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Abstract The formation of the FeTe compound from a
mixture of Fe and Te powders was studied in situ by means
of high-energy synchrotron X-ray diffraction. FeTe does
not form directly from the starting elements; instead, FeTe,
forms as an intermediate product. During a 2 °C/min
heating ramp, Te first reacts between 200 and 350 °C with
a part of the Fe powder to form FeTe,, which then further
reacts between 350 and 530 °C with the remaining Fe to
yield FeTe. This phase formation path is simpler than in the
case of FeSe and the differences are discussed in terms of
the equilibrium phase diagrams of these two systems.

Introduction

The FeTe compound crystallises in the tetragonal P4/nmm
structure [1] similar to that of FeSe [2]. Both consist of
layers of edge-sharing tetrahedra, FeTe; and FeSe,,
respectively, arranged according to the tetragonal PbO type
with Fe atoms in the oxygen positions and Te or Se in the Pb
positions [1]. FeTe exhibits a semiconducting behaviour
[3], but can be turned to a superconductor by doping with
either Se [4, 5] or S [6], in the latter case with a clear
enhancement effect through exposure to water vapour [7].
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Although, the superconducting transition temperatures of
these compounds are not especially elevated (for instance, it
reaches about 15 K in FeSeqsTey s [8]), they are charac-
terised by very high upper critical fields H.,(0) reaching up
to more than 100 T [9], which makes them potentially
interesting for technological applications. Owing to the
possibility of processing this material at relatively low
temperatures and the lower toxicity of the starting reagents
in comparison with FeAs-based superconductors, com-
pounds in the Fe—-Te—Se—S system could be interesting for
power devices and electromagnets applications if high-
critical current density (j.) wires can be developed. For this
purpose, preliminary attempts to manufacture Fe(Se,Te)
wires using a diffusion technology, in which a Se-Te pre-
cursor powder was loaded into a Fe tube that acted as a Fe
source for the formation of a Fe(Se,Te) diffusion layer were
recently reported by Mizuguchi et al. [10]. Unfortunately,
the critical current densities of the wires after processing
were limited to low values in the 10-100 A/cm” range at
4.2 K. The microstucture of the superconducting core of the
wires was characterised by extended porosity and it is
apparent that their performance was limited by defects.
Improving the critical current density of Fe(Te,Se,S)-based
wires clearly necessitates a sound understanding of the
formation mechanism of these superconductors from the
starting reagents. In a recent study, the authors investigated
the reactions taking place during the synthesis of the
structurally similar FeSe phase and found that its formation
from a mixture of Fe and Se powders involves three inter-
mediate binary compounds appearing in the FeSe,, Fe;Se,,
Fe,Seg sequence [1]. Prior to studying the formation of the
FeSe,_,Te, or FeTe,_,S, compounds, the authors focus on
the formation of the FeTe phase from a mixture of Fe and Te
powders in order to gain knowledge on the behaviour of this
simpler system. The Fe—Te phase diagram [12—15] departs
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significantly from the Fe—Se phase diagram [16] so that this
study will give hints about the more complicated Fe—Se—Te
and Fe-Te-S systems, the phase equilibria of which are yet
unknown. Since the melting temperature of Te is only
slightly higher than that of Se (450 versus 221 °C) and both
Te and FeTe have a relatively high vapour pressure in the
temperature range used during this study [17, 18], the
authors used the same approach as for the study of the FeSe
phase formation [11] i.e., in situ reaction studies were
conducted on a powder mixture encased into a composite
Cu/Nb protective metal sheath taking advantage of the
strong penetrating power of high-energy synchrotron X-ray
radiation and thus avoiding Te losses by evaporation.

Experimental details

The starting reagents: Fe powder (99.9% purity, <10 pum)
and Te powder (99.99%, —325 mesh) were mixed in a Fe :
Te = 1.0:0.9 atomic ratio by low-energy ball milling in
4 cm diameter polyethylene jars for 24 h with NiO balls
(5 pieces of 4 g for 5 g powder) using a Wheaton roller mill
at 50 rpm rotation speed. The choice of this Te-deficient
stoichiometry, equivalent to Feqs3;Teq47 is based on the
published determinations of the Fe;,,Te;_, solid solution
range [13-15, 19]. The mixed powder was packed in a Nb
tube (external diameter 5 mm, wall thickness 0.3 mm),
which was then deformed by groove rolling into a wire with
4.0 mm diameter. At this stage, the wire was inserted into a
Cu tube (external diameter 5 mm, wall thickness 0.5 mm)
and the Cu/Nb/(Fe-Te) composite was further deformed by
means of groove rolling into a wire with an approximately
square cross section of 1.75 x 1.75 mm?.

The in situ measurements were conducted at the high
energy X-ray beamline BWS, located at the storage ring
DORIS III at DESY. The photon energy of the incident
beam was 80 keV. Details on the experimental set-up and
data analysis can be found in a previous publication [20].
A short sample piece (=4 cm length) cut from the wire
was clamped in a high-temperature steel holder inserted in
a quartz tube. The sample holder assembly was placed in a
high-temperature furnace equipped with Kapton windows
and a stainless steel heat shield with holes for beam
entrance and exit. The sample was maintained in a flow of
Ar (<0.5 ppm residual O,) during the runs. A heating rate
of 2 °C/min was used to reach a maximum temperature
of 584 °C, at which the sample was maintained for 1 h.
A thermometer was situated close to the sample and the
temperature was stable within 1 °C during the 1 h long
dwell at 584 °C. Cooling was performed at 5 °C/min. The
acquisition time was 2 s for each diffraction pattern.

A beam cross-section of 1 x 1 mm® was chosen to
probe the ceramic core throughout the diameter of the wire.

Absorption scans were used to position the sample in the
beam. Diffraction patterns were recorded on a two-
dimensional image plate and evaluated using the fit2d
software package [21]. The intensity of the signal was
normalised to the synchrotron positron beam current value,
which varies with time during the experiment.

Scanning electron microscope (SEM) observations were
performed in a Supra 35 instrument equipped with a
Thermo Electron Corporation energy dispersive X-ray
detector (EDX) for compositional analysis. For the SEM
observations, transversal cross-sections of the wire that was
used for the synchrotron experiment as well as a sample cut
from the same wire but without heat treatment were cast in
epoxy resin and polished using diamond paste.

Results and discussion

An optical micrograph of the cross-section of the piece cut
from the wire before annealing is shown in Fig. 1. The Nb
sheath forms a continuous protecting layer between the Cu
external sheath and the Fe—Te powder mixture. This feature
is essential to prevent the formation of a low-temperature
eutectic liquid phase (340 °C) by contact between Cu and
Te [22].

Selected XRD patterns recorded at various temperatures
along the heating ramp are shown in Fig. 2. The FeTe,
phase forms as an intermediate product during the trans-
formation from the initial Fe and Te mixture into FeTe.
Figure 3 depicts the temperature variation of the integrated
intensity of selected, non-overlapping reflections for the
different phases. It must be emphasized that the intensity
scale in Fig. 3 does not provide absolute phase contents.
However, it enables to follow the relative content varia-
tions of the observed compounds.

During heating from room temperature up to about
250 °C, the full width at half maximum of the Te

Fig. 1 General view (optical micrograph) of a transverse cross-
section of a wire before annealing
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Fig. 2 Diffraction patterns collected at various temperatures during
the heating ramp. The reflections used for intensity integration are
indicated by arrows
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Fig. 3 Temperature dependence of the integrated intensity of
selected diffraction peaks during heating at 2 °C/min: Fe(110),
Te(100), FeTe,(111) and FeTe (111)

diffraction peaks is decreasing. Release of the strain
accumulated during mechanical deformation of the wire
and/or grain growth can be reasons for this feature. As
evidenced in Fig. 3, the starting mixture of Fe and Te
begins to react in the solid state slightly above 200 °C with
the formation of FeTe,. This reaction is slow up to 250 °C
but proceeds at a significantly faster rate between 250 and
350 °C. The volume fraction of this phase goes through a
maximum at 355 °C and its amount then starts to decrease.
The first traces of FeTe are detected around 400 °C and the

@ Springer

intensity of this phase’s diffraction peaks increases until
saturation at a temperature corresponding to that of the
disappearance of the FeTe, phase (about 530 °C). As
expected from the formation of FeTe, in the wires, the
intensity of the Fe lines start to decrease at the same
temperature as those of Te. However, whereas Te has
disappeared at 380 °C i.e., well below the melting point of
pure Te, Fe is still present and can be detected up to
500 °C. At this point, the intensity of the FeTe, diffraction
peaks is also vanishing and most of the FeTe phase has
formed. From these observations, the authors can conclude
that the FeTe phase does not form by direct reaction of the
starting Fe and Te powders but following interaction
between the FeTe, intermediate product and the remaining
Fe. No further changes were detected during the 1 h dwell
at 584 °C.

In Fig. 4 the microstructure of the Fe-Te core of the
wire before and after heat treatment is compared. In the as-
deformed state, Fe particles are embedded within a matrix
consisting of Te. The largest Fe grains are still close to
10 um in diameter, indicating that the mechanical defor-
mation of the wire has not resulted in milling of these
particles. In contrast, the size of the Te particles, which can
only be distinguished close to holes formed in the core
during polishing, is typically smaller than 1 pm. This is
much smaller than the starting particle size (<325 mesh =
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Fig. 4 SEM pictures (secondary electron images) showing details of
the Fe-Te core: a before heat treatment and b after heat treatment at
584 °C for 1 h on polished transverse cross-sections of the samples
used for the in situ synchrotron investigation
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44 nm). The particle size of both starting powders and the
powder mixture prior to packing in the metal tubes has
been observed by microscopy. Many particles with size in
excess of 10 um and up to 40 pm were found as expected
in the as-purchased Te powder, whereas the starting Fe
powder is characterised by particles of 10 um diameter or
less. After ball milling, the powder mixture still contains
large (>10 um) particles, indicating that the low-energy
milling used in the present process does not affect
the particle size to a significant extent. The decrease in
Te average particle size is thus mostly occurring during
mechanical deformation of the composite metal/powder
tube to a wire. These observations indicate that both com-
ponents of the powder mixture deform in very different
ways during the wire preparation process: the Te powder
being prone to milling during deformation in contrast to Fe.
Higher homogeneity of the starting mixture can therefore
not been expected from mechanical milling of the Fe
particles during wire deformation; instead, Fe powders
with smaller particle size must be used. After heat treat-
ment, the Fe particles have disappeared as expected from
the X-ray diffraction data and the microstructure is char-
acterised by a relatively high density with porous areas of a
size smaller than that of the initial Fe particles. The overall
porosity has not been changed significantly by the heat
treatment and is lower than that resulting from the diffusion
technique used by Mizuguchi et al. [10].

Pictures of the Nb/FeTe interface before and after
the heat treatment are shown in Fig. 5. There is an inti-
mate contact between the core and the Nb layer in the
as-deformed state, but it is essentially lost after the reac-
tion. A lack of interface contact might be a problem in view
of current transfer between the metal sheath and the cera-
mic core. This issue is not a concern in the case of FeTe
since this compound is not a superconductor but might
become very important in the case of the related super-
conducting Fe(Se,Te) phases. A fine tuning of the pro-
cessing parameters, in particular heat treatment may prove
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Fig. 5 Detail of the Nb—FeTe ceramic core interface: a before and
b after heat treatment at 584 °C for 1 h (SEM, secondary electron
image)

necessary to avoid this problem. Although some particles
still stick onto the Nb, the authors could not find evidence
for the formation of compounds including Nb and Fe or Te.
Nb therefore appears to be effective as an inert sheath
metal for FeTe-based wires as it is for FeSe [11] and
Sro.6Ko 4FesAs, [23].

The reaction of Fe and Se powders to form the super-
conducting FeSe phase also begins with the formation of
the FeSe, compound [11]. However, contrary to the case of
FeTe, FeSe does not form by further direct reaction
between FeSe, and Fe, but involves other intermediates
with Fe;Se; and Fe;Seg composition. Beside FeTe and
FeTe,, the Fe—Te system also includes other Te-rich binary
compounds with FeTe; 5 (6-phase) and FeTe; ; (y-phase)
approximate compositions, but these are only stable at
temperatures in excess of 515 °C [1, 12-15], whereas
Fe;Se, and Fe;Seg can form at much lower temperatures
(these phases are stable from at least 200 °C according to
the phase equilibria studies performed on the Fe—Se system
[16]). Since the formation of FeTe was nearly complete at
515 °C in the sample during heating, the formation of
FeTe, s and FeTe, ; upon reaction between Fe and FeTe,
was avoided. It is, however, not excluded that these phases
may form as additional intermediates, if a faster heating
rate is used in such a way that the FeTe phase formation is
still far from being finished before the temperature of the
system reaches the stability region of FeTe, 5 and FeTe, ;.

Conclusion

The formation of the FeTe phase from Fe and Te involves
the formation of FeTe, as an intermediate product, which
reacts with Fe to form FeTe. At the used heating rate of
2 °C/min, Te is consumed before the temperature of the
system reaches the melting point of this element. The FeTe
formation was complete at about 530 °C, thus preventing
the occurrence of detectable amounts of FeTe; s and/or
FeTe, ; as additional intermediates.
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