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Abstract

Spark Plasma Sintering is one of the most effective tools in modern sintering history. Since the
discovery of superconductivity in MgB>, there has been great interest in this atmospheric pressure-
based material. In this paper, the effect of sintering temperature on superconducting and
microstructural properties of MgB. material has been studied. Four sintering temperatures between
900 to 1200°C were tested for their Critical Temperature (Tc). 1000°C sample was found to have
the highest diamagnetism and Tc¢ was found to saturate at 38K in 1100 and 1200°C samples. Defect
states and long-range order was found to be a major factor in superconducting properties of the
material. The effect of 3% Rare Earth (RE) dopants Lanthanum and Yttrium on superconducting
and crystal properties was also studied. Formation of secondary phases and an increase in Tc of
MgB: by 0.1K with Y doping were reported. Also, a Support Vector Regression model was
developed and tested for finding suitable dopants for the material by predicting Tc values. The
mean error in the test data set and variable temperature followed by Yttrium and Lanthanum

doping was found to be +-1.26K and +-0.25K, respectively.
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1. Introduction

The first known instance of superconductivity was demonstrated by Heike Onnes [1]. While
reducing the temperature of mercury using liquid helium which was made possible by him only a
few years before this discovery, he noticed that the resistivity slowly decreased at the beginning
but there was a sudden drop in resistivity at 4.2K which was later called the Critical Temperature
(T¢). During the initial findings, Onnes assumed that the resistivity had only dropped to a very low
temperature, but it was later concluded that the value was nearly zero. Although it must be
understood that this zero state of resistivity is impossible to prove experimentally as modern
experimental techniques still cannot detect resistivity to such great precision. This new resistivity
was called the superconducting state of a material. For simple metals, if a current is induced inside
a coil by a magnetic field, the current will decay in a fraction of a second. In the case of
superconductors, it will take an exponentially long duration of operation inside the coil to observe
the presence of any such change. Given its zero resistance properties, it was expected that it could
be used for high magnetic field operations. Experiments in that direction proved that there is an
upper limit to the magnetic field which affects the T¢ as the superconductivity ceases above a very
low Critical Magnetic Field (Hc) [2]. Similar effects were also observed for current (Ic) which is
a consequence of the Hc based effect as the current passing through a conductor generates a

magnetic field [3].

Since this discovery, more than 100 superconductors have been discovered for various
other elements making this phenomenon a lot more widespread than what it was previously
assumed to be. Itis also found in different types of materials such as metal, semiconductors, oxides,

and organic compounds [4], [5]. The superconducting conditions also vary depending on its



specific applications, like with pressure and light [6]. Such materials can exist in various forms
such as single crystal or thin films making them suitable for a wide variety of applications. It is
one of the few fields which started decades back and continues to have the same research

momentum as it did during its initiation.

1.1.  High Temperature Superconductors

The major challenges in the field of superconductivity arise from the exceedingly low values of
temperature required for maintaining the superconducting properties and the low Ic limit in the
superconducting state. Ever since the discovery of superconductivity in mercury the rate of growth
in Tc was exceedingly slow. It was claimed that there must exist an upper limit on maximum
attainable superconducting temperature of 20K which later turned out to be erroneous. Although
discoveries were made in Cu and Fe-based superconductors at Tc of 133K and 100K, they did not
exceed the limit as the mechanism for superconductivity was different from conventional
superconductors [7], [8]. A landmark achievement in this regard was the discovery of
superconductivity in HsS at 203K and in LaHio at 250K which is only 50K away from room
temperature superconductivity [9], [10]. What made these discoveries different from the earlier
superconductors was the high pressures of nearly 100 GPa at which these metallic states exist, and
the mechanism is more in line with traditional superconductors. One of the major challenges with
these discoveries is the fact that such high pressures are impractical for use in every day
applications. Room temperature superconductors have gained widespread popularity for their
potential to be used in high magnetic field-based systems. such as magnetic levitation and magnetic
resonance imaging. Broadly superconductors can be characterized into two categories of Type |
and Type Il superconductors depending on their transition characteristics in a magnetic field [11].

Type | superconductors immediately lose their superconducting property on crossing their Tc.



Type 1l superconductors tend to have a region of intermediate superconductivity where the
material possess a mixed state of normal and superconducting state. The superconducting and

normal state limits for this mixed region are given by Tc1 and Tco respectively.

1.2.  BCS Theory

One of the most popularly accepted theories for superconducting materials is based on the one
proposed by Bardeen, Cooper, and Schrieffer in 1957 which is called the BCS theory [12].
Electrons in a lattice face resistance from the lattice atoms which are vibrating at a certain
frequency. As shown in Fig. 1, at the superconducting temperature when an electron passes
through a given set of atoms it attracts the surrounding atoms which leads to distortions in the
structure. When more than one such electron is present in the lattice it forms a cooper pair with
the other electrons and which move together in the lattice. The cooper pair is linked to the adjacent
electrons through a distance called the coherence length. This lattice distortion and cooper pair
interaction is called the electron-phonon interaction where the distortion created in the lattice
behaves like a single particle or phonon. Such waves of distortion flow through the material and
carry the electron pair or cooper pair clouds through the lattice with 0 resistance. In the event of
an increase of temperature above Tc the cooper pairs are broken, and the material goes back to its

normal state.

Figure 1: Electron Phonon interaction-based electron movement through lattice [13].
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1.3.  Magnesium Diboride

In 1994, a new era of superconductors came into existence which explored the development of
intermetallic compounds doped with light atoms. Layered structures like cuprates were already
known to have high superconducting temperatures which led to the possibility of MgB. being a
strong candidate for a similar binary superconducting material. It was believed that the light atoms
will increase the superconducting temperature by increased phonon vibrations [14]. One such
material was MgB2 which was discovered to have a very high superconducting temperature of
nearly 39K [15]. This discovery led to a renewed interest in the material as it was considerably
cheaper than the other standard room pressure-based materials such as copper-based
superconductors which although had higher T¢, were costly to fabricate. MgB: can be fabricated
in diverse forms ranging from bulk discs to thin films and wires, which made it practically viable
for a wide range of applications [16]. The isotope effect and possibility for high Critical Current
Density (Jc) also made it an interesting research topic [17]. As shown in Fig 2, MgB: has an AlB2
type structure with the Mg atoms forming the HCP lattice and the boron atoms lying on a plane at

the center of the unit cell.

Figure 2: Layered AIB2 type crystal structure of MgB2 [18].
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This configuration of B atoms at the center allows for its superconducting properties which give a
high Tc due to its c-a and a-a anisotropy. The unit cell is made up of B-B and Mg-B bonds. The
B-B planes are considerably far apart which leads to weaker bonds between the atoms along the ¢
axis as compared to a axis. There have been numerous other studies to find other borides with
superconducting properties like MgB2 but most of them have been found to have lower transition

temperature than MgB2 [19].

1.4.  Problem Statement

The idea behind doping of MgB: arose from possible improvements in superconducting properties
by the introduced dopant: (1) the new compounds formed could have improved Tc (2) the dopants
could act as flux pinning centers, increasing the Jc in the superconducting state [20]. A dopant that
marginally decreases the Tc can act as an effective flux pinning center due to lattice distortions
created by the material. This in turn increases the Jc. In the past, numerous works have explored
the effects of material properties on the superconducting properties of MgB: [21], [22]. Attempts
have been made to substitute the Mg or B atoms with atoms of similar atomic size. It was initially
expected that REs could be useful dopants to increase Tc as large atoms like La can change the
lattice parameters which could lead to some interesting properties in MgB2 [23]. Some RE
elements in the form of pure metal and oxides have also been utilized as dopants for flux pinning
applications which showed high Jc values owing to impurity scattering effects introduced by these
dopants [24], [25]. Most of these sintering techniques are based on long durations of fabrication
which tend to increase grain growth and reduce the long-range order observed in MgB: sintered
materials, pivotal for its electron-phonon interaction. Most works on SPS based MgB: sintering
focus on the consequent Tc and Jc values achieved by the dopants but not on the specific changes

in materials composition and microstructure that lead to such behavior [26], [27]. Since maximum



densification is observed at 1200°C, most work in this field has been limited by the decomposition
temperature of MgB2 in 1300 to 1600°C range [28]. To date, very little is known about the change
in lattice properties and its consequent effects on superconducting behavior at such high synthesis

temperatures.

In this work, the effect of sintering temperature on superconducting properties has been
studied. Lattice parameters were calculated and correlated to the superconducting properties. The
effect of RE dopants on material crystal structure has also been explored and possible RE
substitutions have been suggested. The effect of material microstructure on Tc has also been
explored. The samples were characterized using Magnetic Property Measurement System
(MPMS), Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS),
Transmission Electron Microscopy (TEM), and Xray Diffraction (XRD). Support Vector
Regression tools were used to find the most promising dopants for MgB2 materials processed by
Spark Plasma Sintering based on lattice parameter calculation referenced with dopant experimental

database obtained from the literature.

2. Experiment

2.1. Powder Preparation

MgB:2 powder of 100 mesh and 99% purity was acquired from Sigma Aldrich. Four different
samples were prepared for sintering at 900, 1000, 1100, and 1200°C. Lanthanum (La) powder of
40 mesh and 99.9% purity were acquired from Sigma Aldrich. The powder was obtained pre-
suspended in oil to prevent oxidation before sintering in the open air. For La-doped samples the
MgB: powder was mixed with La suspension using mortar and pestle. Yttrium (Y) powder of 40
mesh and 99.5% purity was acquired from Sigma Aldrich and mixed with MgB: to obtain the Y
doped samples. Most works in the past have attributed suitable flux pinning without majorly
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reducing Tc to a RE dopant concentration of 3% by mass. Therefore, the La and Y doped samples

were doped by a 3% mass concentration relative to MgB:.

2.2.  Spark Plasma Sintering
Spark Plasma Sintering (SPS) is a sintering technique that uses Joule heating in combination with
a pressure to produce compact shapes for conductive materials. The basic design of the SPS setup

is shown in Fig. 3 (a).
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Figure 3: (a) Complete SPS setup (b) Neck formation during sintering (c) Sample placed in SPS
chamber between the vertical pressing ram (d) Sample under 70 MPa uniaxial pressure (e)

Depictive image of heat produced in the die during the experiment.
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The powder is pressed between two arms which provide uniaxial force and a high pulsed or
constant current is passed through the sample. Optical pyrometers are used to measure and control
the sintering temperature. It is one of the best techniques for achieving maximum possible density
in bulk materials due to the combined effect of uniaxial pressure and joule heating which is more
effective than traditional hot press techniques. In hot presses, the heat is delivered from the top
and bottom of the press and this leads to non-uniform heating at the center of the material. As
shown in Fig. 3(b), this high current is delivered into the sample which produces joule heating in
the grains of the material. As shown in Fig 3(c) & (d), the powder is placed between two graphite
foil layered dies, enclosed in an insulating sleeve, which was kept between the pressing arms. As
shown in Fig. 3(e), depicting the heating in the absence of an insulating sleeve, as the current is
passed through the sample it heats the entire sample and the die to ensure uniform sintering of the
sample. The heat produced inside the bulk is more uniform as individual particles generate their
own heat by converting the current to heat energy leading to more effective necking between the
individual grains. This greatly helps increase the speed of sintering and leads to reduced coarsening
which is associated with longer heating and cooling time [29]. Although the name mentions Spark
Plasma, it is still not conclusively known if sparks or plasma are generated during the sintering.
The densification is mostly attributed to temperature-based vapor formation and pressure induced

neck formation that leads to bonding between adjacent particles.

The sintering experiments for our samples have been developed with a Thermal Technology DCS
50 furnace. For maximum densification, constant uniaxial pressure of 70 MPa was utilized as
beyond this value, negligible compression is observed. A current of 2000A at 4V was maintained
in a 10 bar vacuum. Each sample was steadily heated for 20 mins at the required temperature and

pressure in the Ar atmosphere.



2.3.  Support Vector Regression

The lattice parameters in MgB: greatly contribute to its superconducting properties. Literature
survey using machine learning which elucidates the change in these parameters with doping can
be a useful tool for predicting superconducting properties of the system. Support Vector Machine
(SVM) is a machine learning based supervised classification technique that attempts to classify
data by breaking it into categories [30]. It is based on the VC theory that makes it a useful statistical
tool for data analysis and regression [31]. As shown in Fig. 4(a) The model is first trained with a
sample data set which is broken down into two categories with a hyperplane. The system aims to
maximize the difference between the two categories. Depending on which region the data set lies
in the sample space mapped by @, it is allocated a specific category in the same data space. As
shown in Fig. 4(b), although this tool is mostly used as a classification method for binary results,
it can also be evolved for solving nonlinear problems by mapping the data in a multidimension

space.

. 6‘ |

: (a)

Figure 4: (a) Linear Support Vector Classification (b) Non-Linear Support Vector Classification.
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Most regression models like Ordinary Least Squares try to reduce the error in data by drawing a
linear/nonlinear curve and minimizing the square of error. Support Vector Regression (SVR)
models provide the user with greater control over the output as the error margin can be chosen
while designing the model. SVR focuses on reducing the coefficients of the model. The maximum

error of the system is given by € which decides the model coefficients.

o : 1 1)
Minimization function: Min( Sww + Cz €)
Polynomial Kernel: K(x,y) = (xTy + C) ¢ 2
Training function: [wT@(x) +b| <1—¢ 3)
Here:
y= Target

C= penalty parameter for the error term

w=normal vector to hyperplane

x= predictor

d=order of polynomial

One of the major challenges in choosing a suitable dopant for an experiment is understanding how
achange in lattice parameters can affect the Tc over a wide range of dopants. We trained our model
with a known data set of lattice parameters and T¢ found in the literature [32]. Using the trained

model, we tested the doped and undoped samples for the accuracy of predictions.

2.4.  Superconducting Measurements
Small pieces of 5x2x2 mm were cut from the polished samples and used for Tc measurements. A

Quantum Design Magnetic Property Measurement System (MPMS) was used to measure the
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superconducting properties of the system. The samples were placed in Field Cooled with 20 Oe

magnetic field for Tc measurement.

2.5. SEM-EDS and XRD

SEM and XRD samples were prepared by polishing using Silicon Carbide paper to remove the
outer graphite foil. Small parts from the interior of the disc were cut and observed using an
Olympus SZ61 optical stereoscope to check the consistency of material color and texture. High
and low magnification SEM images were taken for each sample using the Thermo Fisher Quattro
S Environmental SEM tool. The high magnification images were used for EDS analysis. XRD
analysis was done using PANalytical X ’Pert Pro MRD. Lattice parameters were calculated using

Bragg’s law for a hexagonal crystal. Crystallite size and strain were calculated using Williamson-

Hall Plot [33].

26. TEM

Samples for TEM analysis need to be less than 100 nm in thickness as TEM images are produced
by capturing transmitted waves of electrons which get absorbed at higher thickness. As shown in
Fig. 5 (a) to (e), lon beam milling tools are used to obtain a wedge-shaped sample with nearly 80
nm thickness on the surface of the disc. FIB was performed using FEI Scios DualBeam FIB/SEM.
The wedge is then welded to a tungsten probe and an ion beam is used to cut the wedge out of the

surface. The wedge is then lifted and placed on a grid and welded using tungsten.
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Figure 5: (a) Wedge is excavated (b) Wedge is soldered to probe (c) Wedge is removed from the

sample (d) SEM image of sample site (e) Wedge is soldered to the grid [34].

The grid obtained from FIB is then used to observe the High-Resolution TEM (HR-TEM) pattern

of the material with the JEOL JEM 2100F-AC TEM tool.
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3. Results and Discussion
3.1.  Effect of Synthesis Temperature

3.1.1. Color Anisotropy

Optical images of the bulk samples show a change in color with an increase in synthesis
temperature. As shown in Fig 6., the color changes from dark grey to goldish black from 900 to
1200°C. The rigidity of the material was also found to be very low at 900°C which indicates that
necking begins at temperatures 1000°C and above. Such optical properties can be explained by the

c-a axis

Figure 6: Color transition in optical images of samples developed at (a) 900 (b) 1000 (c) 1100 &

(d) 1200°C.
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anisotropy observed in MgB: crystals [35]. The lattice structure of MgB: is made up of an AlB2
type hexagonal unit cell. The MgB: has a structure similar to graphite where the adjacent atoms in
the plane are bonded by strong sigma bonds and planes by weak pi bonds. The superconducting
properties of MgB: are a result of its strong electron-phonon coupling in the B planes. These B-B
bonds have strong electron-phonon interaction along with the sigma bonds and weak scattering
along with the pi bonds. A very strong inter-band transition has been calculated to occur at 2.6 eV.
The reflectivity plasma edges for a and c axis are nearly 2 and 2.5 eV which gives rise to interesting
polarization properties. As polarization is rotated from the a to ¢ axis the material color changes
from dark grey to a golden tinge. The 2.5 eV inter-band transition is also seen in the case of gold
material which explains why the color is golden for ¢ axis polarization [36]. For polycrystalline
samples like in Fig. 6, the resultant color is dependent on the average anisotropic optical properties
of the material. The change in color from dark grey to golden black depends on the microstructure
and lattice parameters of the material [37]. The impurity scattering function which depends on the
defect states and substitutions also decides the overall color. The gold patterns are seen to increase
in the material from 900 to 1100°C and get darker again at 1200°C. This could indicate a decrease
in material defects and increase in lattice strain till 1100°C followed by a reversal of properties on

a further increase of temperature, indicating a limit on optimum sintering properties.

3.1.2. Effect on Superconductivity

Magnetic moment measurement using the MPMS was performed on all 4 samples. The onset of
transition to superconducting state (Tc2) was found to occur at 39K. The superconducting state is
defined as 90% of the material’s 4K moment value. As given in Fig. 7(a), Tc¢ for 900, 1000, 1100

& 1200°C were found to be 30, 37.8, 38 & 38K respectively. The 900°C sample was found to

14
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Figure 7: Magnetic moment showing Tc for different synthesis temperatures (b) Tc compared to
synthesis temperature (c) Plot of Tc moment at T= 5K as a function of growth temperature showing

1000°C to have the largest diamagnetic signal.

have significantly larger intermediate zone between Tci and Tc2. A general trend indicates a
decrease in the intermediate zone with increasing temperature. This indicates that MgB: is a type
Il superconductor. As shown in Fig. 7(b), the Tc increases rapidly from 900 to 1000°C and then
stabilizes to a constant value of 38K. This indicates an upper limit to Tc in MgB2 powder processed
with SPS. As shown in Fig. 7(c), comparing the diamagnetic signals from 4 samples, the sample
developed at 1000°C shows the strongest signal indicating maximum expulsion of the magnetic

field from the material obtained showing a strong Meissner effect [38]. The diamagnetism of a
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superconductor depends on the screening currents generated in the material below Tc [39]. The
screening current flows at a penetration depth of A below the superconductor which in turn
generates a magnetic field that opposes the actual field. This relationship, known as the London
equation, only works if the coherence length & << . As compared to the other samples, the 1000°C
material would need to have the highest coherence length to get the highest diamagnetism. Type
Il superconductors have an intermediate zone which is made up of vortices arranged in a vortex
lattice where the vortices are in a normal state, but the surrounding material is superconducting
[40]. The Jc is the value beyond which the vortices are allowed to move which in turn reduces Tec.
In 900°C the large intermediate region indicates the presence of higher defect states which trap

these vortices.

3.1.3. Material Structure

XRD scans for the samples were compared to understand the effect of synthesis temperature on
crystal properties. As shown in Fig. 8, the primary phase was found to be MgB2 which has a
hexagonal structure with P6/mmm space group [41]. Secondary phases of MgO and MgB4 were
also present in the samples with space groups of Fm-3m and Pnma, respectively [42], [43]. It can
be observed that with increasing temperature stronger peaks indicative of the MgB4 phase are
found to increase in the sample. One possible cause of the same could be the relatively lower
atomic mass and size of the B atom that allows the atom to dislocate more during high-temperature
operation. The initial (100) & (001) peak is also observed to increase in intensity with increasing
temperature indicating a change in a and c axis lattice parameter, respectively. Overall, the peaks
for the samples are observed to shift with temperature indicating a correlation of synthesis
temperature with lattice parameters. Mg has strong affinity for oxygen, but MgO is a non-

superconducting phase which acts as flux pinning center like other oxides. It is also similar in

16



700004 & 5 o 5 8 ~ ~ =
S S s 88 283§ § 8
] 1 g Z 1 - = ~ =
_ 2
6ooooq 1§38 333 37 I S T
50000 - —oq] - MIB:
——1100C| 2 MgO
2 " soc| 3MgB,
C 40000 -
S
Q ' |
O 30000 ~ |
] ‘\
20000 - |
o u_.__A.‘,J‘ _ jL AN ~ N
10000 -
O_ N
1 ' 1 ' 1 ' 1 ' 1 ' 1
30 40 50 60 70 80

Figure 8: XRD scan at different synthesis temperatures showing the presence of (1) MgB:2 and

secondary phases of (2) MgO and (3) MgB..

size and structure to MgB: because of which it appears as shoulder adjacent to MgB> peaks and it

makes it easier for defects to be introduced by the phase in the lattice. It can form stacking faults

between the layers of Mg and B.

Fig. 9(a) shows the calculated lattice parameter for increasing synthesis temperature. The a-axis
parameters are observed to decrease in size indicating lattice compression along the Mg-Mg plane.
The c axis parameters show an increasing trend till 1100°C but are seen to decrease at 1200°C.
Indicating a general tendency of the lattice to expand along the 001 plane at higher temperatures

and increasing interplanar spacing till 1100°C. As in Fig. 9(b) the crystallite size
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Figure 9: (a) Calculated lattice parameters from different synthesis temperatures (b) Crystallite

size and strain for increasing synthesis temperature.

increased rapidly from 900 to 1000 and then started decreasing after 1100°C. This could indicate
the growth of a secondary phase such as MgB4 which introduces lattice mismatch after 1100°C.
The defects introduced by MgB34 can be seen in Fig. 10(a) & (b) which show the lattice mismatch

introduced by the MgB4 (114) plane in MgB2 (101) matrix.

Similarly, there was a major change in strain from 900 to 1000°C but the consequent lattice strain
values were found to be relatively constant. The properties of MgB2 at 900°C are considerably
poor as compared to the higher temperature value indicating higher porosity and lower necking
behavior of the material. This inverse behavior of the ¢ and a axis is an outcome of bond strength
between the atoms. B-B bonds are stronger than Mg-B bonds which hold the lattice together. This

leads to lattice distortion and strain in high temperature sintering.

With increasing strain, there is an increase in ¢ axis and a decrease in a axis parameter. The
Tc values of a material depend on the phonon frequency of the superconducting plane. In MgB2,
the superconducting plane is believed to B. It is evident from Fig. 9(a) that with the decrease of a

axis lattice parameters the B-B and Mg-Mg sigma bonds are brought closer to each
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Figure 10: (a) HR-TEM surface lattice structure shows the secondary MgB4 phase in MgB>

primary phase. (b) Magnified (004) MgB4 plane.

other but with the increase of c axis there is an increase in out of plane lattice vibration which is a
result of weak bonding between Mg-B planes. The decrease in B-B bond length increases the in-

plane electron-phonon interaction which increases Tc till 1100°C.

The staturation of Tc at 1100°C, decrease in ¢ axis and crystallite size after 1100°C can be
understood with the SEM microstructure. Fig. 11 (a) to (d) shows smoother surface profile which
indicates increasing necking from 900 to 1100°C but beyond that value, grain growth starts
occuring. Grain boundaries play an important role in superconducting behavior of MgB>. The grain
boundaries carry high transport currents as compared to other conventional high-Tc
superconductors which form grain boundary weak links [44]. Due to weaker links the field
required to penetrate the center of the grains is low which explains why the diamagnetism starts
decreasing after 1000°C. When temperature increases beyond 1100°C the presence of mixed

phases introduces weak links into the material and the grains decouple electronically at very high

19



Figure 11: SEM particle morphology for different synthesis temperatures.

As shown in Fig. 12 (a) to (d), the EDS elemental color maps for the samples indicate more
smoother surface texture with increasing synthesis temperature till 1100 followed by increased
surface features at 1200°C. Maps of 1000 and 1100°C show an increase in dark patches leading to
Mg deficient regions. The B map in these regions seems to have an increase in intensity. 1200°C
showcases segregation of the elements in Mg, O regions and a B dominated region. As observed
previously in Fig. 8, this could imply the formation of the secondary phase MgB4 and MgO in the
microstructure. This could explain the increase in dark Mg pits observed from 1000 to 1100°C as

possible onset of segregation into Mg deficient and excess regions.
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Figure 12: SEM-EDS color maps of Boron, Oxygen, and Magnesium distribution on disc surface

at (a) 900 (b) 1000 (c) 1100 & (d) 1200°C synthesis temperature.

The B atom is lightest amongst all the atoms present in the material. With the increase in
sintering temperature, the maps shown an increase in MgB4 and MgO phase which are non-
superconducting phases. Therefore, the superconductivity in 1200°C sample is a result of flux
pinning and disorder introduced during sintering as the atomic bonds between MgB: are broken to

allow formation of secondary phases.
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3.2.  Effect of Rare Earth Doping

3.2.1. SVR Dopant Choice
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Figure 13: SVR computed dependence of Tc on lattice parameters (a) a axis relation (b) error in

a axis prediction (c) c axis relation (d) error in c axis prediction.

Owing to the highest diamagnetic signal for moment measurements at different synthesis
temperature for MgB2 samples and marginal change in Tc after 1000°C, the 1000°C sample was
chosen for further investigation using RE dopants. In order to make the choice of dopants more

efficient, the SVR model was trained using data set obtained from literature for the lattice
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parameters of doped MgB> materials. The effect of a and ¢ axis parameters has already been
explained in the sections mentioned above. SVR model was trained with sample data set of MgB:
from experimentally verified Tc values. It was used to predict the Tc for MgB2 materials based on
lattice parameters acugired from XRD measurements for doped and undoped samples. As given
in Fig. 13 (a) to (d), the predictions were accurate for test data with an average error of +-1.26 %
in Tc prediction. The model has been implemented for the lattice parameters and Tc values were
acquired for variable synthesis temperature and doping measurements. Yttrium and Lanthanum
were chosen as the dopant candidates due to their effective flux pinning properties and negligible

change in predicted Tc for both Yttrium (37.9K) and Lanthanum (37.6K).

3.2.2. Effect of Doping on Superconductivity
As shown in Fig. 14(a), the moment measurements indicate that the intermediate region between
Hc1 and Hc2 was observed to be fairly constant over the range of doped and undoped samples. As

shown in Fig. 14(b), the Tc was found to reduce with doping in the case of La and but increase by
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Figure 14: (a) Magnetic moment as a function temperature measurement for samples prepared at
1000°C with La and Y doping (b) Tc for Y, La, and undoped samples.
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Figure 15: SVR computed Tc for all 6 samples from computed lattice parameter values.

The SVR prediction results were considerably accurate as the lattice parameter relationship
predicted the Tc with reasonable precision. As shown in Fig. 15, apart from a single outlier at
900°C, the SVR model can accurately predict the superconducting transition with a +-0.25 % error

by input from the lattice parameter values.

3.2.3. Multiple Phase Formation

As shown in Fig. 16(a), weak secondary phases of Y203, La:03, YB4 and LaBs were observed
[45]-[48]. Fig. 16(b) shows that ¢ axis lattice parameter increases both for La and Y doped
samples indicating an increase in distance between the Mg-B planes, whereas the a axis only
decreases for La. The crystallite size and strain for Y doped samples was also considerably higher
as compared to those observed in pure MgB2 and La doped sample. RE elements are highly
reactive in open air and when in contact with atmospheric oxygen, they readily form oxides [49].

The La and Y have a strong affinity towards negative elements such as B and O.
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Figure 16: (a) XRD charts for undoped, Y, and La-doped samples at 1000°C synthesis temperature
(b) a and c axis lattice parameter for doped and undoped samples (c) Calculated crystallite size

and lattice strain for doped and undoped samples.

Both La and Y are considerably large elements which on substitution in the lattice increase the

distance between the c axis planes and could possibly explain the increase in crystallite size and
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lattice strain. In the case of a axis, the decrease in lattice parameter is due to La substitution in the
lattice as LaBs which has a similar coherence length as MgB: and therefore easily replaces Mg as
a substitute. La being more electropositive than Mg tends to form stronger bonds with B and

therefore reduces the a axis parameter.

3.2.4. Rare Earth Clustering
The distribution of Y and La has been studied using EDS color maps. As shown in Fig. 17(a) &
(b), Y doped sample was found to have a smoother surface texture as compared to the La sample.

Similar dark pits as observed in 1000 and 1100°C samples are seen in doped samples as well.

Figure 17: EDS elemental color maps for (a) Y doped (b) La-doped samples showing

accumulation of RE into clusters.
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Figure 18: EDS elemental color map for La-doped sample showing Oxygen, Lanthanum, and

Boron accumulation.

These dark pits are deficient in Mg and rich in La, Y and B indicate clusters of LaBs and YB4
regions. The RE dopants are found to come together in clusters which show a natural tendency for
segregation with the MgB2 material when synthesized at 1000°C. The segregated phases form long

range ordered structures with B atoms as confirmed by XRD to be P4/mbm & Pm3m space
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groups for YB4 and LaBs, respectively. These RE clusters give a strong O signal as well indicating

the oxide formation linked to Y203 and La>Os, as was observed in the XRD.

As given in Fig. 18, a detailed microstructure of the La doped region reveals how the B, O
and La atoms accumulate in these LaBg and La.Os rich zones and are sparsely distributed in the
La dominated region which is in sharp contrast with Mg signal which is drastically reduced in the
presence of La atoms. This confirms the hypothesis that the La atoms substitute the Mg atoms in

the lattice to form a secondary phase of LaBs.

4. Conclusions and Prospects

The effect of sintering temperature on MgB: bulks was studied. It was found that optical anisotropy
in the material gives rise to different polarization-based effects which depend on the defect states
present in the sample. A few factors which influence superconductivity in MgB: are its lattice
parameters and in/out of plane atomic bond interactions. The superconducting properties improve
with temperature but are limited once the grain growth starts to occur. Grain boundary interactions
play a major in superconducting properties due to strong links between the grains. A major
challenge in this regard is to develop techniques that reduce the formation of non-superconducting
secondary phases. Rare earths were found to be effective tools for altering lattice parameters which
in turn can be used as atomic tweezers to optimize the crystal structure of similar compounds. A
marginal improvement in Tc with Y indicates that elements which form similar structures as MgB:
and can substitute one or more atoms in the lattice can be effective dopants for improving
superconducting properties. The SVR model was able to prove that lattice parameter can be used
to predict Tc in MgB:2 based superconductors. New doping strategies can be devised for effectively

finding new materials with improved Tc.
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