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SUMMARY

Iron-based superconductors are expected to be used in strong magnet applica-
tions owing to their excellent superconducting properties. The process of sinter-
ing amechanically alloyed precursor powder is effective in achieving a high upper
critical field and critical current density in BaFe2As2 (Ba122) polycrystalline bulk
materials. However, when this process is applied to K-doped Ba122, which shows
the highest critical temperature in the Ba122 family, suppressing the vaporization
of potassium is challenging. In this study, spark plasma sintering (SPS) method
was applied to K-doped Ba122 to achieve fast densification. In contrast to
the conventional synthesis method, which requires several tens of hours, opti-
mally K-doped bulks with near theoretical density were obtained after only
5 min of SPS, and the magnetic critical current density reached 105 A/cm2 at
5 K. The demonstrated superconducting properties suggest that this fast densi-
fication technique is a useful tool for applying K-doped Ba122 to bulk trapped
field magnets.

INTRODUCTION

As an iron-based superconductor (Hosono et al., 2018; Kamihara et al., 2008), BaFe2As2 (Ba122) (Rotter

et al., 2008a, 2008b) is expected to be used in high magnetic field applications owing to its moderately

high critical temperature (Tc) of �38 K and high upper critical field (Hc2) of >50 T (Altarawneh et al.,

2008; Tarantini et al., 2011). It exhibits a small electromagnetic anisotropy (g) of 1–2 (Hänisch et al., 2015;

Ishida et al., 2017; Tarantini et al., 2011; Vinod et al., 2011; Yamamoto et al., 2009; Yuan et al., 2009),

a high irreversible field close to Hc2 (Yamamoto et al., 2009), and a critical grain boundary angle (qc) of

5–9�, which is approximately twice that of yttrium barium copper oxide (Katase et al., 2011; Lee et al.,

2009). These properties are advantageous for the application of Ba122 in polycrystalline forms and the

fabrication of long wires and large bulks. Especially, Ba122 bulks are expected to be applied as powerful

trapped field magnets (Weiss et al., 2015) for precision measuring instruments, levitation devices, and mo-

tors, taking advantage of their size proportional to the trapped magnetic field, which can be larger than

that of REBCO, and their Hc2, which is higher than that of MgB2.

Controlling the microstructure and improving the critical current density (Jc) are important for the applica-

tion of iron-based superconductors. Generally, superconducting currents in polycrystalline superconduc-

tors are categorized into two types: intragranular currents, which flow within crystal grains without crossing

the grain boundaries, and intergranular currents, which flow across the entire sample beyond the grain

boundaries (Durrell et al., 2011; Hecher et al., 2016; Shimada et al., 2019; Yamamoto et al., 2008). The inter-

granular currents of Ba122 polycrystalline materials are considerably lower than the intragranular current of

a Ba122 single crystal because of intrinsic weak-link, extrinsic structural defects, and compositional varia-

tions (Kametani et al., 2020). The Jc values of the intragranular currents of K-doped Ba122 single crystals

and thin films are >106 A/cm2 at 4 or 5 K under self-field conditions (Ishida et al., 2017; Qin et al., 2021), while

those of the intergranular currents of K-doped Ba122 polycrystalline bulks synthesized under ambient pres-

sure are �104 A/cm2 at 4.2 K under self-field conditions (Weiss et al., 2013).

The Jc value of K-doped Ba122 polycrystalline materials can be improved via high-pressure sintering. For

example, polycrystalline bulks synthesized via hot isostatic pressing (HIP) achieve Jc values of �1.2 3 105

(Weiss et al., 2013) and 2.3 3 105 A/cm2 (Pak et al., 2020) at 4.2 K under self-field conditions, round wires
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fabricated via HIP exhibit a Jc value of�3.8 3 104 A/cm2 at 4.2 K and 10 T (Pyon et al., 2018), and tapes pre-

pared via uniaxial hot pressing or HIP show a Jc value of >105 A/cm2 at 4.2 K and 10 T (Huang et al., 2018; Liu

et al., 2021; Yao and Ma, 2019). Previously, we improved the density and purity of Co-doped Ba122 poly-

crystalline bulks fabricated under ambient pressure using a mechanically alloyed precursor powder pre-

pared via high-energy ball milling. At 5 K under self-field conditions, the Jc value of these bulks improved

to a value approximately three times that reported in a previous study (Tokuta et al., 2020). Furthermore,

the Hc2 value of Co-doped Ba122 polycrystalline bulks can be artificially enhanced and adjusted by intro-

ducing lattice defects into the grains via high-energy ball milling (Tokuta and Yamamoto, 2019).

Inmany cases, the high-pressure sintering of Ba122 has been carried out in a powder-in-tube (PIT) condition.

This is advantageous for improving themechanical properties of wires and for suppressing the vaporization

of potassium,which has a high equilibriumvapor pressure, but PIT is less suitable for thepreparation of large

bulks.

In this study, K-doped Ba122 polycrystalline bulks were synthesized via spark plasma sintering (SPS), a pres-

sure-assisted sinteringmethod expected to achieve fast densification, using amechanically alloyed precur-

sor powder prepared via high-energy ball milling (Maltsev et al., 2019; Pervakov and Vlasenko, 2020; Tokuta

et al., 2020; Tokuta and Yamamoto, 2019; Weiss et al., 2013). The density, microstructure, phase composi-

tion, and superconducting properties of the fabricated bulk samples were evaluated as a function of the

sintering temperature. After sintering at 600�C and 650�C for 5 min, nearly single-phase bulks with a

high density of >90% and a Jc value exceeding 105 A/cm2 at 5 K under self-field conditions were obtained;

this Jc value was one order of magnitude higher than that of polycrystalline bulks synthesized under

ambient pressure.

RESULTS AND DISCUSSION

Density and microstructure

Figure 1 presents the sintering temperature dependence of the density and relative density to the theoret-

ical density for K40%-doped Ba122 (5.85 g/cm3). The theoretical density was calculated using the lattice

parameter values of a K40%-doped Ba122 single crystal from the literature (a = 3.912 Å and c = 13.33 Å

(Rotter et al., 2008a; Zaikina et al., 2014)). The density increased with increasing sintering temperature,

and a high relative density of >90% was obtained for the samples sintered at >600�C, reaching 95.4%

for the sample sintered at 900�C. For reference, the relative densities of other iron-based superconducting

bulks synthesized via SPS were �80% for Co-doped Ba122 (Zaikina et al., 2018), 96% for NdFeAsO0.75F0.25
(Kursumovic et al., 2010), 90% for FeSe0.5Te0.5 (Puneet et al., 2015), and 96.2% for CaKFe4As4 (Ishida et al.,

2020). Figure 2 shows the backscattered electron images of the samples sintered at (a) 500�C, (b) 600�C,
and (c) 900�C. The sample sintered at 500�C (Figure 2A) showed continuous voids, and the void area frac-

tion was larger than those of the other samples, suggesting poor connectivity. The sample sintered at

Figure 1. Sintering temperature dependence of the density (left axis) and relative density to the theoretical

density (right axis)

The inset presents an image of a bulk sample.
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600�C (Figure 2B) presented isolated voids and reduced void area fraction, indicating improved connectiv-

ity. In the sample sintered at 900�C (Figure 2C), the void area fraction further decreased and small round-

shaped pores were observed. Themicrostructures shown in Figures 2A–2C were assumed to correspond to

the early, middle, and end stages of sintering, respectively, consistent with the increase in the density with

increasing sintering temperature (Figure 1). The density of the K40%-doped Ba122 polycrystalline sample

prepared under ambient pressure was�4 g/cm3 (�68%) (Weiss et al., 2013). It is noteworthy that high-den-

sity samples were obtained after only 5 min of sintering at >600�C, possibly because of porosity reduction

owing to the pressure, heating from inside and outside the sample (self-heating by Joule heating and heat

transfer from the mold, respectively), and electric field diffusion effect (Cavaliere et al., 2019; Tokita, 2021).

Constituent phases and structural properties

Figure 3 shows the XRD patterns of the surfaces of the bulk samples. Ba122 was obtained as the main phase

in all samples. FeAs impurity peaks were observed in the samples sintered at 500�C, 550�C, and 700�C, and
nearly single-phase Ba122 was obtained in the samples sintered at 600�C, 650�C, and 900�C. The full width

at the half maximum of the main (103) peak of the Ba122 phase gradually decreased from 0.66� for the sam-

ple sintered at 500�C to 0.38� for that sintered at 650�C and suddenly decreased to 0.19� for those sintered

at 700�C and 900�C. This suggests that the crystallinity improved with increasing sintering temperature and

the grain size increased because of grain growth at >700�C. As the sintering temperature increased from

500�C to 900�C, the relative intensity of the (200) peak decreased from 29.2% to 15.3% and that of the (002)

peak increased from 13.5% to 21.4%, suggesting the occurrence of weak texturing or the increase in area of

ab plane by anisotropic grain growth in the samples sintered at high temperatures. The lattice parameters

(a and c) of the samples are shown in Table 1. A slight increase in the a-axis length and decrease in the c-axis

length were observed with increasing sintering temperature. The relations between the lattice parameters

of a Ba1�xKxFe2As2 single crystal (Rotter et al., 2008a; Zaikina et al., 2014) and the K-doping level of the Ba

site (x) are xa =�8.246a + 32.66 and xc = 1.194c� 15.52. The K-doping levels of the samples estimated from

the lattice parameters (xa and xc) and measured by EDX (xEDX) are also shown in Table 1. Based on the lat-

tice parameters, we estimate that the K-doping levels of the samples sintered at 600�C and 650�C, which
showed nearly single phase, were �42%. Note that xa and xc are rough estimations because lattice param-

eters of the samples prepared via high-energy ball milling are affected by lattice defects (Tokuta and Ya-

mamoto, 2019). Based on the EDX, the K-doping levels of the samples sintered at 600�C, 700�C, and 900�C
were �38%, which is close to the nominal composition. These suggest that the vaporization of potassium

during sintering was insignificant.

Electrical resistivity and critical temperature

Figure 4 shows the temperature dependence of the electrical resistivity (r) normalized by r at 300 K, and the

inset presents the temperature dependence of r near Tc normalized by r at 40 K. The electrical resistivities

of all samples decreased with decreasing temperature, showing superconducting transition and zero resis-

tance. Figure 5 shows the sintering temperature dependence of Tc and Tc
zero. Tc increased monotonically

with increasing sintering temperature owing to the improvement of crystallinity from 33.1 K for the sample

sintered at 500�C to 37.8 K for the sample sintered at 900�C, which is comparable to that of single crystals

(Rotter et al., 2008b). The lower Tc of the samples sintered at lower temperature is possibly due to the low

crystallinity caused by the introduction of the lattice defects via high-energy ball milling (Tokuta and

Figure 2. SEM images of the samples

Backscattered electron images of polished cross-sectional surfaces of the samples sintered at (A) 500�C, (B) 600�C, and
(C) 900�C.
The gray and black contrasts correspond to the K-doped BaFe2As2 (Ba122) phase and voids, respectively.
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Yamamoto, 2019). Furthermore, Tc
zero increased monotonically with increasing sintering temperature and

the superconducting transition width (Tc�Tc
zero) sharpened considerably from 12.4 K for the sample sin-

tered at 500�C to 1.2 K for the sample sintered at 900�C. The residual resistivity ratio (RRR = r (300 K)/r

(40 K)) increased with the sintering temperature, and the samples sintered at 500�C, 550�C, 600�C,
650�C, 700�C, and 900�C showed the RRR values of 2.22, 3.23, 4.25, 4.91, 6.79, and 7.95, respectively.

The RRR values reported in the literature are 4.59 (Chen et al., 2009), 5.55 (Rotter et al., 2008b), 6.97 (Mu

et al., 2009), 7.06 (Luo et al., 2008), and 9.94 (Nakajima et al., 2015) for single crystals (in-plane), 6.80 (Qin

et al., 2021) for thin films (in-plane), and 5.00 (Liu et al., 2019) and 6.58 (Weiss et al., 2012) for polycrystalline

materials. The RRR value of the sample sintered at >700�C is equivalent to those of single crystals and thin

films and higher than those of polycrystalline materials. A double superconducting transition was observed

in the samples sintered at 500�C, 550�C, 600�C, and 650�C but not in the samples sintered at 700�Cand
900�C. The transitions observed at higher and lower temperatures were assumed to correspond to those

Figure 3. X-ray diffraction patterns of the surfaces of the bulk samples

The intensity of each sample is normalized by the intensity of the (103) peak of that sample, and the offset is corrected.

Table 1. The lattice parameters (a and c) of the samples and the K-doping levels estimated from the lattice

parameters (xa and xc) and measured by EDX (xEDX)

Sintering temperature (�C) a (Å) c (Å) xa xc xEDX

500 3.9023 13.3678 0.481 0.441 –

550 3.9031 13.3850 0.474 0.462 –

600 3.9100 13.3464 0.418 0.416 0.380

700 3.9093 13.3465 0.424 0.416 –

800 3.9074 13.3576 0.439 0.429 0.378

900 3.9109 13.3309 0.410 0.397 0.384
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of grains and grain boundaries, respectively, analogous to those observed for cuprates (Cai et al., 1998).

These transport measurements suggest that electrically well-connected samples could be obtained by sin-

tering at >700�C.

Magnetization and critical current density

Figures 6 and 7 plot the magnetic hysteresis loops and the external field dependences of Jc, respectively, for

the various samples at 5 K. The samples sintered at 500�C and 550�Cexhibited almost nomagnetic hysteresis

and a very small Jc values of <10
3 A/cm2. This may be attributed to large amounts of impurities, poor con-

nectivity, and low Tc. The samples sintered at 600�C and 650�C, in which the purity, connectivity, and Tc were

improved, showed high symmetric magnetic hysteresis loops and a high Jc values of�1.03 105 A/cm2 under

Figure 4. Temperature dependence of the electrical resistivity (r) normalized by r at 300 K

The inset shows the temperature dependence of r normalized by r at 40 K.

Figure 5. Sintering temperature dependence of the critical temperature (Tc) and zero resistance temperature

(Tc
zero)

ll
OPEN ACCESS

iScience 25, 103992, April 15, 2022 5

iScience
Article



self-field conditions. This Jc value is an order of magnitude higher than those of K-doped Ba122 polycrystal-

line bulks synthesized under ambient pressure (Weiss et al., 2013) and comparable to those of polycrystalline

bulks prepared via HIP (Pak et al., 2020; Weiss et al., 2013). Remanent magnetization measurement (Yama-

moto et al., 2008) indicates that the Jc’s of the samples sintered at 600�C and 650�Cmostly reflect intergran-

ular currents. The magnetic hysteresis loop of the sample sintered at 700�C was less symmetric, and broad

secondary peaks appeared at approximately G0.5 T in the magnetic hysteresis loop of the sample sintered

at 900�C. Although the density and Tc of the samples sintered at 700�C and 900�C were higher than those of

the samples sintered at 600�C and 650�C, their Jc values under self-field conditions decreased to 6.7 3 104

and 2.9 3 104 A/cm2, respectively.

A possible reason for the decrease in the Jc values of the samples sintered at 700�C and 900�C is the increase

in their grain sizes. Figures 8A and 8B present a low-angle annular dark-field STEM (LAADF-STEM) image and

electron diffraction image of the sample sintered at 700�C, while Figures 8C–8H depict elemental mapping

images of the same sample. The spots in the electron diffraction image are seen in various directions, implying

that the sample showed a nearly random orientation. The elemental mapping images revealed the �100 nm

FeAs phase. The grain sizes of the samples sintered at 600�C, 700�C, and 900�Cwere <50 nm, 0.1–0.5 mm, and

Figure 6. Magnetic hysteresis loops of various samples at 5 K

Figure 7. External field dependence of the magnetic critical current density (Jc) for various samples at 5 K

The dotted and dashed lines indicate data for K40%-doped Ba122 polycrystalline bulks synthesized under ambient

pressure (AP) in this study and reported in Weiss et al. (Weiss et al., 2013), respectively.
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0.3–3 mm, respectively, indicating a considerable increase of grain size with increasing sintering temperature.

Hecher et al. reported that, because the grain boundary of Ba122 presents a Josephson junction, the Jc value

of the intergranular currents decrease as the grain size and junction area increase (Hecher et al., 2016). In such

polycrystalline samples, the magnetic hysteresis loop exhibits two types of peaks by the contribution of inter-

granular and intragranular currents; this is consistent with the shape of the magnetic hysteresis loop of the

sample sintered at 900�C (Figure 6). Moreover, Shimada et al. experimentally showed that the Jc value of

the intergranular current increases with decreasing grain size for Co-doped Ba122 polycrystalline bulks

(Shimada et al., 2019). The sintering temperatures of 600�C and 650�C, at which the highest Jc values were

obtained herein, were well balanced between the enhancement of Tc and the Jc values of the intra and inter-

granular currents owing to improved purity, crystallinity, and grain bonding and the decrease of Jc value of the

intergranular current resulting from grain growth. However, because the electrical resistivity of the samples

sintered at 600�C and 650�C shown in the inset of Figure 4 exhibited a double transition, the preparation con-

ditions of the precursor powder and the SPS conditions can be improved.

Conclusions

K-doped Ba122 polycrystalline bulks were prepared using the SPS method. High-purity samples with a

high relative density of 90% were obtained after 5 min of sintering at >600�C. Nearly single-phase

Figure 8. STEM and EDX images of the sample sintered at 700�C
(A) Low-angle annular dark-field scanning transmission electronmicroscopy image, (B) electron diffraction image, and (C–

H) elemental mapping images of polished cross-sectional surface.
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and optimal-doped Ba122 was obtained for the samples sintered at 600�C and 650�C. As the sintering

temperature increased, the grain crystallinity and connectivity improved and both Tc and Tc
zero

improved. A high Jc values of >105 A/cm2 were obtained at 5 K under self-field conditions for the sam-

ples sintered at 600�C and 650�C, while the Jc values decreased for the samples sintered at >700�C, likely
due to the increased grain size. SPS is a promising method for synthesizing Ba122 polycrystalline bulks

for practical use because it is a fast densification technique and suitable for the fabrication of large disk-

shaped bulks.

Limitations of the study

Although Jc of a K-doped Ba122 polycrystalline bulk was improved by investigating the effects of the sin-

tering temperature of SPS in this work, there are many other synthesis conditions that may affect Jc, such as

dwell time, applied pressure, and the condition of the precursor powder. These need to be investigated,

and the bulk size also needs to be increased for bulk magnet applications.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Akiyasu Yamamoto (akiyasu@cc.tuat.ac.jp).

Materials availability

This study did not generate new unique materials.

Data and code availability

There is no dataset or code associated with this work.

METHOD DETAILS

Sample preparation

K-doped Ba122 polycrystalline bulk samples with a diameter of 10 mm and a thickness of �1.3 mm were syn-

thesized via SPS using a mechanically alloyed powder. Elemental metals, namely, Ba (chunk, 99.9%), K (chunk,

98.0%), Fe (100 mesh, 99.9+%), and As (granule, 99.9999%), were weighed at a molar ratio of Ba:K:Fe:As =

0.6:0.4:2:2 in anAr glove box. Thesemetals were ground andmixed in a planetary ball-mill apparatus (Premium

line P-7, Fritsch) to produce amechanically alloyedK-doped Ba122 powderwith a ball-mill energy of 200MJ/kg

(Häßler et al., 2013; Tokuta et al., 2020; Tokuta and Yamamoto, 2019). The powder was filled into a graphite SPS

mold with an inner diameter of 10 mm. The temperature was then increased to 500�C, 550�C, 600�C, 650�C,
700�C, and 900�C at a rate of +50�C/min under a uniaxial pressure of 50 MPa using an SPS apparatus

(LABOX-315R, SINTER LAND). After sintering at each temperature for 5 min, the pressure was removed and

the samples were cooled to room temperature. For reference, a pellet composed of the same powder was vac-

uum-sealed in a quartz tube and sintered at 500�C for 48 h to obtain a bulk sample under ambient pressure.

Evaluations

An image of a disk-shaped bulk sample is shown in the inset of Figure 1. The density was calculated using

the diameter, thickness, andmass of the sample, and the phase composition and structural properties were

evaluated using X-ray diffraction (XRD) measurements (D2 PHASER 2nd Generation, Bruker) with Cu-Ka ra-

diation at l = 1.5418 Å. The lattice parameters a and c were calculated using the Rietveld refinement

(DIFFRAC.TOPAS). The polished cross-sectional surfaces of the samples were used to observe the micro-

structure using scanning electron microscopy (SEM; S-3400N, Hitachi High-Tech Corporation) and scan-

ning transmission electron microscopy (STEM; ARM200F, JEOL). Moreover, elemental analysis was per-

formed using energy dispersive X-ray spectroscopy (EDX). Electrical resistivity measurements were

performed between 20 K and 300 K using the conventional four-probe method for the samples cut into

�0.5 3 1.2 3 5.0 mm3, and magnetization measurements were conducted between up to 7 T using SQUID

VSM (MPMS3, Quantum Design) for the samples cut into �0.5 3 1.2 3 2.8 mm3. Tc was defined by 90% of

the superconducting transition of the electrical resistivity, and the zero resistance temperature (Tc
zero) was

defined as the temperature at which the resistivity reached 1 mU cm, which was close to the measurement

limit. Jc was calculated using the magnetic hysteresis loop by employing the extended Bean’s model.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Barium (Ba) Furuuchi Chemical Co., Ltd. CAS: 7440-39-3

Potassium (K) Acros Organics BVBA CAS: 7440-09-7

Iron (Fe) Kojundo Chemical Laboratory Co., Ltd. CAS: 7439-89-6

Arsenic (As) Furukawa Denshi Co., Ltd. CAS: 7440-38-2
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