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ABSTRACT: The possibility of superconductivity in
tetragonal FeS has attracted considerable interest because
of its similarities to the FeSe superconductor. However, all
efforts made to pursue superconductivity in tetragonal FeS
have failed so far, and it remains controversial whether
tetragonal FeS is metallic or semiconducting. Here we
report the observation of superconductivity at 5 K in
tetragonal FeS that is synthesized by the hydrothermal
reaction of iron powder with sulfide solution. The
obtained samples are highly crystalline and less air-
sensitive, in contrast to those reported in the literature,
which are meta-stable and air-sensitive. Magnetic and
electrical properties measurements show that the samples
behave as a paramagnetic metal in the normal state and
exhibit superconductivity below 5 K. The high crystallinity
and the stoichiometry of the samples play important roles
in the observation of superconductivity. The present
results demonstrate that tetragonal FeS is a promising new
platform to realize high-temperature superconductors.

Layered iron chalcogenides have been of great interest due to
their fascinating superconducting properties. For example,

the superconducting transition temperature (Tc) of FeSe could
be dramatically enhanced from 8 to 36.7 K under external
pressure.1 Moreover, Tc of the single-layer FeSe film on a SrTiO3

substrate can reach as high as 65 K and greatly exceeds the bulk
Tc of all known iron-based superconductors.

2 Another attractive
aspect is that many high-Tc FeSe-derived superconductors could
be realized by intercalating alkali metals, NH3, organic solvent
molecules, and even LiOH molecule into FeSe layers.3 It is quite
natural to search whether there exist other Se-free iron
chalcogenides that exhibit superconductivity. Recently, the
possibility of superconductivity in tetragonal FeS has attracted
considerable attention because it is isostructural to the FeSe
superconductor and shares many similarities with FeSe.4 It is
known that S substitution can enhance the superconducting
transition temperature of FeSe and induce superconductivity in
FeTe, which could be attributed to a modified local structure.5 A
remarkable feature in the FeAs-based superconductors is that Tc

attains a maximum value when the FeAs4 tetrahedra form a
regular shape.6 From that point of view, it is very likely tetragonal
FeS becomes a superconductor with higher Tc than FeSe by
virtue of its nearly regular FeS4 tetrahedra.

7 Moreover, both Fe 3s

core-level photoemission spectrum and density functional theory
calculations indicate that there exist strong itinerant spin
fluctuations in tetragonal FeS.8 If spin fluctuations prove to be
mediators of electron pairing,9 tetragonal FeS could be a
promising superconducting material.
However, all efforts made to pursue superconductivity in

tetragonal FeS have failed so far, and it remains controversial
whether tetragonal FeS is metallic or semiconducting. Density
functional theory calculations suggest tetragonal FeS is a
nonmagnetic metal, with electronic structure and Fermi surface
similar to those of FeSe superconductor.4,10 Experimentally,
neutron diffraction and Mössbauer spectroscopy studies did not
detect any magnetic ordering down to 4.2 K,11 consistent with
the magnetization measurements.12 All electrical resistivity
measurements revealed semiconducting rather than metallic
properties for tetragonal FeS,12b,c,13 while Denholme et al.
observed a minimum in the temperature dependence of
resistivity measured under high pressure and proposed that
tetragonal FeS is intrinsically metallic, but due to a presence of
weak localization, such metallic character is not exhibited below
room temperature.12c To definitely define the physical properties
of tetragonal FeS, single crystals are a necessity. Unlike FeSe and
FeTe, synthesis of tetragonal FeS from elemental Fe and S has
not been achieved.14 Tetragonal FeS was usually prepared by
iron corrosion in aqueous H2S or coprecipitation of Fe

2+ and S2−

at room temperature and ambient pressure.12b,c,13,15 The samples
thus obtained are very reactive toward oxygen and tend to
transform into other iron sulfide phases that are more stable.16

Therefore, it is desirable to find amore suitable synthetic route to
high-quality tetragonal FeS.
Here, we report a new hydrothermal method to synthesize

tetragonal FeS from iron powder and sulfide solution. X-ray
diffraction, scanning electron microscopy, transmission electron
microscopy, and X-ray photoelectron spectroscopy results reveal
that the tetragonal FeS samples thus obtained are highly
crystalline and less air-sensitive than those in the literature.
Magnetic and electrical properties measurements show that
tetragonal FeS has a paramagnetic and metallic normal state. For
the first time, superconductivity was observed below 5 K, with
superconducting volume fraction of 84% at 2 K. The upper
critical magnetic field is estimated to be 0.4 T from the magneto-
resistance measurements.
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Single-phase samples of tetragonal FeS were prepared by the
hydrothermal reaction of iron powder with sulfide solution. In a
typical preparation run, 0.025 mol Fe powder and 0.025 mol
Na2S·9H2O were placed in a 25 mL Teflon-lined autoclave.
Deionized water was used to fill the autoclave to 60% of its
capacity. The autoclave was then tightly closed and heated at
100−140 °C for 6 days. Following natural cooling to room
temperature, the products were filtered, washed with deionized
water, and dried at room temperature. All manipulations, except
drying, which was conducted under vacuum, were performed in
air. Powder X-ray diffraction (PXRD) data were collected on a
Bruker D8 Focus X-ray diffractometer using Cu Kα radiation.
Indexing and Rietveld refinement were performed using the
DICVOL9117 and FULLPROF18 programs, respectively. Ele-
mental analysis was carried out by inductively coupled plasma-
atomic emission spectrometry (ICP-AES). Scanning electron
microscopy (SEM) images were taken on a Hitachi S-4800
microscope. Transmission electron microscopy (TEM) images
and selected area electron diffraction (SAED) patterns were
obtained from a JEOL JEM-2100F microscope operating at 200
kV. X-ray photoelectron spectroscopy (XPS) measurements
were performed on a Kratos Axis Ultra spectrometer using
monochromatized Al Kα X-ray source. The magnetic suscept-
ibility was measured with a magnetic field of 40 Oe, in both zero-
field-cooling and field-cooling processes, and the electrical
transport properties were measured through the standard four-
wire method. These measurements were performed in a physical
property measurement system (PPMS) of Quantum Design.
Chemical analysis for the tetragonal FeS sample by ICP-AES

shows that the average atomic ratio is Fe/S = 1.03(2):1.0(1), and
no other elements were detected. Figure 1 shows the PXRD

pattern. No peaks due to impurities were observed. All the
reflections can be well indexed based on a tetragonal cell with
lattice parameters a = 3.6802(5) Å and c = 5.0307(7) Å, in good
agreement with those reported in the literature.12,13 Rietveld
refinement using the reported tetragonal FeS model14 gave
satisfactory results. Shown in Figure 1 are the Rietveld
refinement profiles, with agreement factors converged to Rp =
1.27%, Rwp = 1.62%, and χ2 = 1.35. The refined structure
parameters are summarized in Table 1. The inset of Figure 1
shows the schematic crystal structure of tetragonal FeS, which is
composed of a stack of edge-sharing FeS4 tetrahedra layer by

layer, without a spacer layer. The FeS4 tetrahedron is nearly
regular, with two S−Fe−S angles on the same side of ab plane
being 110.8(2)°, which is just slightly larger than the ideal value
(109.5°) for optimal superconductivity to occur in FeAs-based
superconductors.6

The SEM image (Figure 2a) shows that the tetragonal FeS
products form irregular thin microsheets with average edge

length of several micrometers. However, the microsheets are not
necessary single crystals, as significant aggregation often occurs
in tetragonal FeS.19 Smaller and thinner rectangular nanosheets
can be obtained using ultrasonic cell grinder. Typical TEM image
of such thinner nanosheets can be seen in Figure 2b. The size of
the well-defined nanosheets is 50 nm or so. The high-resolution
TEM image (Figure 2c) shows a set of high-resolution lattice
planes with the interplanar distance of 0.26 nm, corresponding to
the (110) plane of tetragonal FeS. The SAED spot pattern
(Figure 2d) matches that predicted for the [001] direction of
tetragonal FeS and can be indexed using P4/nmm unit cell. These
microscopy measurements confirm the formation of tetragonal
FeS and indicate that the smaller and thinner FeS nanosheets
shown in Figure 2b are single crystals.
Tetragonal FeS is usually reported to be amorphous or

nanocrystalline and rather air-sensitive, as it is easy to be oxidized
to Fe3O4 or decompose into other iron sulfide phases.16,19 In
comparison, our sample is highly crystalline and less air-sensitive.
One possible reason is that the samples in previous studies are
prepared either by precipitation of Fe2+ and S2− at room
temperature and ambient pressure14 or by solvothermal12a or
hydrothermal16c treatment of the FeS precursor, which is again
obtained by precipitation; the nucleation is very fast. However,
our sample is synthesized from iron powder and sulfide solution
by the hydrothermal method; the nucleation is much slower, and
this may be helpful to grow crystals with higher crystallinity and

Figure 1. Rietveld refinement of the PXRD pattern of tetragonal FeS.
Red small points represent the experimental values, black solid line is the
calculated pattern, green solid line is the difference between the
experimental and calculated values, and blue vertical bars are the Bragg
positions. The inset shows the schematic crystal structure of tetragonal
FeS (anti-PbO type).

Table 1. Crystallographic Data of Tetragonal FeSa

atom x y z occupancy

Fe 0.75 0.25 0 1
S 0.25 0.25 0.2523(18) 1

aSpace group P4/nmm, a = b = 3.6802(5) Å, c = 5.0307(7) Å.

Figure 2. (a) SEM image, (b) TEM image, (c) high-resolution TEM
image, and (d) SAED pattern along the [001] zone axis of tetragonal
FeS.
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fewer defects, which are more resistant to oxidation. XPS results
(Figures S1−S3) reveal that our sample may be slightly oxidized
on the surface. However, the PXRD pattern (Figure S4) of the
sample exposed in air for over three months does not change
much, which confirms that our sample oxidizes very slowly
possibly due to smaller surface area, higher crystallinity, and
fewer defects, and does not form any crystalline oxidized phases.
Figure 3 shows the temperature-dependent magnetic

susceptibility measured under a magnetic field of 40 Oe. Unlike

the case in FeSe superconductor,1a no magnetic anomaly was
observed around 105 K. In the high temperature range, the
magnetic susceptibility is essentially flat and temperature
independent, indicating that the sample is a Pauli paramagnet.
Large diamagnetism due to superconductivity was observed
below 4.5 K. The superconducting volume fraction estimated
from the ZFC magnetic susceptibility at 2 K is 84%, confirming
bulk superconductivity in the sample. Further confirmation of
superconductivity is shown in the right inset of Figure 3, which
displays the typical magnetic hysteresis curve for a type-II
superconductor. As can be seen, both the lower and upper critical
magnetic fields are very small in comparison with those of the
other Fe-based superconductors.1a,20

Figure 4 shows the temperature-dependent electrical
resistivity, measured on a cold-pressed pellet. In the high
temperature range, the resistivity decreases linearly as temper-
ature decreases, characteristic of metallic conductivity. This
result supports the published first-principle calculations4,10 but
deviates from all the experimental electrical measurement
results.12b,c,13 One possible reason is that the samples reported
in the literature are rather air-sensitive and the properties
measured on them are flawed, while our sample is highly
crystalline and less air-sensitive, and the properties measured on
it are intrinsic. Apart from the metallic normal state, an abrupt
decrease of resistivity was observed at 5 K, signaling the onset of
superconductivity, and zero resistivity was reached at 4 K,
consistent with the magnetization measurements. Superconduct-
ing transition temperature under a variety of magnetic fields was
taken as the temperature where the resistivity drops to 50% of
that at the onset (left inset of Figure 4). The right inset of Figure
4 shows the temperature dependence of the upper critical

magnetic field. According to the BCS theory, the upper critical
magnetic field at T = 0 K can be determined by the Werthamer−
Helfand−Hohenberg (WHH) formulaHc2 (0) = 0.693[−(dHc2/
dT)]TcTc.

21 Using [−(dHc2/dT)]Tc = 0.12 T K−1, the estimated
Hc2 (0) is 0.4 T, much smaller than that of FeSe superconductor
(16.3 T).1a

Superconductivity can persist in the sample exposed in air for
over three months, as shown in Figures S5 and S6. The high
crystallinity and the stoichiometry of the sample may play
important roles in the observation of superconductivity. On one
hand, measurements on poorly crystalline samples can not reflect
the intrinsic physical properties. On the other hand, similar to the
case in FeSe and FeyTe1−xSex, it has been suggested by first-
principle calculations that excess iron incorporated in the
structure of tetragonal FeS could disrupt any possible super-
conductive state.22 This may be partly why superconductivity is
observed in our sample, which is close to stoichiometric
(indicated by ICP-AES result), rather than in the samples
reported in the literature, which are usually metal-rich.12,13

Meanwhile, the reduced excess iron in our sample also allows us
to observe metallic normal state; otherwise excess iron would act
as scattering points for conduction electrons and leads to
localization effects as in the previous studies.12c The lower Tc of
tetragonal FeS than FeSe is reasonable since besides the
important factor-the regularity of FeX4 (X = Se, S) tetrahedra,
there are other factors that could affect Tc, such as the anion
height, the strength of spin fluctuations, and the carrier
density.9c,23

In conclusion, tetragonal FeS was successfully synthesized by
the hydrothermal reaction of iron powder with sulfide solution.
The obtained samples are highly crystalline and less air-sensitive,
in contrast to those reported in the literature. SEM and TEM
studies reveal that the samples are of microsheet morphology,
which are aggregations of smaller well-defined single-crystal
nanosheets. Based on the magnetic and electrical transport
measurements, it is reasonable to conclude that tetragonal FeS
behaves as a paramagnetic metal in the normal state. Bulk
superconductivity at 5 K was discovered for the first time, with
superconducting volume fraction of 84% at 2 K and the upper
critical magnetic field Hc2(0) of 0.4 T. The high crystallinity and
the stoichiometry of the samples play important roles in the
observation of superconductivity. Based on the high-quality
tetragonal FeS, a series of FeS-derived superconductors with

Figure 3. Temperature dependence of the direct-current magnetic
susceptibility of tetragonal FeS measured under a magnetic field of 40
Oe, in both zero-field-cooling (ZFC) and field-cooling (FC) processes.
The left inset shows the enlarged view of the temperature dependence of
the magnetic susceptibility near the onset of superconducting transition.
The right inset shows the magnetic hysteresis of the sample measured at
2 K.

Figure 4. Temperature dependence of the electrical resistivity of
tetragonal FeS. The left inset shows the electrical resistivity measured
under magnetic fields of 0, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 T below 8 K.
The right inset displays the temperature dependence of the upper critical
magnetic field.
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higher Tc are expected by intercalating various spacer layers
between FeS layers.
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