.30
9 86.5 72.2 14.3 – – ... ... 0.28

Mg05
0 95.2 91.0 4.2 1.168 0.136 20.4 0 1.34
1 84.6 76.9 7.7 – – 10.6 1.06 × 109 0.28
2 83.7 73.8 9.9 – – 7.76 1.55 × 109 0.25
3 83.1 72.5 10.6 – – 6.75 2.03 × 109 0.20
4 82.2 71.1 11.1 – – 6.30 2.52 × 109 0.17
5 81.8 70.2 11.6 – – 6.08 3.04 × 109 0.17
6 81.5 68.4 13.1 – – 5.97 3.58 × 109 0.17
7 81.0 67.5 13.5 – – 5.92 4.14 × 109 0.13
8 80.6 66.5 14.1 – – 5.88 4.71 × 109 0.13
9 79.9 65.0 14.9 – – ... ... 0.12

Mg10
0 83.9 77.8 6.1 1.417 0.139 5.08 0 1.21
1 80.9 71.7 9.2 – – 2.37 2.37 × 108 0.58
2 80.5 70.1 10.4 – – 1.75 3.50 × 108 0.54
3 80.0 69.0 11.0 – – 1.49 4.48 × 108 0.46
4 79.7 68.0 11.7 – – 1.35 5.42 × 108 0.39
5 79.2 67.0 12.2 – – 1.25 6.26 × 108 0.38
6 78.8 65.1 13.7 – – 1.18 7.10 × 108 0.35
7 78.5 64.0 14.5 – – 1.13 7.89 × 108 0.31
8 78.1 63.0 15.1 – – 1.07 8.60 × 108 0.28
9 77.8 61.8 16.0 – – ... ... 0.24

of Mg concentration is considered to indicate that
the point pinning (trapping) characteristic of fluxes
starts to be thermally activated on the sample sur-
face, and its tendency to remain motionless in-
creases with the Mg substitution.

3.5. Upper critical field calculations Hc2(0)

To determine the upper critical field, Hc2(0), cal-
culations were made using the Werthamer–Helfand–
Hohenberg (WHH) equation and the 10%, 50%,
and 90% criteria of the resistivity curve. The WHH
equation is as follows [45]

Hc2 (0) = −0.693Tc

(
dHc2

dT

) ∣∣∣
T=Tc

. (3)

According to (3), calculated Hc2(T ) versus tem-
perature curves of the produced samples are given
in Fig. 7. From these curves, the slopes calcu-
lated for the Pure sample are −2.545, −2.139,
and −1.901; for the Mg05 sample are −3.442,
−1.971, and −1.464; and for Mg10 sample are
−4.455, −2.084, and −1.061. The calculated val-
ues of Hc2(0), using slopes and (3), are given in
Table III.

In order to control the results obtained with
the WHH formula, theoretical Hc2 values were
calculated using the equation developed by Wen
et al. [46]. Wen’s equation is as follows

Hc2 (T ) = Hc2 (0) 1−t2
1+t2 , (4)
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TABLE IIICalculated Hc2 values according to WHH and Wen’s formula, the error is ∼ 3%.

Sample
Hc2(0) ρ (90% criteria) [T] Hc2(0) ρ (50% criteria) [T] Hc2(0) ρ (10% criteria) [T]

WHH formula Wen formula WHH formula Wen formula WHH formula Wen formula
Pure 308 318 179 183 103 107
Mg05 274 281 128 134 75 78
Mg10 109 115 97 99 49 52

Fig. 5. The graphs of ln(ρ/ρ0) versus 1/T of the
Pure, Mg05, and Mg10 samples.

where t = T/Tc is known as reduced temperature.
As a result of the calculations made using (4) and
the 10%, 50%, and 90% criteria of the resistivity
curve, Hc2(0) values were found as 318, 183, and
107 T for the Pure sample; as 281, 134, and 78 T
for Mg05 sample; and as 115, 99, and 52 T for Mg10
sample (Table III). As can be seen in Table III, the

Fig. 6. Calculated activation energy versus ap-
plied fields of Pure, Mg05, and Mg10 samples.

fact that the results of the calculations made with
both methods were close to each other, was found
to be important in terms of both the compatibility
of the experimental results and the accuracy of the
methods.

As a result, we assume that the decrease ofHc2(0)
values with increasing Mg concentration is caused
by the decrease in the amount of Ba in the struc-
ture. Because of the fact that Mg does not com-
pletely replace Ba in the crystal structure and re-
mains as a separate phase, the structure turns into
a multiphase form, and the formation of Ba vacan-
cies in the structure arises as dislocation centers. In
the literature, Hc2(T ) values in the Y-123 system
give quite different results on whether the applied
field is perpendicular or parallel to the CuO plane.
However, suppression of superconductivity in both
cases reveals the possibility of different mechanisms.
For example, the quench of superconductivity for
cases where H is perpendicular to the CuO2 plane
(H ⊥ CuO2) can be explained by the orbital ef-
fect [48], whereas for the cases where H is parallel
to the CuO2 plane (B|| CuO2) spin–orbit and Zee-
man effect can be the effective mechanism [48].

However, it is known from the literature that for
H ⊥ CuO2, the Hc2 was calculated to be ∼ 120 T,
whereas H|| CuO2 results are calculated to be at
a little over 450 T, especially at low temperatures
for undoped Y-123 systems [27, 29, 49]. However, it
is known that the nature of the samples, such as sin-
gle crystal or polycrystalline, also affects the behav-
ior of the material against the applied field. There-
fore, considering that the crystals may be oriented
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Fig. 7. Upper critical field calculation results us-
ing (3), (a) Pure, (b) Mg05, and (c) Mg10 samples.

in different directions in polycrystalline samples, the
calculated Hc2 value is accepted as a mixed case of
both H ⊥ CuO2 and H|| CuO2 orientations.

In addition to these findings, it was evaluated
that the Hc2(T ) values calculated for the samples
were found to be above the BCS paramagnetic limit,
HBCS
P = 1.84Tc, and therefore the samples could be

considered of unconventional nature.
The characteristic coherence length, ξ(0), of the

produced samples was calculated using the Hc2(0)
values of the samples and the Ginzburg–Landau
(GL) equation. Here, the GL equation is given as

ξ(0) =

√
φ0

2Hc2(0)
, (5)

where φ0 is the flux quanta. The calculated ξ(0)
values are given in Table IV. According to these re-
sults, the ξ(0) value was found to be similar to the
values previously calculated in the literature for the
Y-123 pure sample [25]. However, it is seen that ξ(0)

Fig. 8. The plots of Hirr fitting curve of the Pure,
Mg05, and Mg10 samples.

TABLE IV

The calculated ξ(0) values for the samples prepared.

Sample ξ(0) [nm]
Pure 0.925
Mg05 0.817
Mg10 0.801

values decrease with the increase of Mg concentra-
tion in the matrix. For this reason, we assume that
the flux motion, formed in the samples, slows down
with the amount of substitution, and the pinning
centers are then believed to be localized.

3.6. Irreversibility field Hirr(0)

The temperature dependence equation of mag-
netic irreversibility according to collective pinning
theory (CPT) is generally given as [27, 52]

Hirr = H0

(
1− Tirr(H)

Tirr(0)

)n
. (6)

Magneto-resistance measurement results and (6)
were used for the irreversibility-field µ0Hirr(0) cal-
culations of the prepared samples, except Mg15.
In (6), Tirr(H) is the irreversibility temperature
under different applied magnetic fields, Tirr(0) is
the irreversibility temperature under zero applied
field, and Tirr(H)/Tirr(0) is called reduced temper-
ature. Note that H0, n, and Tirr(0) are fitting pa-
rameters and are solved by the simple equation as
y = axb. The Hirr fitting curve, calculated accord-
ing to the values of H0, n, and Tirr(0) are given
in Fig. 8, and numerical values are given in Ta-
ble V. The n values for Pure, Mg05, and Mg10
samples were found as 1.51± 0.07, 1.47± 0.09, and
1.37 ± 0.08, respectively. It is seen that the aver-
age value is n = 1.45 ± 0.09, which shows us that
the samples can be fitted properly with the giant
flux creep (GFC) model [27, 50]. As can be seen,
these results are in agreement with the results found
in the literature by different groups, especially for
polycrystalline YBCO superconductors [27, 50–53].
Calculated µ0Hirr(0) values were found to be 275,
192, and 110 T for Pure, Mg05, and Mg10 samples,
respectively. According to these results, an unbal-
anced structure emerges due to the Mg substitu-
tion in the Y-123 structure by creating impurities
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Fig. 9. The plots of the normal state, vortex-
liquid, irreversibility line, and vortex-glass region
of the Pure, Mg05, and Mg10 samples.

TABLE V

Hirr and fitting parameters for the samples prepared.

Sample Hirr(0) [T] Tirr(0) [K] n

Pure 275 91.9 1.51 ± 0.07

Mg05 192 82.75 1.47 ± 0.09

Mg10 110 78 1.37 ± 0.08

and lattice defects and weakening the grain cou-
pling. Here, if we assume that the pinning centers
are formed by the impurities, the lattice defects will
then show a random distribution and restrict the
movement by pulling the vortex lines and placing
them in a point form.

The normal state, vortex-liquid, irreversibility
line, and vortex-glass graphs calculated from mag-
netoresistivity measurement results for Pure, Mg05,
and Mg10 samples are given in Fig. 9. According
to these results, the Pure sample has a narrower
liquid-vortex gap, and this gap is wider in other
substituted samples. It is assumed that the irregu-
lar structure, formed as a result of Mg substitution,
supports the formation of vortex-glass. At low tem-
peratures, the energy of the vortexes is low and sta-
ble — due to the pining points, the vortexes trying

to attract each other will weaken the thermal fluc-
tuations significantly. On the other hand, at high
temperatures (around T = Tirr), the vortex-glass
structure will deteriorate, and as a result, a liq-
uid vortex state will occur. This shows us that the
pinning centers are weakened in Mg substitution
samples.

3.7. Magnetic characterizations M–H

Magnetization versus applied field (M–H) mea-
surements performed under ±9 T at 8, 10, 20, and
30 K for Pure, Mg05, Mg10, and Mg15 samples are
given in Fig. 10a–d. According to M–H measure-
ment, it was observed that the Pure, Mg05, and
Mg10 samples had the diamagnetic character for
all measured temperatures and exhibited typical su-
perconducting M–H curves, whereas there was no
hysteresis in the Mg15 sample. It is seen that the
obtained M–H curves have a slightly asymmetrical
structure, except for the Pure sample, and this pe-
culiarity becomes more explicit with the increase of
Mg concentration in the structure. This is consid-
ered to be a result of increased paramagnetism due
to impurity phases that are forming in the structure
with the Mg substitution.

3.8. Critical current density measurements Jmagc

The magnetization-dependent critical current
densities, Jmagc , of the produced samples, except for
Mg15, were calculated using Bean’s method [53],
and the results obtained are given in Fig. 11a–d.
According to Bean’s method [51], Jmagc can be cal-
culated with the following formula

Jmagc =
20∆M

a
(
1− a

3b

) , (7)

where a and b are the dimensions of the cross-
sectional area of the rectangular-shaped sample
(a < b [cm]) and ∆M = M+ −M− [emu] is known
as the hysteresis width. According to calculations,
the best result was obtained in the Pure sample
under zero field and at 8 K as 2.5 × 105 A/cm2

(Table II). For the Mg05 and Mg10 samples un-
der zero-field and at 8 K, respective values of
2.04 × 105 A/cm2 and 5.08 × 104 A/cm2 were ob-
tained. It was found that the Jmagc values of the
samples decreased gradually with Mg substitution
(Fig. 11a–d). It is clearly seen that there is a 1.25-
fold difference between the Pure and the Mg05 sam-
ple, and a 4-fold difference between the Mg05 and
Mg10 sample. However, despite all these findings, it
was observed that the Jmagc values of the samples
have not completely or partially disappeared, even
under 9 T and at 30 K, and followed a horizontal
course with a small slope (Fig. 11a–d). This shows
us that the impurity phases and also the resulting
structural deformations in the matrix are probably
acting as pinning centers in some way. This situa-
tion reveals that the structure has a bulk supercon-
ducting nature.
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Fig. 10. Magnetic hysteresis loops of the Pure, Mg05, Mg10, and Mg15 samples at (a) 8 K, (b) 10 K, (c)
20 K, and (d) 30 K.

Fig. 11. Calculated Jmagc values of the Pure, Mg05, and Mg10 samples at (a) 8 K, (b) 10 K, (c) 20 K, and
(d) 30 K.

3.9. Pinning force calculations Fp

In superconducting samples, one of the factors
affecting, in particular, the current density is the
pinning force, Fp. In order to see the change in pin-
ning force with the substitution ratio, the normal-
ized vortex pinning forces of the produced samples

(fN = Fp/F
max
p ) were calculated as the function

of h = H/Hirr. Here, Hirr is defined as the ir-
reversibility field, and in its most general form, it
is obtained by linear extrapolation of the J1/2

c –H
curves to the zero value of Jc and Fmax

p is the max-
imum value of the pinning force [52]. The calculated
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Fig. 12. Calculated pinning force at (a) 8 K, (b) 10 K, (c) 20 K, and (d) 30 K for Pure, Mg05, and Mg10
samples.

pinning forces of the samples are given in Fig. 12a–
d. However, despite the 9 T maximum field mea-
surement limit, it is seen that the Fp value is con-
stantly increasing, and it cannot be predicted where
exactly this increase will end or where the maxi-
mum will be (Fig. 12). For all that, according to
the Dew–Hughes model, for unconventional super-
conductors and small-size surface pinning mecha-
nisms, hmax is known as 0.33 [52, 53]. In this case,
since hmax could not be determined for any of our
samples, we assume that it may approach 0.33. Ac-
cordingly, it is accepted that small pinning centers
are formed on the surface of the samples in point
form, and assumed that this creates a reasonable
critical current density and pinning force even in
the Mg10 substituted samples.

4. Conclusion

In this study, the results of Y-123 supercon-
ducting samples with the nominal composition of
Y(Ba1−xMgx)2Cu3O7−δ, where x = 0.0 0.5, 1.0,
and 1.5, were prepared by the solid-state method
and structural, electrical and magnetization ana-
lyzes and presented. It was observed that the crystal
parameters of Y-123 were changed by the substitu-
tion of Mg instead of Ba, but there was no devia-
tion from the orthorhombic symmetry. Y-211 and
MgO impurity phases were formed together with
the Mg substitution, and they became the domi-
nant phase in high substitution ratios. It was also
found that Mg did not dissolve in Y-123 and re-
mained as a separate phase with ∼ 96% purity up
to a certain limit. The superconducting properties

of the samples started to deteriorate with the substi-
tution and were completely destroyed at the substi-
tution ratio of x = 1.5. In addition, it was observed
that there was a significant increase in hole concen-
tration with substitution, and the samples shifted
from the optimally-doped region to the over-doped
region.

Moreover, it was found that the calculated U(H)
values started to decrease with the Mg concentra-
tion and magnetic field. We assumed that the de-
crease in U(H) is related to both flux trapping and
flux motion, and it is also assumed that, in our case,
especially flux motion slows down with the Mg sub-
stitution. It is also considered that it will be possible
to interpret the obtained results within the frame-
work of non-magnetic impurity scattering effects in
d-wave superconductors.
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