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We have carried out an investigation of the structural, magnetic, transport and superconducting prop-
erties of Fei,,Te;_x_ySexSy ceramic compounds, for z = 0 and some specific Se (0 < x < 0.5) and S
(0 <y < 0.12) contents. The incorporation of Se and S to the FeTe structure produces a progressive
reduction of the crystallographic parameters as well as different degrees of structural disorder associated
with the differences of the ionic radius of the substituting cations. In the present study, we measure
transport properties of this family of compounds and we show the direct influence of disorder in the
normal and superconductor states. We notice that the structural disorder correlates with a variable range
hopping conducting regime observed at temperatures T > 200 K. At lower temperatures, all the samples
except the one with the highest degree of disorder show a crossover to a metallic-like regime, probably
related to the transport of resilient-quasi-particles associated with the proximity of a Fermi liquid state at
temperatures below the superconducting transition. Moreover, the superconducting properties are
depressed only for that particular sample, in accordance to the condition that superconductivity is
affected by disorder when the electronic localization length £, becomes smaller than the coherence
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1. Introduction

Since the discovery of superconductivity in the iron pnictide
system [1], ReFeAsO (Re: rare earth) doped by chemical substitu-
tion on the Re or in the O site [2,3], at temperatures between 40 K
and 55 K and with critical fields of 65 T at 4 K, a large quantity of
studies was devoted to these Fe-based superconductors. Among
them, it was shown [4] the existence of a related family of super-
conductors, the iron chalcogenides, corresponding to FeSe and FeTe
and their partial substitutions FeTe;_,Sey. This system has the
simplest structure among the Fe-based superconductors because it
is formed just with two layers of Fe and Se/Te, with an anti-PbO
structure (space group P4/nmm) [5].

The FeTe compound exhibits antiferromagnetic (AF) ordering
below Ty ~ 70 K and no superconducting state [6] down to 4 K. By
partial substitution of Te by Se or by S, the AF order is suppressed
and superconductivity develops [7,8] at critical temperatures
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Tc ~ 8 K—14 K. On the other hand, FeSe is a superconductor and the
partial substitution of Se by S initially favors superconductivity,
while for replacements over a 20% superconductivity is depressed
[9]. Up to now, studies of the influence of disorder on the properties
of iron chalcogenides were particularly devoted to substitutions
into the Fe-site [10,11]. Here, in order to gain insight on the influ-
ence of structural parameters on the normal state properties and on
the appearance of the superconducting state on these Fe-based
chalcogenide superconductors, we have synthesized new ceramic
samples, performing partial substitutions of Te in the FeTe com-
pound by both Se and S, corresponding to Feq ;Tej_x_,SexSy
(FTSeS). The Se and S concentrations were chosen in order to
maintain nearly constant the ionic radius while producing a small
increase of the structural disorder in the chalcogenide site.

In the present work, we particularly report on the synthesis and
structural characterization of the FTSeS ceramic samples and on
their magnetic, transport and superconducting properties. We
found that the structural disorder of the chalcogenide site (¢) in-
fluences the transport properties, determining a 3D-variable range
hopping conduction-regime observed for temperatures T > 200 K,
with an electronic localization length (§;) that decreases
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concomitantly with increasing ¢. We found a marked reduction of
T for the sample where £; becomes lower that the coherence length
(&sc), indicating the sensibility of the superconducting state to
nonmagnetic disorder.

2. Experimental details

We have synthesized, by solid-state reaction, the family of FTSeS
ceramics compounds, with nominal compositions z = 0 and (x,
y) = (0, 0.12); (0.10, 0.10); (0.25, 0.06); (0.30, 0.05); (0.40, 0.02);
(0.45,0.01) and (0.50, 0). The x and y values were chosen in order to
produce a small variation of the average chalcogenide ionic radius
({Rch) = >_xiR;, where the x; are the fractional occupancies of each
chalcogenide and R; their ionic radius) while increasing the random
disorder associated with their different ionic radius. To vary this
disorder, we use different Te, Se and S combinations in order to

modify the standard deviation ¢ = /(3> %;R? — (Rey)?) and (Rcp)

was chosen around (2.12 + 0.04) A. As the starting materials, we
used high-purity elements, Fe, Te, Se and S (Alfa Caesar 99.99%).
Considering their increasing Se contents these samples were
labeled SO1 to SO7, respectively. The materials were ground,
pelletized and encapsulated in a quartz tube in vacuum. Then, the
samples were heated at 750 ° C for over 24 h and slowly cooled
down to room temperature. We repeated the heat treatments again
and finally, we resintered the samples in a rectangular shape at
750 ° C but reducing time to 12 h.

Samples were characterized by x-ray powder diffraction (XRD)
using a CuKe radiation with a PANalytical Empyrean model
diffractometer with PIXcel 3D detector. A complete Rietveld
refinement was done with Full Prof program [12]. Mdssbauer
spectra of the SO7 sample were obtained at room temperature (RT)
and 20 K with a conventional constant acceleration spectrometer in
transmission geometry with a >’Co/Rh source. Measurements were
recorded at 4 mm/s and 11 mm/s and then fitted using the Normos
program [ 13]. Isomer shift values are given relative to that of a-Fe at
RT. A quantitative point analysis was performed by energy disper-
sive x-ray spectroscopy (EDX) coupled with a scanning electron
microscopy (SEM). All the samples were polished before the mea-
surements. We made several measurements on the whole surface
and then we averaged to obtain a more realistic value of content of
each sample. Electrical resistivity measurements as a function of
temperature (4 K < T < 300 K) were performed by a four-point
method. Magnetization as a function of temperature and hystere-
sis loops were achieved using a squid magnetometer.

3. Results and discussion

A typical XRD pattern obtained in this case for sample SO07 and
its Rietveld refinement can be observed in Fig. 1. Similar results
were obtained for the whole batch of FTSeS samples. The re-
finements were performed by considering a tetragonal structure
P4/nmm. The presence of a fraction less than ~8% of Fe;Seg as im-
purity was also refined for all the samples. Peaks associated with
this impurity were marked with an asterisk in Fig. 1.

For a more detailed characterization of sample S07, a Mossbauer
spectrum was recorded at room temperature (RT) and 11 mm/s (not
shown here). A dominant broad doublet showed up and a minor
content of impurity magnetic phases seemed to be hidden in the
background. In order to allow a better resolution of the para-
magnetic hyperfine splitting, an additional spectrum was recorded
at 4 mm/s, in which two main paramagnetic components are
clearly distinguished (Fig. 2a). The major one has an isomer shift of
0.45 mmy/s and a quadrupole splitting of 0.28 mm/s, in coincidence
with the hyperfine parameters reported in literature for FeTey5Seq 5
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Fig. 1. XRD patterns for sample SO7 (red squares) and its Rietveld refinement (black
line). Differences and the Bragg position of the reflexions correspond to blue lines and
to green vertical lines, correspondingly. The presence of the Fe;Seg impurity is also
indicated. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

[14,15]. The other one instead has an isomer shift of 0.26 mm/s and
a quadrupole splitting of 0.78 mmy/s. This last subspectrum with
Fe3* character could be due to a superparamagnetic contribution of
impurity phases with particle sizes typically smaller than 10 nm.
Those parameters were then fixed in the spectrum recorded at RT
and 11 mm/s, to take into account only the minor magnetic
component. For that purpose a fitting with a hyperfine field dis-
tribution for the higher fields (>10 T) was performed (see Fig. 2b).

This analysis revealed the presence of at least two impurity
phases. An appropriate identification required another spectrum
recorded at low temperature and 11 mmy/s. In this case, to ensure a
temperature below any possible transition, 20 K was chosen. The
corresponding hyperfine field distribution is also shown in Fig. 2b.
The area under the magnetic part of the spectrum slightly increased
when lowering temperature, confirming that as it was supposed
above in the text, the minor doublet contribution at RT arose from
superparamagnetic impurities. Based on the whole analysis,
including RT measurements in wide and narrow velocity ranges
and at low temperature, it can be concluded that one of the im-
purity phases is magnetite (Fe304); distinguished on cooling due to
the Verwey transition [21]. Considering the recoilless factor of
Fe304 at RT, reported in Ref. [15], the effective fraction of magnetite
in the sample would not exceed 3%. The other one, a low field
contribution to the hyperfine distribution at RT which evolves to
higher fields as lowering temperature, would agree with the spin
reorientation corresponding to Fe;Seg [22]. This impurity fraction
represents about 10% of the iron bearing compounds in the sample.
These results do not contradict the XRD measurements in which
Fe;Seg with a similar fraction was detected. Fe304 was not distin-
guished due to the experimental resolution of the XRD technique (a
phase fraction lower than 5% is difficult to detect).

The evolution of both a and c crystallographic parameters by
increasing the substitution of Te by Se or S can be observed in Fig. 3.
Our results are compared with those corresponding to the Te
substitution by Se for the FeTe;_,Seyx (FTSe) compound. It can be
observed that mainly the a and ¢ parameters are reduced when
decreasing the Te content of the sample, similarly to the results
observed for the FTSe samples. Although some exceptions can be
noted (like an anomalous high value of the ¢ parameter for sample
S03) that can be associated with an excess of Fe, probably occu-
pying interstitial sites [23].
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Fig. 2. a) Mossbauer spectrum of FeTegsSeg 5 in a narrow velocity range at RT, including paramagnetic components fitting, b) hyperfine field distributions at RT and 20 K for the

magnetically ordered contributions.
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Fig. 3. Crystallographic parameters a and c as a function of the real Te content for the
FTSeS samples. Data for the FeTe;_,Sey (FTSe) samples is also included for comparison
(from Refs. [16,7,17—20]).

The real composition of the samples was estimated by the semi-
quantitative determination of an EDX analysis. Five to seven points
were chosen on the surface of the sample in order to get an average
composition. A typical dispersion of 0.02 was obtained for Te, Se
and S, and was slightly higher for Fe (0.04). This higher value can be
related to the presence and distribution of Fe-based impurities,

Table 1

which may also produce an overestimation of the Fe content. Re-
sults obtained by Rietveld refinements and by EDX analysis are
summarized in Table 1.

Field-cooled (FC) magnetization measurements as a function of
temperature at 100 G for samples SO1 to SO7 are shown in Fig. 4.
The superconducting transitions for samples S02 to S07 can be
observed at low temperatures while a ferromagnetic background is
also present for all the samples with an anomalous cusp around
125 K. The inset of Fig. 4 shows the 100 G zero-field-cooled (ZFC) DC
susceptibility measurements (4my) at low temperatures, which
gives a rough idea of the superconducting volume fraction. The
onset and the width of the superconducting transitions for samples
S02 to SO7 can be observed, where the absence of a magnetic
shielding for sample SO1 can be confirmed. Sample S02 also shows
a very small diamagnetic signal, indicating that superconductivity
develops only in a minority phase. The other samples show a higher
superconducting response, although complete bulk superconduc-
tivity is not achieved. T, was defined as the onset of this signal and
reported in Table 1 as T¢'%®.

Fig. 5 shows the FC and the ZFC magnetization curves for sam-
ples SO1 and S05. Similar results were obtained for the other FTSeS
samples. The cusp observed around 125 K is the clear signature of
the Verwey transition [21] associated with the presence of minor
phase Fe304. In fact, most of the magnetization of the normal state
can be related to the Fe;Seg and Fe304 impurities [20,24], as the
ferromagnetic background and the hysteretic behavior depicted for
temperatures T > 130 K is also typical of Fe;Seg, or of Fe304 grains
with nanometric dimensions [25,26]. The magnetization curve M

Composition determined by EDX (+0.02 for Te, Se and S and +0.04 for Fe), standard deviation of the radius of the chalcogenide site o (+5%), crystallographic a and ¢ parameters,
superconducting transition temperature defined by magnetization and transport measurements (+3%), coefficient Ty (see Eq. (2), +8%) and localization length £ (+3%).

Sample EDX composition v a c TS TS To 13
(&) (A) (A) (K) (K) (K) (A)
s01 Fey 15Te07250.2 0.166 3.800(9) 6.10(4) _ 6.8 2204 18
S02 FEO_SSTEO_gzseo_ogso_gg 0.119 3. 802(5) 6.1 6(9) 6.6 9.9 403 33
S03 Feq.25Teo.675€0.2750.06 0.125 3.807(0) 6.23(8) 113 123 853 25
S04 Fe1.18Teo.665€0.2850.06 0.125 3.802(9) 6.08(1) 12.2 13.0 435 3.2
05 Feo.02Te0.505€0.4650.04 0.123 3.798(7) 6.03(4) 13.1 135 337 35
S06 Feq.13Teo.51S€0.4750.02 0.120 3.798(0) 6.01(7) 133 135 297 3.6
S07 Fep.g9Teg 425€0.58 0.114 3.801(1) 6.00(8) 14.3 14.0 524 3.0
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Fig. 4. FC magnetization as a function of temperature for samples S01 to SO7 at 100 G.
The inset shows the ZFC DC susceptibility (4my) as a function of temperature. T. can be
defined by the position of the onset of the diamagnetic signal.
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Fig. 5. FC and ZFC magnetization (100 G) as a function of temperature for samples SO1
and S05. The observed cusp at T = 125 K (Verwey transition) and the low temperature
irreversibilities are characteristic of the presence of Fe304. The inset shows the
isothermal magnetization M(H) of sample S05 at 100 K.

vs H at T = 100 K showed in the inset of Fig. 5 corresponding to
sample SO5 (although this curve was practically sample and tem-
perature independent in the 50 K—300 K range) is characteristic of
Fe304. By considering its saturation value (3.4 emu/g) we estimate
the presence of ~4% in mass of this impurity [27], in accordance
with the Mossbauer spectrum.

The normalized resistivity (p/p300 k)) as a function of tempera-
ture is shown in Fig. 6. A semiconducting-like behavior at tem-
peratures T > 150 K can be observed for all the samples while, for
samples S02 to SO7, a hump and a metallic-like conduction is ob-
tained with further decreasing temperature. Only sample SO1 re-
mains as an insulator down to its superconducting transition. This
particular metallic-like conduction observed at low temperatures,
with an increasing slope with decreasing temperature, is charac-
teristic of many Fe-chalcogenide superconductors [28]. This non-
Fermi-Liquid (NFL) behavior was recently associated with a resil-
ient quasi-particle (RQP) regime [29], where the resistivity is still
dominated by FL quasi-particles, in an intermediate temperature

0 50 100 150 200 250 300
T(K)

Fig. 6. Temperature dependence of the normalized resistivity (p/p(00 k)) for samples
S01 to SO7. The inset shows the detail of the resistive superconducting transition for
samples SO1 to SO7.

range, between a FL and a bad metal phase.

In the RQP regime, resistivity is not following the T?> dependence
expected for a FL, nor the linear behavior of a bad metal. This latter
regime is attained when the resistivity reaches the Mott loffe Regel
limit (ppr) [30]. Until that point, resistivity evolves in the RQP
regime, showing a negative intercept and a gradual tendency to a
linear regime as the temperature is increased well above the FL
transition temperature.

To check if the observed anomalous metallic-like behavior at
low temperatures (Fig. 6) is developed between these limits, a
rough estimation of ppyg can be obtained, assuming a spherical
Fermi surface and a carrier density of 102°—6 x 10%° cm~3 [31]. This
gives ppr = 2—6 mQ cm. As the resistivities of our FTSeS samples
(0.2—0.4 mQ cm) are well below ppp, it is consistent to consider
that the observed NFL behavior develops in an RQP regime.

Unlike what we observed in magnetic measurements, impu-
rities have a negligible contribution to resistivity. This fact is indeed
clear as at the Verwey transition (=125 K) the resistivity of Fe304
diverges, but no appreciable changes are observed in our resistivity
curves (see Fig. 6).

The inset of Fig. 6 shows the detail of the superconducting
transitions, present for all the samples, even for sample S01, indi-
cating in this case its filamentary nature, as no superconducting
shielding was noticed in the magnetization measurements down to
4 K (see Fig. 4). We would like to note here that SO1 and S02
samples are those that show a highly depressed superconducting
state (T, < 10 K, with a superconducting volume <1%), while sam-
ples SO3 to SO7 present a more robust superconducting phase. We
define the superconducting transition temperature (T;) as the
temperature where the superconducting state percolates (p — 0)
and we reported this value in Table 1 as T,

We have particularly analyzed the semiconducting-like con-
duction regime for the FTSeS samples (150 K < T < 300 K). To fit the
temperature dependence of the resistivity, we propose a general
expression of the form:

p = poexp[(To/T)"], (1)

in order to determine if the conduction regime corresponds to a
semiconductor or to a disordered metal. In the first case, Ty is
associated with the band gap, while in the second case, it is related
to the electronic localization length £&;, with Ty increasing with
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increasing disorder [32], as expressed in Eq. (2).

212

S (2)
where kg is the Boltzman constant and N(Ey) the density of states at
the Fermi energy.

We found that the best fit is obtained for n = 0.25 + 0.02, which
agrees with a variable range hopping (VRH) law, indicating that
disorder is determining the electrical conduction of the FTSeS
samples for T > 200 K. Fig. 7 shows the results of these fits for
samples SO1, SO2 and S06. Similar results were obtained for the
other samples. The experimental data is compared with the VRH
law, showing that our samples present an excess conductivity to
the one expected for the VRH law for temperatures T < 200 K. These
deviations from the high temperature VRH conduction may be
associated to a crossover to another conducting regime, particularly
to the RQP mentioned previously. The RQP regime would dominate
the electrical transport at low temperatures, with a scattering
probably associated with incoherent charge dynamics for samples
S02 to SO7. The low temperature resistivity of sample SO1 could not
be fitted by a VRH or a semiconductor temperature dependence. It
is clear that the RQP regime is not developed as for samples SO2 to
S07, but it may produce an additional conduction that impedes to
describe the temperature dependence of its resistivity with a
simple expression.

A similar low temperature localization-like regime, with a fila-
mentary superconducting state was also observed for samples with
high Te content and also extended for lower Te contents by
increasing the interstitial Fe in excess [36]. Their electrical transport
source of scattering was associated with dynamic magnetic corre-
lations with in plane magnetic wave vector (w,0), considered
antagonistic to superconductivity.

In Fig. 8 we have plotted the fitted Ty parameter from the VRH
conduction model (see Eq. (1)) as a function of the standard devi-
ation of the chalcogenide radius ¢. Although the distribution of ¢
values is not uniform in the explored range, due to the fact that the
measured composition differs from the programmed nominally,
the tendency that Ty increases with increasing ¢ can be conjectured,
suggesting that the structural disorder introduced by substitutions
in the chalcogenide site may be the main source of disorder that

0.3

p (MQ cm)

0.2

T 1
140 160 180 200 220 240 260 280
T (K)
Fig. 7. Temperature dependence of resistivity for samples SO1, S02 and S06. A VRH law

gives the best fit of data for temperatures T > 200 K. Experimental data deviates from
the VRH law for T < 200 K.
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Fig. 8. To parameter (see Eq. (2)) as a function of the structural degree of disorder o.

controls the electrical conduction of the normal state.

In order to gain insight in which is the influence of the structural
disorder on the superconducting state, we show in Fig. 9 the Te
content dependence of Ti® for the families FeTe;_xSex (FTSe),
FeTe;_Sx (FTS) and FTSeS (our work). It can be observed that the
FTSeS samples have an intermediate T, between the FTSe and FTS
families. Surprisingly, the T. of sample SO01 is highly depressed in
comparison to the others, clearly out of the general behavior,
although its Te content is not the highest. Its Fe content is also high
but it is even lower than the one of sample SO3 which has a higher
Tc. As this is the sample with the highest ¢, we may consider if its
weaker and filamentary superconducting state could be a conse-
quence of its strongly electronic localization. In a simple approach,
the superconducting T, would be depressed when the localization
length (&) is lower than its superconducting coherence length (£s¢)
[37]. To verify this possibility, a value of £s¢c = 2.5 nm was estimated
from upper critical field (Hs;) measurements [38] by assuming a
3D-Ginzburg-Landau relation. The &; of samples FTSeS (see Table 1)
can be obtained from Eq. (2) by considering a cell volume V. = 85 A,
N(Ef) = 2States/eV/[V. [39] and the temperatures To obtained by
fitting the VRH conduction for T > 200 K. For sample S01, {; (1.8 nm)

15— | 1 | | |
--u RN
- d .
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e
[ | N N
o ° 5 T
--m-- IEeTe,VXSex
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® FeTe SeS
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0+ i
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0 0.2 0.4 0.6 0.8 1
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Fig. 9. T. as a function of the Te content for the family FeTe;_,Sey (FTSe) [16,33,34,17],
FeTe; _,Sx (FTS) [35] and FTSeS (our work). The data point of the SO1 sample is indi-
cated with an arrow. Lines are guides to the eye.
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is lower than £sc, while it is not the case for all the other samples
(S02 to SO7), in accordance to the assumption than disorder is
affecting its superconducting state.

4. Conclusions

To summarize, we have synthesized a new family of super-
conducting samples with different degrees of disorder on the
chalcogenide site by partially replacing Te by both Se and S in the
FeTe compound. We determined that magnetic properties in the
normal state are dominated by the presence of small amounts
(=3—4%) of Fe304 and (=8—-9%) Fe;Seg, while their influence on
electrical transport properties is negligible. These usual impurities
obtained in the synthesis of the FTSe compound [14,26] produce a
ferromagnetic background, an anomaly near 125 K, corresponding
to the Verwey transition of magnetite, and a hysteretic behavior in
the 150 K—300 K range probably associated with the ferrimagnetic
nature of Fe;Seg. The AF order, present for the FeTe compound, was
not detected for the range of the substitutions explored. We have
shown that disorder on the chalcogenide site (estimated by the
parameter ¢) influences the electrical resistivity for temperatures
higher than 200 K, determining a VRH conduction regime for all the
samples. A metallic-like conduction, with characteristics of a RQP
regime, develops at lower temperatures for all the samples except
for the one with the highest degree of disorder (S01). Particularly
for this sample, superconductivity is highly depressed as expected
when disorder reduces the electronic localization length below the
superconducting coherence length.
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