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Abstract

We report the results from a comprehensive study of the effect that annealing FeSe 35Teq 65
single crystals in different atmospheres has on the surface chemistry, the superconducting
transition temperature, 7., and the critical current density, J.. A review of the literature and our
data shows that annealing in oxygen, nitrogen, air or vacuum atmosphere leads to a universal
superconducting phase diagram that is independent of the variance in the as-grown properties.
We show that atmospheres with an oxygen partial pressure of p > 10> hPa during annealing are
necessary to improve the superconducting properties in this compound. This is demonstrated by
Raman and magnetisation measurements on air, nitrogen, or low vacuum annealed
FeSeq35Teg g5 samples, which show that the improvement in the superconducting properties is
strongly correlated to the formation of a thin iron oxide surface layer. However, annealing under
high vacuum does not lead to the formation of an iron oxide layer and no improvement in the
superconducting properties is observed. Our findings show that the previously reported
improvements in the superconducting properties after annealing under vacuum or in nitrogen are
thus likely to have been caused by residual oxygen. Furthermore, we propose a diffusion model
for the formation of the iron oxide layer as the driving force for the reduction of interstitial
excess iron that suppresses superconductivity in this compound. Overall, our results show that
the presence of an iron reactant, such as oxygen, during annealing is necessary to improve the
superconducting properties of FeSe;_,Te,.

Keywords: iron chalcogenide, iron-based superconductors, FeSeTe, Raman spectroscopy, iron
oxide, annealing, residual oxygen

(Some figures may appear in colour only in the online journal)

1. Introduction

The tellurium doped iron selenide family (FeSe,_,Te,) of
superconductors has attracted much attention due to its simple
crystal structure compared to other iron-based super-
conductors and the highly tuneable superconducting transition
temperature, T, by ionic liquid gating [1], under hydrostatic
pressure [2], and the drastic increase of T, for monolayer FeSe

0953-2048,/20/055006-+06$33.00

[3]. However, previous reports of as-grown single crystals
show a significant variance in many fundamental properties,
such as the doping-dependent superconducting phase diagram
and the critical current density, J. [4-7]. This variance is
likely to be related to differences in the amount of interstitial
excess iron, which 1is invariably present in as-grown
FeSe;_,Te, single crystals and has been shown to suppress
superconductivity in this family of superconductors [8—12].
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Consequently, the reported properties in the literature have
been determined by the amount of interstitial excess iron
rather than the intrinsic properties of this compound. To probe
the intrinsic properties of this compound, it is therefore
essential to establish growth and post-processing procedures
that guarantee reproducible high-quality samples with low
amounts of interstitial excess iron. Thus far, annealing in
oxygen containing atmospheres has been shown to reduce the
amount of interstitial excess iron within the sample [13] via
the formation of iron oxides on the surface of the sample
[14-16] and consequently improving the superconducting
properties. However, improvements in the superconducting
properties have also been reported for annealing in various
other atmospheres such as nitrogen [4] or under vacuum [7].
This is surprising because neither pure nitrogen [17, 18] nor
vacuum annealing should lead to binary compounds under
typical annealing conditions. Hence, it remains unclear if the
observed improvement in the superconducting properties in
this scenario is also driven by a reduction in the amount of
interstitial excess iron and, if so, what process would be
driving it. Therefore, further research is required to advance
our understanding of the underlying physics of the annealing
process and to unequivocally identify the processes leading to
the improvement of the superconducting properties in this
compound [16, 19-21].

In this paper, we present the results from a study of the
effect of annealing in different atmospheres on the surface
chemistry and superconducting properties of FeSe3sTeq g5
single crystal. Unlike previous reports, we do not only focus
on the change in 7, and J,, but also relate them to changes in
the structure and the chemical composition. Specifically, we
used Raman spectroscopy to identify the formation of dif-
ferent iron oxides after annealing that are hard to identify
using other commonly employed techniques such as energy
dispersive x-ray spectroscopy [4, 12, 15] or electron energy
loss spectroscopy [14]. We show that annealing in air,
nitrogen, and low vacuum conditions leads to the formation of
a thin iron oxide surface layer. Annealing under high vacuum,
however, only leads to the formation of minute amounts of
magnetite (Fe;04). We attribute the appearance of an iron
oxide surface layer to an oxygen-induced reduction in the
interstitial excess iron that is linked with increases in 7, and J,.
that are only observed when the oxygen partial pressure is
greater than 10> hPa. We propose a diffusion model that
describes the reduction of interstitial excess iron during
annealing driven by the reaction of the iron close to the
surface with a reactant provided by the annealing atmosphere.
We show that our results and analyses strongly point to the
reduction of interstitial excess iron via the reaction with an
annealing agent at the surface as the driving factor for
improved superconducting properties.

2. Experimental methods
FeSe,_,Te, single crystals were synthesised using the

self-flux method (for details of the synthesis conditions
see ref. [16]). As-grown samples with a typical size of

1000 x 1000 x 100 pm® were annealed for 2 h at 300 °C in
air, nitrogen or under low or high vacuum. For air annealing,
the furnace tube was continuously flushed with dry air at a
rate of 80 cm® min~". For the nitrogen annealing, the furnace
tube was carefully purged by first baking it at 600 °C and then
nitrogen flushing and pumping it down to a high vacuum
(p ~ 107> hPa) several times to reduce the amount of resi-
dual air and moisture. The furnace tube was then either sealed
at constant pressure or continuously flushed with 99.998%
(O, < 5ppm) purity nitrogen. For vacuum annealing, the
furnace tube was again baked at 600 °C to reduce the amount
of residual moisture and then continuously pumped using just
a rotary vane pump (low vacuum, p ~ 102 hPa ) or com-
bined with a turbo molecular pump (high vacuum,
p =~ 107> hPa). Raman analysis of the samples was per-
formed using a confocal Raman microscope with a laser
wavelength of 633 nm. Magnetisation measurements were
carried out using a vibrating sample magnetometer (VSM) in
a Quantum Design Physical Property Measurement System.
For the zero-field-cooled (ZFC), field-cooled (FC) magnetis-
ation, and magnetic hysteresis loop measurements, the
temperature or magnetic field were stabilised at every set
point.

3. Results and discussion

Figure 1(a) shows the critical temperature, 7., of as-grown
FeSe,_,Te, samples from several reports [4—7] and our own
work for different selenium concentrations. We find that 7, of
the as-grown samples with similar Se concentration varies
greatly between different reports. In fact, not only is there a
wide variation between different reports, but as in the case of
Noji et al [7], even individual studies report a wide range of
critical temperatures for samples with the same selenium
concentration. Figure 1(b) shows the corresponding 7, of the
same reports and our work after annealing in different
atmospheres or in a vacuum. Interestingly, besides the com-
monly reported increase of T, after annealing [4-7, 12], our
summary shows that annealing leads to a universal super-
conducting phase diagram that is independent of the proper-
ties of the as-grown samples.

The absence of a universal superconducting phase dia-
gram for as-grown FeSe;_,Te, from our study and four other
studies (see figure 1(a)) is due to different amounts of inter-
stitial excess iron that arises from variations in the synthesis
conditions. Excess iron is known to supress 7. [8—12], and
hence variations in the excess iron fraction leads to the
observed differences in T,. The universal superconducting
phase diagram that appears after annealing from all six studies
(figure 1(b)) is likely to be due to a reduction in the excess
iron fraction to a common value. Thus, our comparison of
reports from the literature with our data vividly illustrates that
annealing is crucial to obtain reproducible high-quality sam-
ples, as was also previously pointed out by other authors
[14, 20-22].

Even though the beneficial effect of annealing has been
widely studied [4-7, 12, 22], the underlying physics of the
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Figure 1. (a) Plot of T, versus the Se concentration for as-grown FeSe,_,Te, from the literature [4—7] and our own work (filled circles).
(b) Plot of T, versus the Se concentration of FeSe, ,Te, from the literature [4—7, 12] and our own work (filled circles) after annealing in

different atmospheres.

process that leads to this improvement in the superconducting
properties is still not fully understood. Moreover, figure 1(b)
might suggest that annealing in different atmospheres has a
similar effect on T, but there is still substantial disagreement
in the literature over the beneficial effects of annealing in
different atmospheres [5, 6]. For example, annealing under
vacuum or nitrogen have both been found to have a beneficial
effect [4, 7] as well as no effect at all [23]. To help clarify the
situation, we used Raman spectroscopy to investigate the
effect of annealing in air, nitrogen, under low and high
vacuum on the surface chemistry. The changes in the surface
chemistry were then correlated to changes in the magnetic
susceptibility, and the critical superconducting current den-
sity, J., estimated from hysteresis loop measurements using
the Bean model [24, 25].

Figure 2(a) shows the Raman spectra after annealing six
samples in air. As previously reported [16], we find that
annealing in air leads to the formation of magnetite (Fe;O,)
and hematite (a-Fe,O3) on the surface of the sample. The
bulk within the sample remains iron oxide free [16]. This
shows that oxygen does not diffuse into the sample and that
the formation of iron oxide is limited to the surface.
Figure 2(b) is a plot of the Raman spectra of three samples
after annealing in nitrogen (<5 ppm oxygen). Iron oxide is
again evident in the Raman spectra but in this case purely
magnetite, which is a less oxidised form of iron than hematite.
The appearance of iron oxide on the surface of the samples is
surprising. It indicates that even a low oxygen fraction
(<5 ppm) is enough to partially oxidise iron. The Raman
spectra of low and high vacuum annealed samples are shown
in figure 2(c). In the case of annealing under high vacuum
conditions, the Raman spectrum is almost unchanged after
annealing except for a very small peak from a magnetite
Raman mode at 667 cm ™. One of the samples (figure 2(c),
orange curve) was annealed for 24 h to demonstrate that even
prolonged annealing does not lead to the formation of iron
oxide when annealing in high vacuum conditions. After 24 h
of high vacuum annealing, and subsequent characterisation,
the same sample was annealed under low vacuum conditions
(p =102 hPa) for 2 h. In contrast to high vacuum annealing,

we find that two hours of low vacuum annealing is enough to
form an iron oxide surface layer of magnetite, similar to that
observed for nitrogen annealing. Thus, there is still enough
residual oxygen present for the formation of iron oxide under
low vacuum. It is only under high vacuum conditions that the
amount of residual oxygen is reduced enough to prevent the
formation of a thick iron oxide surface layer.

Figures 2(d)—(f) show the ZFC and FC magnetic sus-
ceptibility after annealing. Each susceptibility curve was
corrected to account for demagnetisation effects [26]. For
ease of comparison, the susceptibility and Raman data for
each sample are represented using the same colour within the
respective annealing conditions. Figure 2(d) shows the sus-
ceptibility for the samples before (dashed lines) and after (full
lines) air annealing. The as-grown samples show a significant
variance in T, the superconducting transition width, and only
partial diamagnetic shielding at the lowest temperature. After
annealing, all samples show a superconducting transition
around 14K with a relatively similar transition width
and perfect diamagnetic shielding at low temperatures
(x(2K) = —1). Interestingly, we find that nitrogen annealing
(see figure 2(e)) also leads to an increase in T, a reduction in
the transition width, and perfect diamagnetic shielding very
similar to what we observed for the air-annealed samples.
When taking into consideration the Raman analysis shown in
figures 2(a) and (b), it is likely that the observed increase in
T, and the similarity with the air-annealed samples is due to
the residual oxygen in the N, gas (<5 ppm) rather than being
due to nitrogen. The residual oxygen led to the formation of
iron oxide and therefore a reduction in the amount of inter-
stitial excess iron and the related increase in 7. In the case of
high vacuum annealing (figure 2(f)), we find little effect on
the critical temperature, the temperature dependence of the
ZFC susceptibility and the diamagnetic shielding at the lowest
temperature. This observation is consistent with the Raman
analysis above that showed only a very small amount of iron
oxide was formed and, hence, minimal reduction in interstitial
excess iron. After annealing the same sample under low
vacuum conditions, we again observe an increase in 7, which
is driven by the residual oxygen present in low vacuum.
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Figure 2. (Left) Raman spectra of several FeSe 35Te( ¢s samples after annealing in (a) air, (b) nitrogen, and (c) under vacuum. For ease of
comparison, the spectra have been shifted on the vertical axis. (Center) Plot of the demagnetisation-corrected ZFC and FC magnetic

susceptibility of several as-grown (dashed line) FeSeq 35Teq g5 single crystals and after annealing (full line) in (d) air, (e) nitrogen, and under
(f) vacuum. (Right) Plot of J.. at 2.2 K for several as-grown FeSe 35Te ¢5 single crystals (dashed line) and after annealing (full line) in (g) air,
(h) nitrogen, and (i) under vacuum. The Raman, magnetic susceptibility, and J.. data for each sample are represented by the same colour for

each respective annealing condition.

The effect of annealing in different environments on J,
can be seen in figures 2(g)—(i). It is apparent that annealing in
air, nitrogen, or low vacuum resulted in a large increase in J,
for all the samples. Only the high vacuum annealed samples
show little change in J. after annealing. Therefore, the for-
mation of the iron oxide layer and the resulting reduction of
interstitial excess iron is the driving factor for the observed
increase in J..

Our analysis of air, nitrogen, low- and high-vacuum
annealed samples indicates that the improvement in the
superconducting properties is directly related to the formation
of a thin iron oxide layer, which reduced the amount of
interstitial excess iron within the samples and thereby
improved the superconducting properties. It is extremely
difficult to measure the actual iron oxide thickness after
annealing in different atmospheres. However, a very simple
calculation of the iron oxide thickness can be used to illustrate
the effect of annealing in different oxygen partial pressures.
This was done assuming the ideal gas law, a fixed sealed gas
volume, and that all the available oxygen reacts with Fe to
form Fe304 on the surface of the sample. The different
atmospheres are nitrogen (99.998% pure nitrogen with oxy-
gen <5ppm), low vacuum (p,,. 1o, = 1072 hPa), and high
vacuum (pvac’high = 1073 hPa). The tube furnace volume was
0.741 and the typical sample dimension was 1 x 1 X
0.1 mm®. Under these assumptions the estimated Fe;O, film
thicknesses are, 840nm (3.0% excess Fe reduction) for
nitrogen, 350 nm (1.2% excess Fe reduction) for low vacuum,

and 0.35 nm (0.001% excess Fe reduction) for high vacuum.
This simple calculation shows that nitrogen and low vacuum
annealing is sufficient to remove interstitial excess iron by
greater than 1% while high vacuum annealing has negligible
effect, which is consistent with the observed oxygen-induced
changes in the superconducting properties.

Based on these results, we propose a model where the
removal of the interstitial excess iron is driven by a diffusion
process of the interstitial excess iron caused by a reaction with
oxygen at the surface and a resulting iron concentration gra-
dient. The general idea of this proposed process is depicted at
different characteristic times in figure 3 for the case of
annealing in an oxygen-containing atmosphere. The figures
show three two-dimensional FeSe,_,Te, layers with gaps in
the layer to symbolise lattice defects such as grain boundaries,
cracks or twin-boundaries. The full circles represent the dif-
ferent atom sites for iron (brown), selenium and tellurium
(blue), interstitial iron (red), and the oxygen in the annealing
gas (green). The dashed red circles represent previously
occupied interstitial sites. The grey background qualitatively
illustrates the interstitial iron concentration from high to low
as grey to white, respectively. Atr = 1, the sample is at room
temperature in the initial as-grown state and a substantial
amount of interstitial iron is distributed throughout the sam-
ple. When the temperature is increased (f = 1), the interstitial
excess iron close to the surface starts to react with oxygen to
form iron oxides. This leads to a reduction in the iron con-
centration near the surface and results in an iron concentration
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Figure 3. Schematic drawing of the proposed model for the diffusion of interstitial iron towards the surface. The schematics depict four
characteristic stages at different times in the annealing process: (1) before annealing, (2) the start of the annealing process, (3) after some time
has passed (¢, > t) and lastly (4) after the annealing. The grey background symbolizes the interstitial excess iron concentration at the
respective depth—the darker the grey, the higher the concentration and vice versa.

gradient that drives more interstitial excess iron from deeper
in the sample towards the surface region. After holding at
300 °C for a time 7 = t,, a thin FeO, layer has started to grow
on the sample surface. Att = fg,,;, the FeO, layer has become
thick enough to act as a diffusion barrier shielding the
external oxygen from reacting with iron inside the sample.
The remaining interstitial excess iron within the sample
cannot react with the oxygen and the concentration gradient
starts to decrease as the sample reaches a steady state. In this
final state, the interstitial iron will again be uniformly dis-
tributed throughout the sample, but the total amount of
interstitial iron within the sample is depleted due to the for-
mation of the iron oxide on the surface.

In this scenario, there are two characteristic interstitial
iron diffusion paths, in-plane diffusion and inter-plane dif-
fusion. In-plane diffusion is very fast due to the two-dimen-
sional layered structure of FeSe; _,Te,. Therefore, we propose
the preferential inter-plane iron diffusion through defects,
depicted by the dashed black line, that act as ‘fast paths’ [27].
Specifically, the iron atoms diffuse in-plane until they reach a
defect that allows for fast inter-plane diffusion [27]. These
preferential diffusion paths align with the formation of pat-
terns on the surface as reported in our previous work [16].
Overall, the key requirement for our model is that the
annealing atmosphere contains an element for the interstitial
iron to react with during annealing. The iron reactant could be
oxygen, as in our case, or other elements that form iron
compounds. This is consistent with the observed formation of
iron compounds and the related improvement in the super-
conducting properties when annealing in Te [28, 29], Se [30],
S [30] or O [5] and based on our results also in the case of N,
or low vacuum annealing due to residual oxygen.

4, Conclusions

In conclusion, we find a significant improvement in 7, and J..
in FeSe, ,Te, after annealing in air, nitrogen, and low

vacuum that can be attributed to the oxygen present during
annealing that drives a reduction in the amount of interstitial
excess iron within the sample. This conclusion is consistent
with our results from annealing in high vacuum, where only
negligible changes occurred. We propose a model where
interstitial excess iron diffuses rapidly between the weakly
van der Waals coupled FeSe,_,Te, layers and then through
lattice defects in the FeSe;_,Te, layers (grain boundaries,
cracks or twin-boundaries) to the surface resulting in a
reduction of interstitial iron inside the sample. The process is
driven by oxygen that reacts with the interstitial excess iron in
the near surface region and forms an iron oxide layer. This
creates an iron concentration gradient that drives more iron to
the surface. Eventually the iron oxide layer is too thick for
oxygen to diffuse through it and interstitial excess iron
becomes uniformly distributed, but at a lower fraction. Our
results clarify the origin of the uncertainty around annealing
in different atmospheres and points at residual oxygen as the
iron reactant responsible for decreasing the amount of inter-
stitial excess iron. Using our data and other data from the
literature, we find that a sufficient oxygen-induced reduction
in the interstitial excess iron reveals a universal super-
conducting phase diagram. Our results can be extended to
other studies that report annealing in atmospheres with dif-
ferent elements that also react with the interstitial excess iron.
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