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Abstract. The optimization of sintering behaviour of iron chalcogenides superconducting 

materials is mandatory to enhance their critical current density, in order to pursuit their 

application in the production of superconducting wires. In this context it has been investigated 

here the effect of oxygen contamination on the material densification, considering the issues 

related to industrial oxygen-free isolated production lines. Our results show that the 

densification process is negatively affected by oxygen contamination. However, despite the 

difference in density, all sintered samples are characterized by similar structural and 

morphological features, and show comparable electrical and magnetic properties, with low 

critical current densities (Jc<103 A/cm2). These results suggest that densification is not the key 

limiting factor in these conditions, and that grain boundary or misorientation factors may play a 

greater role in limiting the performance of sintered iron chalcogenides superconductors. 

1.  Introduction 

Iron Based SuperConductors (IBSCs) constitute a class of materials that, since their discovery [1], has 

attracted the attention of the scientific community for the intriguing coupling of magnetism and 

superconductivity. The scientific consideration is backed up by a significant applicative interest in the 

high-field magnet design sector. This interest is driven by the high critical magnetic fields and current 

densities characteristic of IBSC, making them a possible alternative to superconducting cuprates.  

The IBSC materials share a common structural element, namely a layer composed by a square 

lattice of Fe in tetrahedral coordination with pnictides (P, As) or chalcogen (S, Se, Te) atoms. The 

different structures are then originated intercalating atoms, ions or molecules between the layers. 

Several families of iron based superconductors have been identified since the initial discovery, 

comprising the “1111” [1], the “122” [2] or the “11” [3] compounds, named after their stoichiometry. 

The research on the development of wires has started early since their discovery [4]. Despite the lower 

Tc of IBSCs with respect of cuprates, the IBSCs have several advantages in terms of lower anisotropy, 

higher symmetry of the superconducting phases and higher tolerance in grain boundaries. These 

factors allow to apply well developed and common processing routes already adopted to produce wires 

and tapes of alloy superconductors or MgB2, such as the PIT method. Recent results obtained on iron 

pnictide superconductors demonstrate the high potential of these materials, with critical current 

density values that approach the target needed for application [5]. 

Iron chalcogenides, constituting the “11” family and exhibiting by the simplest crystalline structure 

among IBSC, are characterized by a significantly lower toxicity with respect to pnictide compounds. 
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Development of iron chalcogenides films has shown the potential of this family of materials, with high 

critical currents achieved at high fields [6]. The application of iron chalcogenides in superconducting 

wires has been however limited, hindered mostly by two factors: the high reactivity of the 

chalcogenides with the sheath metals [7] and the poor critical currents exhibited by consolidated 

polycrystalline materials [8][9]. Given the need to address the chemical compatibility issue, a deep 

understanding of the sintering behaviour of the powders and fine tuning of its texture is essential to 

improve densification and superconducting performance of the material.  

This work is focused on the sintering behaviour of Fe(Se,Te) materials. In this framework, it is well 

known the affinity of iron chalcogenides for oxygen and therefore their reactivity with air and 

oxidizing agents [10], and the subsequent need to avoid any possible contamination. However, from 

the application perspective, oxygen-free isolated production lines are in contrast with large-scale 

production and reduction of costs. The effect of oxygen contamination on the sintering behaviour is 

therefore to be evaluated and considered. At the aim, densification of Fe(Se,Te) is here studied in 

relation to oxygen content. Crystalline structure and morphology of different sintered materials have 

been evaluated by means of X-Ray diffraction and microscopy techniques, assessing superconducting 

behaviour with electrical and magnetic measurements.  

2.   Experimental 

Fe(Se,Te) powders were prepared through solid state reaction of Fe:Se:Te=1:0.5:0.5 at% (Fe from 

Sigma Aldrich, >99%, Se from Sigma Aldrich, 99.99% and Te from Sigma Aldrich, 99.8%) in a 

quartz vial under protecting atmosphere. The obtained powder was aged in air for different periods to 

achieve different oxygen contamination levels. The powder was then compressed in parallelepiped-

shaped pellets with approximate dimensions A x B x C ~ 8 mm x 3 mm x 1 mm. The so-prepared 

pellets (green) were subjected to a sintering treatment in a Thermal Programmed 

Desorption/Reduction (TPD/TPR) apparatus in Ar/H2 atmosphere. The sintering thermal program was 

composed by a heating ramp up to 800 °C and 1 h of isothermal dwell. Two different heating rates 

were considered, 5 °C/min and 10 °C/min. The oxygen contamination was measured in situ via an 

indirect method, namely the evaluation of the amount of hydrogen consumed during the process.  

Sintered density was evaluated by geometrical measurements. The reported uncertainty is estimated 

by statistical evaluation of several pellets sintered simultaneously. X-Ray Diffraction (XRD) analysis 

was carried out in a simultaneous 120 ° diffractometer (INEL PSD) equipped with a Fe Kα1 radiation 

source. Morphological analysis was carried out by means of Polarized Light Optical Microscopy 

(PLOM) on polished sections to evaluate grain shape and size, and by means of a Leo 1525 Scanning 

Electron Microscope (SEM) to assess fracture morphology.  

Superconducting characterization was carried out by means of electrical and magnetic 

measurements. Electrical resistance was measured using a standard four contacts method. Magnetic 

measurements were performed by means of an Oxford Instrument Vibrating Sample Magnetometer 

(VSM) on the same samples. Measurements were carried out with the field applied parallel to the C 

sample axis. Direct Current (DC) magnetization was measured in Zero Field Cooling (ZFC) and Field 

Cooling (FC) conditions applying a 0.002 T magnetic field.  

3.   Results and discussion 

The theoretical volumetric mass density of the compound was estimated as 6.2 g/cm3, considering the 

structure and lattice parameters reported in literature for Fe(Se,Te) [11]. The green density of the 

pressed samples was measured as approximately 82% of the theoretical density.  
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Figure 1. Volumetric mass density as a function of oxygen contamination for the different heating 

rates. 

In Figure 1 the results of the sintering experiments are reported as a function of the oxygen 

contamination measured for each set of samples. Samples characterized by low oxygen content reach 

density of approx. 90%. For increased oxygen content a decrease of sintering density is evident for 

both different sintering heating rate. These results suggest that oxygen tend to accumulate at grain 

boundaries, acting as an inhibitor during the densification process. 

The swelling observed for some of the samples may be due to the development of porosity 

following the formation and entrapment of gaseous species, such as Se and Te - given their high 

vapour pressure [12]. The difference among the two heating ramps shows how this phenomenon is 

mitigated for lower heating rates. A fast heating process may in fact lead to pore closing with high 

volumes of trapped gas, with a consequent inhibition on the material densification. The lower heating 

rate is expected to delay the pore-closing phase, leaving more time for the developing gas to be 

released and therefore allowing for a more effective sintering.  

 XRD patterns of the starting powder and of several samples characterized by different densities are 

reported in Figure 2. All patterns exhibit a tetragonal P4nmm Fe(Se,Te) phase as main constituent, 

with minor peaks ascribable to an hexagonal-like (e.g. δ-FeSe or Fe7Se8) secondary phase. For the 

sintered samples, a high angle broadening of tetragonal phase peaks, particularly evident for the 00ℓ 

peaks, suggests the presence of multiple chemically inhomogeneous tetragonal phases, as widely 

reported for Fe(Se,Te) materials [13–16]. No significant difference can be observed between sintered 

samples characterized by different densities.  
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Figure 2. XRD patterns of the initial powder and of samples characterized by different final density. 

Peaks ascribed to the P4nmm Fe(Se,te) tetragonal phase are labelled, while * indicates peaks 

ascribable to the hexagonal-like secondary phase. 

The electrical resistance was measured for the different samples. No significant differences were 

observed in different samples apart from the absolute value of resistivity, that decreased with density 

starting from approx. 1.5 mΩ∙cm for the less dense 73 % sample and reaching approx. 1 mΩ∙cm for 

the denser 90 % samples. The curve shape was similar for all the sintered samples: in Figure 3 is 

reported the curve measured for a 90% sample.  

The curve shows a semi-conducting behaviour above approx. 200 K, while below this value the 

resistivity tends to decrease when lowering the temperature. At low temperature, a superconducting 

transition is observed, starting at approx. 15 K, with the resistance vanishing at approx. 12 K.  

All sintered samples were characterized by similar critical temperature, with values comprised 

between 14 K and 15 K, and by broad transitions, with ΔTc
90%-1% values in the 2 K – 4 K range, 

without a clear influence of final density.  
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Figure 3. Electrical resistivity as a function of temperature for a 90% density sintered sample (see text 

for details); in inset, detail of the superconducting transition. 

Regarding the transition width, is worth to be noted that Fe(Se,Te) polycrystalline samples are 

often characterized by broad superconducting transitions, that may be due to several factors such as 

chemical homogeneity or mechanical stress [17]. However, as evident in our work and previously 

reported in literature (e.g. [9,18,19]), broad transitions in sintered samples are mostly due to the 

presence of low temperature resistive tails. This may suggest the occurrence of weak-link phenomena, 

likely ascribable to insulating grain boundaries or to misalignment issues. 

To gather a deeper insight on this aspect, a thorough evaluation of the morphology of samples 

characterized respectively by low and high density was carried out by means of microscopy analyses, 

and the results are reported in Figure 4 and Figure 5.  

The samples fracture analysis by means of SEM highlights how the sintered samples are formed by 

highly crystalline aggregates of platelet-like grains randomly oriented. The significantly different 

density difference – 73% vs 90% in the comparison – is not revealed by SEM, and no significant 

differences among the samples are evident.  

PLOM analysis, performed on polished sections of the same two samples clearly highlights instead 

the different porosity. The sample characterized by 73% final density is characterized by the diffuse 

presence of large irregular pores, with diameter in the tens - hundreds of µm range. On the contrary, as 

expected, porosity presence is substantially lower in the 90% dense sample. Observing at higher 

magnification, the crystalline morphology is clear: both samples are characterized by the presence of 

equiaxed grains of similar size, with an average diameter of 17 ± 5 µm and  16  ± 4 µm respectively 

for the 73% and 90% sample.  
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Figure 4. SEM images of fractures of samples characterized by 73% (a,c) and 90% (b,d) density. 

 
Figure 5. PLOM images of polished sections of samples characterized by 73% (a,c) and 90% (b,d) 

density. 
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Figure 6. Magnetic characterization of a 90% density sintered sample: (a) ZFC and FC curves as a 

function of temperature, with details of the transition in inset; (b) magnetic hysteresis loops at 4.2 K 

and 20 K.  

In Figure 6 the results of the magnetic characterization of a 90 % density sintered pellet are 

reported. Figure 6(a) shows ZFC ad FC curves as a function of temperature: the compound is 

characterized by a broad superconducting transition, with onset slightly above 14 K. The magnetic 

hysteresis loops acquired at 4.2 K and 20 K are reported in Figure 6(b). At low temperature, a 

superconducting loop can be observed, with evidence of the presence of other non-superconducting 

magnetic phases, compatibly with the XRD peaks ascribable to the hexagonal-like secondary phase 

[20]. The hysteresis loop measured at 20 K highlights this evidence, with an open hysteresis ascribable 

to a ferro/ferrimagnetic phase. 

 In our experiments, the magnetic properties of the sintered samples did not show significant 

dependence on their density. Considering the similarity of structural, morphological and electrical 

characteristics, this result suggests that the bulk superconducting properties as well is not influenced - 

at this level - by the final density. It is worth to be noted, however, that the hysteresis magnitude is not 

comparable with single crystals or polycrystalline samples obtained by means of melting techniques 

[16]. The magnetic results obtained on our sintered samples are instead comparable with results 

previously reported in literature for similar non-melted samples [18], with broad transitions and 

narrow hysteresis loops. An estimation of the critical current density by means of the Bean’s model 

results in values lower than 103 A/cm2 in self field, two orders of magnitude lower with respect to 

values obtained in single crystals and films. This may be related to grain boundary limiting effects and 

to misorientation factors, suggesting that in sintered samples, despite the presence of Fe(Se,Te) 

superconducting phases characterized by high Tc, a relatively good overall density is not sufficient to 

obtain high Jc.  
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4.  Conclusions 

In this work, the role of oxygen contamination in the sintering process of Fe(Se,Te) materials was 

evaluated and assessed. Several samples were obtained using powders characterized by different 

oxygen contamination. The green samples were subjected to a sintering treatment at 800 °C, adopting 

two different heating rates. Our results show that sintered density is clearly dependent on oxygen 

content, that affects negatively the sintering process. Slower heating rates lead to higher sintering 

density, possibly due to a mitigated tendency of trapping gases that evolve during the process.  

The obtained samples, ranging from 73 % to 90 % density, are characterized by similar structural 

and morphological features, and show comparable electrical and magnetic properties, with the 

presence of superconducting phases with Tc ~ 14 K. The low measured critical current density 

(Jc<103 A/cm2) suggests that density is not the key limiting factor. Grain boundary or misorientation 

factors are expected therefore play a key role in the enhancement of high-field performance of sintered 

iron chalcogenides superconductors. 
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