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Accepted: 1 June 2026 This study investigates the structural, electrical, and magnetic properties of
YBa,Cu;_,Zn,O,_5 (Y-123) and Y;BasCug_,Zn,O;4_s (Y-358) superconductors syn-
© The Author(s), 2026 thesized via the sol-gel method, where copper sites were partially substituted

with zinc (x =0.00-0.15). Dense polycrystalline samples were obtained following
calcination, sintering, and final heat treatment at 930 °C. Structural and micro-
structural changes with Zn doping were characterized using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy-dispersive spectroscopy
(EDS), while electrical-superconducting and magnetic properties were deter-
mined by resistivity (p-T) and vibrating sample magnetometry (VSM) measure-
ments. X-ray diffraction and SEM analyses show that Zn doping up to x =0.05
preserves phase purity and structural stability in both Y-123 and Y-358, whereas
higher Zn contents (x > 0.10) induce crystallographic disorder, secondary phases,
reduced grain size, and increased porosity, particularly in the Y-358 supercon-
ducting phase. Electrical measurements reveal a systematic suppression of critical
transition temperature, broadening of the transition, and reduced mobile hole
concentration with Zn/Cu substitution, driving both systems into the underdoped
regime due to reduced hole concentration, enhanced carrier scattering, and dis-
order in the Cu-O, planes. In other words, excess Zn disrupts the stabilization of
superconducting clusters, weakens electronic bridging, and alters the density of
states near the Fermi level, degrading superconductivity through both structural
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and electronic localization effects. Magnetic characterizations confirm a strong
reduction in critical current density (J) and flux pinning force (F},) with Zn dop-
ing, linked to pair-breaking and vortex mobility arising from nonmagnetic Zn**
ions in the active CuO, planes. Compared with Y-358, the Y-123 phase exhibits
greater tolerance to Zn-induced disorder and more stable pinning characteristics.
These findings provide comparative information about the role of Zn doping in
modulating charge carrier dynamics, flux pinning, and superconducting stability
of Y-123 and Y-358 phases, underscoring the importance of compositional control
for high-T. superconductor optimization.

1 Introduction

The fabrication of high-performance high-tem-
perature superconductors (HTS) demands careful
optimization of multiple parameters, including the
synthesis route, dopant type and concentration, and
sintering conditions (temperature, duration, and
oxygen partial pressure) due to the determination
of the final structural, electronic, and superconduct-
ing properties of the materials. Among the avail-
able synthesis techniques, the sol-gel (SG) method
provides distinct advantages, such as compositional
homogeneity, high-purity, stoichiometrically con-
trolled production, nanoscale mixing, and effective
dopant incorporation, enabling the preparation of
high-quality bulk YBCO superconductors. Sol-gel-
derived powders, when pressed into pellets and
subjected to optimized sintering treatments, typi-
cally exhibit improved grain connectivity, enhanced
superconducting phase purity, and superior critical
transition temperature and critical current density
values, establishing the method as an indispensable
tool in advancing HTS technologies [1].

The superconducting properties of YBCO are inti-
mately tied to its layered perovskite-type crystal struc-
ture, particularly the adjacent active CuO, in-plane
layers that serve as the primary conduction path-
ways for Cooper pairs. Substitutions at the Cu, Y, or
Ba sites or intercalations in Cu-O chains and planes
can substantially alter superconducting parameters,
as they directly affect the electronic environment of
Cu-O bonds and modify the hybridization between
Cu-3d and O-2p orbitals [2, 3]. Homo- and aliovalent
substitutions at Cu sites are especially influential,
as they alter charge carrier densities and local spin
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correlations, hence modulating electrical-supercon-
ducting and flux pinning ability [4-6]. Considerable
efforts have therefore been directed toward introduc-
ing nanoparticles or dopants into YBCO systems to
enhance flux pinning, magnetic performance, inter-
layer Josephson coupling, vortex lattice elasticity, and
suppress weak-link coupling effects at grain bounda-
ries and energy dissipation mechanisms arising from
the thermally activated motion of discrete 2D pancake
vortices. However, outcomes are often contradictory,
depending on ionic radius, valence state, and chemi-
cal compatibility with the host lattice of the dopant
atoms [7-13].

Zinc substitution, in particular, has been shown
to strongly suppress critical transition temperatures
in YBCO superconducting phases, attributed to the
disruption of weakly coupled copper oxide planes,
localization of charge carriers, and increased oxygen
deficiency [10, 14-25]. In this context, spinless Zn*"
ions not only disturb long-range antiferromagnetic
order but also act as pair-breaking centers within the
active CuO, consecutively stacked planes, leading to
structural disorder, altered Cu-O bond lengths, and
weakened interlayer charge transfer mechanism along
the crystal system. Post-synthesis thermal treatments
have further demonstrated that Zn migration can
intensify oxygen loss, and accelerate the deterioration
of superconductivity.

While the conventional Y-123 superconducting
phase remains the most widely studied member of
the YBCO parents, extended phases such as Y-358
have attracted increasing interest. First reported by
Aliabadi et al. [26], Y-358 superconducting phase
exhibits a higher critical transition temperature
(T,), higher than 100 K, and a more complex crystal
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structure comprising five active Cu-O, planes and
three Cu—O chains per unit cell, compared to only
two planes and one chain in the Y-123 supercon-
ducting ceramic phase. The structural complexity
of Y-358 is reflected in its elongated c-axis param-
eter and higher oxygen content [27, 28], both of
which are strongly sensitive to synthesis conditions.
Regardless, achieving phase-pure Y-358 remains
challenging due to its structural instability and
intergrowth with Y-123 and Y-124 phases [29-36].
Besides, reports in the literature reveal inconsistent
findings on its T, and lattice parameters, highlight-
ing the need for further systematic investigations
[37-44].

Despite significant advances, several fundamen-
tal limitations persist in YBCO-based superconduc-
tors. The presence of weak links at grain bounda-
ries and thermally activated vortex motion severely
limit critical current density (J. depending on the
flux pinning centers, and vortex lattice elasticity),
especially under applied magnetic fields. On this
basis, enhancing flux pinning through the introduc-
tion of artificial pinning centers at the nanoscale has
been widely explored, but inconsistencies remain
due to the complex interplay of structural strain,
lattice distortions, and dopant-host interactions
[45-51]. Accordingly, comparative investigations
of different YBCO phases under controlled doping
are critical for clarifying the relationship between
structural modifications, electrical transport, super-
conducting, and magnetic performance. The present
work focuses on Y-123 and Y-358 phases, where Zn
substitution at Cu sites is systematically examined
to evaluate its influence on microstructural evo-
lution, charge carrier concentration, fluctuation-
induced conductivity, and fundamental magnetic
performances, including pinning energy and car-
rying critical current density capacity. Samples
were synthesized via the sol-gel route to ensure
compositional homogeneity, and characterized by
X-ray diffraction (XRD), scanning electron micros-
copy (SEM), energy-dispersive spectroscopy (EDS),
resistivity (p-T) analysis, and vibrating sample
magnetometry (VSM). By correlating structural,
electrical, and magnetic properties, this study aims
to clarify the mechanisms underlying Zn-induced
modifications in Y-123 and Y-358 ceramic systems,
thus contributing both to the fundamental under-
standing of HTS materials and their potential tech-
nological applications.
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2 Materials and methods
2.1 Sample preparation

In this study, zinc ions were partially substituted with
copper (Cu) ions in four different molar ratios (x=0.01,
0.05, 0.10, and 0.15) to synthesize two superconduct-
ing phases of the YBCO family: YBa,Cu; (Zn), O,
(Y-123) and Y;BasCug (Zn), 05 5 (Y-358) supercon-
ducting phases. All samples were prepared using
the sol-gel technique to ensure homogeneity of
chemical composition. Yttrium(III) acetate hydrate
[Y(CH;COO0);-xH,0], barium acetate [Ba(CH;COO),],
copper(ll) acetate [Cu(CH;COOQO),], zinc (Zn), and
terbium (Tb) nano powders were used as the start-
ing precursors. Anhydrous methanol (CH;OH) was
employed as a diluent, glacial acetic acid (CH;COOH)
as a solvent, and triethanolamine (tri(2-hydroxyethyl)
amine) as both a thickener and pH regulator to form a
wet sol-gel solution. The mixture was stirred at room
temperature for 12 h in a parafilm-sealed beaker until
a bluish transparent solution was obtained. The solu-
tion was then gradually heated from 800 °C to 1000 °C
in an open beaker, resulting in a brown foamy gel,
which was subsequently placed in an ash oven at
350 °C for 1 h to promote hydration. After cooling,
the dried gel was collected, ground into powder using
an agate mortar, and calcined in an alumina cruci-
ble at 850 °C. This calcination and grinding process
was repeated at least three times over a 24-h period
to achieve uniform nano-crystallinity. The resulting
nano powders were pressed into 10 mm pellets and
sintered at 930 °C for 24 h at a heating rate of 5 °C/
min. Following sintering, the samples were cooled to
500 °C within 1 h and exposed to flowing oxygen at
this temperature for 5 h to optimize oxygen content,
before finally being cooled to room temperature. This
process yielded dense ceramic samples suitable for
further characterization. The Zn-doped Y-123 samples
were labeled as Y1, Y171, Y1Z5, Y1710, and Y1Z15,
while the corresponding Y-358 samples were denoted
as Y3, Y3Z1, Y3Z5, Y3Z10, and Y3Z15, respectively,
according to their Zn content (x =0.01, 0.05, 0.10, and
0.15).

2.2 Characterization

XRD patterns of the synthesized bulk ceramic samples
were recorded using a Bruker D8 Advance model X-ray
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diffractometer equipped with a CuKa radiation source
(A=1.541 A). The measurements were conducted in the
20 range of 10° to 70° with a scanning rate of 3°/min
under ambient conditions. The diffractometer was oper-
ated in continuous scan mode to ensure high-resolution
data acquisition suitable for detailed structural analysis.
The crystallographic information was derived from the
resulting diffraction peaks, and the interplanar spacing
(d) values were calculated using Bragg’s law given in

Eq. (1):
nA =2dsin6 (1)

where A is the wavelength of the incident X-rays, 0 is
the Bragg’s angle, d is the interplanar spacing, and # is
the order of reflection (taken as 1 for simplicity). The
corresponding Miller indices (hkl) were assigned to the
prominent diffraction peaks based on standard refer-
ence diffracted patterns, and lattice cell parameters
were further evaluated using the following equation
for orthorhombic or tetragonal crystal systems using

Eq. (2):

1 _m K B
2 atpta @)

This structural analysis enabled phase identification,
evaluation of crystalline quality, and estimation of lat-
tice distortions, providing critical information about the
effects of Zn doping on the Y-123 and Y-358 supercon-
ducting phases.

The lattice parameters 4, b, and ¢ correspond to the
unit cell dimensions of the orthorhombic crystal struc-
ture and were determined from the indexed XRD dif-
fraction patterns. The average crystallite size (D) belong-
ing to the ceramic samples was estimated using the
well-known Warren—Scherrer equation (Eq. (3)), which
relates peak broadening in the XRD pattern to the size
of coherently diffracting domains:

0.9414
D=
Bcos 6 )

In this expression, D is the crystallite size (in nanom-
eters), A is the X-ray wavelength (1.541 A for CuK, radi-
ation), B is the corrected full width at half maximum
(FWHM) of the diffraction peak (in radians), and 0 is
the corresponding Bragg angle. The peak broadening
B was corrected for instrumental effects using Eq. (4):

2 2 2
B :Bs_Bm 4)
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where B; is the experimentally measured FWHM of
the diffraction peak, and B, is the instrumental broad-
ening constant, taken as 0.000007 rad for the applied
system. This correction ensures a more accurate esti-
mation of the crystallite size by eliminating contribu-
tions from instrumental limitations.

In addition, the orthorhombicity coefficient (5)
was calculated to quantify the degree of distortion
from a perfectly tetragonal structure. This coeffi-
cient provides valuable information about the oxy-
gen ordering and phase purity of the YBCO ceramic
structures. It was calculated using Eq. (5), based on
the previously determined lattice parameters a and b:

_100(a — b)
~ (a+b) ©)

A higher 6 value typically reflects increased
orthorhombic distortion, which may influence the
superconducting properties of the YBCO ceramics.
The combined crystallite sizes and orthorhombic-
ity values display essential structural insights into
the effects of Zn substitution on the Y-123 and Y-358
superconducting phases.

The surface morphology of the ceramic super-
conductor samples was examined scanning electron
microscopy (SEM), with micrographs obtained at
a magnification of x 10,000 using an FEI QUANTA
FEQ 250 instrument. To evaluate the elemental com-
position and detect possible impurities, energy-dis-
persive X-ray spectroscopy (EDS) analysis was per-
formed on selected localized regions of the ceramic
structures. For EDS measurements, multiple point
analyses were performed over different regions of
each sample to minimize local compositional vari-
ations and improve statistical reliability. The aver-
aged Zn contents follow the expected trend with
increasing doping, even if absolute values may
slightly deviate due to known EDS limitations. The
electrical resistivity measurements were carried out
in the temperature range of 10-300 K using the four-
probe method within a Janis CCS-450 cryostat sys-
tem, allowing for precise control of low-temperature
conditions.

As noted earlier, the hole carrier concentration
(P) per Cu ion is a key parameter governing elec-
trical transport and superconducting behavior in
cuprate ceramics. The relationship between the
superconducting transition temperature and hole
concentration follows a well-established nonlinear
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trend, commonly described by a universal parabolic
relation. The empirical model proposed by Presland
et al. quantitatively captures this dependence [52,
53]:

Toffset
€ =1-82.6(Ppe —0.16) (6)

max
TC

where Toff¢t is the offset superconducting transition
temperature of the sample, and T"® is the maximum
transition temperature at the optimal doping level of
Py 1e ® 0.16. This relation has been widely validated for
Bi-, Y-, and Tl-based superconductors.

For the underdoped region of Bi-2212, the hole con-
centration in the valence band can be estimated using

Eq. (7) [54, 551:
1
Té)ffset 2

(-5)

82.6

Pyole = 0.16 — )

According to this framework, superconductivity
reaches its maximum near optimal doping (P} =
0.16), while deviations toward either the underdoped
or overdoped regimes result in a reduction of transi-
tion temperature [56]. This relation provides valuable
information about the doping level and its influence
on the electrical superconducting properties. Below
the T, parameter, materials contain superconducting
electron pairs; however, superconducting behavior
is not fully established until the T, value is reached.
These pairs give rise to superconducting fluctuations,
caused by thermodynamic processes that intermit-
tently form and annihilate electron pairs [57]. A devia-
tion from linearity in the p-T curve above T, serves as
an indicator of such fluctuations.

The electronic properties of YBCO are strongly
anisotropic in both the normal and superconducting
states, and this anisotropy is experimentally observ-
able. Due to their short coherence lengths and high
anisotropies, high-temperature superconductors are
well-suited for the detection of fluctuation-induced
conductivity using the p-T graph [58]. The total fluc-
tuation conductivity consists of two primary contribu-
tions, expressed as follows:

Ac = AcAT + AcMT (8)

where Ac?T is the Aslamazov-Larkin (AL) fluctua-
tion, and AcMT is the Maki-Thompson fluctuation.
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However, this model assumes homogeneity and is
not directly applicable to polycrystalline samples.
Therefore, Lawrence and Doniach (LD) extended the
AL theory for layered copper-based superconduc-
tors, such as those containing weakly coupled copper
oxide planes. The LD model, derived from AL theory,
predicts a dimensional crossover from 2 to 3D fluc-
tuations near T.. In this framework, the fluctuation-
induced conductivity is given by

1
2 2
Aoyp = A6l [1 ¥ (ECT% 8—1] ©)

Here, £.(0) is the zero-temperature coherence
length along the c-axis, d is the interlayer spacing,
and ¢ is the reduced temperature, calculated using
the relation:

T— Tmf
_ c
€= Tmf
c

(10)

The system exhibits 3D fluctuations above the
crossover temperature Ty and 2D fluctuations
below the temperature value. The crossover tempera-
ture is determined by

m 260\ ?
TLD=TCfl1+ <T> ] (11)

The experimental fluctuation conductivity is
obtained from measured resistivity values and is
given as in Eq. (12):

_(1_1
AG_(/J pn> (12

where p is the measured resistivity and p,, is the nor-
mal-state resistivity, estimated from the linear portion
of the p—T curve using Eq. (13):

pn=a+pT (13)

Two critical parameters for analyzing fluctuation
conductivity are the accurate determination of p,, and
the mean-field critical temperature T™. The plot of
In(o) versus In(¢) reveals the fluctuation region, and
the critical exponents A, and A;p can be extracted
from the slope of the linear regions. Furthermore,
the zero-temperature coherence length £-(0) can be
estimated from the value of T, derived from the
In(o)-In(e) plot [59, 60].

@ Springer
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Magnetization measurements were carried out
using a Lakeshore 7400-S model vibrating sample
magnetometer to investigate the magnetic proper-
ties of the synthesized superconducting samples.
All measurements were performed at a fixed tem-
perature of 20 K under an applied external mag-
netic field ranging from —2 T to + 2 T. The resulting
magnetization versus magnetic field (M—H) curves
were analyzed to determine the coercivity, rema-
nent magnetization, and intragranular ], values.
These values were calculated using Bean’s critical
state model, as described by the following expres-
sion (Eq. (14)) [61], which assumes a uniform cur-
rent distribution within the grains of the ceramic
superconductor.

AM
o(1-2) (14)

3a

Jo(H) =20

The F,, is a key parameter in understanding the
pinning mechanisms that govern the performance
of superconductors under applied magnetic fields.
To conduct a more comprehensive analysis of the
pinning behavior, three theoretical models were
employed. These models take into account factors
such as the geometry of defects (e.g., point, linear,
planar, or surface), the type of interaction involved
(either core or magnetic), and the nature of the pin-
ning nucleation centers (normal or superconductor).
The experimentally obtained pinning force values
for the ceramic structures were analyzed and inter-
preted by comparing them with these three theoreti-
cal frameworks, as described in Egs. (15), (16), and
(17) [62].

Ak pinning;:
_ a2 2b
fo) =3b <1 - ?> (15)
Normal point pinning;:
2
9 b
fo = (1-2) (16
Normal surface pinning;:
25
folb) = — 22—
16b2(1- 1) 17

where b = H/ Hpay, o (b) = Fp/Fmax‘
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3 Results and discussion
3.1 XRD measurements

This part includes the change of crystallinity qual-
ity, crystallite size, orthorhombic-to-tetragonal phase
transition, grain orientation, texturing, and coupling
strength between adjacent active Cu-O, layers for both
the Zn/Cu-substituted Y-123 and Y-358 ceramic sys-
tems. XRD patterns of undoped and Zn-doped Y-123
superconducting samples are presented in Fig. 1. The
diffraction peaks observed at high intensities corre-
spond well with the standard orthorhombic Y-123
phase (Fig. 1a), as also verified by their respective
Miller indices labeled on the patterns (Fig. 1b, c). No
secondary phases, systematic peak shifts, or impurity
peaks associated with Zn-doped Y-123 ceramic struc-
tures were detected, indicating that the Zn*" ions were
successfully incorporated into the Y-123 lattice with-
out exceeding the solubility limit. The observed peak
shifts further reveal slight variations in lattice param-
eters, arising from the ionic size difference between
Zn*" and Cu®" ions, thus providing strong evidence
of successful substitution. Moreover, Zn?" ions are
effectively incorporated into the host lattice, inducing
controlled lattice distortions due to differences in ionic
radius, electronic configuration, and electronegativ-
ity. The localized distortions are known to generate
beneficial strain fields, promote slight lattice contrac-
tion, and enhance interatomic bonding within the
defect-engineered matrix. In more detail, the ionic
radius of Zn?" (0.74 A) is very close to that of Cu®*
(0.73 A), which facilitates partial substitution at the
Cu sites without significant lattice distortion. How-
ever, minor variations in peak intensities and positions
were observed, especially in the sample with x=0.10,
which exhibited a slight rightward shift of the major
diffraction peaks, implying localized strain or lattice
contraction. The clear distinction between the (013)/
(103) and (006)/(200) diffraction peaks, with the (006)
peak possessing higher intensity, is a strong indica-
tion of the orthorhombic symmetry preserved in the
crystal structure and sufficient oxygen content. The
features confirm that the oxygen deficiency is minimal
and the oxygen chains remain ordered, which is criti-
cal for the superconductivity phenomenon of YBCO
ceramic structures. Lattice cell constants and crystallite
size values, summarized in Table 1, further support
the discussed scientific findings. Despite slight devia-
tions from the ideal lattice constants reported in the



J Mater Sci: Mater Electron (2026) 37:1283 Page 7 of 29 1283

Fig. 1 XRD patterns of Zn-
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Tal.)le 1 Crystallite size and Samples D (nm) a(A) b(A) (&) V(A3 s
lattice cell parameters of the
Zn-replaced Y-123 and Y-358 Y1 31.21 3.822 3.885 11.654 173.034 0.814
structures Y1Z1 31.48 3.822 3.902 11.668 174.031 1.032
Y1Z5 30.77 3.822 3.891 11.659 173.377 0.887
Y1710 28.49 3.818 3.876 11.642 172.264 0.759
Y1Z15 30.98 3.831 3.886 11.677 173.861 0.715
Y3 28.35 3.894 3.831 31.445 469.103 0.812
Y3Z1 29.89 3.880 3.822 31.615 468.814 0.749
Y3Z5 29.04 3.889 3.824 31.662 470.941 0.840
Y3Z10 28.13 3.894 3.827 31.409 468.010 0.872
Y3Z15 2791 3.892 3.829 30.899 460.412 0.812
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literature [27], all Zn/Cu partially substituted Y-123
ceramic samples retained orthorhombic symmetry.
Among the investigated crystal systems, the compo-
sition with x=0.10 exhibited the most pronounced
structural modifications, characterized by a significant
reduction in orthorhombicity (6 =0.759) and the small-
est average crystallite size (28.49 nm). In contrast, the
unsubstituted and lightly substituted (x =0.01) Y-123
ceramics retained comparatively larger crystallite sizes
of 31.21 and 31.48 nm, respectively, highlighting that
excess Zn incorporation suppresses grain growth and
promotes structural disorder. Furthermore, the unit
cell volume displayed slight but systematic fluctua-
tions as a function of Zn*" ion content, dispalying sub-
tle variations in lattice packing. A progressive decrease
in 6 with increasing Zn concentration (most notably
at x=0.10 and x =0.15) verifies a gradual tendency
toward tetragonal distortion. This evolution is likely
associated with partial oxygen deficiency and/or rear-
rangements within the Cu-O chain sublattice, in line
with previously reported behavior in Zn-substituted
YBCO systems [43, 44]. Shortly, the presence of Zn
impurity damages crystallinity quality, crystallite size,
orthorhombic-to-tetragonal phase transition, grain ori-
entation, texturing, and coupling strength between
adjacent active Cu-O, layers of the Y-123 system.
Additionally, the XRD patterns of unreplaced and
Zn/Cu partially substituted Y-358 superconductors
are shown in Fig. 1d. Examination of the diffraction
patterns via literature [26] indicates that all samples
predominantly exhibit orthorhombic crystal struc-
ture characteristics. This is confirmed by the pres-
ence and clear separation of typical orthorhombic
phase peaks, namely (108)-(018) and (200)—(020), as
illustrated in Fig. 1e, f. However, a careful inspection
reveals that the purity of the Y-358 superconducting
phase decreases slightly with increasing Zn content,
and minor impurity traces begin to emerge, espe-
cially for higher doping levels. Although no distinct
impurity peaks or Zn-based secondary phases were
observed with increasing Zn doping up to x=0.15,
slight impurities and possible secondary phase for-
mation appeared, especially at the 15% doping level,
confirming that Zn?* ions mostly substituted for Cu®*
within the lattice; however, excess dopant may have
led to minor structural distortions and slightly dis-
rupted the phase purity. Similar to the Y-123 crystal
lattice, the close ionic radii of Zn?*" and Cu®* support
Zn** substitution for Cu®" in the Y-358 ceramic matrix.
However, increasing Zn content caused a noticeable
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decrease in peak intensities, especially for x=0.15,
indicating reduced crystallinity and structural dis-
order. In this sample, the (108)-(018) and (200)—(020)
peaks are nearly merged, verifying orthorhombic
phase degradation. As shown in Table 1, variations
in lattice parameters, unit cell volume, and 6 reflect
the structural changes based on the Zn doping level.
All the new synthesized Y-358 ceramic samples main-
tain orthorhombic symmetry, with 6 values ranging
between 0.749 and 0.872. The x =0.10 sample displayed
the highest 0 (0.872), indicating the most well-defined
orthorhombic phase among the Zn-doped series.
In contrast, the x =0.15% Zn ions added Y-358 sam-
ple showed a reduction in c-axis lattice parameter
(30.899 A) and unit cell volume (460.412 A%), along
with the smallest average crystallite size (27.91 nm),
reflecting the cumulative effect of lattice strain, oxygen
deficiency, and potential phase instability at higher
doping levels, as noted above.

The variation in crystallite size with Zn content
exhibits a non-monotonic trend. Compared to the
undoped Y-358 sample (28.35 nm), the grain size ini-
tially increases slightly at low doping levels (29.89 nm
at x=0.01), reaches a peak at x=0.05 (29.04 nm), and
then decreases with further Zn substitution amount,
indicating that the presence of excess Zn incorpora-
tion may inhibit grain growth and promote defect for-
mation. Additionally, a slight shift of the main peaks
toward higher angles was detected with increasing Zn
content, implying a reduction in lattice spacing and
possible compressive stress within the crystal struc-
ture. On this basis, the incorporation of Zn impuri-
ties deteriorates the crystallinity, disrupts grain ori-
entation and texturing, and weakens the interlayer
coupling strength between adjacent CuO, planes,
thereby compromising the overall superconducting
performance.

In conclusion, Zn doping in Y-358 samples success-
fully preserves the orthorhombic phase up to x =0.10,
while higher doping levels induce peak broadening,
intensity suppression, and local structural distortions.
The findings in Fig. 1 confirm that while Zn is accom-
modated in the Y-358 ceramic lattice by replacing Cu
atoms, the solubility limit is approached at x =0.15,
beyond which crystallinity and structural uniformity
are notably compromised.

Figure 1, directly comparing the XRD patterns of
Y-123 and Y-358 ceramic samples, further emphasizes
the difference in Zn solubility behavior between the
two phases. At x =0.01 and x =0.05 substitution levels,
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both Y-123 and Y-358 exhibited comparable peak
intensities and clean diffraction patterns. However,
at x=0.10, the Y-358 phase showed stronger diffrac-
tion peaks than the Y-123 ceramic superconducting
phase, displaying relatively better structural integrity
at this level. This trend reversed at x =0.15, with the
Y-358 sample experiencing more severe peak suppres-
sion and potential impurity formation compared to
the corresponding Y-123 sample. These results imply
that while both superconducting phases can accom-
modate Zn?" ions to a certain extent, the tolerance of
the Y-358 lattice to Zn doping diminishes more rapidly
at higher doping levels, possibly due to the complexity
of its larger unit cell and multi-layered CuO, consecu-
tively stacked layers. Zn doping up to 5% appears to
enhance or maintain the crystallinity and orthorhom-
bic symmetry in both Y-123 and Y-358 ceramic sys-
tems, with only minor variations in lattice parameters.
The changes remain within the expected limits for
substitutional doping and do not indicate a structural
phase transition. Beyond this threshold, structural
degradation becomes more pronounced, particularly
in the Y-358 phase, as evidenced by diminished peak
intensities, reduced crystallite sizes, and overlapping
characteristic reflections (Table 1). These observa-
tions indicate that the solid solubility limit of Zn in
both superconducting phases lies between 0.05 and
0.10, beyond which lattice strain, phase disorder, and
microstructural inhomogeneity emerge, potentially
deteriorating superconducting performance. This
effect is especially critical for the Y-358 phase, which
is known for its inherent structural instability and sen-
sitivity to synthesis conditions such as temperature,
oxygen partial pressure, and cation stoichiometry. The
formation of secondary phases is commonly observed
due to the difficulty in stabilizing stoichiometrically
pure Y-358. In Zn-doped samples, minor impurity
peaks between 26° and 30° display the formation of
additional secondary phases, such as Y-211, BaCuO,,
BaCO;, and unreacted Y-123, particularly at higher
doping levels [63, 64]. These findings confirm that Zn
incorporation into the Y-358 lattice becomes increas-
ingly challenging with higher doping, often resulting
in intergrowth with other YBCO phases and increased
impurity formation. Nevertheless, although Zn incor-
poration induces local lattice distortions and second-
ary phase formation in the Y-358 structure, such effects
remain relatively modest at low substitution levels
but become significantly amplified once the solubility
limit is approached or exceeded.
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3.2 SEM and EDS analyses

The SEM micrographs of Zn-doped Y-123 samples
are presented in Fig. 2. These images were obtained
at a magnification of x 10,000 in order to investigate
the grain structure, intergranular spacing, surface uni-
formity, microcrystalline orientation, grain bounda-
ries, melting regions, porosity, defect structures, and
particle size distributions of the samples. Upon exami-
nation of the SEM images, Zn doping was found to
exert a complex influence on the microstructure of the
YBCO ceramic samples. Figure 2 shows that at low
doping levels (1%), the particle size is reduced com-
pared to the pure sample, and porosity increases sig-
nificantly. With intermediate Zn contents (5-10%), the
grains become more irregular and poorly connected,
exhibiting enhanced porosity and the appearance of
microcracks, indicating a disruption in the sintering
process and increased grain boundary disorder. Inter-
estingly, at the highest doping level (15%), the micro-
structure exhibits partial recovery. The grains become
relatively larger and more uniform, with a reduced
density of pores and microcracks compared to the
10% sample. This indicates that the adverse effects of
Zn-induced lattice distortion are partially alleviated,
enabling grain reorganization and improved structural
integrity relative to the 10% composition. This reversal
may be attributed to Zn reaching its solubility limit
within the YBCO lattice, beyond which it promotes the
formation of Zn-based secondary phases. These sec-
ondary phases can act as a flux, enhancing local mass
transport and facilitating grain growth, a phenomenon
also reported in previous studies [43, 44]. Therefore,
while moderate Zn doping deteriorates grain con-
nectivity and promotes porosity, higher Zn content
may alter the sintering dynamics in a way that locally
supports grain coarsening. Consequently, Zn incor-
poration significantly affects the sintering kinetics
and grain boundary integrity, with the most adverse
effects on microstructural homogeneity observed
around the 10% doping level. At the 15% substitu-
tion level, although partial improvements in grain
morphology are observed, the concurrent formation
of secondary phases and their detrimental influence
on superconducting properties become increasingly
significant and cannot be overlooked. The elemental
distribution and compositional profiles of the Zn/Cu
partially replaced Y-123 ceramics were examined by
energy-dispersive X-ray spectroscopy (EDS), as illus-
trated in Fig. 2, with the corresponding quantitative
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Fig. 2 SEM and EDS of the
Zn-doped Y-123 and Y-358
samples
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results summarized in Table 2. It is to be mentioned
here that EDS technology has intrinsic limitations,
particularly in quantifying light elements and pro-
viding highly precise stoichiometry. However, Zn is
a relatively heavy element with a distinct X-ray emis-
sion line, which allows the Zn signal to be detected
with reasonable sensitivity and accuracy compared to
lighter elements along the experiments. Further, in the
present study, EDS is not used as a standalone quanti-
tative tool but rather as a complementary technique to
verify the presence and relative distribution of Zn ions
within the cuprate samples. The EDS analysis reveals a
systematic increase in Zn concentration that correlates
well with the nominal doping levels. This is because
the EDS spectra performed consistently showed the
presence of Zn peaks whose intensity systematically
increases with the nominal doping level, indicating
a clear correlation between intended and measured
compositions. Concurrently, a proportional decrease
in Cu content was detected, indicating a direct substi-
tutional mechanism. In particular, it is found that the
Zn weight fraction increased from 0.57 to 1.05%, while
the Cu fraction decreased from 29.57 to 28.53%. This
compositional trend provides strong evidence that
Zn atoms occupy Cu lattice sites in the Y-123 crystal
structure, consistent with the expected substitutional
behavior. The compositional findings from EDS are
strongly corroborated by structural and microstruc-
tural evidence.

Such substitutional doping is consistent with the
hypothesis that Zn replaces Cu predominantly at the
Cu?*" sites within the Cu-O, in-plane layers, which is

Table 2 Local percent distributions of elements according to
EDS analysis

Names Weight %

O Y, Ba; Cug Zng
Y1 13.12 11.29 45.42 30.16 -
Y1Z1 11.61 10.41 47.84 29.57 0.57
Y1Z5 12.18 10.17 46.89 30.13 0.62
Y1Z10 13.4 9.13 47.63 28.88 0.97
Y1Z15 12.59 9.09 48.75 28.53 1.05
Y3 13.43 19.02 4222 25.33 -
Y3Z1 12.73 13.46 45.09 28.3 0.42
Y3Z5 13.61 14.17 44.61 26.94 0.68

Y3Z10 12.94 14.68 44.25 27.25 0.88
Y3715 12.99 14.59 43.68 27.28 1.46
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known to affect both the superconducting and struc-
tural characteristics of the ceramic structure. The
successful incorporation of Zn ions into the Y-123
superconducting phase, along with the reduction
in Cu content, further supports the effectiveness of
the sol-gel synthesis method in achieving controlled
stoichiometry at the atomic level.

The SEM images of Zn-doped Y-358 samples are
also shown in Fig. 2. The SEM micrographs clearly
reveal that Zn doping significantly alters the surface
morphology of the Y-358 ceramic samples. In par-
ticular, for the sample with x =0.15% Zn doping, the
grains appear smaller, more irregular in shape, and
less oriented compared to those with lower doping
levels. A noticeable degradation of the planar crys-
talline structure is evident, accompanied by parti-
cle agglomeration around the grain boundaries. As
the Zn concentration increases, the grain alignment
becomes increasingly disordered, displaying a dis-
ruption in the preferential growth direction of grains
during the sintering process.

These morphological irregularities are indica-
tive of the destabilizing influence of excess Zn ions
on the crystal growth kinetics and indicate a limit
beyond which Zn incorporation adversely affects
the microstructural uniformity of the Y-358 super-
conducting phase formation. The observed porosity
and disoriented grains at higher Zn levels may nega-
tively impact the intergranular current transport by
enhancing weak-link behavior.

Elemental compositions of Zn-doped Y-358 sam-
ples investigated by EDS analyses are presented in
Fig. 2 and summarized in the accompanying data
in Table 2. The EDS results confirm a systematic
increase in Zn content with rising nominal doping
levels, accompanied by a corresponding decrease in
Cu content. This trend supports the substitutional
incorporation of Zn*" ions at Cu®" sites within the
Y-358 crystal lattice. For example, the sample with
1% Zn doping exhibited Zn and Cu weight percent-
ages of 0.42 and 28.30%, respectively, whereas for
the 0.15 doped sample, these values shifted to 1.46
and 27.28%.

The EDS data confirm effective Zn substitution at
Cu sites up to the solubility limit and align well with
the XRD and SEM results. Together, these results
demonstrate that while low-to-moderate Zn doping
supports lattice stability and compositional uniform-
ity, excess doping near 15% induces localized phase
instability and structural inhomogeneity, highlighting
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the critical importance of optimizing dopant levels for
desired superconducting properties.

A comparative analysis of SEM and EDS results
for Zn/Cu partially substituted Y-123 and Y-358
samples reveals distinct microstructural and com-
positional behaviors influenced by the doping level.
In both phases, increasing Zn content leads to grain
size reduction, enhanced porosity, and a disruption
of grain boundary connectivity. However, the Y-358
ceramic sample exhibits a more pronounced morpho-
logical degradation, with a more porous and diso-
riented structure, particularly at 15% doping. The
change of the main crystal structure is clearly seen
from the other experimental results.

EDS findings consistently confirm Zn incorpora-
tion via Cu-site substitution, with a corresponding
decrease in Cu content across both systems. Notably,
while Y-123 shows partial microstructural recovery
at high doping levels, Y-358 remains structurally
unstable, indicating a lower tolerance for excess Zn
ions. These observations highlight the critical role of
phase-specific solubility limits and sintering dynamics
in maintaining structural consistency and optimizing
superconducting performance. At the same time, while
EDS may not provide exact stoichiometric precision,
it reliably confirms the presence, relative value, and
homogeneous distribution of Zn in the samples. All
these findings are consistent with other characteriza-
tion experiments studied. When considered alongside
the XRD, SEM, and EDS results, the combined evi-
dence strongly confirms the successful attainment of
the targeted substitution levels.
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3.3 Resistivity measurements

The electrical transport characteristics of YBCO type-
II superconductors are critically dependent on both
extrinsic processing parameters (e.g., precursor purity,
annealing conditions, mechanical strain, and dopant
incorporation) and intrinsic microstructural factors,
including the presence of microcracks, local lattice
distortions, grain connectivity, and the interlayer
coupling strength between adjacent CuO, planes. In
the ceramic system, charge transport is predominantly
mediated by mobile holes confined within the CuO,
in-plane layers, which serve as the primary super-
conducting pathways. Consequently, any structural
or compositional modification to these active planes,
whether through oxygen stoichiometry variations,
cation substitution, or induced strain, has a direct and
profound impact on the electronic transport properties
and fundamental superconducting performance of the
ceramic matrix. The p-T behavior of Zn-doped Y-123
ceramic samples is shown in Fig. 3. It is observed from
the figure that all samples demonstrated a clear super-
conducting transition, confirming that Zn substitution,
even at higher doping levels, did not destroy the fun-
damental orthorhombic crystal structure required for
superconductivity, having already been confirmed
by XRD examinations. However, variations in Zn
impurity content had a distinct and systematic effect
on the superconducting properties. In detail, the Y1
sample exhibited a sharp and well-defined supercon-
ducting transition, with an onset temperature To"set
of 92.65 K and a narrow transition width AT =2.65 K.

QY3

9 Y3z1

@ Y325
Y3Z10
Y3215

50 60 70 8 90 100 110
T(K)

Fig. 3 Temperature-dependent electrical resistivity measurements of the Zn-doped a Y-123 and b Y-358 samples
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This behavior is typical for high-quality Y-123 sam-
ples with minimal disorder and fine-grain connectiv-
ity. The Y1Z1 retained a similarly sharp transition
(AT.=2.56 K) and only a slight decrease in To"*! to
89.06 K, displaying that low-level Zn substitution may
slightly disturb the superconducting network without
significantly affecting phase homogeneity.

However, with increasing Zn concentration, a clear
deterioration in superconducting properties was
observed. For the Y1Z5 sample, the T?"*¢' dropped to
88.79 K, while the transition width dramatically broad-
ened to 12.84 K. This substantial increase in the AT,
parameter indicates increased structural inhomogene-
ity and the emergence of weak links between grains,
likely due to Zn accumulation at grain boundaries, as
evidenced by SEM observations.

Further doping to 10 and 15% Zn impurities caused
a more pronounced suppression of superconductiv-
ity for the Y-123 superconducting phase. The onset
temperatures decreased to 71.43 and 67.17 K, respec-
tively, while the transition widths remained signifi-
cantly large (7.32 for Y1710 and 10.72 K for Y1715).
The transition curves in Fig. 3 also show that for the
higher doping levels, the resistivity declines more
gradually, indicating a less coherent, connected weak
superconducting pathway. This phenomenon is typi-
cally associated with degraded crystallinity, reduced
carrier density, and enhanced disorder at the micro-
structural level.

Additionally, the room-temperature resistivity (not
quantified in the table but inferred from the p-T plots)
was observed to increase with Zn content. This can
be attributed to the scattering of charge carriers by
Zn-induced defects and the reduction in short-range-
ordered antiferromagnetic CuO, plane integrity,
which impedes the charge transport necessary for both
normal-state conductivity and superconducting pair-
ing mechanism. Particularly in the 15% Zn-replaced
sample, the electrical resistivity was markedly ele-
vated, correlating with the most distorted micro-
structure and emergence of secondary phases despite
partial improvements in grain morphology in SEM
micrographs. This further confirms that excess Zn
doping deteriorates the microstructure and increases
scattering centers, hence reducing electrical conductiv-
ity and superconducting efficiency.

Consequently, similar to the XRD experiments, the
electrical measurements confirm the detrimental effect
of Zn substitution on superconductivity in the Y-123
superconducting phase beyond a certain threshold.
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While all Zn/Cu-substituted samples maintain super-
conducting behavior, Zn incorporation causes a pro-
gressive decrease in transition temperatures, a broad-
ening of the transition width, and an increase in DC
electrical resistivity. These effects are closely linked to
Zn-induced microstructural disorder, reduced Cu-site
availability, and weakened intergranular connectivity.
It can therefore be concluded that Zn doping levels up
to 1% are relatively tolerable within the Y-123 ceramic
matrix, maintaining acceptable superconducting
characteristics. However, higher doping levels, espe-
cially beyond 5%, introduce significant structural and
electrical degradation, with 15% Zn doping severely
affecting superconducting performance. This trend
supports the identification of an optimal Zn content
between 1 and 5% for balancing structural stability
and superconducting efficiency in Zn-doped Y-123
materials. All in all, the excess Zn impurity impairs
superconducting clusters stabilization, electronic
bridges, localization of electronic density of states
(DOS) at the Fermi energy level, and polaronic inter-
actions in the strongly covalently bonded CuO, layers
in the Y-123 ceramic structure.

As for the change of electrical and superconduct-
ing characteristics of Zn/Cu-substituted Y-358 ceramic
structures, we depict the p—T experimental results in
Fig. 3. It is obvious that every sample demonstrated
superconducting transitions, indicating that the substi-
tution of Zn impurity ions into the Y-358 crystal struc-
ture did not completely suppress superconductivity.
However, the electrical transport measurements reveal
a significant degradation in superconducting proper-
ties with increasing Zn content.

As shown in Table 3, the unsubstituted Y-358
ceramic structure exhibited a high T of 90.01 K
and a AT, of 2.88 K, indicating good phase homoge-
neity and strong intergranular coupling. This clearly
demonstrates the high structural and superconduct-
ing quality of the samples synthesized via the sol-gel
method. In other words, the obtained ceramics exhibit
enhanced grain connectivity, reduced porosity, and
more uniform oxygen distribution, all of which are
critical for achieving reliable superconducting path-
ways. These features not only validate the effective-
ness of the sol-gel method in producing high-quality
type Il superconductors but also highlight its potential
as a versatile synthesis technique for tailoring struc-
tural, electrical, and magnetic properties in complex
oxide materials. However, as the Zn substitution
level increased, the critical temperature gradually
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Table 3 Characteristic parameters for the Zn/Cu-substituted
Y-123 and Y-358 ceramic samples derived from p-T measure-

ments

Samples Tomset Toffset AT, (K) p

Y1 92.65 90.00 2.65 0.1438
Y171 89.06 86.50 2.56 0.1331
Y175 88.79 75.95 12.84 0.1140
Y1710 71.43 64.11 7.32 0.0994
Y1715 67.17 56.45 10.72 0.0916
Y3 90.01 87.13 2.88 0.1180
Y371 89.68 84.99 4.69 0.1151
Y375 85.57 80.63 4.94 0.1096
Y3710 78.97 71.87 7.10 0.1002
Y3715 73.88 56.98 16.90 0.0896

decreased. For instance, at 5% Zn substitution level,
To"set has decreased to 85.57 K, while AT, slightly
widened to 4.94 K. At 15% Zn doping, TO"*** dropped
significantly to 73.88 K, and AT, increased dramati-
cally to 16.90 K, revealing considerable inhomogeneity
and weakening of the superconducting network. This
widening of the transition region is indicative of Zn-
induced disorder, which disrupts the connectivity of
superconducting grains and weakens the coherence
of the superconducting phase. Additionally, excess
Zn incorporation detrimentally affects the stabiliza-
tion of superconducting clusters, disrupts electronic
bridging pathways, and enhances delocalization of
DOS at the Fermi level. In addition, it interferes with
polaronic interactions within the active Cu-O, planes
of the Y-358 ceramic lattice, thereby undermining the
intrinsic superconducting coherence of the system.
Furthermore, in the p-T curve of the Y3Z15, a two-
step transition behavior was observed due to the weak
intergranular coupling, poor crystallinity, or the prob-
able presence of Zn-rich non-superconducting regions
at the grain boundary regions. Such structural features
likely introduce energy barriers between supercon-
ducting grains, causing the superconducting transition
to occur over an extended temperature range.
Additionally, the increase in normal state resistivity
with Zn doping supports the presence of enhanced
carrier scattering mechanisms. Zn atoms may sub-
stitute for Cu, primarily in the consecutively stacked
CuO, planes, thereby possibly disrupting the super-
conducting charge transport pathways and reducing
the mobile hole carrier concentration. This results in
both suppressed superconductivity performance and
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degraded electrical conductivity. The greater sensi-
tivity of the Y-358 superconducting phase to the Zn/
Cu partial replacement mechanism, compared to
the Y-123 phase, can be attributed to its more com-
plex crystal structure and extended Cu-O networks,
which may be more easily destabilized by aliovalent
substitutions.

In summary, although Zn-doped Y-358 ceramic
samples retain superconducting characteristics, their
electrical transport properties degrade progressively
with increasing Zn content. The observed reduction in
T. value, broadening of AT, increase in normal-state
resistivity, and emergence of double-step transitions
all point to structural and compositional inhomogenei-
ties introduced by Zn impurity ions. These findings
highlight the critical role of controlled doping in pre-
serving superconducting performance, particularly in
complex high-T, phases like Y-358.

When compared with Zn-doped Y-123 ceramic
structures, the bulk Y-358 samples exhibit a steeper
decline in superconducting performance under the
same replacement levels due to the considerable deg-
radation in stabilization of superconducting clusters,
electronic bridging pathways, and localization of DOS
at the Fermi level. While both phases share a similar
oxygen-dependent orthorhombic structure, the more
complex and extended Cu-O chain and plane net-
works in the Y-358 ceramic structures appear more
susceptible to structural disruption by the Zn/Cu
substitution mechanism, where multi-phase cuprates
were shown to be more vulnerable to doping-induced
disorder due to their intricate crystal structure. While
superconductivity is preserved at low Zn impurity
levels, higher doping leads to significant deterioration
in T, parameters, increased AT, and signs of structural
inhomogeneity. The sharp increase in transition width
and the appearance of dual transition steps at 15% Zn
doping highlight the importance of optimizing the Zn
content for maintaining both microstructural integrity
and superconducting functionality. For the Y-358 sys-
tem synthesized, Zn doping levels above 5% appear
to severely compromise superconducting coherence,
rendering such compositions unsuitable for practical
applications.

3.3.1 Hole carrier concentration

The charge carrier density is strongly governed by
chemistry of the ceramic system, including charge
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transfer dictated by the electronic band structure, the
oxidation states of constituent ions, and the redox
activity of metal atoms within the charge reservoir
region. In this context, the hole-doping mechanism
in the short-range-ordered antiferromagnetic CuO,
planes is closely linked to cation vacancies, cationic
substitutions, and the incorporation of excess oxygen.
The hole concentration parameter of Zn-substituted
Y-123 ceramic samples was quantitatively evaluated
and is presented as a function of Zn substitution level
in Fig. 4a, with the corresponding numerical values
summarized in Table 3. The results reveal a parabolic
decrease in carrier concentration with increasing Zn
content, indicating that Zn substitution significantly
affects the charge carrier density within the active
CuO, planes. To illustrate, the Y1 exhibits a carrier
concentration of 0.1438, which gradually decreases
to 0.0916 in the Y171 sample with the highest Zn/Cu
replacement level of 15% Zn impurity ions. This reduc-
tion in p correlates closely with the observed suppres-
sion of the T, confirming that the decreased hole
concentration in the CuO, planes adversely impacts
superconducting properties.

The pronounced decline in carrier concentration
beyond 5% Zn doping, where the AT, significantly
broadens, can be attributed to the disruption of elec-
tronic bridging pathways and orbital hybridization
between copper and oxygen orbitals. The substitution
of Zn* ions for Cu®" introduces local lattice distortions
and electronic inhomogeneities, which compromise
the Cu-O orbital overlap essential for high hole mobil-
ity and superconducting pairing. Consequently, these
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lattice distortions lead to reduced electronic density of
states at the Fermi level and impaired charge transfer
mechanism within the superconducting planes.

Moreover, the rapid decrease in the p parameter
with increasing Zn content displays that the stabili-
zation of the crystal structure and the localization of
electronic states are severely affected. This phenom-
enon likely arises from weakened interlayer coupling
between adjacent superconducting planes and the
formation of microscopic structural defects or dislo-
cations. Such structural imperfections hinder coher-
ent charge transport and facilitate carrier localization,
further suppressing superconductivity.

In summary, the parabolic reduction in carrier con-
centration with increasing Zn/Cu partial substitution
doping highlights the critical role of Zn impurity sub-
stitution in degrading the electronic environment of
Y-123 ceramic superconductors. The observed correla-
tion between decreased p values and lowered transi-
tion temperature supports the notion that maintain-
ing optimal carrier density is essential for preserving
superconducting performance, and that excess Zn
doping induces detrimental effects through both struc-
tural disorder and electronic localization mechanisms.

In the Y-358 system shown in Fig. 4b and listed in
Table 3, a similar decreasing trend in mobile hole car-
rier concentration is observed. The Y3 shows a p value
of 0.1180, which drops to 0.0896 in the Y3715 ceramic
structure. Although Zn?* substitution introduces addi-
tional electrons into the system, the effect is a reduc-
tion in hole concentration. This paradoxical behavior
is linked to enhanced oxygen uptake triggered by the
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Fig. 4 Mobile hole carrier concentration values of the Zn-doped Y-123 and Y-358 samples
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presence of excess electrons, which bind additional
oxygen atoms within the lattice. The increase in oxy-
gen content disrupts the optimum oxygen stoichiom-
etry required for high-T, superconductivity, resulting
in a suppression of p and T, parameters. Moreover,
due to the difference in valence state, ionic radius, and
electronic configuration between Zn** and Cu?*', each
substitution event introduces structural irregularities
that hinder charge transport and coherence across the
active CuQO, planes.

While both Y-123 and Y-358 phases exhibit a
decrease in mobile hole carrier concentration with
increasing Zn content, the magnitude and nature of the
reduction trend differ. The Y-123 system demonstrates
a sharper parabolic decline in p values, especially
beyond 5% Zn/Cu replacement level, highlighting its
greater sensitivity to Cu-site substitution. In contrast,
the Y-358 superconducting phase exhibits a compara-
tively more gradual decline in p parameter, which can
be attributed to its structurally more complex frame-
work that partially mitigates the detrimental effects
of Zn-induced disorder. Nevertheless, in both crys-
tal systems, Zn doping acts as an electron donor that
disturbs the charge balance and structural stability of
the CuO, stacked planes, leading to diminished hole
concentration and a consequent suppression of super-
conducting properties. The critical threshold for pro-
nounced degradation appears at>10% Zn content in
both phases, where carrier localization and structural
defects become dominant.

3.3.2 Fluctuation-induced conductivity

The fluctuation-induced conductivity analysis of Zn/
Cu-substituted Y-123 phase was performed using
In(o) vs. In(¢) plots, as shown in Fig. 5. The linear
region in these plots represents the mean fluctuation
regime, from which the critical exponents 4,5 and
A3p were determined based on the slope. Two linear
fits were applied to identify the crossover behavior,
and the intersection point was used to extract the
corresponding dimensional transition temperature
(Typ) for each sample. The zero-temperature c-axis
coherence length £-(0) was calculated using Eq. (10).
Additionally, the mean-field critical temperature
(T™f) for each sample was extracted by extrapolat-
ing the normal-state resistivity curve and identify-
ing the onset of superconducting fluctuations. The
obtained values of Tf‘f (K), (T1p), éc(0) (A), (43p), and
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(49p) for all Y-123 ceramic samples are summarized
in Table 4. It is obvious that the Y1 exhibited a high
T™ of 91.91 K and a crossover temperature (T|p)
of 115 K, characteristic of robust superconducting
phase coherence and moderate fluctuation effects.
The coherence length along the c-axis, {-(0), was
found to be 0.97 A, and the fluctuation exponents
A3p=0.39 and A,p=0.69 indicate classical fluctua-
tion behavior in cuprate superconductors, consist-
ent with the quasi-two-dimensional nature of Y123
ceramic structure. In the Y1Z1 sample, a slight sup-
pression of Té“f to 88.94 K and &-(0) to 0.82 A was
observed, while A3p and 4,p remained close to those
of the pristine sample, displaying minimal disrup-
tion to fluctuation dimensionality. However, even
low-level Zn/Cu substitution amount appears to
begin weakening interlayer coherence, as evidenced
by the decrease in T;p to a temperature value of
105 K. At Y1Z5 ceramic, A3p and A,p increased to 0.81
and 0.92, respectively, indicating enhanced thermal
fluctuations, likely due to local inhomogeneities,
delocalization of DOS at the Fermi level, and weak-
link coupling behavior introduced by Zn at Cu sites
in YBCO ceramic systems. Although &-(0) increased
slightly to 0.90 A and T, remained at 106 K, these
values reflect a non-uniform superconducting state.

The effect becomes significantly more pronounced
at higher Zn impurity levels. In the Y1Z10 sample, the
parameter of T™ dropped sharply to 80.03 K, while
£c(0) decreased to 0.61 A-indicating suppression of
coherent interlayer coupling. Simultaneously, A3 and
Ayp rose dramatically to 1.91 and 3.23, respectively.
Such high exponent values are indicative of a strong
dimensional crossover from 3 to 2D fluctuation behav-
ior, associated with disorder-driven decoupling of
adjacent superconductive CuO, planes. For the Y1715
sample, Tf‘f further decreased to 63.46 K, accompanied
by alow T, of 77 K. Interestingly, £-(0) recovered to
0.90 A, which may indicate the emergence of filamen-
tary or percolative superconductivity, and polaronic
interactions within a highly disordered matrix. Nev-
ertheless, elevated exponents (A3p=0.85, 1,p=1.84)
confirm that strong fluctuations and spatial inhomoge-
neities persist at this substitution level. Consequently,
the fluctuation analysis reveals that increasing Zn con-
tent systematically degraded coherence of the super-
conducting phase and electronic bridging pathways,
promoted dimensional decoupling, and enhanced
fluctuation strength as much as possible. These trends
are in line with theoretical models of impurity-related
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Fig. 5 Fluctiation-induced conductivity analyses of Zn-doped Y-123 and Y-358 samples
suppression of superconductivity in layered cuprates, The fluctuation-induced conductivity parameters
reinforcing the role of Zn ions as a strong pair-breaker of Zn-substituted Y-358 ceramic samples, shown in
and disorder-inducing agent. Fig. 5 and listed in Table 4, reveal a relatively stable
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Table 4 Characteristic parameters derived from the fluctuation-
induced conductivity analyses of the Zn-doped Y-123 and Y-358
samples

Names T™(K) T n(K) £c(0) A3p Ao

Y1 91.91 115 0.97 0.39 0.69
Y171 88.94 105 0.82 0.38 0.64
Y1Z5 87.17 106 0.90 0.81 0.92
Y1710 80.03 88 0.61 1.91 3.23
Y1715 63.46 77 0.90 0.85 1.84
Y3 88.87 106 0.88 0.46 0.88
Y3Z1 87.3 101 0.77 0.69 0.82
Y3Z5 83.2 105 0.99 0.72 0.84
Y3710 75.4 128 1.62 0.87 1.04
Y3715 69.6 142 1.98 091 1.20

fluctuation landscape, even under increasing Zn con-
tent. The undoped Y3 ceramic sample exhibits a mean-
field transition temperature T™ value of 88.87 K, a
coherence length £-(0) of 0.88 A, and moderate criti-
cal exponents (A3p=0.46, 4,p=0.88), consistent with
the expected quasi two-dimensional nature of the
distorted oxygen deficient multi-layered perovskite
structures.

Upon light Zn/Cu substitution (Y3Z1), T slightly
decreases to 87.3 K, and £c(0) drops to 0.77 A, indicat-
ing the initial impact of Zn on interlayer coherence.
Interestingly, both A3p (0.69) and A,p (0.82) increase,
indicating a marginally stronger fluctuation regime
even at low doping levels. At Y3Z5, the fluctua-
tion regime appears to stabilize, as evidenced by an
increase in &-(0) to 0.99 A and relatively unchanged
exponents (A3p=0.72, 4,p=0.84). This is in attribu-
tion to the fact that the structural complexity of the
Y-358 phase may buffer against Zn-induced disrup-
tion, maintaining interlayer coherence and preserving
fluctuation dimensionality. On the contrary, more pro-
nounced effects appear at higher Zn concentrations.
In the Y3710 sample, £-(0) increases significantly to
1.62 A, and Ty, sharply rises to 128 K, indicating an
extended fluctuation regime and enhanced coherence
along the c-axis length. The increased critical expo-
nents (A3p=0.87, A,p=1.04) reflect stronger supercon-
ducting fluctuations, likely due to spatial inhomo-
geneities, delocalization of DOS at the Fermi level,
and disorder-driven enhancement of phase fluctua-
tions. This trend continues in the Y3Z15 sample, with
£c(0) reaching 1.98 A and T, further rising to 142 K.
These unusually high values indicate the emergence
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of enhanced interlayer coherence, potentially arising
from incoherent tunneling processes or proximity-
induced coupling between superconducting clusters
embedded within a structurally disordered matrix.

The critical exponents (A3p=0.91, 1,p=1.20) remain
elevated but do not display abrupt jumps, confirming
that fluctuations strengthen progressively with impu-
rity doping mechanism rather than abruptly transi-
tioning between fluctuation regimes. Consequently,
the findings observed indicate that the Y-358 struc-
ture maintains a robust fluctuation regime under Zn
doping. The combination of increasing &-(0) and T
with slight alterations of A exponents highlights the
resilience of the Y-358 phase as a result of its extended
chain and plane network, which helps preserve
interlayer coupling and suppress severe fluctuation
instabilities.

Fluctuation conductivity analysis further confirms
that the Zn/Cu partial substitution mechanism induces
a dimensional crossover and enhances supercon-
ducting fluctuation effects in both Y-123 and Y-358
superconducting phases, depending on the extent
and nature of phase-dependent electronic anisotropy
and coupling strength. While the Y-123 ceramic phase
experiences a rapid suppression of coherence and
pronounced two-dimensional fluctuation signatures
beyond 5% Zn substitution, the Y-358 phase exhibits
comparatively stable behavior characterized by an
extended coherence length and more moderate fluc-
tuation exponents. The observations recorded point
out the decisive influence of crystallographic phase
structure and interplanar coupling strength in govern-
ing fluctuation dynamics under chemical perturbation.
From an application standpoint, the Y-358 architec-
ture demonstrates superior tolerance to nonmagnetic
impurity incorporation, such as Zn impurity, mak-
ing it a more robust candidate for device technolo-
gies requiring precise control over superconducting
fluctuations.

When comparing the effects of Zn/Cu substitution
on the Y-123 and Y-358 superconducting phases, sev-
eral key distinctions become evident. The Y-123 phase
exhibits a more pronounced decrease in T™ with
increasing Zn content, whereas the Y-358 supercon-
ducting phase maintains relatively higher T™ values,
indicating stronger resistance to Zn-induced suppres-
sion of electron pairings into Cooper pairs in the con-
ductive CuO, layers. In the Y-123 phase, a sharp reduc-
tion in £-(0) indicates significant disruption of c-axis
coherence, while in Y-358 phase, £-(0) increases, likely
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reflecting disorder-induced enhancement of coherence
across larger inhomogeneous domains. Similarly, both
Asp and A,p parameters rise rapidly in Y-123 phase
but more gradually in Y-358 phase, revealing that Zn
incorporation drives a stronger 3D-2D fluctuation
crossover in the Y-123, whereas the Y-358 preserves
a predominantly 3D-like fluctuation character due
to its structurally stable framework. Consequently,
Y-358 superconducting phase demonstrates superior
dimensional fluctuation stability, broader fluctuation
regimes, and more resilient coherence lengths, indi-
cating its greater potential for applications requiring
enhanced tolerance to thermal fluctuations and impu-
rity-induced stress.

3.4 Magnetic measurements
3.4.1 Magnetization measurements

Figure 6a illustrates the M—H hysteresis loops for
undoped and Zn-doped Y-123 ceramic samples, meas-
ured at 20 K under varying external magnetic fields
ranging from -2 T to+2 T. The observed magnetic
hysteresis loops provide critical information about
the flux pinning characteristics, vortex lattice elasticity,
magnetic irreversibility, coercivity, remanence, inter-
layer Josephson coupling, weak-link behavior at grain
boundaries, and energy dissipation mechanisms aris-
ing from the thermally activated motion of discrete 2D
pancake vortices within the investigated YBCO super-
conductors. These properties are directly associated
with the material’s ability to carry persistent currents
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and its fundamental superconducting performance
under applied fields.

The undoped Y-123 sample displays the widest
hysteresis loop, indicative of strong flux pinning and
robust superconducting characteristics. The high mag-
netization values and broader loop area indicate a high
J. parameter, consistent with the expected behavior of
well-ordered Y-123 systems. This pronounced mag-
netic irreversibility stems from effective pinning of
magnetic flux lines, which are resisted in their motion
by intrinsic defects and grain boundaries within the
material matrix.

As the Zn/Cu substitution level increases from 1 to
15%, a progressive narrowing of the hysteresis loops
is clearly evident. This narrowing reflects a system-
atic reduction in magnetization, implying a decrease
in the pinning strength of flux vortices. The dimin-
ishing loop area directly indicates a weakening of the
superconducting shielding currents, most likely due to
the disruption of the active CuO, planes where super-
conductivity primarily resides. Zn ions, being a non-
magnetic and aliovalent ion, preferentially substitute
for Cu®" ions in the Cu-O, planes, hence introducing
local electronic disorder and scattering centers that
degrade the superconducting order parameter, form-
ing electron pairings into Cooper pairs, and electronic
bridging pathways. Such substitution disrupts the
coherence of the superconducting pairs and reduces
the effective density of states participating in the
superconducting phase. Moreover, Zn substitution
locally suppresses the superfluid density and weak-
ens key superconducting interactions, including the
effective pinning mechanism, interlayer Josephson
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Fig. 6 Magnetization hysteresis loops of the Zn-doped Y-123 and Y-358 samples at 20 K
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coupling, and vortex lattice elasticity. This facilitates
vortex motion and results in a reduced diamagnetic
response. Additionally, the suppression of supercon-
ducting parameters (T. and | ), along with increased
disorder and microstructural degradation arising from
Zn substitution at Cu sites, further supports the deteri-
oration of the effective pinning mechanism and related
phenomena. The reduction of the diamagnetic signal,
as evidenced by the diminished magnetization values
and loop widths, reveals that Zn/Cu partial substitu-
tion not only weakens flux pinning capability but also
negatively affects the ability to expel magnetic flux.

The magnetization measurements under varying
magnetic fields at 20 K clearly demonstrate that Zn
doping has a deleterious effect on the flux pinning
and magnetic performance of Y-123 superconduc-
tors. While low-level Zn doping causes moderate
suppression, higher doping concentrations (=10%)
significantly deteriorate the superconducting mag-
netic response. These findings emphasize the delicate
balance between structural stability and electronic
coherence in high-T, cuprate superconductors and
highlight the critical role of CuO, plane consistency
for maintaining durable superconducting and mag-
netic behavior.

The magnetization loops of undoped and Zn/Cu
partially replaced Y-358 ceramic structures, shown in
Fig. 6b, exhibit a clear trend in which the undoped
sample shows the widest hysteresis, indicating robust
magnetic irreversibility and strong vortex pinning. As
Zn content increases, a gradual narrowing of the hys-
teresis width is observed. This decrease in loop area
signifies a deterioration in the ability to pin magnetic
vortices, which directly translates to a reduction in the
critical current density. The maximum ], values are
achieved in the pristine Y-358 sample, while Zn-sub-
stituted samples exhibit consistently lower ], values,
particularly at higher fields.

This reduction in magnetic performance with Zn
incorporation can be attributed to several microstruc-
tural and intrinsic modifications in the superconduct-
ing matrix. First, the substitution of nonmagnetic
Zn*" ions at Cu?' sites within the CuO, planes and
Cu-O chains disrupts the electronic environment
and depletes the hole carrier concentration, weak-
ening the superconducting order parameter, form-
ing electron pairings into Cooper pairs, and creating
electronic bridging pathways. Second, SEM analy-
ses (as discussed in previous sections) have shown
that the mechanism of Zn substitution leads to grain
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refinement, increased porosity, and structural disor-
der, especially at grain boundaries. All the changes
observed weaken the intergranular interaction
between grains and introduce non-superconducting
phases or ineffective pinning regions, leading to
enhanced flux creep and reduced pinning strength.

Furthermore, the decrease in hysteresis loop width
and ] values with increasing Zn content indicated that
the flux pinning centers present in the undoped YBCO
ceramic structure are either suppressed or rendered
less effective by Zn incorporation. This could be due
to a combination of disrupted oxygen stoichiometry
and increased lattice distortions, which can negatively
affect the formation and stability of intrinsic pinning
nucleation centers. The intergranular Josephson cou-
pling weakened, and the occurrence of weak-link
behavior further increased. Consequently, Zn/Cu par-
tial substitution is found to have a detrimental effect
on the flux pinning properties and magnetization
behavior of Y-358 superconductors at a temperature
of 20 K. The observed decline in both J. and hysteresis
width indicates a compromised vortex immobilization
capability, which is likely a consequence of altered
microstructure, oxygen deficiency, and reduced coher-
ence across the superconducting network. Therefore,
while Zn substitution mechanism is often employed to
investigate scattering effects and pseudogap behavior
in high-T, materials, its role in enhancing flux pinning
in the Y-358 appears limited and counterproductive
beyond a certain threshold.

Additionally, in Fig. 6a, b, the points where the
magnetization curves intersect the H-axis correspond
to the coercive fields. All samples display soft mag-
netic character due to nearly symmetrical hysteresis
loops. For both Y-123 and Y-358 ceramic series, the
unsubstituted ceramics (Y1 and Y3) exhibit the broad-
est loop widths and the largest coercivity values,
reflecting stronger flux pinning centers, higher mag-
netic irreversibility, and superior superconducting
integrity. In contrast, progressive Zn doping leads to
a systematic narrowing of the hysteresis loops, with a
pronounced decrease in coercivity as Zn/Cu replace-
ment impurity concentration increases. This reduction
is attributed to enhanced structural and electronic dis-
order, which weakens vortex pinning capability and
reduces the ability of the superconducting grains to
sustain trapped flux under applied fields. Similarly,
the pristine samples also exhibit the highest rema-
nent magnetization, consistent with stronger persis-
tent supercurrents and strong intergranular coupling
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character. As Zn content increases in the crystal lat-
tice, the remanence decreases monotonically, reach-
ing minimum values at the highest substitution lev-
els. Among the substituted ceramic groups, the YZ15
sample, in particular, demonstrates markedly reduced
coercivity and remanence, confirming a substantial
suppression of flux pinning efficiency, vortex lattice
elasticity, interlayer Josephson coupling, and electrical
superconducting performance.

3.4.2 Critical current density

Figure 7a (extracted from M-H hysteresis loops) pre-
sents the variation of . parameters as a function of
external magnetic field for undoped and Zn-doped
Y-123 ceramic structures at 20 K. The ], values were
calculated from the magnetic hysteresis data using
Bean’s critical state model (relating the magnetic
moment hysteresis width to the critical current den-
sity in type II superconductors). The model assumes a
slab-like geometry where the magnetic field is applied
parallel to the thickness (c-direction) of rectangular
prism-shaped samples having a surface area (a x b).
This orientation allows for reliable estimation of |, val-
ues, accounting for the sample dimensions and mag-
netization loop width (AM).

The solid Y1 ceramic structure exhibits the highest
J. values over the entire field range, starting at over
30 kA/cm? in the self-field (near 0 T) and gradually
decreasing with increasing magnetic field strength.
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This behavior is consistent with strong vortex pin-
ning and a well-preserved superconducting struc-
ture, supporting high current densities by impeding
flux motion effectively. With Zn/Cu substitution,
a noticeable and systematic suppression in J_ is
observed. At the lowest doping level (when x =0.01),
the reduction in |, is modest, indicating minimal dis-
ruption to the superconducting pathways. However,
as the Zn content increases to higher substitution
levels of x=0.05, 0.10, and ultimately 0.15, the criti-
cal current density decreases progressively. For the
highest Zn-doped sample (x =0.15), ] falls below 10
kA/cm? even at low fields, indicating significant deg-
radation in flux pinning capability. The decline in ]
values with Zn doping is attributed to the substitu-
tion of Zn*" ions for Cu® ions in the CuO, planes,
which are critical to the superconducting mecha-
nism. Spinless Zn?* ions, being nonmagnetic and act-
ing as a strong scatterer, introduce a pair-breaking
effect and disrupt the supercurrent-carrying chan-
nels along the crystal systems [65, 66]. The substitu-
tion leads to enhanced quasiparticle scattering, local
suppression of the superconducting order parameter,
and a reduction in the effective carrier density. These
factors collectively contribute to a diminished pin-
ning force and increased mobility of vortices, result-
ing in lower ] values. In the Y-358 structure, where
superconductivity relies on more complex interplane
coherence, this disruption is more detrimental than
in the Y-123 superconducting phase. As a result, it is
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Fig. 7 Critical current density of the Zn-doped Y-123 and Y-358 samples
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anticipated that even small amounts of Zn lead to a
more pronounced degradation of superconducting
and structural properties in Y-358.

Moreover, the rate of J. suppression with field is
also higher in Zn-doped YBCO ceramics compared to
the undoped one, further supporting the interpreta-
tion that vortex motion is less hindered in the presence
of Zn-induced defects. While low-level Zn substitution
(x<0.01) may introduce point-like pinning centers that
slightly influence ], higher Zn concentrations mark-
edly deteriorate the microstructural connectivity and
homogeneity of the superconducting matrix.

Additionally, one can see the J  behavior of Y-358
superconductors as a function of Zn doping in Fig. 7b.
It is seen that low Zn doping adversely affects the
current-carrying capability of Y-358 ceramic samples.
A systematic decrease in the |, parameter is observed
with increasing Zn content, and this suppression
trend becomes particularly pronounced beyond the
5% replacement level. For low Zn doping concentra-
tions (x <0.05), the decrease in | is relatively moderate,
indicating partial retention of superconducting con-
nectivity and pinning efficacy. However, at higher Zn
levels (x 2 0.075), a significant degradation in ], values
occurs, indicating that the microstructural and elec-
tronic disruptions induced by Zn* ion substitution
reach a critical threshold beyond which the supercon-
ducting performance deteriorates rapidly. This decline
in the J. parameter can be attributed to several fac-
tors. Firstly, the substitution of Cu* with nonmagnetic
Zn*" ions in both the CuO, planes and Cu-O chains
disrupts the local superconducting coherence and
reduces the hole carrier concentration, thereby weak-
ening the superconducting order parameter and form-
ing electron pairings into Cooper pairs along the Y-358
crystal system. Secondly, the presences of Zn*" ions
induce grain refinement, widen grain boundaries, and
increase porosity, all of which diminish intergranular
coupling and form weak links across the supercon-
ducting matrix. The structural imperfections appeared
reduce the current path continuity and facilitate vortex
motion, further suppressing /. parameters.

The sharp drop in J. beyond 5% Zn/Cu substitution
indicates that the superconducting network’s ability
to support persistent current is severely compromised,
indicating that excessive Zn incorporation leads to a
critical level of lattice and grain boundary disorder,
oxygen deficiency, and intergranular decoupling. Con-
sequently, the effective pinning volume and connec-
tivity between superconducting domains are reduced,
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resulting in increased flux creep and lowered critical
current.

While low levels of Zn substitution may be toler-
ated to some extent, excess doping (> 5%) is detrimen-
tal to the superconducting transport properties of the
Y-358 phase. These findings highlight the importance
of optimizing dopant concentration to maintain the
balance between microstructural integrity and super-
conducting functionality. When all results are consid-
ered collectively, the relatively simpler structure of the
Y-123 structure, along with more effective charge com-
pensation via Cu-O chains and lower susceptibility to
interlayer distortion, enables it to tolerate Zn substitu-
tion more effectively than the Y-358 superconducting
phase. For practical applications where high ] values
are required, Zn doping in the Y-358 superconducting
phase should be carefully controlled to avoid degrada-
tion of superconducting performance.

3.4.3 Pinning force mechanism

Figure 8a (inferred from M-H hysteresis loops) pre-
sents the magnetic field dependence of the F, for
undoped and Zn-doped superconducting Y-123
ceramic structures at 20 K. The undoped Y-123 sam-
ple exhibits the highest F, values across the measured
magnetic field range, indicating strong intrinsic flux
pinning. As the Zn content increases from 1 to 15%,
a clear and systematic decrease in the maximum F,
value is observed, indicating a degradation of flux pin-
ning capability within the crystal system. Zn substitu-
tion is known to preferentially occur at Cu sites within
the CuQO, in-plane layers, which are the primary super-
conducting planes responsible for current transport
and vortex pinning behavior. However, instead of
forming artificial pinning centers, Zn acts as a source
of disorder that disrupts the superconducting coher-
ence length and weakens intragranular connections
between grains, as discussed in previous sections in
detail. The degradation of grain connectivity, coupled
with microstructural inhomogeneity and the potential
formation of secondary phases or defects, leads to a
reduction in both the number and effectiveness of pin-
ning centers.

To further clarify the nature of the vortex pinning
mechanism in undoped and Zn-doped Y-123 super-
conducting series, the normalized pinning force
Fo/Fymax was analyzed as a function of reduced mag-
netic field, h = H/H;,,. The shape and peak position of
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Fig. 8 Magnetic field dependencies of flux pinning force density for the Zn-doped Y-123 and Y-358 samples at 20 K

these normalized curves were compared to theoretical
pinning models, such as normal point pinning, surface
pinning, and spatial fluctuations in the Ginzburg-Lan-
dau parameter x.

The experimental data for all samples exhibit the
best correlation with the Ax-type pinning model
(based on qualitative interpretation of the supercon-
ducting and microstructural evolution), character-
ized by a normalized pinning force peak at 1=0.33, in
excellent agreement with theoretical expectations for
this mechanism. The Ax pinning behavior originates
from local fluctuations in superconducting parame-
ters, such as coherence length and critical temperature,
typically caused by point defects, oxygen nonstoichi-
ometry, or compositional inhomogeneities introduced
during synthesis.

Zn doping in Y-123 introduces such compositional
disorder by substituting Cu atoms in the CuO, planes,
where superconductivity originates in the system. The
substitutions disturb the uniformity of the supercon-
ducting order parameter and related mechanisms,
leading to a non-uniform spatial distribution of «.
The observed alignment of the experimental curves
with the Ax model confirms that the dominant pin-
ning centers are not structural in nature (e.g., grain
boundaries or secondary phases), but rather elec-
tronic or nanoscale defects arising from chemical
inhomogeneity.

Moreover, the close matching between the exper-
imental curves and the Ax model further indi-
cates that Zn doping does not introduce effective
strong pinning centers, such as those associated

with dislocations, twin boundaries, or precipitates.
Instead, the substitution mechanism degrades the
superconducting matrix by weakening intergranular
connections and enhancing flux creep, both of which
lead to reduced pinning effectiveness.

Thus, while the undoped Y-123 ceramic structure
exhibits relatively strong pinning and retains a more
robust vortex lattice, the progressive replacement of
Zn ions for Cu atoms reduces the effective flux pin-
ning force and shifts the pinning mechanism toward
a weaker, Ax-type response.

The flux pinning data for Zn-doped Y-358 super-
conductors, presented in Fig. 8, exhibit a pronounced
decrease in F,, values with increasing Zn content,
indicating that the material’s ability to effectively
anchor magnetic vortices deteriorates markedly
upon substitution. This behavior aligns with prior
findings that substitution of Cu with Zn ions in
high-T_ superconductors often leads to structural
disorder, suppression of superconductivity, and a
breakdown in intergranular coupling. Zn*, being
a nonmagnetic ion, tends to disrupt the supercon-
ducting order and related characteristics without
enhancing flux pinning as strongly as other dopants
such as rare earths or nanoparticles, which can pro-
duce more effective nanoscale inhomogeneities. The
observed reduction in grain size and the widening of
grain boundaries in the doped samples, as evidenced
by SEM micrographs, likely facilitate the formation
of weak intergranular links and enhanced interfacial
flux motion, thereby further degrading the overall
flux pinning performance.
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In Fig. 8b, the normalized pinning force density
Fmax is plotted as a function of h and compared with
theoretical pinning models. At low magnetic fields,
the experimental data for all Zn-doped ceramic struc-
tures show a behavior consistent with the normal
point pinning mechanism, where isolated nanoscale
defects locally trap vortices. However, as the applied
magnetic field increases, the peak in F, shifts toward
higher h values, and the functional form becomes
more compatible with the Ax-type pinning model,
where pinning is associated with spatial fluctuations
in the Ginzburg-Landau parameter x due to structural
inhomogeneities.

The shift in dominant pinning mechanism with field
strength indicates a complex interplay between micro-
structural disorder introduced by Zn impurity and the
vortex dynamics. While at low fields isolated weak
pinning centers dominate, at higher fields, the collec-
tive influence of disordered regions alters the pinning
centers toward a Ax-like regime. This duality is similar
to observations in other Y-based systems with low-
density or poorly distributed pinning centers.

Moreover, the lack of ability of Zn ions to form
strong, coherent pinning centers is evident from the
decrease of the maximum value of F, and its shift in
field dependence compared to YBCO ceramic samples
doped with more effective pinning agents. This further
supports the conclusion that, although Zn effectively
modulates carrier concentration, it does not enhance
vortex pinning in the Y-358 superconducting phase,
particularly at higher doping levels.

Finally, comparative magnetic analysis of Zn/Cu
partially replaced YBCO ceramic samples shows that
the magnetic characterization of Zn-doped Y-123 and
Y-358 superconductors provides a detailed under-
standing of how Zn incorporation influences flux
pinning, magnetization behavior, and current-carry-
ing capacity. Across both superconducting systems,
doping levels of 1, 5, 10, and 15% Zn at the Cu site
were systematically studied at 20 K. The results reveal
a phase-dependent sensitivity to Zn impurity content,
with the Y-358 structure showing more pronounced
deterioration in superconducting performance beyond
5% Zn, as compared to the Y-123 superconducting
phase.

The M—H hysteresis loops of both Y-123 and Y-358
ceramic structures revealed a progressive shrinkage in
loop width with increasing Zn content. This behavior
is indicative of a reduction in the trapped magnetic
flux, implying weaker vortex pinning capabilities. The
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decline in the absolute magnetization values for both
ceramic systems is directly linked to the reduction
of superconducting volume and intergrain connec-
tivity between the superconducting grains. Notably,
the reduction is more pronounced in Y-358, display-
ing a higher structural sensitivity to the Zn doping
mechanism, possibly due to its more complex crystal-
lographic structure.

The ], parameter exhibits a parabolic dependence
on Zn impurity content for both superconducting
phases. In the Y-123 ceramic structure, the value of J.
remains relatively stable up to 5% Zn, beyond which a
pronounced decline occurs, marking a compositional
threshold where Zn transitions from acting as a poten-
tial flux pinning center enhancer to primarily function-
ing as a scattering and pair-breaking center. In con-
trast, the Y-358 phase displays greater sensitivity to Zn
incorporation, with even low-level doping (x =0.01)
causing a discernible suppression in ], followed by
severe degradation beyond 5% Zn. This behavior veri-
fies a more fragile pinning mechanism in the Y-358
superconducting phase, where microstructural disor-
der dominates over beneficial pinning effects. Support-
ing SEM analyses reveal reduced grain size, increased
porosity, and widened grain boundaries with increas-
ing Zn content, which collectively promote weak-link
formation and intergranular decoupling, thereby fur-
ther impairing the flux pinning and current-carrying
capacity.

Flux pinning behavior, as represented by the pin-
ning force density F, revealed crucial differences
between Y-123 and Y-358 ceramic structures. For both
ceramic systems, F, decreased systematically with
increasing Zn impurity content, with the effect more
substantial in the Y-358 superconducting phase. The
declining trend is aligned with previous reports indi-
cating that Zn?*, a nonmagnetic ion, lacks the capa-
bility to form strong pinning centers. Instead of rein-
forcing the flux pinning mechanism, Zn appears to
introduce structural disorder, disrupting vortex con-
finement and leading to easier vortex motion under
applied fields [43].

The normalized pinning force curves (F,/Fppax VS.
h) for both Y-123 and Y-358 phases were analyzed
and compared with Dew-Hughes’ theoretical pinning
models. On this basis, the assignment of pinning types
is not derived from a rigorous model-based decompo-
sition. Instead, the interpretation relies on established
physical considerations and indirect experimental
indicators. At low magnetic fields, both systems exhibit
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behavior characteristic of normal point pinning, indi-
cating the dominance of isolated defect-induced vor-
tex dynamics. However, as the field strength magni-
tude increases, the curves progressively shift toward
Ax-type pinning, which is attributed to spatial fluc-
tuations in the Ginzburg-Landau parameter (x) aris-
ing from structural or compositional inhomogenei-
ties. This observed crossover from point to Ax-type
pinning reflects the evolution of an inhomogeneous
microstructure, a conclusion further supported by
SEM observations, which reveal the presence of grain
boundary disorder and non-uniform defect distribu-
tions with increasing Zn doping along the YBCO crys-
tal systems. Interestingly, the Y-123 superconducting
phase maintained a more coherent and stable pinning
profile across all Zn doping levels, displaying that its
relatively simpler crystal structure provides greater
tolerance against Zn-induced disorder. In contrast,
the Y-358 matrix, owing to its higher Cu and Ba con-
tent and more complex structural framework, exhibits
enhanced susceptibility to interlayer decoupling and
local suppression of superconductivity under similar
doping conditions.

4 Conclusion

This work demonstrates the reliability and versatility
of the sol-gel technique in synthesizing high-quality
Type II ceramic superconductors. More importantly,
it provides a detailed understanding of how Zn/Cu
substitution alters the structural, electronic, and super-
conducting characteristics of Y-123 and Y-358 phases.
These insights shed light on the fundamental mecha-
nisms governing charge transport, vortex dynamics,
and interlayer coupling in cuprate systems, while
simultaneously offering valuable guidance for tailor-
ing high-T_ materials toward advanced applications
in superconducting electronics, energy storage, and
high-field technologies. This work, based on con-
trolled impurity engineering, will help us tune the
functional properties in copper oxide superconduc-
tors. The scientific outcomes obtained from the study
are as follows.

e XRD analysis confirmed the successful incorpora-
tion of Zn into the crystal lattices without the for-
mation of prominent secondary phases at low dop-
ing levels, while minor impurity peaks appeared
at higher Zn contents in the Y-358 samples. Both
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systems retained the orthorhombic structure at low
Zn concentrations (< 5%), with minimal impurity
formation and well-defined grains. However, Y-358
displayed a stronger sensitivity to the Zn doping
mechanism, exhibiting pronounced peak suppres-
sion, reduced crystallite size, increased porosity,
and structural disorder at higher Zn levels (> 5%).
SEM and EDS results revealed that moderate Zn
doping disrupted grain connectivity and increased
porosity in both phases, whereas excessive doping
(15%) led to partial recovery in grain morphology
in the Y-123 ceramic structures due to the solubility
limit, and with a stronger effect in the Y-358 phase,
which likely influenced charge carrier mobility.
Electrical measurements showed that increasing
Zn concentration suppressed the T, broadened the
AT, and reduced hole carrier concentration, driv-
ing the system into the underdoped regime. These
changes were attributed to enhanced structural dis-
order and increased scattering centers. While low-
to-moderate doping levels maintained reasonable
phase purity and lattice stability, higher Zn con-
tent introduced microstructural inhomogeneity and
adversely affected superconducting performance.
Notably, Y-358 samples were more sensitive to
Zn doping as a result of their more complex and
metastable structure. Moreover, the degradation
in Y-358 ceramics occurred more gradually, indi-
cating that its complex lattice framework provides
an intrinsic buffering effect against the initial per-
turbations introduced by Zn doping. Fluctuation
conductivity analysis revealed that Y-123 experi-
enced a sharper 3D-2D crossover, whereas Y-358
maintained broader fluctuation regimes and more
resilient coherence lengths.

The magnetic hysteresis results also show that
Zn doping progressively narrows the loops and
reduces coercivity and remanence, indicating weak-
ened flux pinning, reduced vortex lattice elasticity,
and diminished superconducting integrity. The
Y-123 phase demonstrates greater tolerance to Zn
substitution up to 5% without pronounced degra-
dation in magnetic performance, whereas the Y-358
phase exhibits significant sensitivity even at low
Zn concentrations. Both systems show a transition
from point-type to Ak-type pinning with increasing
field strength; however, this crossover occurs more
abruptly and is more structurally driven in Y-358.
Magnetic and critical current measurements further
confirm that flux pinning in Y-123 remains more
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resilient, while Y-358 experiences a steeper decline
in pinning efficiency and ], particularly beyond
Zn>10%.

¢ Zn doping reduces p in both systems, correlating
with the observed T, suppression and |, degrada-
tion. The degradation is gradual but significant
with increasing Zn content. Both YBCO phases
highlight a reduction superconducting perfor-
mance due to Zn doping. Such findings emphasize
the critical role of maintaining CuO, plane integrity
and avoiding high concentrations of nonmagnetic
dopants in optimizing the transport and magnetic
properties of high-T,. cuprate superconductors.
Shortly, Zn strongly suppresses the superconduct-
ing gap by acting as a pair-breaker.

To sum up, Y-123 superconducting phase presented
higher tolerance to Zn-induced disorder, preserving
better superconducting and magnetic properties,
whereas Y-358 phase, despite retaining higher T at
low doping, is structurally and magnetically more
fragile under excess Zn doping. The Y-358 phase,
promising for high-T, applications due to its structural
complexity and higher oxygen content, remains dif-
ficult to synthesize phase-pure and stoichiometrically
consistent because of intrinsic instability and inter-
growth with other YBCO phases. Besides, the practical
relevance of this work lies not in the direct application
of highly Zn-doped YBCO ceramics, but in providing
a mechanistic framework for defect engineering and
performance optimization in cuprate superconductors.
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