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Abstract: A series of FeSeosTeos bulk samples have been prepared using the high gas pressure and
high-temperature synthesis (HP-HTS) method to optimize the growth conditions for the first time
and investigated for their superconducting properties using structural, microstructure, transport,
and magnetic measurements to reach the final conclusions. Ex situ and in situ processes are used to
prepare bulk samples under a range of growth pressures using Ta-tube and without Ta-tube. The
parent compound synthesized by convenient synthesis method at ambient pressure (CSP) exhibits
a superconducting transition temperature of 14.8 K. Our data demonstrate that the prepared
FeSeosTeos sealed in a Ta-tube is of better quality than the samples without a Ta-tube, and the opti-
mum growth conditions (500 MPa, 600 °C for 1 h) are favorable for the development of the tetragonal
FeSeosTeos phase. The optimum bulk FeSeosTeos depicts a higher transition temperature of 17.3 K
and a high critical current density of the order of >10* A/cm? at 0 T, which is improved over the entire
magnetic field range and almost twice higher than the parent compound prepared using CSP. Our
studies confirm that the high-pressure synthesis method is a highly efficient way to improve the
superconducting transition, grain connectivity, sample density, and pinning properties of a super-
conductor.

Keywords: iron-based superconductor; high-pressure synthesis; superconducting transition
temperature; critical current density; grain connectivity; electrical transport; magnetic
measurements

1. Introduction

Iron-based superconductors (FBS) were discovered in 2008 [1], and since then, nu-
merous compounds have been identified belonging to this family [2,3]. These high T ma-
terials can be categorized into six families based on the structure of the parent compounds,
such as REFeAsO (RE1111; RE = rare earth), AFe2As2 (122; A = Ba, K, Ca), (Li/Na)FeAs
(111), thick perovskite-type oxide blocking layers, such as SrsVoOsFe:As: (22,456),
SrsSc206FexP2 (42,622), etc., and chalcogenide FeX representing 11 (X = chalcogenide) [4—

6]. Eleven is the simplest family of FBS and has the highest T. of around 15 K for FeSe1-
xTex (x = 0.5) samples at ambient pressure [3,7,8]. However, FeSe has a complicated phase
diagram [9,10] due to many stable phases such as hexagonal FesSes, monoclinic FesSes,
orthorhombic FeSes, hexagonal 6-FexSe and tetragonal $-FexSe phase [11]. Interestingly,
only the tetragonal structure $-FexSe exhibits the superconducting transition of 8 K at am-
bient pressure [12,13]. Due to these stable phases, it's always challenging to prepare a
completely pure superconducting phase either in single crystal [14,15] or polycrystalline
samples [3,7,16,17]. Some of these stable phases, particularly hexagonal 6-FexSe and
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hexagonal FesSes, typically coexist with the predominant tetragonal f-FeSe phase [18]
during the growth process and are not suitable for superconducting properties [19-23].
Recent research has demonstrated that convenient synthesis methods at ambient pressure
(CSP) are inefficient for improving the critical current properties, grain connectivity, and
phase purity of the bulk samples, as well as for practical applications [19-22]. The prepa-
ration of Fe(Se,Te) has been reported by melting routes [20,24], where the pristine
Fe(Se, Te) samples were synthesized at a very high heating temperature of 880-1000 °C for
a long heating time, and various annealing treatments of these Fe(Se,Te) samples were
also carried out to influence the sample properties, but it was still impossible to reduce
the foreign phases and to obtain high-quality bulks. Therefore, we need to adopt a novel
growth approach or procedure in order to improve the sample qualities, reduce the im-
purity phases during the tetragonal 11-phase formation, and enhance the superconduct-
ing properties of these materials [25].

In the last 15 years, numerous investigations for iron-based superconductors have
been reported with the applied external pressure studies where the used samples were
prepared using CSP [26,27]. Under 4.5 GPa of applied external pressure, the supercon-
ducting transition of the 11 family is enhanced up to 37.6 K [13]. Via CSP, there are always
issues related to the size and purity of FBS samples [2]. High-pressure synthesis is a useful
and effective way to grow the new solid-state phase [28]. A few investigations based on
the pressure synthesis of iron-based superconductors confirm that this method can be an
effective method for improving the sample’s qualities with high superconductivity prop-
erties [2,29,30]. However, we need more devoted work in this direction [2]. Two kinds of
pressure techniques [31] are used for the synthesis/growth process of FBS: (1) Most studies
have employed solid pressure medium [32,33], such as diamond anvil cells and hot-iso-
static pressing, which typically have a sample volume of the order of ~1 cm?, where the
pressure medium and heating elements frequently come into contact with the samples
during the growth process. These factors make it difficult to prepare long-size crystals or
large amounts of powder with a completely pure phase formation [29]. (2) On the other
hand, there is another pressure technique, i.e., the hot-isostatic gas pressure technique,
which works based on the inert gas pressure medium and has a ~15 cm? sample space
[31,34]. This technique has been used in a few investigations for cuprate superconductors
[31,34] and one paper concerning FeSe [35]. According to our knowledge, no reports are
available based on this synthesis approach for other iron-based superconductors. Accord-
ing to a recent study, FeSe and Cu-doped FeSe exhibit a high transition temperature of up
to 37 K at ambient pressure using pressure quenching at low temperatures [30]. It's inter-
esting to note that this high T. phase of FeSe remains stable for 7 days in the temperature
range from 4 K to 300 K [30] under ambient pressure. These results imply that the growth
of FBS using high-pressure synthesis can be an effective approach to retaining the high T.
phase and the enhanced superconducting properties at ambient pressure.

To understand the high-pressure synthesis effects on the superconducting properties
of 11 family, we have used the high-pressure and high-temperature gas isostatic method
(HP-HTS) [31,34,35] to grow the polycrystalline FeSeosTeos and studied the superconduct-
ing properties of these materials in comparison to bulk FeSeosTeos prepared using the con-
venient synthesis method at ambient pressure (CSP) [21,22]. Since no study based on this
high-pressure growth is available, various FeSeosTeos bulks are prepared by ex situ and in
situ processes with the sealed Tantalum (Ta) tube or without the Ta-tube under the inert
gas pressure effect to optimize the growth process of FeSeosTeos. The hexagonal phase is
portrayed by the structural and microstructural analysis as an impurity phase that is ex-
tremely sensitive to the growth pressure and synthesis conditions. Interestingly,
FeSeosTeos sample sealed in a Ta-tube prepared at 500 MPa and placed into an HP-HTS
chamber for a short heating time of 1 h displays a high T¢ of up to 17.2 K and also enhances
the critical current density (Jc). A significant dependence on high-pressure growth and
superconducting properties is discussed concerning the grain connectivity, superconduct-
ing transition T, and the critical current density.
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2. Experimental Details

The chosen composition FeSeosTeos samples were synthesized in two ways using the
HP-HTS method, as mentioned in Figure 1. Ex situ: In the first step, polycrystalline sam-
ples with a nominal composition of FeSeosTeos were prepared by using the convenient
solid-state reaction method at ambient pressure (CSP) [21,22] as mentioned in Figure 1 as
the parent compound. The initial precursors, consisting of Fe powder (99.99% purity, Alfa
Aesar, Haverhill, MA, USA), Se (99.99% purity, Alfa Aesar), and Te (99.99% purity, Alfa
Aesar), were mixed in an agate mortar for 15-20 min by their nominal composition of
FeSeosTeos. These thoroughly mixed powders were cold-pressed into discs of 10 mm (di-
ameter) under 6 tons of uniaxial pressure, and then they were sealed into an evacuated
quartz tube. More details about the synthesis process can be found elsewhere [21,22]. The
evacuated quartz tube is used to reduce the oxygen and moisture atmosphere around the
precursors and also helps during the sealing process of the quartz tube. These quartz tubes
were heated to 600 °C for 11 h in the box furnace. Generally, we prepared 6-7 g of samples
in one batch, and the resulting powders were then mixed once again in an agate mortar.
The disk-shaped pellets with a diameter of 10 mm were again prepared. For the second
step of the heating procedure, we have employed some of these pellets directly in the HP-
HTS chamber in an open crucible, while other pellets sealed in a Ta-tube are used in the
HP-HTS chamber. ARC melting is used to seal the pellets in a Ta-tube in an inert gas at-
mosphere. In situ: In this case, the starting reagents, i.e., Fe powder (99.99% purity, Alfa
Aesar), Se (99.99% purity, Alfa Aesar), and Te (99.99% purity, Alfa Aesar), were mixed
according to the selected composition of FeSeosTeos, which was thoroughly mixed in an
agate mortar and then cold-pressed into discs having a diameter of 10 mm. Some pellets
are employed directly in an open crucible in the HP-HTS chamber, while others are sealed
into a Ta tube through an ARC melter and then placed inside the HP-HTS chamber, as
depicted in the synthesis block diagram (Figure 1).
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Figure 1. Block diagram of the growth process of FeSeosTeos bulks using the HP-HTS method.

We have used the hot-isostatic gas pressure (HIP) technique, which can generate inert
gas pressures of up to ~1.8 GPa in a cylinder chamber fitted with a furnace capable of
reaching 1700 °C, i.e., an HP-HTS method. This pressure technique allows several cm? of
free volume for the sample’s growth, and the stability of temperature can be controlled
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with an accuracy of 0.5 K using a programmable temperature controller. In all our exper-
iments, we have used the argon gas atmosphere to perform high isostatic gas pressures of
up to 1.0 GPa for various reaction times [34]. The internal single- or three-zone Kanthal
furnace in our high-pressure technical chamber is part of our experimental equipment,
which also includes a 1.8 GPa gas compressor [31,34,35]. After HP-HTS growth, the final
pellets were compact but not in a disk shape. We have cut these samples into a bar shape
for the resistivity and magnetic measurements. To avoid any kind of degradation during
the growth process, all chemical manipulations were performed in an argon-filled glove
box. This process was used to prepare several samples from different batches, all of which
demonstrated high consistency in terms of superconducting properties.

Structural characterizations of all prepared samples were performed by the powder
X-ray diffraction method (XRD), which is carried out on the Rigaku SmartLab 3 kW dif-
fractometer with filtered Cu—Ka radiation (wavelength: 1.5418 A, power: 30 mA, 40 kV)
and a Dtex250 linear detector with the measured profile from 5° to 70° with a very small
step of 0.01°/min. We have used Rigaku’s PDXL software and the ICDD PDF4+ 2021 stand-
ard diffraction patterns database to analyze the lattice parameters, the profile analysis,
and the quantitative values of impurity phases (%). Field-emission scanning electron mi-
croscopes equipped with energy-dispersive X-ray spectroscopy (EDAX) are used for the
microstructural characterizations and compositional and elemental analyses of the pre-
pared samples. A vibrating sample magnetometer (VSM) attached to a quantum design
PPMS is employed for the magnetic measurements up to 9 T in the temperature range of
5-22 K under zero-field and field-cooling conditions. During the zero-field cooled (ZFC)
process, the bulk sample was cooled down to 5 K in a zero magnetic field, and then the
magnetic field was applied to collect the data during the warming process. A closed-cycle
refrigerator was used for the zero-field resistivity measurements in the temperature range
from 7 to 300 K at different applied currents (5-20 mA). The sample was cut into a rectan-
gular shape for the resistivity and magnetic measurements, where thin copper wires were
used to make the electrical currents with the silver epoxy as the four-probe method for the
resistivity measurements, and all data were collected during the warming process with a
slow heating rate.

3. Results and Discussion
3.1. Structural Analysis

Table 1 shows the list of sample codes and the synthesis conditions of all prepared
samples using HP-HTS. The parent sample refers to the composition FeSeosTeos, prepared
at ambient pressure (CSP), and more details about its basic superconducting properties
are reported elsewhere [21,22]. FeSeosTeos samples prepared by high-pressure techniques
sealed into Ta-tubes or without Ta-tubes at different pressures (0-1 GPa) are characterized
by X-ray powder diffraction, as depicted in Figure 2a. To be more clear, we have shown
the zoom XRD patterns around the main peak (101) of the tetragonal superconducting
phase of FeSeosTeos in Figure 2b. The parent compound FeSeosTeos displays the main te-
tragonal phase with space group P4/nmm as well as a small amount of hexagonal phase
(~5-6%), which is consistent with previously reported papers [3,20,23]. HIP-51 to HIP-S5
have been prepared under an applied pressure of 1 GPa. HIP-S1 and HIP-52 have been
used as ex situ synthesis processes, as mentioned in the experimental part and Figure 1,
where the samples were sealed into Ta-tubes. HIP-S1 heated at 1 GPa for 1 h depicts the
main phase of FeSeosTeos but also observes the enhanced hexagonal phase (~27%) and a
small amount of FeSez phase. For the enhanced sintering time at 1 GPa up to 11 h, i.e.,
HIP-52, has the main hexagonal phase FerSes, and the tetragonal phase of FeSeosTeos was
observed as a second phase. It suggests that the long sintering time at 1 GPa of the sealed
Fe(Se,Te) sample into the Ta-tube converted the tetragonal phase to the hexagonal phase.

Table 1. A list of the samples with synthesis conditions and sample codes. More details about the
growth process are mentioned in the experimental part and Figure 1.



Materials 2023, 16, 5358

5 of 24

. . Growth Sample’s
Sample Synthesis Conditions Process Code
First step: 600 °C, 11 h, ambient pressure Parent Parent
Second step: 600 °C, 4 h at ambient pressure (without Ta-tube)
First step: 600 °C, 11 h, ambient pressure
Second step: 600 °C, 1 h, 1 GPa (with Ta-tube)
First step: 600 °C, 11 h, ambient pressure

Second step: 600 °C, 11 h, 1 GPa (with Ta-tube)

ex situ HIP-S1

ex situ HIP-S2

First step: 600 °C, 11 h, 1 GPa (with Ta-tube) in situ HIP-S3
First step: 700 °C, 1 h, 1 GPa (without Ta-tube) in situ HIP-54
First step: 600 °C, 11 h, 1 GPa (without Ta-tube) in situ HIP-S5

First step: 600 °C, 11 h, ambient pressure
Second step: 600 °C, 11 h, 700 MPa (without Ta-tube)
First step: 600 °C, 11 h, ambient pressure
Second step: 600 °C, 11 h, 1 GPa-750MPa (without Ta-tube)
First step: 600 °C, 11 h, ambient pressure
Second step: 600 °C, 1 h, 500MPa (without Ta-tube)
First step: 600 °C, 11 h, ambient pressure
Second step: 600 °C, 1 h, 500 MPa (with Ta-tube)

ex situ HIP-S6

ex situ HIP-S7

ex situ HIP-S8

ex situ HIP-59

First step: 600 °C, 11 h, 500 MPa (with Ta-tube) in situ HIP-S10
First step: 600 °C, 1 h, 500 MPa (with Ta-tube) in situ HIP-511
First step: 600 °C, 11 h, 300 MPa (with Ta-tube) in situ HIP-512
First step: 600 °C, 1 h, 300 MPa (with Ta-tube) in situ HIP-S13

In the next step, HIP-S3 to HIP-S5 used an in situ synthesis process, as discussed in
the experimental part, where samples were directly placed into the HP-HST chamber
without any heating process. HIP-S3 heated at 600 °C for 11 h at 1 GPa with a sealed Ta-
tube has the main tetragonal phase and about 26% of the hexagonal phase, which are al-
most identical to those of HIP-S1. HIP-S4 heated at 700 °C at 1 GPa for 1 h without Ta-tube
using an in situ process has the same structural pattern as that of HIP-S3 and HIP-S1. It
suggests that a higher heating temperature of 700 °C for 1 h at 1 GPa has depicted similar
behavior for Fe(Se,Te) heated for a longer heating time at 600°C (HIP-S3) under the same
growth conditions. To be more clear, the direct growth of FeSeosTeos samples without a
Ta-tube at 1 GPa for 11 h (in situ method) has also been prepared, i.e., HIP-55 has a slightly
higher hexagonal phase than that of HIP-S1 and HIP-S3. A comparative study of HIP-S1
to HIP-S5 prepared at 1 GPa reveals that an ex situ FeSeosTeos sample heated for 1 h (HIP-
S1) has almost the same XRD pattern as that of an in situ processed FeSeosTeos sample
heated for 11 h (HIP-S3). However, the results for HIP-S3 and HIP-S5 suggest that the
FeSeosTeos sample sealed in a Ta tube is a more effective way to preserve the tetragonal
phase than Fe(Se,Te) prepared without sealing in a Ta-tube at 1 GPa. Nevertheless, the
observed hexagonal phase for all samples prepared at 1 GPa is higher than that of parent
compounds, which is mentioned in Table 2.
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Table 2. The lattice parameters and impurity phases in FeSeosTeos samples under high-pressure syn-
thesis conditions. The quantitative values of impurity phases (%) were performed using Rigaku’s
PDXL software and the ICDD PDF4+ 2021 standard diffraction patterns database. The hexagonal
phase (H) refers to the FerSes phase.

Sample’s Lattice ‘a’ Lattice ‘c’ FeSe,.Te, FeSez  Hexagonal
code (A) (A) (%) (%) (%)
Parent 379502) 59713 93 _ ~6
sample
HIP-S1 3.80042)  6.0434(5) 70 5 27
HIP-S2 3.7963(5)  5.9578(1) 35 23 ~62
HIP-S3 3.8074(3) 6.0838(5) 70 ~2-3 ~26
HIP-S4 3.7966(7)  6.0075(1) 69 6 ~25
HIP-S5 3.7971(4)  6.0088(3) 65 23 ~33
HIP-S6 3.7977(5)  5.9837(1) 80 -3 17
HIP-S7 38033(9)  6.060(2) 30 ~7 ~65
HIP-S8 3.7992(5)  5.9843(9) 80 ~1-2 ~20
HIP-S9 3.7976(6)  5.9679(1) 93 ; -6
HIP-S10 - - 55 ~2-3 ~42
HIP-S11 3.7976(5)  5.9579 (2) 89 2 ~9
HIP-S12 - -- 26 ~3-4 ~70
HIP-S13 - - 35 ~3-4 ~60

In the next step, the in situ FeSeosTeos sample was heated in the HP-HTS chamber
without sealing in a Ta-tube at 700 MPa for 11 h at 600 °C, i.e., HIP-S6. The depicted XRD
pattern in Figure 2 has the dominant tetragonal phase and also around 17% of a hexagonal
phase. For HIP-57, ex situ FeSeosTeos was heated to 600 °C, and the pressure was changed
from 750 MPa to 1 GPa during the growth process. It’s interesting to note that the obtained
XRD pattern contains a primary hexagonal phase, as depicted in Figure 2a,b, which agrees
well with that of HIP-S2. HIP-S8 and HIP-59, using an ex situ process, have been prepared
at 500 MPa without the Ta-tube and with sealing in the Ta-tube, respectively. Figure 2
depicts that both samples contain a tetragonal main phase; however, HIP-S8 has a slightly
higher hexagonal phase (~20%) than that (~6%) of HIP-S9. It suggests that the ex situ pro-
cess of FeSeosTeos sealed in a Ta-tube is a more effective way to preserve the tetragonal
phase, as the same conclusion was reached from FeSeosTeos samples prepared at 1 GPa.
The XRD obtained for HIP-S9 is very similar to that of the parent compounds. To under-
stand the effect of the in situ process at 500 MPa, HIP-510 and HIP-511 have been prepared
at 500 MPa for 11 h and 1 h, respectively, and sealed in Ta-tubes. The depicted XRD pat-
terns suggest that HIP-S10 has the main phase of tetragonal but also has a huge amount
of hexagonal phase (~42%), whereas the short heating time (1 h) (HIP-S11) exhibits the
tetragonal phase as the main phase and has a small amount (~9%) of hexagonal phase,
which is almost 5 times less than that of HIP-S10. Again, XRD patterns of HIP-S9 (ex situ)
and HIP-S11 (in situ) suggest that FeSeosTeos sealed in a Ta-tube, heated at 600 °C for 1 h
at 500 MPa, prepared either ex situ or in situ, almost the same structural pattern as that of
the parent compound. It means that FeSeosTeos bulks sealed in a Ta-tube and heated for a
short time (1 h) at 500 MPa are suitable for the phase formation of FeSeosTeos tetragonal
phase using the HP-HTS method, which is also suggested from the growth of FeSeosTeos
at 1 GPa. To understand the effect of low synthesis pressure (less than 500 MPa), we have
prepared two more samples at 300 MPa for 11 h and 1 h, i.e.,, HIP-512 (in situ) and HIP-
513 (in situ), respectively. Interestingly, both samples have the main phase of the hexago-
nal phase, which is enhanced with heating time, suggesting that this pressure is not suit-
able for the formation of the FeSeosTeos tetragonal phase either for a short-term or long-
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term heating process. However, it also implies that a short heating process using HP-HTS
is sufficient to complete the formation of the superconducting phase.
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Figure 2. (a) Powder X-ray diffraction patterns (XRD) of various FeSeosTeos prepared by the HP-
HTS method. (b) Enlarged views of the XRD patterns, as shown in (a), in the 20 range of 25 to 40
degrees for various samples. Fei1SeosTeos tetragonal phase was determined as the actual composi-
tion of the superconducting phase rather than the nominal composition of FeSeosTeos. The hexago-
nal phase of FesSes was found and has also been identified as “H’ in (a,b). The obtained lattice pa-
rameters (‘a” and ‘c’) and the foreign phases (FeSez and FesSes) are listed in Table 2.

These structural investigations reveal that the optimum growth conditions using HP-
HTS are 500 MPa, 600 °C, and 1 h with the sample sealed in a Ta-tube for the tetragonal
phase formation of FeSeosTeos, where it works well for both ex situ and in situ processes.
The hexagonal phase FesSes, as an impurity phase in the samples, is very sensitive to the
growth pressure, sintering duration, and heating temperatures. The diffracted tetragonal
peaks of the samples prepared by HP-HTS are almost at the same position as those of the
parent compounds, as shown in Figure 2b. The calculated lattice parameters based on the
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tetragonal phase are mentioned in Table 2, where some samples have slightly large lattice
parameters, which suggests lower concentrations of Se/Te due to a large number of impu-
rity phases. One can observe that the presence of a large amount of impurity phase gen-
erates large error bars in the obtained lattice parameters. The samples having a smaller
amount of the impurity phases, such as HIP-S9 and HIP-511, have almost the same lattice
parameters and the same amount of hexagonal phase as the parent compounds, whereas
other samples have slightly higher lattice parameters, suggesting a small deviation in Se
and Te composition than that of the parent FeSeosTeos composition. The parent compound
has the lattice parameters (a = 3.79502 A, c=5.9713 A) which are almost the same as the
reported ones for bulk (a = 3.7909 A, c=5.9571 A) [3,7,16,17] and single crystals (a = 3.815
A, c=6.069 A) [14,15] of FeSeosTeos. In all these samples, HIP-S9 is the best sample com-
pared to other FeSeosTeos bulks using HP-HTS. Interestingly, the samples sealed in a Ta-
tube or without a Ta-tube have almost the same effect on the phase formation of FeSeosTeos
composition. It is important to note that a non-suitable growth pressure can decrease
Fe/Te/Se concentrations in FeSeosTeos compositions, whereas a pressure of 500 MPa can
promote the formation of a tetragonal superconducting phase.

3.2. Elemental Analysis and Mapping

The elemental analysis mapping of these samples has been performed by using the
energy dispersive X-ray (EDAX) method, which allows for an understanding of the dis-
tribution of the constituent elements inside the bulk sample. The elemental mapping of
the parent compound is shown in Figure 3 with the selected HIP samples based on the
XRD analysis, i.e., HIP-59, HIP-S3, and HIP-S11. Figure 3i confirms the homogeneous dis-
tribution of the constituent elements Fe, Se, and Te in the parent FeSeosTeos compound.
The mapping of HIP-53 is depicted in Figure 3ii. Interestingly, this sample has a non-ho-
mogeneous distribution of the constituent elements, where the large area shows Se and
Fe element richness, as shown in Figure 3ii, which suggests the formation of a hexagonal
phase (FesSes) in these samples, similar to the above discussed with XRD measurements.
At a few places, Si is also observed, which could be possible during the opening of the
bulk samples after the first step of the reaction (Figure 1). HIP-S9 depicts an almost homo-
geneous distribution of Fe, Se, and Te elements, which looks almost similar to the parent
compounds and suggests the homogeneity of these constituent elements, as shown in Fig-
ure 3iii. This analysis is consistent with the XRD data analysis.

Figure 3iv shows the elemental mapping for HIP-511, where the distribution of con-
stituent elements Fe, Se, and Te is nearly homogeneous. It appears that some areas are Se-
rich, which may be related to the existence of hexagonal phases, as mentioned above with
XRD analysis. From this data, the molar ratio of the parent compound is found to be
1.0:0.49:0.50, which is almost the same as that observed for HIP-S11 and HIP-S9, whereas,
in the case of HIP-S3, the observed ratio is 1.0:0.53:0.48. This ratio is more deviated in the
case of other samples due to the presence of significant amounts of hexagonal phase and
FeSex.
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Figure 3. Mapping for the constituent elements of (i) the parent compound, (ii) HIP-S3, (iii) HIP-S9,
and (iv) HIP-S11. Figure (a) of each image shows the area used for the mapping; Figures (b—d) depict
the individual elemental mapping such as Fe, Se, and Te. The mapping of all elements is included
in Figure (e).

3.3. Microstructural Analysis

To comprehend the microstructural analysis of these samples, we have polished bulk
samples by using several grades of micron paper, from low grade to extremely fine grade,
inside the glove box to reduce any contamination of the samples due to moisture and air.
Backscattered scanning electron microscopy (BSE-SEM) has been collected at different
magnifications for all these samples to reveal chemical contrast. Figure 4 depicts BSE im-
ages of HIP-S3, HIP-S9, and HIP-511 from low magnification to high magnification with
the parent FeSeosTeos compound. These images contain light gray, white, and black con-
trasts corresponding to FeSeosTeos, hexagonal phase FesSes, and pores, respectively. Figure
4a—c depicts the fairly homogeneous microstructure of the parent compound, where light
gray and black contrasts are observed. Many small and large pores are also observed. It
appears that many grains are not well connected due to the presence of micro- or na-
nopores between them. However, we have not observed any impurity phases. The high-
pressure synthesis method has improved grain connectivity and sample density, as shown
in Figure 4. The HIP-S3 bulk sample was not sealed in a Ta-tube and had an applied
growth pressure of 1 GPa. Interestingly, we have observed an inhomogeneous microstruc-
ture due to the presence of white contrast related to the impurity phase of FesSes. Because
of this, the microstructure appears more compact and has fewer pores, as seen in black
contrast, than the parent compounds. The observed impurity phase appeared at random,
on grain boundaries, and within grains. The pores and impurity phases lead to poorer
connections between the corresponding superconducting grains [36,37]. Figure 4g-i
shows the BSE images for HIP-S9, which have a homogeneous gray color in the whole
area and no impurity phase, similar to the observed mapping in Figure 3iii. Interestingly,
this sample is very compact, which might be due to the reduction in pores in between
grains due to high-pressure synthesis effects, and we have observed a fairly homogeneous
microstructure without any impurity phases, as demonstrated in a similar analysis of XRD
data. In a few locations, we have observed nanopores, as depicted in Figure 4h, at a large
scale. The microstructural images of HIP-511 are depicted in Figure 4j-1, which is prepared
using an in situ process at 500 MPa and placed into the HP-HTS chamber for 1 h. These
images imply that the sample is not very compact, but in a few places, we have observed
the hexagonal phase (Figure 4k). Pores exist in between grains, which suggests that grains
are not well connected. However, it appears that this sample has a slightly better density
and grain connection than the parent compound. All these samples have disk-shaped
grains. The white phase is observed in many other samples (not shown here), but one
point is noticeable: the number of pores is reduced dramatically due to high-pressure
growth, especially in the case of the sealed sample in the Ta-tube. The increased impurity
phase that is sandwiched between FeSeosTeos grains often considerably reduces grain-to-
grain connections and creates a strong barrier to intergranular supercurrent routes. We
did not observe any mico-cracks in any samples, as reported for other iron-based super-
conductors at grain boundaries and within grains [36-38]. The sample density of various
samples has been calculated by assuming the pure phase of FeSeosTeos for our various
samples. Since the reported theoretical density of FeSeosTeos is 6.99 g/cm?. On this basis,
the obtained density is around 51%, 70%, 44.3%, and 61% for the parent FeSeosTeos, HIP-
S9, HIP-53, and HIP-5S11, respectively. It indicates that the high-pressure growth of the
sample sealed in a Ta-tube (HIP-S9 and HIP-S511) improved the sample density. Figure 4
clearly demonstrates that high gas pressure synthesis improves the grain connectivity and
sample density and decreases the pore size and number of pores. However, synthesis
pressures other than 500 MPa reduce the phase purity and cleanness of grain boundaries
and increase the impurity phases of FesSes and FeSez. Pore sizes are increased when the
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sample is not sealed in a Ta-tube due to the gas pressure effects; however, the sample
sealed in a Ta-tube has a very small number of pores compared to the parent compound
or the prepared bulks without a Ta-tube. Non-superconducting phases existing at the
grain boundaries of bulk FeSeosTeos act as an obstacle to the transport properties and re-
duce the superconducting properties, as also reported for other iron-based superconduc-
tors [2,39,40]. As a result, our analysis suggests that high gas pressure synthesis works
effectively to increase material density and also improve grain size and connectivity, but
during the synthesis process, the bulks must be sealed into Ta-tubes.
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Figure 4. Microstructural images (Backscattered (BSE); AsB) of (a—c) the parent compound, (d-f)
HIP-S3, (g—i) HIP-S9, and (j-1) HIP-S11. Bright contrast, light gray, and black contrast correspond
to the phases of hexagonal FerSes (H), FeSeosTeos, and pores, respectively.

3.4. Transport Properties

The variation of resistivity (p) with temperature is depicted in Figure 5a in the full
temperature range from 7 to 300 K for all FeSeosTeos prepared by HP-HTS at 1 GPa and
the parent compounds in zero magnetic fields. The low-temperature behavior of the
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resistivity (p), as a function of temperature from 6 K to 18 K, is illustrated in Figure 5b for
these samples. Due to the structural phase transition, the parent FeSeosTeos exhibits a large
anomaly in resistivity at a temperature below ~110 K [3,22]. The parent compound shows
a transition temperature of around 14.8 K with a transition width (AT) of 3.7 K, as clear
from Figure 5b. HIP-S1 has a slightly higher hexagonal phase of FesSes, which is a metal
in the temperature range from 300 to 100 K, and below 100 K, a metal-to-insulator transi-
tion is observed [41]. Hence, the room temperature resistivity of HIP-S1 is slightly lower
than that of the parent compound, but below 150 K, the resistivity enhances rapidly due
to the hexagonal phase and depicts a structural transition similar to that of the parent
compound. The superconducting onset transition is observed at 14 K, but the zero resis-
tivity is not observed, suggesting the presence of a non-superconducting phase, as shown
in Figure 5b. HIP-S2 has the main hexagonal phase and almost half the resistivity of the
parent compound. This normal-state resistivity is depicted as the metal-insulator transi-
tion up to the superconducting transition, which is similar to the behavior of the FesSes
phase [41]. The superconducting transition of HIP-S2 starts around 14 K, but the transition
is very broad and does not reach zero resistivity. The in situ processed HIP-S3 has been
reacted at 1 GPa and has a hexagonal phase of ~26% (Table 2). Interestingly, this sample
has much lower resistivity than that of the parent compound, and the normal state resis-
tivity depicts the metal-to-insulator transition due to the hexagonal phase [41]. Its onset
superconducting transition and zero resistivity are observed at 13.9 K and 8.5 K, respec-
tively. HIP-54 exhibits a similar behavior of the normal state resistivity and a comparable
superconducting transition as that of HIP-S3 but has a slightly higher resistivity value
than HIP-S3. This might be possible due to the presence of another phase of FeSez. The
normal state resistivity is further increased for HIP-S5 due to the enhancement of the for-
eign phase (Table 2). However, its behavior and superconducting transition are nearly
identical to those of HIP-54. In the case of HIP-56, it has a lower normal state resistivity,
and its behavior is similar to that of the parent compound, whereas the superconducting
transition has a T of 11.7 K, but no zero resistivity is obtained. HIP-7 is prepared under
the changing pressure from 750 MPa to 1 GPa during the growth and has a main hexago-
nal phase. Its normal-state resistivity has depicted a similar behavior as reported for
FerSes, i.e., metal-to-insulator transition [41]. The normal resistivity value is increased, and
the onset of the superconducting transition is observed at 12.4 K, but the zero resistivity
is not reached. In all these samples prepared at 1 GPa and 700 MPa, only in situ processed
HIP-S3 has a clear superconducting transition with a large transition width.
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Figure 5. The resistivity (p) behavior with the temperature parameter up to room temperature for
various FeSeosTeos samples prepared using the HP-HTS method at (a) 1 GPa and 700 MPa, (c) 500
MPa, and (e) 300 MPa. Low-temperature resistivity behaviors of various samples for the applied
growth pressure (b) 1 GPa (d) 500 MPa (f) 300 MPa. (g) The temperature dependence of low-tem-
perature resistivity for various currents I =5, 10, and 20 mA for the parent, HIP-S3, HIP-S9, and HIP-

S11.
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Further decreasing the synthesis pressure to 500 MPa, the resistivity behavior of these
prepared samples is depicted in Figure 5¢,d. Ex situ processed HIP-S8 and HIP-S9 are
prepared at 500 MPa with Ta-tube and without Ta-tube, respectively. The variation of the
normal resistivity is almost the same for these two samples and similar to that of the par-
ent compound. The normal resistivity value is much lower than that of the parent com-
pound due to the high-pressure growth effect and the compactness of the bulk sample.
HIP-S8 and HIP-S9 depict the onset Tc of 12.6 K and 16.2 K, whereas zero resistivity is
observed at 9 K and 12.4, respectively. It implies that using HP-HTS, the preparation of
FeSeosTeos sealed inside a Ta-tube is more effective than that without a Ta-tube. To be more
precise, in situ processing of FeSeosTeos at 500 MPa has been performed as HIP-S10 and
HIP-511 samples. The resistivity of HIP-510 has a lower normal state resistivity than that
of the parent compound, but its behavior is influenced by FesSes, which is presented in
significant amounts, as observed from the XRD analysis. Its onset T is around 11.9 K,
although zero resistivity is not reached. The observed resistivity for HIP-S11 is depicted
in Figure 5¢,d), where the structural transition is very similar to the parent compound and
also has a smaller normal state resistivity value compared to the parent compound before
the structural transition, and after this transition, it is slightly higher before going to the
superconducting transition. This sample has an onset Tc of 17.3 K and an offset T of 10.7
K. Interestingly, this onset transition is the highest in all these samples and ~2 K higher
than that of the parent compound, but it is a slightly wider transition. It suggests that this
Tc enhancement could be due to the high concentration of actual Te/Se inside the sample.
Figure 5e,f show the temperature variation of resistivity for the samples prepared at 300
MPa. HIP-512 and HIP-513 have much higher resistivity values in the whole temperature
range than those of the parent compound and other bulks, which suggests a huge amount
of the impurity phase. It agrees well with the XRD results, as discussed above. Both sam-
ples have an onset Tc of ~12 K, but the zero resistivity transition is not observed up to 7 K,
which could be due to the main phase of the FesSes phase and is well in agreement with
the normal resistivity behavior of HIP-12 and HIP-13.

These resistivity measurements suggest that high-pressure synthesis at 500 MPa for
a short heating time of 1 h is the best condition compared to other growth pressures ap-
plied using the HP-HTS method. In the ex situ process, the samples sealed in a Ta-tube
(HIP-S9) have a 1 K higher Tt value with a slightly sharper transition width (~3.1 K)
than that of the parent compound, whereas in the in situ process, i.e., the bulks sealed in
a Ta-tube (HIP-511) have enhanced the transition temperature by ~2 K and have a broader
transition width. However, in situ processed FeSeosTeos without sealing into a Ta-tube
(HIP-S8) has a slightly higher hexagonal phase than that of the parent compound and
HIP-59, which might be a reason for the low superconducting transition. These results are
in good agreement with those discussed above with XRD and microstructure analysis.

To understand the intergrain and intragrain connections, we have measured the tem-
perature dependence of resistivity behavior under various applied currents [36,37,42].
Generally, the onset of the superconducting transition (T) reflects the individual grain
effects, and the offset of the transition (Tf) is related to the grain connections, i.e., inter-
grain connections [39,40,43]. Based on the aforementioned discussion, we have measured
the low-temperature resistivity under various currents, I = 5, 10, and 20 mA, which are
depicted in Figure 5g for HIP-S3, HIP-S9, HIP-S11, and the parent compound. The bulk
samples of HIP-S3 have a lower Tc and a broad transition with the applied current up to
20 mA, where the offset transition is more sensitive and suggests a weak grain connection
compared to the parent compound. HIP-59 has a higher onset T: of 16.2 K and a sharp
transition broadening compared to that of the parent compound. The offset transition has
almost no transition broadening with various currents, suggesting a good grain connec-
tion. HIP-511 has an onset T: of ~17.2 K, and the broadening of the transition is observed
at the offset transition with various applied currents, as shown in Figure 5g, which could
be due to the presence of impurity phases in between grains, as discussed from XRD pat-
terns. These outcomes support the analysis of microstructural studies, as observed above.
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Compared to all these samples, HIP-S9 samples exhibit better grain connections, whereas
the offset transition broadening is more clearly observed for HIP-53 and HIP-S11.

3.5. Magnetic Property Measurements

To confirm the Meissner effect, we have measured DC magnetic susceptibility (x =
4mM/H) in both zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves for
four samples: the parent compound, HIP-S9, HIP-S3, and HIP-S11, in the temperature
range from 5 to 22 K under the applied magnetic field of 50 Oe. The normalized magnetic
susceptibility is shown for all samples in Figure 6a so that we can make a comparison
study. The small diamagnetic signal in FC data suggests the strong pinning nature of the
bulk sample and the permanent flux trapped inside it. The volume fraction of the super-
conducting phase was estimated from the measured magnetic susceptibility data (yzrc) by
correcting the demagnetization factor, as described in [44—46], and was obtained ~92% for
the parent compound, which is similar to previous reports [47]. HIP-S9, HIP-511, and HIP-
S3 have the superconducting volume fractions of ~97%, ~95% and ~61%, respectively.
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Figure 6. (a) The temperature dependence of the normalized magnetic susceptibility (y = 4mM/H)
for three samples: parent compound, HIP-S3, HIP-S9, and HIP-S11 under poH =50 Oe magnetic field
in the temperature range 5-20 K via zero field-cooled (ZFC) and field-cooled (FC) regimes. (b) The
magnetic field (H) dependence of critical current density (J) for the parent FeSeosTeos and HIP-S3,
HIP-S9, and HIP-511 bulk samples at 7 K. The inset figure shows the magnetic hysteresis loop M(H)
at 7 K for HIP-S9 after the subtraction of the normal state background. (c) The magnetic field de-
pendence of the pinning force density (Fy) was calculated from the critical current density for the
parent compound, HIP-S3, HIP-59, and HIP-511 at 7 K. The arrow indicates the used scale for the
respective bulks.

These measurements confirm the bulk superconductivity of these materials. A super-
conducting transition is observed at 14 K with a diamagnetic transition in the magnetic
susceptibility (x) in both the ZFC and FC situations for the parent compound. HIP-S9
shows the onset transition at 15.1 K and has a sharper transition and a high superconduct-
ing volume fraction as compared to other samples. Yet, HIP-S3 has a slightly lower onset
Tc value than that of the parent FeSeosTeos; however, the magnetic transition has a large
broadening of the transition and a low superconducting volume fraction due to the pres-
ence of impurity phases, which was also confirmed by the resistivity measurements. The
slightly lower onset Tc suggests the reduction in the actual content of Te or Se from the
main phase FeSeosTeos, as discussed above with the XRD data and the microstructural
analysis.

HIP-S11 depicts a higher onset transition of 16.1 K; however, it has a broader transi-
tion compared to the parent compound and HIP-59. Interestingly, all samples depict the
single-step transition, which can be explained by the intergranular properties of these
bulk samples, as discussed and reported for other FBS families [39]. Fe(Se,Te) prepared by
the melting route [20] exhibits a double and broad transition in the magnetization meas-
urements, suggesting weak grain connections. In comparison to that [20,24], HIP-S9 and
HIP-511 have sharper transitions and a higher T. value, indicating the improved sample
quality by the HP-HTS method. These analyses confirm that high-pressure growth at 500
MPa, i.e., HIP-S9 and HIP-511, is an effective condition for the superconducting properties
of FeSeosTeos, similar to the conclusion of the above-discussed measurements. The reduc-
tion in Te observed for HIP-S3 could be related to changes in Te/Se concentrations and the
formation of foreign phases.

We have measured magnetic hysteresis loops (M-H) at a constant temperature of 7 K
for three HIP samples (HIP-53, HIP-S9, and HIP-S11) and the parent compound with the
rectangular-shaped sample to calculate the critical current density J.. The measured
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magnetic loops M(H) for these samples were observed under ferromagnetic effects, which
is similar to previous reports based on Fe(Se,Te) samples [7,21-23]. M-H loop for HIP-S9
is depicted as an inset Figure 6b after the subtraction of the normal state magnetization,
i.e, M(H) loop at 22 K. The Bean critical state model [48] is applied to obtain the critical
current densities by using these magnetization hysteresis loops. The Bean model estimates
the critical current density (J) of a superconductor, assuming that supercurrents flow with
a density equal to the critical-current density J«(H), which remains a constant independent
of the magnetic field (H). Several other critical state models were proposed by Kim et al.
or Kim—Anderson et al. [49], to extend the critical state model for various applications and
to incorporate the field dependence of critical current density. However, the Bean model
is the most common and widely used method to estimate the critical current density from
M-H curves, in which the value of J(T, H) does not vary much with the magnetic field for
low-temperature isotherms. Bean’s model gives a good estimation of the critical current
density and provides a simple, intuitive framework in which data can be analyzed despite
the need for approximations when applying the model to samples of finite dimensions.
Furthermore, this model is applied to the critical current analysis of all other iron-based
superconductors [2,4,44]. Hence, the calculation of the critical current density J. for our
samples was performed using the Bean formula J. = 204m/Va(1 - a/3b), where Am is the
hysteresis loop width, V is the volume of the sample, and a and b are the lengths of the
shorter and longer edges, respectively. Figure 6b depicts the magnetic field dependence
of the critical current density (J) up to 9 T at 7 K for the parent compound with three
samples: HIP-S3, HIP-S9, and HIP-S11. Interestingly, the calculated J. of HIP-S3 has a field
dependence very similar to that of the parent compound. However, this sample has a
slightly better J. value in the low magnetic field (<2 T) region, whereas the J. value is lower
in the high magnetic field compared to that of the low magnetic field. It could be due to
the reduced density and grain connections, especially in the high magnetic field, which
are clearly observed in the microstructural analysis and resistivity studies. The obtained
Je value of HIP-59 (ex situ) has depicted a huge improvement in the critical current prop-
erties in the whole magnetic field range, which is almost two orders of magnitude higher
than the parent compound and HIP-S3 (in situ). In the case of HIP-S11 (in situ), the J. value
is improved by one order magnitude in the low field region below the magnetic field of 3
T; however, in the high field, the J. value is almost the same as that of the parent com-
pound. The enhancement of J. could be explained by the introduction of flux pinning cen-
ters by high-pressure synthesis growth [26]. The enhanced sample density and improved
grain connections can be another factor in the critical current improvement, which is ob-
served from the microstructural and resistivity analyses [39]. For example, HIP-S9 has
20% higher density and better grain connectivity than the parent compound, whereas
lower density is observed for HIP-511 and HIP-S3. It suggests that high-pressure synthesis
at 500 MPa and a sample sealed into a Ta-tube can work well to enhance the magnetic field
response of ] for bulk FeSeosTeos, which is comparable to the reported elevation of J. val-
ues for Fe(Se,Te) samples [20,50]. Chemical addition generally plays an important role in
improving the intergrain connections and enhancing the critical current properties. Many
studies have been reported for Fe(Se, Te) with various chemical additions [21,22,50], and
interestingly, the J. value obtained in our study is higher than the reported J. for the metal-
added FeSeosTeos. Hence, high-pressure growth conditions work more effectively to im-
prove the intergranular current than other methods, such as metal additions [22]. On the
other hand, FeSeosTeos bulks prepared by the melting method [20,24] and very long an-
nealing procedures such as 740 h depicted a critical current density almost similar to our
findings. However, such lengthy annealing always reduces the actual contents of Se and
Te from FeSeosTeos composition and results in a lower superconducting transition, as ob-
served in previous reports [3,20,24].

The enhancement of critical current density is directly related to the pinning force.
To analyze the pinning force behaviors for these samples, we have calculated the variation
of vortex pinning force density F, with the applied magnetic field dependence by using
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the relation Fp = poH x J,, as illustrated in Figure 6¢, where the critical current density J. is
calculated using the Bean model as shown in Figure 6b for these samples. The pinning
force of the parent compound increases with the magnetic field and reaches its maximum
at 8 T, and the obtained F, values of the parent compounds are almost the same as those
reported (0.1-1 GN/md) in previous studies based on polycrystalline Fe(Se,Te) samples
[22,51,52]. Interestingly, all these samples prepared by HP-HTS have completely different
behavior than the parent compound. For the HIP-53 sample, the pinning force increases
with the magnetic field and reaches its maximum at around 0.5 T. With further increases
in the magnetic field, the pinning force slightly decreases and becomes almost constant
over the whole magnetic field range. However, the F, value of HIP-S3 is slightly higher up
to the magnetic field of 2 T, and after that, its value is much lower than that of the parent
compound. The sample prepared at 500 MPa and sealed in a Ta-tube using an ex situ pro-
cess, i.e., HIP-59, has a huge enhancement of the pinning force compared to other samples;
however, its behavior is very similar to that of HIP-S3. The maximum pinning force is
observed at 0.5 T; however, the field independence behavior of F; is observed in the mag-
netic field range 2-9 T, which is in good agreement with the J. behaviors as depicted in
Figure 6b. HIP-S11, i.e., the sealed sample in a Ta-tube and prepared at 500 MPa using an
in situ process, has the same behavior as HIP-53 and HIP-59, and the observed pinning
force has better performance with the applied magnetic field (<3T) compared with the
parent compound and HIP-S3. This different behavior of pinning force for HIP-53, HIP-
S9, and HIP-511 compared to the parent FeSeosTeos compound is most likely caused by
high-pressure synthesis effects, which warrants further investigation to understand how
synthesis pressure can influence the vortex pinning mechanisms [53] in FeSeosTeos com-
pounds. One can note that the F, values of HIP-S9 are similar to those reported for
Fe(Se,Te) single crystals (10-1000 GN/m?) [52]. Our analysis of F, behavior leads us to the
conclusion that improving the microstructure, material density, and the appropriate pin-
ning centers may contribute to improving the pinning properties and the enhancement of
the critical current behaviors as reported for FBS [26,42] and MgB: superconductors [54].
This pinning force analysis agrees well with the above-mentioned structural and micro-
structural analyses.

4. Discussion

We have summarized the main findings of our study in Figure 7a—f, where the vari-
ation of the hexagonal (H) phase, the room temperature resistivity (psox), the residual re-
sistivity ratio (RRR = psook/p20x), the onset transition temperature T, the transition width
(AT = Teomset — Teofiet), and the critical current density (Jc) for 0 T and 5 T at 7 K concerning
various samples are shown. Figure 7a shows that the parent compound has around 6% of
the hexagonal phase, as also reported by previous studies [7,18,23]. The ex situ process of
FeSeosTeos sealed in a Ta-tube at 1 GPa for 1 h, i.e., HIP-S1, has enhanced the hexagonal
phase. Further increased sintering time up to 11 h, i.e., HIP-52 has a main phase of hexag-
onal phase. In situ processing, i.e., direct heating of FeSeosTeos either sealed in a Ta-tube
or without a Ta-tube at 1 GPa (HIP-S3, HIP-54, HIP-S5), leads to almost the same amount
of hexagonal phase, which is lower than that for HIP-S1 and HIP-S2. This suggests that
the tetragonal phase formation at 1 GPa is not so effective either when the FeSeosTeos sam-
ple is sealed in a Ta-tube or without sealing in a Ta-tube, i.e., this pressure is not supportive
for the tetragonal phase formation. The sample prepared at 700 MPa using ex situ also has
a hexagonal phase, which is enhanced very rapidly and became the main phase when
changing the pressure from 750 MPa to 1 GPa (HIP-S7). The growth pressure of 500 MPa
using ex situ samples sealed into a Ta-tube (HIP-S9) and without a Ta-tube (HIP-S8) has
given a low amount of hexagonal phase and reached the minimum for HIP-S9. In the case
of an in situ process, long-time heating with Ta-tube (HIP-510) has enhanced the hexago-
nal phase more than short-time heating with Ta-tube (HIP-S511). It suggests that the syn-
thesis pressure of 500 MPa with a Ta-tube for a short reaction time is favorable for
FeSeosTeos phase formation. At a further lower synthesis pressure, i.e., 300 MPa, the



Materials 2023, 16, 5358

19 of 24

hexagonal phase appeared as the main phase formation either for a long- or short-term
heating process.
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Figure 7. The variation of (a) hexagonal (H) phase (%) calculated from XRD patterns, (b) room tem-
perature resistivity (psook), (c) residual resistivity ratio RRR (psoox/p20k), (d) transition temperature
(T¢) (e) transition width (AT) and (f) the critical current density ] for 0 T and 5 T at 7 K for various
samples concerning the parent FeSeosTeos.

The room temperature resistivity is presented in Figure 7b. One can note that the
resistivity depends on the grain connectivity and the presence of the foreign phase inside
the grains or at the grain boundaries. The variation of psowx for all prepared samples at 1
GPa and 700 MPa suggests that pswx has a lower value for the samples having a large
number of hexagonal phases, such as HIP-52. It might be due to the metallic nature of the
FesSes phase [41]. As the hexagonal phase decreased, pswk started to increase, such as for
HIP-54 to HIP-S6. HIP-S7 has a slightly high psox and even has the main phase of the
hexagonal phase. The samples prepared at 500 MPa have also followed the same behavior
as the variation of psox with the hexagonal phase, as discussed. In the case of 300 MPa, the
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samples have the highest value of pzwx compared to all other samples, which could be due
to the presence of foreign phases and poor grain connections.

Figure 7c demonstrates that the residual resistivity ratio (RRR = psok/p20x) value is
reduced for all HIP samples prepared at various pressures and reaches around 1-1.5, even
though some samples’ main phase is hexagonal. It could be possible to have good com-
pensation between the impurity phase, grain connectivity, and chemical homogeneity due
to the high-pressure synthesis effect. The variation of onset T¢ is shown in Figure 7d. It
suggests that the presence of the hexagonal phase reduces the Tt and reaches the max-
ima for the sample having a low amount of foreign phases. HIP-59 and HIP-S11 have a
hexagonal phase that is almost the same as that of the parent compound and depicts the
highest transition temperature up to 17.2 K. As shown in Figure 4, it is clear that the resis-
tivity of many samples did not reach zero resistivity, which suggests a high amount of
hexagonal phase, i.e., non-superconducting phase. A lower T value than that of the parent
compound suggests a lower Se/Te composition in the nominal composition of FeSeosTeos.
The transition width AT variation is shown in Figure 7e for various samples that have
shown the zero resistive transition during the resistivity measurements. HIP-S3, HIP-S8,
and HIP-5S11 have very broad transitions, whereas HIP-S9 has a transition width of 3.1 K,
which is slightly sharper than that of the parent compound (AT~3.6), suggesting better
intergrain connections. Figure 7f shows the variation of Jc at 7 K for 0 T and 5 T magnetic
fields for three samples and the parent compounds. Interestingly, HIP-S9 has an almost
two orders of magnitude higher . value than that of the parent compound, whereas HIP-
S3 and HIP-S11 have almost the same order of magnitude as the parent compound, but at
a higher magnetic field; this value has reduced rapidly, probably due to weak grain con-
nections and pinning.

This analysis suggests that the ex situ sample, i.e., HIP-S9, has a low amount of hex-
agonal phase, half the resistivity of the parent compound, RRR of 1.5, and a slightly (~1
K) higher transition temperature, the shaper transition (AT = 3.1 K). Interestingly, this
sample has an almost two times higher critical current density than that of the parent
compound in the whole magnetic field region. This suggests that high-pressure growth of
an ex situ processed FeSeosTeos sample at 500 MPa and 600 °C, sealed in a Ta-tube provides
better conditions to improve the superconducting transition and a huge improvement in
the critical current density. In situ processed FeSeosTeos samples prepared at 500 MPa for
1 h and sealed into Ta-tubes have the highest transition of 17.2 K and one order of magni-
tude higher J. value than the parent compound but are smaller than ex situ processed HIP-
S9. Rest samples have low performance with the superconducting properties due to the
formation of the hexagonal phase, which seems to be more sensitive to high pressure and
high synthesis temperatures.

Figure 8 shows the variation of Tt concerning the applied growth pressure, which
suggests that in situ and ex situ processed FeSeosTeos samples at 500 MPa are very effective
in enhancing the superconducting properties, and only a short heating time of 1 h is suf-
ficient. In the case of CSP at the ambient pressure, the preparation of FeSeosTeos (the parent
compound) requires at least 11 h in the first step at 600 °C and to compact the powder,
regrinding, and heating process at 600 °C, 4 h are also needed to complete the whole re-
action and produce a good-quality parent compound [21,22]. Our high-pressure investi-
gation reveals that this long heating process (~15 h at ambient pressure) could be com-
pleted in just 1 h under the presence of a growth pressure of 500 MPa, along with the
enhanced transition temperature and the critical current properties, as illustrated in Fig-
ures 7 and 8. In the case of ex situ processed samples, it also suggests that 500 MPa and a
heating time of 1 h are the most effective growth conditions for the superconducting phase
formation of Fe(Se, Te) and to improve the superconducting properties, i.e., HIP-S9, as
shown in Figures 7 and 8. Furthermore, it is also evident that the HP-HTS approach per-
forms effectively when the initial bulk sample is sealed within a Ta-tube rather than the
open sample (without sealing in a Ta-tube) inside our HP-HTS chamber. In situ processing
is sufficient for the formation of FeSeosTeos phase but is not very effective for the grain
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connectivity process and is also not very safe, whereas ex situ processing under the same
growth conditions as the in situ process, works well for the intergrain connections as well
as the tetragonal phase formation and is safer and easier to handle than the in situ process,
as reported for MgB2 [55]. Additionally, more devoted research based on high-pressure
synthesis would be required to further optimize the superconducting properties in bulk
FeSeosTeos by improving sample quality and grain connection, which will also help to un-
derstand the growth pressure effect.
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Figure 8. The variation of the onset transition temperature (Tc) of various FeSeosTeos bulks concern-
ing the applied growth pressure for various FeSeosTeos samples. The bulks prepared using the
changing pressure from 750 MPa to 1 GPa (HIP-S7) are considered and depicted at 0.8 GPa in this
Figure.

5. Conclusions

In summary, we have prepared bulk FeSeosTeos using the high gas pressure synthesis
technique employing ex situ and in situ procedures and studied its superconducting prop-
erties with the parent FeSeosTeos compound produced by CSP at ambient pressure. Struc-
tural analysis suggests that high synthesis pressure for the FeSeosTeos phase promotes the
hexagonal phase, but this hexagonal phase reached its lowest level for the samples pre-
pared at 500 MPa for 1 h with sealing into a Ta-tube. Microstructural analysis confirms
that the FeSeosTeos sample sealed into a Ta-tube is more effective for the enhancement of
sample density and the improvement in grain connectivity, although the existence of a
hexagonal phase depending on the pressure synthesis conditions reduces the supercon-
ducting grain connections. Especially, the bulk samples prepared without sealing into Ta-
tubes diminish the grain connections due to the presence of large pores caused by the high
gas pressure passing through micro/nanopores. Resistivity and magnetic measurements
approve the enhancement of the transition temperature by 2 K for FeSeosTeos prepared at
500 MPa. Due to a varied Se/Te concentration or a large number of impurity phases, other
samples had a lower transition temperature than the parent compound. Our studies con-
firm that the optimum high-pressure growth conditions are 500 MPa, 600 °C, a heating
time of 1 h, and the sample sealed in a Ta-tube, where the in situ process is sufficient for
the development of the tetragonal phase formation, and the ex situ process contributes to
the improvement in the intergrain connections and also promotes the formation of the
superconducting phase. Critical current density and pinning force analysis corroborate
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that FeSeosTeos prepared under these optimum conditions has almost two orders of mag-
nitude greater enhancement of J. than the parent compound due to the improved grain
connections, the enhanced sample density, and the presence of additional pinning centers.
We believe that this high-pressure synthesis method will enable the further exploration of
Fe(Se, Te) and other FBS materials to improve the sample quality, achieve additional im-
provements in their superconducting properties, and further the development of their
magnetic applications, particularly for superconducting wires and tapes.
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