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In this study, superconducting samples were prepared using the solid-state method by adding 0, 1, 2, 3, 4, and 5

% boron to the FeSeosTeos superconductor system. The structural, microstructural, electrical, and magnetic

properties of the samples are examined, and the results are presented. The findings show that boron doping

disrupted both the structural and electrical conduction mechanisms in the material, leading to the loss of

superconductivity as the doping level increased. Structural shrinkage and increased dislocations were observed in

the crystal structure. As the doping ratio increased, the normal-state resistivity, the critical transition temperature,

and the zero resistance temperature all decreased significantly. The T¢°" values decreased from 15.7 K in the

undoped sample to 13.9 Kin the 5 % boron doped sample, and Tzero decreased from 14.8 K in the undoped sample

to 10.8 K in the 5 % boron doped sample. Additionally, it was found that the diamagnetic properties deteriorated

with increased boron doping and shifted toward ferromagnetic properties, negatively affecting the critical current

density.
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1. Introduction

The fact that Fe-based superconductors, such as High-
Temperature Superconductors (HTS), exhibit a layered
structure [1-3] and that magnetism and superconductivity
can coexist interestingly [4-7] has brought Fe-based
superconductors to the forefront in recent studies. Their
anisotropic properties, like those of HTS materials, and their
high current density (Jc) values are a significant advantage,
particularly for technological applications. In addition,
anisotropic properties can provide important information
about the fundamental electronic structure of the material,
especially regarding the Fermi surface behavior and the
effects of atomic vacancies that may occur in the structure,
provides important guidance for theoretical studies [8-11].

Therefore, studying Fe-based superconductors is also crucial
for understanding the mechanism of superconductivity. In
these materials, the ability to achieve high values of the
upper critical field (Hc), the critical current density (Jc)
being at suitable levels for technological applications, and
even the potential to significantly enhance these values
through  doping or  substitution keep Fe-based
superconductors at the forefront of scientific research.

In particular, by doping Te instead of Se in B-FeSe
superconductors, the critical temperature T. could be
increased up to 15 K, and the B¢, value could be raised above
45 T [12]. This has made FeSeTe material more practically
usable compared to toxic Fe-based superconductor materials
containing As. The relatively high T. values of FeSeTe
materials have been further targeted for increase through
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various doping or substitutions. For example, doping with
Ag, Cl, Al, Ti, Co, O, Mn, Mg, and F or multi-wall carbon
nanotubes (MWCNTS) has produced notable results, both
positive and negative [13-16]. Among these, heat treatments
with O helped remove excess Fe from the matrix, resulting
in significant improvements in transport properties,
particularly in current density values [17]. Similarly, the
literature reports that F doping positively impacts transport
properties [12].

In another study, it was found that Ag doping in both single-
crystal and polycrystalline samples reduces Fe impurities,
especially at grain boundaries, and promotes the formation
of a more transparent grain boundary, leading to significant
improvements in electrical transport properties [18]. It was
also known that there is a specific chemical solubility limit
in the structure due to MWCNT doping, depending on the
doping concentration, and that doping within these limits
significantly increases the Tc, Je, and Bc, values. In fact,
many of these dopings appear to increase the current density
of the samples by creating defects or pinning centers. One
of the best examples is the strengthening of the pinning
mechanism in the matrix through CI doping into the
structure [19].

This study investigates the structural, electrical transport,
and magnetic properties of samples produced by adding 1 %
- 5 %wt. boron to the FeSegsTeos superconductor system
using the solid-state method, and the results are presented.

2. Experimental

The solid-state method was used for preparing the samples.
First, high-purity iron (99.999% Alfa Aesar), selenium
(99.999% Alfa Aesar), tellurium (99.999% Alfa Aesar), and
boron (98.9% PavTech) powders were weighed in a glove
box to achieve the nominal compositions of FeSeqsTeosBx
(x=0, 1, 2, 3, 4, and 5%), then mixed under an argon
atmosphere and placed in quartz tubes. The quartz tubes
were sealed under vacuum. Initial heat treatments were
performed at 650 and 775 °C with constant heating and
cooling rates of 1 °C/min (first heat treatments). After each
heat treatment, the quartz glass was crushed inside the glove
box, and the powders were ground in an agate mortar under
an argon atmosphere. The resulting powder mixtures were
returned to quartz tubes under vacuum, sealed, and heated
to 850 °C with ramps of 1 °C/min. After 26 hours, the
temperature was lowered to 425 °C, completing the heat
treatment cycle over 120 hours (second heat treatments).

For the structural analysis of the obtained polycrystalline
samples, an X-ray powder diffractometer (XRD) was used.
The samples were analyzed with the Malvern-Panalytical
Empyrean system and the P1Xcel 3D detector, using Cukq
radiation between 20 = 5° and 80°, and structural parameters
were calculated through least-squares fitting of the X-ray
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lines. The data were then verified using the Rietveld
refinement program and the ICDD-PDF4 database. For
microstructural analysis, a scanning electron microscope
(SEM), specifically a Thermo Scientific-FEI Apreo S model
equipped with an energy dispersive X-ray spectrometer
(EDS), was employed. Electrical transport properties were
measured using the Physical Properties Measurement
System (Quantum Design; PPMS-9T) under a magnetic field
up to 8 T, along with the vibrating sample magnetometer
attachment of the PPMS for magnetic properties, conducted
at fields up to + 8 T and temperatures between 5 and 300 K.

3. Results and Discussions

The polycrystalline samples were ground in a glove box
under an argon atmosphere until they reached approximately
10 um in size. Then, XRD analyses were performed at room
temperature. The XRD patterns of the samples are shown in
Figs. 1 and 2. Example XRD patterns of samples with x=0
and x=5% Boron doping after the first heat treatment are
shown in Fig. 1a and b. Other doping ratios also display
similar features. After the first heat treatment, it was
observed that the

Table 1. Calculated unit cell parameters of the samples.

FeSeo.s TeosBx

Sample a=hb C Unit cell Crystal

D] &) A volume | structure/S.

ratio (A3 ST

x=0% | 3.8101 | 6.2392 90.57 Tetragonal /
P4/nmm

x=1% 38088 | 6.2305 9039 Tetragonal /
P4/nmm

X = 2% 3.8064 6.2237 90.17 Tetragonal /
P4/nmm
T I

x=3% | 38035 | 62101 | 89.84 etragonal /
P4/nmm

x=4% | 3.7970 | 6.1967 89.34 Tetragonal /
P4/nmm

X = 5% 3.7899 6.1879 88.89 Tetragonal /
P4/nmm

crystalline phases were not fully developed, and a
multiphase structure was present. However, after the second
heat treatment cycle, the XRD peaks and impurity phases
became clearly visible. All samples showed sharp peaks
along the c-axis of crystal growth. Furthermore, the crystal
structures of all doped and undoped samples were found to
be tetragonal and belong to the P4/nmm space group. It was
observed that boron doping did not change the tetragonal
structure of the samples. However, a slight shift toward
higher angles appeared in the peaks as the boron doping level
increased. This is likely due to a slight contraction of the
structure caused by differences in ionic sizes from boron
doping.
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Fig.1. XRD graphs of the samples after the first heating a)
x=0, and b) 0.5% boron-doped samples. The red dot shows
the F2B impurity phase.
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Fig.2. XRD graphs of the samples prepared at the second
heating stage a) x=0, b) 0.1%, c) 0.2%, d) 0.3%, e) 0.4%,
and f) 0.5% Boron doped samples.

The crystal parameters of the prepared samples are listed in
Table 1. As shown in Table 1, as the doping level increases,
there is a decrease along the c-axis and an elongation along
the a-axis. It was revealed that the samples shrank as the
boron content increased. Furthermore, as the Boron doping
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rate increases, FeoB impurity peaks also appear in the
structure, particularly at 4% and 5% boron doping rates.
The results of SEM analyses of the prepared polycrystalline
samples are shown in Figs. 3a and b, respectively, for the
undoped and the x=5% boron-doped samples as an example.
Similar surface morphologies are observed in the other
doping rates. However, the only difference was obtained on
the grain size of the samples. While the grain structure was
smaller in the undoped samples, Fig. 3a, a significant
increase was obtained as the doping ratio was increased to
5%, Fig.3b.
Furthermore, it was observed that the structure shrank with
the doping, resulting in the formation of cracks or superficial
irregularities in the samples. This was more pronounced at
the 5% doping ratio. In addition, as seen in Fig. 3b, Fe;B
impurity phase appeared particularly in the highly boron
doped samples (circled in white). This became particularly
evident, especially starting with the 4% doped samples.

Fig.3. SEM micrographs of a) x=0, and b) 0.5% boron doped
samples. White circles indicate Fe,B impurity phase.
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Table 2. Electrical transport properties of the samples
prepared.

Sample Tco" Tzero AT Jcm
K (K (K Alem?

0% 159 149 1 1.4x10°

& 1% 157 144 13 6.3 x 10*

&,"f' 2% 155 141 14 2.9 x 10°

S 3% 15 135 15 1.1x 102

5 4% 143 122 2.1 54

Y os% 139 108 36 17

The electrical transport properties analysis results of the
prepared polycrystalline samples at zero field are presented
in Fig. 4. As the doping ratio increased, the normal-state
resistivity value, the critical transition temperature (Tc°"),
and the temperature at which superconductivity begins,
Tzero, began to decrease significantly. Tz decreased from
14.8 K in the undoped sample to 10.8 K in the 5% doped
sample. Similarly, the T.°" values decreased from 15.7 K in
the undoped sample to 13.9 K in the 5% doped sample.
Consequently, the AT (=T¢™ - Tero) Values of the samples
increased systematically with the doping ratio, Fig. 5.
According to these results, boron doping in polycrystalline
samples negatively affects their  superconducting
performance.

Figs. 6a and b show the resistivity values of the samples for
x=0 and x=5% boron doping under the magnetic fields up
to 8 T. The behavior of the other intermediate doping rates
exhibits a similar trend. Superconductivity was present in
the undoped sample even under an 8 T applied field, Fig.6a,
while superconductivity was lost in the 5% boron doped
sample starting from an applied 3 T field, Fig.6b. This
demonstrates that boron is an incompatible doping agent not
only for structural properties but also for electrical transport
in the FeSeTe system.
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Fig. 4. Resistance versus temperature measurements of the
prepared polycrystalline samples.
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Fig.5. The T¢®", Tzero and AT values of the samples via doping
rate and temperature
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Fig.6. Resistance versus temperature measurements of a)
x=0% and b) x=0.5% boron added sample between 0 - 8 T
applied field

This is because, as the boron concentration increases, there
is a volumetric shrinkage in the samples due to both the Fe
vacancies in the crystal structure and also boron's ionic
radius (this is clearly evident in XRD analyses), indicating
an increase for dislocations at mainly in 4% and 5% boron
added samples.
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This obviously suggests that scattering increases due to the
increased irregularities in the structure and negatively
affects electronic coordination for electrical conduction,
ultimately leading to the loss of superconducting
performance of the polycrystalline samples prepared in this
research.
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Fig.7. Magnetization versus applied field (M-H)
measurements of the x=0% and x=5% boron doped samples.

The changes in magnetization of samples doped with boron
at x = 0%, 1%, 2%, 3%, 4%, and 5% were investigated at 5
Kand under a +8 T applied magnetic field. Fig. 7 shows the
M-H plots of samples doped with x = 0% and x = 5% boron
for comparison. A fairly broad and conventional HTS type
hysteresis curve was obtained in the undoped sample, but it
was found that the hysteresis loop wideness decreased
significantly as the doping ratio was increased.

The undoped sample exhibited behavior similar to the
hysteresis loop of typical Type Il superconductors, while the
sample doped with boron at x = 5% (the sample exhibiting
the weakest superconductivity in this study) exhibited a
significantly deteriorated hysteresis curve with increasing
field, and the ferromagnetic properties became much more
dominant, as shown in Fig. 7.

This ferromagnetic behavior is believed to be due to the
shrinkage of the crystal structure and the disruption of the
diamagnetic structure by boron atoms settling into the
resulting pinning points. This also reveals that the boron
atoms are not fully chemically resolved within the matrix,
remained unsolved or as Fe;B phases, and in the form of
separate islets thus magnetically ferromagnetic Fe in the
matrix become dominant in the structure and this situation
manifested itself in the sample as ferromagnetic dominance.
Appearance of fully unreacted or Fe,B boron related phases
were clearly evidenced in our XRD and SEM analyses in
this work.
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The critical current density, J.™9, values of the samples were
calculated using the Bean’s model. The Bean model is
defined as [20],

ma9 = 20—, 1
; o &)

In Equation 1, a and b are defined as the length of the sample
cross-section in cm and are designed so that (a < b). AM
(=M4-M.) in the equation is known as the difference between
the positive and negative values of the magnetization
measured with the applied field in emu cm,

It was found that as the boron doping in the samples
increased, the J.-™9 value decreased accordingly, Fig. 8, and
Table 2. Low boron added superconducting samples have
fairly high J.-™9 values and can be possible to use these
materials in technological applications. However, it is
particularly noteworthy that the 4% and 5% boron doped
samples yielded a J;™9 value below 100 A/cm? even in 5 K
calculations, which is considered to be a value even worse
than that of the conventional metallic conductor materials.
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Fig.8. I-V calculation results of a) x=0, b) 0.1%, c) 0.2%, d)
0.3%, d) 0.4% and f) 0.5 Boron doped samples.

This demonstrates that boron doping not only degrades the
electrical transport properties of the samples but also
destroys the effectiveness of the pinning centers in the
applied magnetic field which is essential particularly for the
high amount of critical current density of the superconductor
materials. However, it has been also evaluated that the
dislocations formed due to the shrinkage in the structure at
high boron doping rates play an important role in obtaining
very low current density in our samples prepared in this
work.



Journal of Materials and Electronic Devices 2 (2025) 82-88

4. Conclusions

In this study, the FeSeTe superconductor system was doped
with 0 to 5% wt. boron and the samples were produced using
the solid-state method and double heat treatment procedure.
The findings revealed significant structural changes in the
produced boron doped material. While the crystal structure
and space group remained unchanged, it was found that the
a- and c- parameters of the structure changed with
increasing doping, causing volumetric distortion in the
matrix. As a result of this distortion, cracks and boron-
related impurity phases were observed in the internal
structure. This led to the formation of Fe-dominated phases
in the structure, leading to significant deterioration in the
electrical performance of the samples. While the undoped
sample yielded results consistent with the literature, the
Tzero= 14.9 K value dropped to the Tzro=10.3 K value in the
most highly doped sample (x=5%). This situation was even
severe under magnetic fields, and superconductivity was
found to be lost starting at a 3T applied magnetic field. This
situation was also significantly observed in current density
values, a key indicator of superconductor quality. While the
Jc™9 value is around 10° A/cm? in the undoped sample, this
value drops to a very low value of 17 A/cm? in the 5% doped
sample. This shows that boron doping is not a suitable
additive material for FeSeTe alloys and its use, especially in
technological applications, will be limited.
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