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ABSTRACT: Na was intercalated between [Fe,S,] layers
for the first time, giving a novel compound NaFe (S,. This
material adopts a CaALSi,-type structure with ~20% iron
vacancies and represents the first layered compound in a
ternary Na—M—X (M = Fe, Co, Ni; X = S, Se) system.
First-principles calculations reveal that phonon dynamics is
an important factor for it to prefer the CaAl,Si,-type rather
than the ThCr,Si,-type structure. It features a magnetic
transition at 205 K and is a narrow-band-gap semi-
conductor.

ayered iron-based compounds have been of great interest

because of their fascinating properties, such as high-
temperature superconductivity and intimate correlation between
superconductivity and antiferromagnetism." Up to now, there
have been at least four structure types of FeAs-based super-
conductors, all consisting of alternate stacking of antifluorite-
like [Fe,As,]*” layers and spacer layers, typically, alkali- or
alkaline-metal cations,® fluorite-like [La,0,]*" or [Ca,F,]**
layers,4 or more complex [Sr,V,04]** blocks.” The structural
diversity not only confirms that superconductivity arises in the
[Fe,As,]*” layer but also reveals that the [Fe,As,]*” layer is
sufficiently flexible to match well with a variety of spacer layers.
Similar to the [Fe,As,]*” layer, the antifluorite-like [Fe,Ch,] (Ch
= Se, Te) layer can also be responsible for superconductivity.
However, the number of the intercalated compounds of the
[Fe,Ch,] layers has been rather limited up to now.

Recently, superconductivity at around 30 K was found in the
ThCr,Si,-type A,Fe, ,Se, (A = alkali metal or TI) and
K,Fe, ,SeS.” This has renewed interest in the iron-based
superconductors as well as in the structurally related A,M,_,X,
(A = alkali metal or TI; M = Fe, Co, Ni; X = S, Se) system, which
has been studied decades ago and known to exhibit interesting
magnetic properties.8 In contrast to K, Rb, Cs, and T1, the smaller
alkali-metal Na is difficult to intercalate between [Fe,Se,] layers
by a conventional solid-state reaction method. Huang et al.
reported Na intercalation between [Fe,Se,] layers, but the
content of Na is low (Na,Fe,Se,) and the structure remains the
same as FeSe.” Interestingly, Na can be intercalated between
[Fe,Se,] layers by a liquid ammonia method,'® but experiments
suggest that between [Fe,Se,] layers there are ammonia
molecules that play an important role in stabilizing the structure
of the obtained superconducting compound
Nax(NHS)yFeZSeZ.11 So, it remains an open question whether
Na alone can be intercalated between other [M,X,] except
[Fe,Se,] layers. Here, we report the synthesis and character-
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ization of new layered iron sulfide NaFe, ¢S,. It adopts a CaAl,Si,-
type rather than a ThCr,Si,-type structure, featuring a novel type
of hexagonal Fe, (S, layer. First-principles calculations reveal that
the CaAl,Si)-type structure is dynamically stable, while the
ThCr,Si)-type structure is not. Magnetic, heat capacity, and
electrical measurements show that NaFe; S, is a magnetic
semiconductor.

A series ofNaxFez_ySZ+z (0.8<x<1,03< y<0.6,0<z <0.1)
samples have been prepared by the direct reaction of Na lumps
and Fe and S powders (for details for the synthesis and
characterization, see the Supporting Information, SI). However,
we found that only the samples with NaFe, S, composition were
relatively pure [comparison of the powder X-ray diffraction
(PXRD) patterns for all compositions; Figure S1, SI]. For clarity,
we discuss the properties of the NaFe, 4S, composition only. The
obtained NaFe, ¢S, polycrystals were dark black and extremely
air-sensitive, so great care was taken in specimen preparation for
characterization. The room temperature PXRD data (including a
little FeS impurity, about 2 wt %) were well indexed based on a
trigonal cell with lattice parameters a = 3.8557(3) A and ¢ =
6.7928(7) A. The structure of CaAlSi,'> was used as a starting
model for the Rietveld refinement against the raw data. Shown in
Figure la are the final Rietveld refinement profiles, with
agreement factors R, = 2.66%, R, = 3.42%, and ’ = 2.01. The
refined structure parameters are summarized in Table 1.

The average atomic ratios Na:Fe:S = 0.978(15):1.558(26):2
determined from a PXRD fitting are close to those obtained by
inductively coupled plasma atomic emission spectrometry (ICP-
AES): Na:Fe:S = 0.98(1):1.57(2):2.0(1). Just like a K.Fe,_,Se,
superconductor,” here the Fe, ¢S, layers are also not completely
filled: with about 20% iron vacancies, possibly a direct
consequence of charge balance. Illustrated in the inset of Figure
la is the crystal structure of NaFe, 4S,, in which two-dimensional
rafts of Na* ions are separated by hexagonal Fe, (S, layers. The
Fe, ¢S, layer is made of FeS, tetrahedra, which are as regular as
those MX, in other AM,_ X, and Na—M—-X compounds,7’8’13
except that the difference among the Fe—S bonds is bigger
[2.372(2) A x 3 and 2.383(7) A X 1, where the difference is
0.011 A]. Different from the case in other AM,_/X, compounds,
here the Fe atoms of the Fe, (S, layer are not in the same plane
perpendicular to the ¢ axis but form two atomic planes slightly
staggered along the c axis (1.56 A apart). As shown in Figure 1b,
in the hexagonal Fe, (S, layer of NaFe, (S,, each FeS, tetrahedron
shares an edge with the three neighboring FeS, tetrahedra,
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Figure 1. (a) PXRD pattern collected for a nominal NaFe, (S, sample
and the Rietveld refinement profiles. The inset shows the schematic
crystal structure of NaFe, S, (CaALSi, type). (b) Comparison of the

structures of K,Fe,_,Se, (left side) and NaFe, ¢S, (right side) viewed
down [001], with FeSe, and FeS, tetrahedra shown in green.

»
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Table 1. Crystallographic Data of NaFe, (S,

atom X y z occupancy
Na 0 0 0 0.978(15)
Fe A /s 0.3848(6) 0.779(13)
S /s A 0.2644(8) 1

“Space group P3 ml, a = b = 3.8557(3) A, and ¢ = 6.7928(7) A.

resulting in a layer with octahedral cavities, while in the
tetrahedral Mz_sz layer of other AM, X, compounds, take
KxFez_ySez for example, each FeSe, tetrahedron shares an edge
with the four neighboring FeSe, tetrahedra, thus forming a layer
without cavities. For most of the Na—M—X compounds, the
MZX, tetrahedra are usually found to be discrete or linked by an
edge and/or a corner, producing infinite chains or columns,"
and NaFe/ (S, is the first example of MX, tetrahedra sharing an
edge to form two-dimensional layers, although with cavities. For
NaFe,; (S,, Na cations are 6-coordinated rather than 8-
coordinated by S anions, on a position just above the octahedral
cavity in the Fe, (S, layer, with much shorter Na—S bonds. It is
probably this geometry that stabilizes the structure.

NaFe, ¢S, is a novel example in both AM,_ X, and Na—M—X
systems, in that (I) Na was originally thought to be difficult to
insert between [M,X,] layers, (II) a CaALSi,-type structure is
without precedent in the A,M,_ X, system, and (III) layers of
edge-shared MX, tetrahedra are rare in the NaMX system. On
the basis of these characters, we elucidate the structural
peculiarity by assessing the stabilities of a hypothetical
ThCr,Si,-type NaFe, (S, (cr;fstallographlc data are taken to be
similar to those of K,Fe,_,S *) and the CaAl,Si,-type NaFe, ¢S,
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via first-principles calculations (for calculation details, see the SI).
The calculated energy of the ThCr,Si,-type structure (—3594.23
eV/formula) is 650 meV lower than that of the CaALSi,-type
structure (—3593.58 eV/formula). However, the ThCr,Si,-type
structure is dynamically unstable, as discussed below. The
phonon dispersion curves calculated along the high-symmetry
lines of the Brillouin zone and the corresponding partial densities
of the phonon states of NaFe, ¢S, with ThCr,Si,- and CaAlSi,-
type structures are shown in Figure 2. For the ThCr,Si,-type
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Figure 2. Phonon dispersion relations and partial densities of the
phonon states of (a) hypothetical ThCr,Si,-type NaFe, ¢S, and (b)
synthetic CaAl,Si,-type NaFe, S,.

structure, there are soft modes (negative frequencies) along the
Z—G, P—N, and N—G directions, mainly due to the vibration of
Na atoms, as revealed in the partial densities of the phonon states.
Thus, the ThCr,Si,-type structure is unstable, which is further
confirmed by no overlap between the Na and S states. On the
other hand, for the CaAl,Si,-type structure, the phonon
dispersion curves in the whole Brillouin zone are positive,
hence confirming the dynamic stability. There is much overlap
between the Na and Fe and the Na and S states, and it is these
interactions that stabilize the structure.

Preliminary characterization reveals that NaFe (S, is a
magnetic semiconductor without superconductivity even down
to 2 K. Presented in Figure S2 is the magnetic susceptibility. As
can be seen, an anomaly occurs at T, = 205 K, below which the
magnetic susceptibility steeply decreases with decreasing
temperature. This transition is clearly seen in the d(y,,T)/dT
curve and is also confirmed in the heat capacity curve (Figure S3,
SI) with a clear A-type shape peak at T = 202 K. Although without
a prominent maximum in the y,—T curve, it is likely an
antiferromagnetic transition because the y,,—T curve around the
transition temperature looks so much like those of the alkali
intercalated FeSe superconductors whose antlferromagnetlc
transitions have been confirmed by neutron diffraction."® Also,
the y,,—H curves at 300 and 180 K are linear with little hysteresis
because of a possible Fe impurity not detectable by PXRD.
Similar antiferromagnetic transitions have also been observed in
Na,OFe,Se,, BaOFe,Se,, and StMn,As,."¢ The shape of the y,,—
T curve also reminds us of the spin-crossover transition, as
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reported for metal complexes and thiospinels,'’” but no
characteristic plateau was observed in the y,, T—T curve (Figure
S4, SI). More measurements, such as Mdssbauer spectrometry
and neutron diffraction, are needed to further clarify the nature of
this transition.

The electrical resistivity (Figure SS, SI) reveals semiconduct-
ing behavior, with room temperature resistivity of 196 mQ cm,
approximately 4 times that of K,CFeZ_ySZ.14 As the temperature is
lowered, an anomaly is observed in the temperature range of
140—180 K, well below the characteristic temperature in the y,,—
T curve. Similar behavior was also observed in SrtMn,As,"* with
antiferromagnetic transition and in iron(II) complexes'® with
spin-crossover transition. The activation energies below and
above the anomaly are 0.046 eV (50—100 K) and 0.122 eV
(200—300 K), respectively, both indicating a narrow band gap. It
should be noted that FeS is a localized spin antiferromagnet with
metallic conductivity and is characterized by three phase
transitions, one structural transition at T = 420 K, and two
magnetic transitions at T'= 453 and 600 K, so the FeS impurity in
the NaFe, S, sample has no significant effects on the
properties.19

In conclusion, NaFe S, was successfully synthesized. It
adopts a CaAl,Si,-type structure, which is dynamically stable, as
revealed by first-principles calculations, and is a magnetic
semiconductor. It shares many similarities with a K,Fe,_ Se,
superconductor, and the 20% iron vacancies may be one of the
reasons responsible for the absence of superconductivity in this
compound.”**® Our results not only enrich the structural
diversity of the A\M, X, system but also will shed light on the
relationship between the structure and physical properties of this
system.
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Details on the preparation and characterization, first-principles
calculation details, comparison of the PXRD patterns for
Na,Fe, S,,, (Figure S1), magnetic susceptibility (Figure S2),
heat capacity (Figure S3), . T—T curve (Figure S4), resistivity
(Figure SS), and X-ray crystallographic data in CIF format for
NaFe, ¢S,. This material is available free of charge via the Internet
at http://pubs.acs.org.
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