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ABSTRACT

Infrared (IR) laser-line scanning has been widely used to induce different surface microstructures in a
broad range of materials. In this work, this laser configuration was applied on the surface of
MgTig 6B, bulk samples in order to ascertain its effects on their superconducting properties,
particularly on the magnetic levitation forces. The microstructural changes produced by this type of
laser treatment were investigated by X-ray diffraction (XRD) and Scanning Electron Microscopy
(SEM). It was observed that the thermal treatment induced by the laser improves grain connectivity in
a layer of material just below the irradiated surface, in agreement with the observed improvement in
critical current density values, J., which were estimated from isothermal magnetic hysteresis loops. A
significant increment of both vertical (F,) and lateral (F«) magnetic levitation forces was achieved.
Numerical calculations were performed to understand the experimental behaviour and to clarify how
an improvement of J. near the surface can improve the magnetic levitation force of these materials. In
addition, the same studies were carried out in similar bulk samples but with nano-sized silver particle
additions of 3 and 6 wt. %, in the outer ring of the bulk, observing also an improvement of the
levitation forces, albeit less than in samples without Ag because of the better performance of the
original samples after laser treatment. These results are relevant to those studying superconductor
fabrication and material fabrication modelling, essential for the development of technological
applications of superconductors, and are based on microstructure control via application of a recently
developed laser-line scan method.
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1. Introduction

Among superconducting intermetallic compounds, MgB:2 materials exhibit the capability of
generating stable levitation forces [1] at intermediate operation temperatures in the range
between 20 and 30 K. Thus, they are of great interest for the development of some
superconducting applications, such as superconducting motors [2], flywheel energy storage
[3], or maglev systems [4-6]. However, depending on their processing method, MgB2-based
bulk materials and conductors may present poor connectivity between superconducting grains

and low densification [7-11] that would affect strongly their superconducting properties.

Some strategies have been developed in order to improve grain connectivity and flux pinning
in these materials. For instance, it has been proven that the addition of some carbon allotropes
or carbon-containing compounds, such as malic acid, engine oil or SiC, among others,
increases the irreversibility fields and critical current densities, Je, at high magnetic fields,
mainly at low temperatures [8, 12-17]. On the other hand, an improvement of the connectivity
between grains has been achieved by adding to the precursor a small excess of Mg over the
stoichiometric proportions, which causes a reduction of non-superconducting phases, mostly
MgO, and consequently, results in an enhancement of Jc values at low magnetic fields [18].
Besides, it has been reported that Ti doping of MgB: bulk materials increases the grain
connectivity and the vortex pinning properties because it generates nanometric non-
superconducting particles and TiB:2 layers that allow the improvement of trapped magnetic
fields, Buap, and Jc values [19-24]. The addition of nanometer-sized silver particles is also an
effective strategy to increase the critical current densities because they distribute in the MgB2

matrix so that the number of microcracks is reduced [25-26].

For levitation applications, the geometry and size of the bulk sample are also important
parameters to achieve high magnetic levitation forces and critical current densities. The
trapped field initially increases with the sample radius [27], and eventually reaches a
saturation value above certain diameters. Previously reported numerical and experimental
studies of our research group, have demonstrated that the number of cracks and voids
increases with increasing sample radius, reducing the current flow through the matrix and
therefore Jc [28, 29]. In these experimental studies [29], MgTioosB2 bulk samples were
fabricated by adding Ag nanoparticles locally in the edge region of the sample, with the
objective of reducing the number of cracks and voids, and yielded the improvement of Jc

values and magnetic levitation forces.
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On the other hand, it is worth mentioning that surface laser treatments have been used to
densify the surface of ceramic materials [30], improving their mechanical properties. For
superconducting materials, laser treatments of Bi2Sr2CaCu20s+s (Bi-2212) bulk and coated
samples [31, 32] have been performed to obtain the texture and microstructural properties

required to achieve high Jc values in these highly anisotropic superconducting materials.

This work reports on the effects that surface laser treatment induces on graded doped bulk
MgB: samples, in an attempt to enhance their structural and electromagnetic properties. In
particular, a recently developed laser line scanning method [33] was applied to process
MgTi0.06B2 bulk superconductors with different levels of Ag doping. Our previous results [30,
33] show that this laser-line scanning process can generate a layer of molten and re-solidified
material; and immediately behind this layer, a fast sintering-like process can be induced,
where densification may occur. These regions, modified by the laser treatment, can reach a
thickness of several hundred pum. The effects of this particular laser process on the
microstructure and magnetic levitation force values of these superconductors are herein

reported.

2. How the quality of an upper layer can affect the levitation force

As it has been described, it could be expected that the laser treatment of these
superconducting materials would induce a region close to the surface of the material where
the critical current value should increase, in comparison with the value obtained in the
original sample. A preliminary analysis was performed in order to validate the basic idea of
the laser processing protocol proposed in this work, i.e. whether this local critical current
density increase, associated with these microstructural modifications, can be reflected in an

improvement of the levitation force performance of these superconducting materials.

A picture of the magnetic field lines in the levitation force experiment may serve as a basis for
discussing the above expectations. Figure 1 shows a simulation of field penetration maps. In
Fig. 1(a), the original superconducting cylinder problem has been solved, whereas in Fig. 1(b)
a sample with increased critical current density across a thin surface layer is displayed. As one
could foresee, the presence of a thin layer of increased Jc at the very top of the sample may

have a very noticeable effect on the magneto-mechanical behaviour.
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In order to provide a quantitative framework, such simulations were performed by means of
our numerical model presented in Ref. 34. Briefly, the model allows incorporating the
geometry of the magnet and the superconductor, as well as their physical properties at the
macroscopic level. A first approximation, assuming uniform magnetization for the magnet
and constant Jc for the superconductor, provided an excellent match between theory and

experiments in previous studies for YBCO monoliths [34].
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Figure 1. Simulation of the magnetic flux lines landscape for the levitation force experiment with our setup
(permanent magnet, PM, on top of the superconductor, SC). (a) The superconducting cylinder has a uniform
critical current density across length and radius. (b) A surface layer (highlighted), with a J. 10 times higher than
in the bulk, is assumed. The inner flux lines indicate the boundary with the flux free region within the
superconductor.
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Here, a non-homogeneous Jc(r) with increased values at the uppermost layer has been
considered. Figure 2 shows the calculated levitation forces between the permanent magnet
(indicated as PM in Figure 1) and the superconducting cylinder (SC in Figure 1) in the Zero
Field Cooled (ZFC) experiment. A reference value Joo = 8 10* A/cm? (rough average for our
samples in the working range) and the actual dimensions of the used PM and SC were used.
Results for different ratio values between the increased Jc of the upper layer and the reference
one are shown. The layer with improved superconductivity was assumed to stretch along 250

pm from the top.

Recall that the effect on the levitation force F, is noticeable. For instance, regarding the
maximum value of the force in the ZFC experiment, i.e. FMAX=F, (d = 0), a value of the
improved Jc to some 10 Jco would nearly lead to the 50% of the ideal Meissner state limit. In

our case, such a value has been estimated by means of Eq. (37) in Ref. 34, giving an upper
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bound Frivit = 82.7 N. It is represented by a horizontal dashed line in the inset of Fig. 2, and

acts as an asymptote for the increasing value of FMAX,

These calculations also show that the improvement in the levitation force is higher when the
performance of the initial material is lower because Frivir corresponds to the Meissner state
and, therefore, does not depend on the bulk Jco value. It is also important to have in mind that
the particular Jc value at the surface needed to attain a given value on FM*X depends on the

thickness of this layer and on the position where F.M*X has been defined.
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Figure 2. Simulation of the ZFC levitation force between our magnet and a superconducting cylinder with J.
increased in an improved upper layer of 250 um. Force profiles for three values of the improved sample’s critical
current density are displayed. The inset shows the maximum attainable force (d = 0), with d the gap between the

magnet and superconductor.

3. Sample fabrication and Experimental Details

MgTi0.06B2 bulk samples, in which the external part is doped with Ag (0, 3 and 6 wt%), were
obtained using the fabrication processes presented in a previous study [28]. A pellet of
MgTio.06B2 with 13 mm in diameter and 7 mm in thickness was pressed under a uniaxial
pressure of approximately 250 MPa and the pressed pellet was placed at the centre of a mould
with 18.5 mm in diameter. The space between this initial pellet and the mould was filled with
a mixture of MgTioosB2 + x wt. % Ag powder (x=0, 3, 6). After having applied again a
pressure of 250 MPa, a final pellet of 18.5 mm in diameter was obtained (see Fig. 3) with two
different well-defined regions: (i) an internal 13 mm diameter region with the MgTio.06B2
composition, and (ii) an external ring of 2.75 mm in width, where the different Ag doping
levels identified each of the samples prepared. The pressed, disc-shaped final pellets were
heated at 10 °C /min to the target sintering temperature of 800°C and kept constant for 2 h in

flowing argon gas. Samples were subsequently cooled at a rate of 5 °C /min. As previously
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mentioned, three distinct samples containing different amounts of Ag were analysed and

respectively labeled as Ag0, Ag3 and Agb6.

Surface laser treatments were performed in a second set of samples (fabricated with the same
precursor powders and procedure) using a fibre laser emitting in the near-infrared at a
wavelength of 1064 nm and with a pulse width of 200 ns. A laser line-scanning configuration
was used in these experiments, similar to that described in previous works [30, 33]. An optical
steering system was incorporated, which transforms an incoming 8W-nominal power and
circular laser beam into a focus spot of approximately 50 pm in diameter. The beam is
continuously scanned at 750 mm/s describing a 20 mm line, while the laser output is pulsed
with a frequency of 1 MHz. The sample moves in the perpendicular direction to this line at a
speed of 0.1 mm/s, as illustrated in Figure 3, so that the entire surface of the sample is
irradiated. During the whole process, samples were placed inside a chamber, in order to

perform the laser treatments under a rich Ar atmosphere.

Position of the laser line

Region that has been at a given instant
treated with the laser « i

 Ag-doped MgTi, B,
= MgTiy 0B, (inner section)

Sample mouvement

Figure 3. Schematic illustration of the Ag-doped MgTi.0sB> sample during the surface laser line scanning
treatment. Fast Laser beam scanning generates a stationary line (represented with a red line) through which the
sample is moving. The left section of the sample surface (dark grey) is the region that has been irradiated, while

the right part is the region remaining to be treated. The numbers and the white points indicate the selected

positions of the surface where samples for the magnetic characterization have been extracted.
Microstructural characterization was performed using field emission scanning electron
microscopy (FESEM) and X-ray diffraction (XRD). The XRD data of the bulk samples,
before and after laser surface treatments, were acquired using a Bruker D5000 diffractometer
with Cu Ko radiation over the range 30-80° with a scan speed of 2" min™! at room temperature.
The identification of the phases present in the X-ray diffraction patterns was carried out using
the “JCPDS-International Centre for Diffraction Data-2000” database. Their quantification
has been estimated using the PDXL2 (RIGAKU) program. FESEM studies were performed
using a Carl Zeiss MERLIN microscope operating at 15 kV, with a spatial resolution of 0.8

nm. Semi-quantitative elemental analyses were carried out using an energy dispersive X-ray
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detector (EDX), making use of an Oxford 350 analytical system. Changes in the surface
topography were also analysed using an optical confocal microscope (PLu2300, Sensofar)

and the results are presented in the Supplementary material.

The superconducting magnetic behaviour of the samples was characterised in the original and
in the laser treated samples. Vertical magnetic levitation (F) and lateral guidance (Fx) force
measurements between the undoped and Ag-doped bulk MgTi0.06B2 samples and a permanent
magnet were acquired using a “Low Temperature Magnetic Levitation Force Measurement
System” at the Solid State Research Laboratory, RTE University in Turkey [35]. The latter
includes a Nd2Fe1sB PM with a diameter of 19 mm, a thickness of 10 mm and a surface
magnetic flux density that reaches a value of 0.48 T. F, measurements were performed under
ZFC regime, with a cooling height (CH), distance between the lower part of the magnet and
the upper part of the superconductor, of 51.5 mm. Once the temperature reached the desired
value, 28 K, the magnet approached the superconductor to a minimum distance of 1.5 mm and
then it was lifted again up to 51.5 mm. In contrast, Fx measurements were carried out at the
same temperature under a field-cooling (FC) regime. In these measurements, both working
height (WH) and CH were chosen as 1.5 mm and the superconducting pellet and the PM were
axially aligned before the cooling process. Once the targeted temperature was stabilized, data
were recorded while the superconducting sample moved 0 » +7 mm » -7 mm » +7 mm laterally

in the X direction (details of levitation force measurement were reported in Ref. [35, 36]).

Magnetization measurements were obtained in a SQUID magnetometer (MPMS XL Quantum
Design). Hysteresis loops at 28K were used to determine the magnetic Jo(H) dependence.
Two prismatic samples (with dimensions a x b x ¢, ranging from 1 mm to 1.5 mm) were
obtained from different regions of the pellets: position 1 at the axis of the pellet and 2 in the
outer ring, both near the laser treated surface (see Figure 3). Applying the magnetic field
parallel to a, the longest dimension, the value of J.(H) along the b-c plane was derived from

the width of the hysteresis loop, AM(H), using the following equation [37, 38]:
2 AM
Je=——5~
b(1-3)

Here Jc is obtained in A/m? with AM in A/m, and b and ¢ in m (b <c).
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4. Improvement of superconducting properties
4.1. Changes in the microstructure

Figure 4 shows FESEM images of the surface topography of the original Ag0 sample and
after laser treatment. The insets show the selected regions recorded in backscattering mode,
which provides compositional contrast. Global EDX analysis was also performed in both inset
areas (see table S1 of supplementary material), observing that oxygen content in the surface
duplicates after laser treatment. White phases in the insets correspond to elemental Ti. Note
that the laser treatment increases surface roughness, which is more clearly observed by
confocal microscopy (see supplementary material). For this magnification, similar surface

features were observed for the samples with Ag addition.
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Figure 4. Appearance of the surface topography (Secondary electrons) of the original (a) and after laser
treatment (b) Ag0 sample. The insets are similar regions recorded in backscattered electron mode.

XRD patterns of samples Ag0 and Ag6, before and after laser treatment, are shown in Figure
5. For sample Ag0 (Fig. 5a), the main phase corresponds to MgB: (wt%>76%). Before laser
treatment MgO and Ti also appear as secondary phases. After the laser treatment, we observe
a reduction in the MgB2 weight percentage, the appearance of the MgB4 phase and an increase
of MgO diffraction peaks. Laser treatment also results in an increase of the full-width at half-
maximum (FWHM) in the main MgB: diffraction peaks. For instance, comparing the width of
the peaks associated with the MgB: phase (101) and (100) planes, FWHM increases from
20 = 0.31 and 0.22 in the original Ag0 sample, up to 0.40 and 0.30 in the laser treated sample,
respectively. The Laser treatment also results in an increase of MgO diffraction lines, in
agreement with EDX results, while MgB4 lines remain unchanged. Finally, a low intensity
peak is detected after the laser treatment (20 = 72.1°, indicated with an arrow in Fig. 5), which

has not yet been identified.
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Laser irradiation in the doped samples produces the same effects. In the case of sample Ag3
(see supplementary material), the behaviour is completely identical, while in the case of the
Ag6 sample (Fig. 5b), a new phase has been detected, AgzMg, which was already present in
the original sample, i.e. before the laser treatment. The increase in the FWHM of MgB:>
diffraction lines is higher in sample Ag6 than in the other two samples, reaching values of

0.43 and 0.32 for (101) and (100) peaks, respectively, after laser irradiation.
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Figure 5. XRD diffractograms of the original and after laser treatment for the Ag0 (a) and Ag6 (b) samples. The
MgB:; peaks have been identified by the corresponding (hkl) values, the peaks of the other phases are identified
by the corresponding symbols. The black arrow in both figures indicates a peak that appears in both samples
after laser treatment and that cannot be associated with the identified phases.

Figure 6 shows a detail of the surface appearance for samples before and after laser treatment.
In all the cases, these images show that at the surface, material has not molten and re-
solidified and that some kind of decomposition has taken place, with a microstructure in
which the well-defined grains of the original sample were transformed in a sponge-like
structure. This structure is formed by the agglomeration of nanoparticles obtained during the
ablation processes that takes place during the laser treatment. This can be responsible for the
observed reduction in MgB2 and the appearance of the MgB4 deduced from the XRD patterns.
A larger amount of this sponge-like structure is observed in the laser scanned doped samples.
Figure 7 presents this structure observed in the surface of the laser scanned Ag3 and Agb6
samples, with a higher magnification. Clearly, a set of nanoparticles is observed in these

regions. For most of these nanoparticles, dimensions are lower than 100 nm.
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'

Figure 6. Appearance of the surface of the original Ag0 (a) and Ag3 (c) samples and after (b and d) laser
treatment.
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Figure 7. High magnification micrographs of the sponge-like structures observed in the surface of the Ag3 (a)
and Ag6 (b) samples after laser line scanning.

Figure 8 shows the cross-section of sample Ag0 after laser processing (a) on the treated face
(upper side of Fig. 8a) and (b) on the opposite one (lower side of Fig. 8b). Notice that the
above-mentioned irregularities observed on the surface treated with the laser only affect a
thickness of approximately 20 microns (indicated by two horizontal lines in the figure). In

addition, the porous structure of the bulk sample has not been apparently modified by the

10
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laser, suggesting that, except near the treated surface, melting or decomposition did not take
place. We also observe that the borders of the Ti particles that are close to the laser side have

been morphologically modified, displaying a structure that suggests some chemical reactivity.

(a) Laser side

Figure 8. Cross-section of sample Ag0 close to the side that has been treated with laser (a) and in the opposite
one (b) taken with an AsB detector. In the laser side, the area where decomposition has taken place has been
marked with two horizontal lines.

Again, the cross-sectional area of sample Ag0 near the laser-treated surface (a), and in the
opposite untreated side (b), but with higher magnification than in Figure 8 and using the SE
detector are presented in Figure 9. We observe a denser grain structure in the former (Fig.
9(a)), which suggests an improvement of the grain connectivity in this region close to the
laser-treated surface. As a consequence, higher superconducting critical current values would
be expected in these regions. The nanostructure in the untreated opposite side (Fig. 9(b)), on
the other hand, is similar to that observed in the original sample. The reason postulated for
these microstructural changes is that the laser treatment allows rapid local heating at the bulk
sample surface [39] and generates a secondary sintering process [40], improving grain
connectivity in a layer just under the upper surface. Probably this can be enhanced due to the
formation of a small amount of liquid Mg that can take place if, in some regions, an excess of
Mg is generated. This study has been repeated in the complete cross-section of the sample and
it has been determined that this better-connected microstructure can be detected up to a depth
of approximately 500 um. Obviously, the transition from one type of microstructure to the
other is not sharp. A similar improvement of the grain connectivity has been observed for
sample Ag3 (Fig. 9(c)), but it seems that Ag addition leads to a nanostructure where nanosize
grains exhibit lower crystallinity, probably due to faster cooling processes that Ag addition

can induce locally.

11
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Ag3 Laser side

Figure 9. Detail of the cross section (SE) of sample Ag0 close to the surface treated by the laser (a) and on the
opposite side (b). (c) Aspect of sample Ag3 close to the laser treated side.

4.2. Modification of the superconducting properties

The evolution of the vertical magnetic levitation force (F:) curves and of the lateral force (Fx)
curves, at 28 K, are presented in Figure 10 for Ag0 and doped samples. Some related
characteristic parameters are displayed in Table I. Following the measurement sequence, the
minimum distance between the magnet and the superconductor in the F, measurements is d =
1.5 mm, and in consequence, here FM**=F,(d = 1.5mm). As one may readily observe, Fx

displays some degree of asymmetry with respect to the polarity of the lateral displacement X.

12
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This property is not unusual in such experiments and is found both in simulations [41] and
measurements [42, 43]. In brief, subsequent to field cooling the superconductor at some small
distance from the magnet, a complex internal structure of trapped flux is established along the
first cycle with some given left/right asymmetry relative to the central axis. Subsequently, a
basically stationary behaviour for further cycles occurs. This leads to the somewhat moderate
reported asymmetry. In order to take into account this asymmetry FxM*X has been defined as

FXMAX:(|FX(X:_7mm)‘ + ’FX(X:7mm)D/2

From the analysis of the levitation force measurements (Figure 10 and Table I), it is evident
that laser treatment improves the levitation force in all the samples. Such an improvement is
higher for the undoped, Ag0 sample. In the case of the Ag doped samples, improvements on
sample Ag3 are slightly higher than for sample Ag6. Data collected in Table I show that the
improvement in the maximum vertical levitation force is of the order of 86% in sample Ag0,
with a variation between 9.03 N and 16.8 N, while this improvement is lower in doped
samples, reaching percentages of 55% in sample Ag3 and 51% in Ag6. A similar trend has
also been measured in the lateral force, where Fx™AX increases from 3.07 N to 6.37 N (a
107%) in Ag0, from 3.62 N to 5.74 (a 58%) in sample Ag3 and from 3.54 N to 5.47 (a 54%)
in Ag6. In order to analyse these comparisons, it is important to have in mind that the outer
part of the Ag0 sample before laser treatment exhibited lower superconducting critical current
values than in the rest of the regions of the different samples, and, in consequence, a
qualitative comparison should have more sense with optimised Ag0 samples, with similar

properties at the centre and at the border of the sample.

Table I: Some characteristic parameters obtained from the magnetic force measurements at 28 K.

F,M*X has been defined at the minimum separation between the magnet and the superconductor, d=1.5

mm.
Before laser treatment After Laser treatment
Ag0 Ag3 Agb6 Ag0 Ag3 Agb6
Maximum vertical levitation 9.03 10.08 9.87 16.82 15.64 14.93
force, F,MAX (N)
Absolute lateral guidance force, 3.07 3.62 3.54 6.37 5.74 5.47
FXMAX (N)

13
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Figure 10. (a) and (b): comparison of the vertical magnetic levitation force (F,) and lateral guidance force (Fx)
curves for the Ag0 sample at 28 K. (c) and (d): Vertical (F,) and lateral (Fx) magnetic levitation and guidance
force curves for the doped samples. Data of the original samples were taken from reference [29].

4.3. Discussion of the levitation force improvement

In order to further analyse the origin of the observed improvement in the measured magnetic
forces in laser-treated samples, small fragments were taken at the surface of the sample both
from the centre (position 1) and from the outer ring (position 2). This was done for the
original as well as for the treated samples (see Figure 3). Figure 11 (a) shows that J.(H)

improves after laser treatment in both regions. Thus, Jc(0) increases from 1.23 10° A/cm? to

14
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1.48 10° A/ecm? in position 1, and from 3.54 10* A/cm? to 1.41 10> A/cm? in position 2. In the
original doped samples, the measurements in regions 2 show higher Jc values than in the Ag0
sample, while in position 1, values were more uniform in all the samples. This can explain the
fact that levitation force values were higher in the doped samples. In fact, as it will be shown
below, the role of peripheric regions is prominent as regards the levitation performance. After
the laser treatment, the behaviour of the two samples obtained from the Ag0O sample are
similar. For samples with Ag addition, Ag3 and Ag6, a similar behaviour was observed except
for the following remarks. The measured critical current densities are also higher for the laser
treated samples, but the values in position 2 (periphery) are approximately 25% lower than in
position 1 (centre), probably due to the lower degree of cristallinity as it was observed in
Figure 9. This could be the reason why the improvement observed in the levitation force
measurements after the laser treatment is greater in sample Ag0 than in samples Ag3 and
Ag6. It is worth noting that, due to the high porosity of these samples, the specific critical
current density values can be affected by the particular pore number and distribution in the

sample used for magnetization measurements.
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Figure 11. (a) Magnetic field dependence of inductive J.(H) values measured at 28K in different regions of the
Ag0 sample: Positions 1 (centre) and 2 (periphery) as shown in Figure 3. (b) Reduced pinning force f,(b) curves
obtained from for Ag0, Ag3 and Ag6 samples (position 2) after laser treatment, with B* =2.8,2.6,2.6 T,
respectively at 28 K. Symbols correspond to the measured values and the continuous line is proportional to the
function b(1-b)*, as explained in the text.
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Concerning the nature of variations of the critical currents, flux pinning mechanisms were
analysed. In order to compare the pinning mechanism of the different samples, Figure 11(b)
shows the reduced flux pinning force f, = Fp/Fp.max as a function of the so-called reduced field
b = B/B*, for samples extracted from Ag0, Ag3 and Ag6 in position 2 and after laser
treatment. The same procedure described in reference [44] was used to obtain B*, the flux
density for which Jc tends to zero. The flux pinning force densities were calculated from the
induced critical current densities as Fp(B)= Jc(B) B. The scaled flux pinning force curves have
a maximum at b = 0.2, and the field dependence is well reproduced by the expression b(1-b)*.
Since a particular flux pinning force scaling law is characteristic of a specific pinning
mechanism, this behaviour indicates that the addition of silver does not alter the flux pinning

mechanism of these samples.

Next, by using the Jc (H) curves shown in Fig. 11 as an input for the critical-state based model
mentioned in section 2, numerical estimations of the vertical levitation force have been
obtained for the sample Ag0 after laser treatment. The numerically obtained results are plotted
in Figure 12 together with the experimental values. We found that the model reasonably
reproduces the actual values of the levitation force with a free-parameter calculation that
relies on: (i) the actual geometry of the system, (i1) the reported magnetization for our PM,

and (iii) the field dependent inductively measured critical current density of our sample.
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Figure 12. (a) Comparison of the levitation force for sample Ag0 after laser treatment obtained experimentally
(lines with symbols) and from theoretical simulation (lines) by using the experimentally obtained J.(H) in Fig.
11 and the model explained in section 2 (no fit parameters were used). The inset shows the calculated penetration
profile for the closest position of the magnet (d=1.5 mm). (b) Logarithmic plot of the experimental force data
(lined red full symbols), together with theoretical expectations for the bulk and different assumptions for hollow
samples. Here, the available superconducting material displays as the blue shadowed layer (a width of 1.25 mm
was assumed).
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In terms of the above mentioned quantities, we obtain a good approximation to the hysteretic
behaviour of the levitation force. Also shown in Fig. 12 is the simulated penetration profile
for the smallest distance between the magnet and the superconductor in the analyzed
experiment. Recall that the magnetic field (as well as the induced currents) penetrates within a
layer of roughly 500 um, as deduced from the solution of the discretized model (induced
supercurrents flow within two layers, each stretching along 250 um). Thus according to the
microstructural observations, an improved critical current density in the upper part of the
sample (i.e.: opposite to the magnet) guarantees an improved performance of the

superconductor in a levitation apparatus.

We have also analysed the effect of the localization of critical current improvements. In fact,
it is shown that a small peripheric shell suffices to produce the recorded forces. Figure 12(b)
shows levitation curves in logarithmic scale for five different situations depending on the
regions where shield currents can flow: (i) in the full sample; (ii) in the upper surface and in
the external diameter of the sample; (iii) only in the external diameter; (iv) only in the
external surface; and (v) only in an external ring in the upper surface. Results show that in the
initial curve, when the magnet is approximating to the superconductor, the behaviour is

MAX

completely similar in all the five cases, showing small differences in the F values, lower

than a 15% (also in good agreement with the FMAX

experimental value). Main differences
between the five cases are observed when the magnet is eventually lifted in the hysteresis
cycle. In any case, one may state that the main role in the levitation performance is played by

an outer/upper shell of the superconductor.

5. Conclusions

It has been shown that the use of nanosecond pulsed lasers in line scan mode improves the
levitation capability of MgTio.0sB2 bulk monolith superconductors. This laser treatment
decomposes part of the surface of the superconducting material into a thin layer of
approximately 20 um, which exhibits an increased amount of MgO and appears covered with
nanoparticles generated during the ablation process. The latter results from the interaction of

intense laser pulses with the diboride superconductor surface.
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Nevertheless, the high temperature reached during the laser treatment also improves the grain
connectivity in a region of several hundreds of microns beneath, probably due to the
formation of some liquid Mg during the laser process in regions with a local Mg rich
composition. The results also show that laser treatments can improve the critical current
values, at least close to the surface of the material. This new microstructure generates an
increment in the levitation forces, showing the benefits of this laser line scan processing

technique.

The performed theoretical simulations of the levitation forces reasonably reproduce the
measured values of the levitation force with a free-parameter calculation that uses the field
dependent inductively measured critical current density of the sample. It was shown that the
main role in the levitation performance is played by an outer/upper shell of the

superconductor.

According to the analysis of the “scaled” pinning forces, no fundamental change in the
pinning mechanisms has occurred. Everything points to the fact that the critical current has

increased by means of an improved connectivity in the samples.

The improvement in the levitation forces is slightly lower in Ag doped samples because the
critical current in the undoped outer region of the samples was below the value for the doped
samples before laser treatment. It appears that Ag addition reduces the level of crystallinity in
the areas affected by the laser, leading to a lower improvement of the Jc values, and, in
consequence, in the levitation force values. In any case, we may conclude that, as a general
rule, this type of laser treatment is beneficial for improving the levitation forces of these bulk

diboride superconductor materials.
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SUPPLEMENTARY MATERIAL

Original sample Alter laser treatment
B Mg (0] Ti B Mg (0] Ti
Average composition 72.89 | 19.56 6.84 0.72 69.15 16.77 13.39 0.69
Main phase 77.74 | 18.77 3.49 78.92 | 18.82 2.26
Additional phase 6536 | 34.64

Table S1: Composition of the different phases that are present in the insets of Figure 4 obtained with EDX
analysis (atomic %). It is important to have in mind that B quantification with this technique is not adequate,

giving always values that are higher than real ones.
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Figure S1: XRD diffractograms of the Ag3 samples before and after laser treatment.
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Figure S2: Topographic maps of the outer region of samples Ag0, Ag3, Ag6 surface before and after

laser treatment taken with a confocal microscope
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Figure S3: Cross-section of sample Ag0 at 500 pm and a 750 um from the laser irradiated surface.
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