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Abstract
High-temperature textured YBCO superconductors are considered relevant for applications
requiring strong flux pinning, and hence enhanced critical current density and resilient levita-
tion forces, such as maglev systems, magnetic resonance imaging and nuclear magnetic resonance
magnets. Improving the performance of YBCO for such applications is commonly achieved by
enhancing the flux pinning properties through various mechanisms. In addition, either related
to the sample fabrication process or demanded by the final operation conditions, machining
these highly brittle samples would be desirable for a number of applications and is a challenging
demand. This work reports on the use of ultrashort-pulsed laser irradiation to machine holes into
top-seeded melt-growth YBCO samples and how this processing affects their microstructure and
superconducting behavior. The x-ray diffraction (XRD) and scanning electron microscopy results
demonstrate that ultrashort-pulsed laser machining can create well-defined holes with diminish-
ing microstructural damage. The superconducting properties of the laser-machined samples are
essentially preserved, even compatible with the enhancement in the critical current density and
levitation force properties. These findings demonstrate the potential of ultrashort-pulsed lasers
as a viable tool for machining textured YBCO products and enhancing their performance without
degrading their functional properties. This method paves the way towards the generation of arti-
ficial defects, machining and shaping of high Tc superconductor ceramics into precisely well-
defined complex geometries relevant for power applications.

1. Introduction

Despite the fact that nearly 40 years have passed since the discovery of high-temperature superconduct-
ors, research in this field has remained active and dedicated to optimizing their properties to meet the
demands of their potential applications such as energy storage systems, magnetic bearings for motors
and flywheels, magnetic resonance imaging, nuclear magnetic resonance magnets for research, and
maglev transportation systems [1–7]. Among high-temperature superconductors, YBa2Cu3O7−x (YBCO
and the general REBCO family superconductor, where RE stands for rare-earth elements such as Y, Gd,
Sm, Nd, etc) is considered one of the most attractive superconductors for practical applications due to
its chemical stability, high irreversibility line, high critical temperature of approximately 93 K [8, 9],
remarkable critical current density Jc values at liquid nitrogen temperature (77 K) and superior levitation
forces [10, 11]. These properties are affected by the microstructure of the samples which in turn depends
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on the material’s preparation processes, quality and geometry. Thus, ongoing research to better under-
stand and optimize the properties of YBCO superconductors, their growth processes and geometries will
improve their potential relevance in practical applications.

The maximum levitation forces and Jc values of YBCO superconductors are considered very import-
ant parameters for applications. These parameters can be enhanced by immobilizing the flux lines that
penetrate into the material in the presence of a magnetic field. The crystalline defects and impurities in
the material can work as pinning centers that prevents the motion of these flux lines. Thus, introdu-
cing artificial pinning centers (APCs) through embedding artificial defects in the crystal structure of the
superconductor materials to lead the number of the flux lines pinned, plays a key role in increasing the
in-field Jc and therefore enhancing the performance of superconductor at higher magnetic fields [12–14].
Several approaches and methods have been developed to generate APCs in the microstructure of YBCO
superconductors, such as doping non-superconducting materials (for example: Y2Ba1Cu1O5 (Y211)) and
other metallic oxide nanoparticles that act as three-dimensional (3D) PCs [15, 16], or by introducing
one-dimensional defects by alternate methods, such as heavy-ion irradiation [17].

On the other hand, the enhancement of the levitation force of superconductors has been investig-
ated in many studies, based on the use of different techniques [18–22]. The levitation forces are greatly
dependent on the microstructure and mechanical properties of the superconductor. One of the proposed
techniques is to drill artificial holes inside the YBCO samples in order to improve the chemical prop-
erties of the samples by facilitating the oxygenation process needed for the tetragonal-to-orthorhombic
phase transition. As a consequence, porosity is reduced because the gases produced during melting
are able to escape through the drilled holes instead of being trapped inside the samples core, as usu-
ally observed [23, 24]. Although such drilled holes are often reported to enhance oxygen diffusion and
reduce cracking, a number of authors have reported contradictory results. Some studies have indicated
that oxygenation is not necessarily improved by the presence of holes, and that the process may intro-
duce additional challenges such as microcrack formation, reduce hardness, and cause local weakening of
the fragile superconducting matrix [25–27]. For example, Lousberg et al [25] observed that mechanical
drilling can alter the microstructure, leading to a greater-than-predicted decrease in trapped magnetic
field, while Radušovská et al [28] reported that defects formed during the propagation of holes into the
growing bulk can negatively affect the macroscopic superconducting properties.

Machining artificial holes into textured YBCO superconductors is considered a complex process from
the technical point of view, because of the brittle character of this ceramic material, which makes it
very difficult to cut or deform without inducing damage. These limitations motivate the development
of alternative machining methods that can introduce artificial holes in these superconductors, aiming
to improve their performance while minimizing the damage associated with conventional mechanical
drilling. This method should enable 3D subtractive machining of thin and thick bulk superconduct-
ors, and should be independent of microstructure and density within the bulk superconductor. Laser
machining is considered an ideal tool for precise and almost damage-free machining of YBCO super-
conductors because of its non-contact nature and flexibility in following any geometrical path. However,
not all lasers are suitable for machining ceramics. Lasers with pulse durations exceeding tens of pico-
seconds (ps) or nanoseconds usually transfer significant amounts of heat to areas near the beam focus,
which induces thermo-mechanical stress that leads to microcracks and an eventual catastrophic failure
of the ceramic bulk body. In ceramic superconductors, this reduces Jc values because of the reduction in
electrical connectivity as microstructural discontinuities develop (microcracks and other defects). In this
context, ultrashort laser-matter interaction with REBCO superconductors has been investigated primarily
in thin-film and coated-conductors. For example, Martirosian et al [29] reported an experimental and
numerical study of femtosecond (fs) and ps laser irradiation of REBCO tapes, with particular emphasis
on the influence of laser pulse energy, focusing conditions, and pulse accumulation on defect formation.
While their work addresses thin films rather than bulk or textured YBCO, the qualitative discussion of
laser parameter effects provides useful background for understanding laser-superconductor interaction.

This study aims to present, for the first time to the best of our knowledge, how ultrashort-pulsed
lasers can be used to introduce artificial holes of various dimensions in the 3D-machined YBCO samples
that are prepared by the top-seeded melt-growth (TSMG) method, and examines the effects of laser irra-
diation on their microstructure and superconducting properties with a particular emphasis on the lev-
itation magnetic forces and Jc measurements. The results are compared with those obtained from con-
ventional plain YBCO sample, i.e. sample fabricated by the same TSMG process but without any laser
machining.

2



Supercond. Sci. Technol. 39 (2026) 045011 F Al-Mokdad et al

2. Experimental methods

In this study, Y123 (YBa2Cu3O7−x) and Y211 powders were prepared using the conventional solid-state
reaction method. High-purity precursor powders (Y2O3 (99.98%), BaCO3 (99.98%), and CuO (99.99%))
were mixed according to the stoichiometric ratios. The mixtures were then calcined at 900 ◦C for 20 h
and 920 ◦C for 15 h, respectively. Subsequently, quasi-single-crystal samples were fabricated by the
TSMG method. A mixture of 75 wt% Y123 and 25 wt% Y211 powders, with an addition of 0.5 wt%
CeO2, was mixed for 1–2 h to achieve homogeneity. The addition of CeO2 was selected based on its
well-established role as a cost-effective grain refining chemical agent used to refine the size and distri-
bution of RE-211 inclusions (Y211 phase in this study) within the final sample microstructure [3, 30,
31]. Finer size of Y211 secondary phase particles, helps in the formation of chemical flux pinning centers
and enhances critical current density in melt-processed YBCO bulks [32]. The concentration of 0.5 wt%
of CeO2 was chosen because previous studies indicate that low doping level is sufficient to achieve effect-
ive Y211 refinement without introducing excessive secondary phases or degrading the superconducting
matrix [33–37]. The mixture was then uniaxially pressed into pellets with a diameter of 32 mm using
a hydraulic press under a load of 1.5 tons. Nd-123 (Nd1.8Ba2.4Cu3.4O7) seeds of similar dimensions
(approximately 3 mm × 2 mm × 2 mm) were placed on the top surface of the pellets [33]. Nd-123
was selected as the seed material because it possesses three key characteristics essential for an effective
seed crystal [3]. First, it exhibits the highest peritectic decomposition temperature among REBCO super-
conductors, ensuring thermal stability during melt processing. Second, its lattice parameters are closely
matched to those of Y123, promoting epitaxial alignment. Third, Nd-123 demonstrates excellent phase
stability in Ba–Cu–O liquid containing RE ions at elevated temperatures, which facilitates the nucleation
and growth of large single-grain Y123 superconductors [38, 39].

The samples were sintered at 1040 ◦C for 1 h with a heating rate of 150 ◦C h−1. The temperature
was then decreased to 1005 ◦C at a cooling rate of 40 ◦C h−1, followed by a further decrease to 960 ◦C
at a rate of 0.3 ◦C h−1. Finally, the samples were cooled to room temperature at a rate of 200 ◦C h−1.

All samples were polished before further processing, and their thicknesses ranged between 4.5 mm
and 5 mm. Five well-grown YBCO samples were obtained. Sample A is the conventional plain sample
without laser machining while the other four samples (B, C, D and E) were machined with the fs green
laser (CARBIDE CB3+CBM03-2H–3H fs laser system with a harmonics module incorporated). A peri-
odic lattice of hole-like features was introduced on both surfaces of the pellet samples, with varying hole
diameters and inter-hole spacing, as summarized in table 1. The laser micromachining was performed
using an average output power of 9.7 W at a resonating frequency of 200 kHz, yielding an Energy per
pulse of 48.5 µJ. This was modified with a pulse picker divider of 20 to provide an effective output pulse
frequency of 10 kHz. A beam scanning speed of 9 mm s−1 was applied during the process, which was
repeated 20 times. Finally, all samples were annealed in flowing oxygen at a temperature of 450 ◦C for
7 d. After melt growth, Y123 bulks exhibit a non-superconducting tetragonal phase requiring oxygen
annealing to achieve the superconducting orthorhombic phase [40]. Due to slow oxygen diffusion in
dense ceramics, prolonged annealing (∼150–200 h) is necessary for complete bulk oxygenation [33, 41–
43]. This extended duration promotes optimal oxygen ordering, enhancing superconducting properties
for reliable performance [3, 44, 45]. The annealing duration was therefore selected consistent with estab-
lished practice. The resulting samples after laser machining are shown in table 1.

XRD measurements were done using a Rigaku MiniFlex II-desktop x-ray diffractometer using CuKα

radiation to check the phase composition of the prepared YBCO samples. The data were collected over a
2θ range of 20◦–75◦ at a scan speed of 2◦ min−1 at room temperature. The measurements were conduc-
ted on specimens cut from the top surface of each sample. The microstructure of the holes introduced
by laser machining was investigated, and the potential for any adverse effects on sample composition was
assessed using a confocal microscope (PLu 2300 optical surface profiler) and a field emission scanning
electron microscope (FE-SEM, Carl Zeiss MERLIN).

For the levitation measurements, the magnetic levitation force was measured in both zero-field
cooled (ZFC) and field-cooled (FC) regimes at temperatures of 37 K and 77 K using a home-made mag-
netic levitation force measurement system. Details about measurements and properties of this system are
reported in a previous study [46]. The system employs a cylindrical Nd–Fe–B permanent magnet with
a diameter of 19 mm, a thickness of 10 mm, and with surface remanent magnetic induction of approx-
imately 0.5 T. The magnetic measurements of the samples, including M–H and AC susceptibility, were
carried out using a Quantum Design SQUID magnetometer operating in vibrating sample magneto-
meter mode at temperatures of 37 K and 77 K. The samples for these measurements were extracted from
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Table 1. Summary of fs laser machining parameters for the YBCO samples.

Sample Machining pattern Hole diameter (µm) Hole spacing (mm) Surface image

A None — —

B Hole lattice (both surfaces) 200 0.65

C Hole lattice (both surfaces) 200 1.95

D Hole lattice (both surfaces) 200 1.30

E Hole lattice (both surfaces) 400 1.30

Table 2. Laser-cut disc samples for magnetic measurements.

Sample name Schematic of disc location in sample Laser-cut disc photograph Disc diameter (mm) Thickness (mm)

Conventional plain sample A 3 0.42

Laser-machined sample E 3 0.43

samples A and E by laser cutting into disc shapes with a thickness of approximately 0.4 mm and a dia-
meter of 3 mm as shown in table 2. In all magnetization measurements, the magnetic field was applied
parallel to the c-axis (i.e. perpendicular to the sample’s surface).
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Figure 1. X-ray diffraction patterns of the samples A, B, C, D, and E with (a) linear and (b) logarithmic scale.

3. Results and discussion

3.1. Structural properties
The XRD measurements were carried out on the top surface of samples A–E at room temperature, and
the obtained diffraction patterns are shown in figures 1(a) and (b) in both linear and logarithmic scale.
It is observable that the major peaks in all patterns correspond predominantly to the Bragg reflections
of the (00l) family, such as (003), (004), (005), (006), and (007), indicating the c-axis oriented crystal-
line nature of the Y123 phase. These results are in good agreement with the standard reference patterns
reported in the ICDD Powder Diffraction File (PDF no. 01-078-2129) [47] and with previous studies on
a single-domain YBCO prepared via the TSMG method [31, 33, 48]. In addition to the dominant (00l)
reflections, minor reflections corresponding to other (hkl) planes of the Y123 phase are also identified,
confirming the orthorhombic structure of the superconducting phase.

Minor reflections associated with the Y211 phase, marked by asterisks in figure 1, are also detected
in all samples, indicating the presence of a small amount of secondary phase (PDF no. 01-078-2214)
[49]. Quantitative phase analysis was performed and the obtained lattice parameters of the orthorhombic
Y123 phase as well as phase percentages are summarized in table 3. The results show that the Y123
phase is highly dominant in all samples, with phase fractions exceeding 92%, while the Y211 phase is
present in relatively small amounts ranging from approximately 4% to 7%. The lattice parameters a,
b, and c of the orthorhombic Y123 phase fall within the typical ranges reported for Y123 compounds
[50]. Slight variations in these parameters among the different samples may be related to minor differ-
ences in oxygen content, internal strain, or microstructural defects [51–53]. In addition, the number of
holes per unit area and the total hole area may influence the related calculations. During the oxygena-
tion process, a larger total hole area is expected to facilitate oxygen diffusion into the sample, which can
consequently result in deviations from the calculated lattice parameters. Furthermore, the presence of
impurities and/or minor secondary phases may contribute to the intensity of the reflections associated
with specific (hkl) planes. The laser machining, followed by the oxygenation process, appears to be con-
sistent with the observed increase in levitation force and the enhancement of Jc, which is discussed in
more details in the results and discussion section.

The presence of the minor Y211 phase observed in the XRD patterns can be explained by the melt-
growth mechanism involved in TSMG process. In general, bulk YBCO superconductors are fabricated
using the melt-growth technique starting from a precursor mixture of Y123 and Y211 powders. When
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Table 3. Summary of lattice parameters and phase percentages of samples A, B, C, D, and E.

Lattice parameters Phase percentage (%)

Sample a (Å) b (Å) c (Å) Y123 Y211

A 3.818 3.881 11.628 95.87 4.13

B 3.748 3.881 11.680 94.24 5.76

C 3.780 3.784 11.785 92.60 7.40

D 3.830 3.824 11.780 94.35 5.65

E 3.809 3.788 11.775 93.06 6.94

the temperature exceeds the peritectic temperature, the Y123 phase undergoes peritectic decomposi-
tion, forming Y211 particles together with a Ba–Cu–O liquid phase [31]. Upon slow cooling through the
peritectic temperature, a peritectic recombination takes place between the Y211 particles and the liquid
phase, leading to the formation and growth of the Y123 superconducting matrix. However, some Y211
particles remain unreacted or partially dissolved during the growth process and therefore persist in the
final material as secondary phase inclusions. These remaining Y211 particles are commonly observed
in melt-grown REBCO materials and are known to contribute to enhanced flux pinning properties
[31]. Nevertheless, their distribution and fraction are not easily controllable during the growth process.
This behavior is reflected in the XRD results, where small diffraction peaks corresponding to the Y211
phase are detected. Therefore, presence of the characteristic Bragg reflections belonging to Y123 phase
in all samples confirms that the laser machining is not harmful apart from minor but not very effective
deformation on the cut surface area.

Figure 2 presents the 1D, 2D, and 3D surface profiles of the hole obtained with an optical surface
profiler, respectively. As shown in the 1D surface profile, the hole has a conical rather than cylindrical
geometry, which is due to the non-uniform distribution of the laser beam, typically following a Gaussian
profile. Consequently, the central region is exposed to a higher energy density, resulting in greater mater-
ial ablation compared to the edges. The 2D height profile displays the top-view surface morphology,
indicating an almost uniform circular symmetry. Moreover, the 3D profile shows the surface topography,
highlighting the smooth interior and well-defined edges of the hole.

The SEM images were scanned at both the top surfaces and the cross-sections of the samples to
observe the hole geometry and internal structure. Figures 3(a)–(f) show the SEM micrographs of the
samples B and E. As shown in figures 3(c) and (f), the holes exhibit a conical shape and the diameters
of these holes in samples B and E (theoretically 200 µm and 400 µm) are measured to be approxim-
ately 218 µm and 361 µm, respectively, with depths of about 826 µm and 1261 µm. As discussed by
Martirosian et al [29] in the context of ultrashort laser irradiation of REBCO thin films, where axisym-
metric crater-like defects were formed under fs and p laser pulses, the decreasing cross section of the
holes may be related to the (Gaussian) profile. In addition, a certain amount of debris is observed at the
bottom of the holes, likely due to incomplete removal of ablated material, possibly caused by insufficient
vacuuming during laser drilling. Finally, as shown in figures 4(a)–(f), the SEM images reveal no visible
surface cracks or significant melting on the hole walls or edges of samples B and E within the applied
magnification range. The observed continuity of the hole boundaries suggests the absence of macro-
scopic cracking induced by laser drilling.

As reported in the literature, one of the limitations associated with mechanical drilling of bulk
YBCO superconductors is the formation of cracks between holes, appearing due to stress during crystal
growth and/or during the oxygenation process. For example, Lousberg et al [25] reported cracks between
mechanically drilled holes, with cracks observed on both the top and bottom surfaces of the samples.
Similarly, Diko et al [27] showed that mechanically drilled superconducting samples developed cracks
between holes, and they linked this crack formation to the stress produced during oxygenation from the
surfaces of the drilled holes. In contrast, the samples processed by laser machining in the present study
do not show such cracks. SEM images further confirm that the laser machining process produced clean
holes without significant melting, crack formation, or visible damage in the inner surface, around and
outside the holes. The latter clearly demonstrates the advantage of using a fs laser for machining YBCO
superconductors.

3.2. Levitation force measurements
To investigate the potential influence of the holes introduced by laser machining and to evaluate the per-
formance of the YBCO samples for levitation applications, magnetic levitation measurements were car-
ried out in ZFC and FC regimes. Figure 4 summarizes all levitation force measurements, showing the
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Figure 2. 1D, 2D, and 3D surface profiles of the hole measured by an optical surface profiler. The images represent the depth
profile, height distribution, and three-dimensional morphology, respectively.

vertical levitation force Fz (N) as a function of the vertical displacement z (mm) between the permanent
magnet and the samples in the ZFC and FC regimes at 77 K and 37 K.

As expected from the intrinsic magnetic hysteresis of the superconducting material, all the curves
exhibit hysteresis loops, with a wider hysteresis loop observed at 77 K compared to 37 K. This behavior
is associated with the lower critical current density at higher temperatures. At 37 K, where Jc is higher,
a thin surface layer of supercurrents is sufficient to screen the magnetic flux, resulting in a nearly revers-
ible levitation behavior. In contrast, at 77 K, the reduced Jc requires current penetration deeper into the
bulk, making flux trapping effects more noticeable and leading to wider hysteresis. Moreover, it is shown
that in all curves, the levitation force increases sharply as the distance between the sample and the per-
manent magnet decreases consistently with results reported by Güner et al [33] for similarly prepared
YBCO samples.

In the ZFC regime (figure 4(a)), at 77 K, all laser-machined samples (B, C, D, and E) exhibit lev-
itation forces comparable to that of the conventional plain sample (A). Among them, sample E shows
the highest maximum levitation force, Fzmax = 14.44 N for the smallest distance (1.5 mm). At 37 K
(figure 4(b)), all samples demonstrate slightly higher levitation forces than the plain sample, with sample
E again exhibiting the highest Fzmax = 20.22 N. Notably, the laser-machined samples exhibit levita-
tion force values that are comparable to or even exceeding that of the plain reference sample by about
13%. Accordingly, we conclude that YBCO samples do not experience any deterioration after fs laser
machining, show higher performance as evident from levitation force measurements. Therefore, the res-
ults indicate that controlled hole fabrication by laser machining appears to be a promising technology
in magnetic levitation applications, as it can be implemented without compromising superconducting
performance.

Figures 4(c) and (d) show the vertical levitation force Fz as a function of z in the FC regime at 77 K
and 37 K, respectively. In this regime, the sample is cooled close to the permanent magnet (at a dis-
tance z = 1.5 mm in this case), allowing magnetic flux to penetrate and become trapped inside the
sample due to pinning flux, resulting in an attractive levitation force when the superconductor is moved
away, as related to the induced current. All laser-machined samples show comparable and slightly higher
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Figure 3. SEM images of laser-machined holes on samples B and E. (a)–(c) Correspond to sample B: (a), (b) top surface views
at different magnifications, and (c) cross-sectional view. (d)–(f) Correspond to sample E: (d), (e) top surface views at different
magnifications, and (f) cross-sectional view. Images of sample B were acquired using secondary electrons (SE2) at an accelerating
voltage of 10 kV, while images of sample E were acquired using SE2 at 20 kV. Scale bars are shown on each image.

attractive forces compared with the plain sample. Overall, the ZFC regime yields stronger repulsive lev-
itation, whereas the FC regime exhibits stronger attractive interaction and good stability, results that are
consistent with literature reports [34]. The broader hysteresis loops observed at higher temperature again
reflect the reduction in trapped flux and induced current strength. These results confirm that cooling
conditions and sample structure both play significant roles in determining the levitation performance of
YBCO superconductors.

Moreover, one of the most important factors affecting the magnetic levitation force is the critical
current density. Thus, resourcing to Bean´s model [54], one may argue that the superconductor may
be treated as a collection of current loops, each carrying the maximal current density. Then, the force
between the magnet and the superconductor may be calculated as the summation over current loops and
with the overall common factor Jc, i.e.: the net force is proportional to Jc through geometry dependent
factors. The experimental results of levitation force measurements in this work show that Fz is roughly
proportional to Jc confirming this thesis. As it will be later confirmed by magnetic moment measure-
ments, the laser-machined sample (E) has slightly higher critical current density compared to the plain

8



Supercond. Sci. Technol. 39 (2026) 045011 F Al-Mokdad et al

Figure 4. Levitation force Fz (N) versus distance z (mm) in ZFC regime at temperatures (a) 77 K and (b) 37 K and FC regime at
temperatures (c) 77 K and (d) 37 K.

sample (A), indicating that the trends observed in the magnetic levitation force measurements are con-
sistent with the critical current density results.

The lateral force Fx, opposing sideways displacement of the superconductor along the x-axis relat-
ive to the permanent magnet, must be considered together with the vertical levitation forces. Figure 5
presents the lateral force Fx measured in the FC regime at 77 K and 37 K as a function of the hori-
zontal displacement x (mm). For REBCO superconductors, when the ab-plane is oriented parallel to the
magnet surface, the measured lateral forces exhibit a distinct hysteresis behavior. Similar to the vertical
levitation force results, the hysteresis in the lateral force curves is more pronounced at 77 K, reflecting
the lower critical current density and stronger volumetric irreversible flux trapping at this temperature.
Among all samples, sample E consistently exhibits the highest lateral force Fz at both 37 K and 77 K.
This trend is consistent with the vertical force Fz measurements (see figure 4). This agreement between
the lateral and vertical force behavior suggests that the enhanced pinning performance at lower temper-
ature strengthens both the levitation force and the lateral restoring capability of the samples.

3.3. AC susceptibility
The in-phase (χ′) and out-of-phase (χ′′) components of the AC susceptibility as a function of temperat-
ure for the conventional plain sample (A) and laser-machined sample (E) are shown in figures 6(a) and
(b), respectively. Samples A and E were selected for susceptibility and subsequent measurements: sample
A serves as the plain, non-laser-machined reference, while sample E was chosen due to its superior levit-
ation and lateral force performance among all investigated samples. As is well known, the in-phase com-
ponent χ′ of AC susceptibility represents the dispersion part corresponding to the magnetic shielding
property of the superconductor generated by the supercurrents, while the AC losses due to the AC mag-
netic energy that is converted into heat in the sample, is represented by the out-of-phase component χ′′.
Ideally, the fundamental susceptibility in superconductors shows a single-step drop in χ′ measurements
and a single peak in χ′′ measurements. However, in granular superconductors, two significant drops
and associated two peaks are usually observed in χ′ and χ′′ measurements as a function of temperature,
respectively [55, 56]. In the χ′ versus temperature graph, the drop which occurs at a higher temperature
corresponds to the intrinsic properties of the grains becoming superconductors during the initial cooling
cycle, and associated with shielding of the AC applied magnetic field. The second drop occurs at lower
temperature and is referred to as the intergranular coupling, arising from bulk shielding of the sample
[55, 57]. This is shown in figure 6(a) where the two-step drop is observed in both samples, A and E.
The first drop at higher temperatures is sharper in sample E which may indicate that the distribution of
defects and oxygen vacancies is more effective in its intragranular behavior as compared to sample A.
This result further confirms that the laser machining did not cause any significant damage in the YBCO
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Figure 5. Lateral force Fx (N) versus distance x (mm) in FC regime at temperatures (a) 77 K and (b) 37 K.

Figure 6. (a) The in-phase (χ′) and (b) out-of-phase (χ′′) components of the AC susceptibility as a function of temperature of
samples A and E, measured with an AC magnetic field amplitude of 0.1 Oe and a frequency of 10 Hz.

grain structure which could otherwise lead to noticeable suppression in the transition critical temperat-
ure. Moreover, sample E practically reaches the theoretical diamagnetic limit χ′ = −4.51, while sample
A is a bit below the corresponding value χ′ = −4.43 as calculated from the expression −1/(1 N) and
using the flux metric demagnetizing factors extracted from [58].

The out-of-phase component, χ′′, exhibits multiple peaks upon cooling below the superconducting
transition temperature, reflecting multiple dissipation mechanisms within the superconducting state. The
peak located near the transition temperature is associated with losses arising from the penetration of the
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AC magnetic field into the superconducting grains. In general, other peaks exhibited at lower temper-
atures in the χ′′ measurements, known as the inter-grain peak, correspond to the energy loss caused by
the penetration of the magnetic field at the intergranular regions. The observed two-step drops in the
in-phase component together with the multi-peak behavior in the out-of-phase component confirms
the granular nature of the superconducting samples and the distinct roles of intra- and intergranular
effects in their observed AC magnetic susceptibility behavior. Figure 6(b), shows that the intra grain
peak of sample E is at slightly higher temperature compared to that of sample A which may be attrib-
uted to enhanced oxygen content in sample E. The inter-grain peak of sample A, however, appears at a
higher temperature than that of sample E and exhibits a greater height with a broader shape, whereas
the peak of sample E is sharper and lower in intensity. This suggests that sample E has less energy loss
compared to sample A, and this may be attributed to a stronger and more uniform flux pinning and less
flux creep, indicating better grain connectivity.

3.4. M–Hmeasurements
Field-dependent DC magnetization (M–H) measurements of samples A and E were carried out in
magnetic fields ranging from −7 T to +7 T at temperatures of 37 K, 57 K, and 77 K, as shown in
figures 7(a)–(c). All the isothermal magnetic hysteresis loops were measured to study the magnetic inter-
actions in the YBCO structure for both the plain and laser-machined samples. While both samples
exhibit typical hysteresis loops, the fishtail effect (or second magnetization peak, SMP) is clearly
observed at all measured temperatures in sample E. The appearance of the SMP in sample E may be
attributed to a combination of different pinning and structural effects, and it is especially noteworthy
that this beneficial feature persists even after machining. The fishtail phenomenon has been reported in
several previous studies for different types of superconductors, including REBa2Cu3O7−x (RE = Y, Nd,
Yb, etc) [59, 60], and it is generally related to several factors rather than a single well-defined mech-
anism, such as oxygen deficiency, the formation of normal regions acting as pinning centers, a cros-
sover from 3D to 2D pinning mechanisms, the interplay between surface barriers and bulk pinning,
enhanced critical current density near crystallite edges, and matching effects associated with defects such
as nanocolumns [61].

The critical current densities Jc of samples A and E were calculated using Bean’s critical state model
assumed for the cylinder geometries [62], with the magnetic field applied perpendicular to the plane of
the disc sample, according to the following equation:

Jc =
3∆M

2R
. (1)

Here ∆M is the width of the hysteresis loop (∆M = M+− M−, with M+ and M− the measured mag-
netic moments corresponding to the decreasing and increasing field branches in the magnetic loop,
respectively), R is the radius of the disc, and d is its thickness.

The Jc values, calculated using equation (1), versus magnetic field H are shown in figures 7(d)–(f)
for samples A and E at 37 K, 57 K, and 77 K. The conventional plain sample A, exhibits the expected
behavior of a type-II superconductor, with a monotonic decrease of Jc as the magnetic field increases at
both temperatures 37 K and 57 K followed by sharper decrease at higher magnetic fields. The decrease
in Jc values is slightly more pronounced at 57 K, reflecting the effect of higher thermal energy on vortex
motion. The laser-machined sample E, on the other hand, shows slightly higher Jc values over the full
magnetic field range at both temperatures and displays a non-monotonic trend. After an initial drop at
low fields, Jc increases to form a broad peak at intermediate fields, characteristic of the SMP that was
observed in magnetic hysteresis loops (figures 7(a)–(c)). The SMP at 37 K is shown at about 4.5 T, while
at 57 K it is observed at about 3 T, which may be an indication that the field-induced enhancement of
vortex pinning becomes relatively stronger as thermal energy begins to influence vortex dynamics. At
77 K, both samples show overall lower Jc values, as expected near the superconducting transition tem-
perature (Tc), due to increased thermal fluctuations weakening vortex pinning. Sample A maintains its
monotonic decrease of Jc with field while sample E still exhibits a small enhancement at intermediate
fields, but the SMP-related peak is noticeably weaker than at 37 K and 57 K, indicating that the mech-
anism responsible for the SMP is less effective at higher temperatures. A similar behavior was reported
by Zmorayova et al [63] who observed the presence of a small SMP in the Jc vs magnetic field curve of a
single-grain YBCO sample containing holes in the magnetic field range of 1.5 T to 3.5 T.

Overall, the comparison of the field dependence of the critical current densities for the conventional
plain sample A and the laser-machined sample E reveals a clear enhancement of Jc in the laser-machined
sample. As shown in the figures 7(d)–(f), sample E consistently exhibits higher Jc values than sample A
especially at 37 K and 57 K. This observation indicates that neither the fs laser cutting used to extract
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Figure 7.M–H loops and corresponding Jc vs magnetic field for samples A and E at temperatures 37, 57 and 77 K. M–H loops
shown in (a)–(c) and Jc data calculated from magnetization hysteresis are shown in (d)–(f).

the measurement discs nor the laser surface machining degrades the superconducting properties. The
superconducting performance is not only conserved, but even improved, as shown by the higher Jc
values.

4. Conclusion

In this work, YBCO superconductors were successfully fabricated using TSMG method, and 3D laser
machining using an ultrashort-pulsed laser was successfully employed to prepare YBCO samples. To the
best of our knowledge, this is the first study reporting the application of ultrashort-pulsed laser based
on 3D machining to the textured YBCO superconductors to fabricate artificial holes. XRD and SEM
analyses show that the laser machining does not induce noticeable changes in the crystal structure or
microstructure of the samples, indicating that the laser does not introduce appreciable damage to the
interior of samples studied in this study. In addition, the levitation force performance, as well as the
magnetic and electrical properties of the laser-machined samples, are similar or even better than those of
the pristine fabricated samples. While this enhancement is effectively encouraging, further experimental
research facilitates better understanding of physical behavior, where we observed the increased magnetiz-
ation in M–H hysteresis measurements related with the flux dynamics and increased Jc together with the
associated levitation force measurements.

Moreover, these results highlight the potential of ultrashort-pulsed laser machining as a powerful
and reliable technique for introducing controlled artificial holes and machine complex geometries into
brittle YBCO superconductors without compromising their properties. This capability is attractive for
applications, where precise shaping and mechanical stability are essential for optimizing superconducting
performance.
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