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We report neutron diffraction studies of FeS single crystals obtained from Rb;Fes_,S2 single crys-
tals via a hydrothermal method. While no v/5 x /5 iron vacancy order or block antiferromagnetic
order typical of Rb,Fez_,S> is found in our samples, we observe C-type short range antiferromag-
netic order with moments pointed along the c-axis hosted by a new phase of FeS with an expanded
inter-layer spacing. The Néel temperature for this magnetic order is determined to be 170+4 K.
Our finding of a variant FeS structure hosting this C-type antiferromagnetic order demonstrates
that the known FeS phase synthesized in this method is in the vicinity of a magnetically ordered
ground state, providing insights into understanding a variety of phenomena observed in FeS and the

related FeSei_,S, iron chalcogenide system.

PACS numbers:
I. INTRODUCTION

High temperature superconductivity (HTSC) has al-
ways been found close to magnetism. Specifically, most
of the parent compounds of the copper- and iron-based
superconductors exhibit antiferromagnetic (AF) orders®.
In the iron-based superconductors, the AF order is typ-
ically accompanied by a tetragonal to orthorhombic
(T — O) structural transition. Upon carrier doping, iso-
valent substitution, or pressure, these competing phases
are suppressed and superconductivity emerges?3.

FeSe, the iron-based superconductor with arguably
the simplest structure, appears to differ in that it does
not show long-range magnetic order at ambient pres-
sure, while still hosting a robust electronic nematic
phase marked by a relatively high T' — O structural
transition* 4. Interestingly, magnetic order is shown to
appear under hydrostatic pressure by muon spin rota-
tion (uSR) and transport measurements between 2 ~
6 GPa'®'7. Meanwhile, superconductivity is also en-
hanced under pressure, reaching a maximum 7T, ~ 38 K
at a pressure of 6 GPa, where both the nematic and mag-
netic orders are absent'®. Motivated by this pressure-
induced change of the magnetic and superconducting
properties, the chemical pressure phase diagram by the
way of substitution of Se by S has also been explored.
While it is shown that substitution of Se by S suppresses
the electronic nematicity, no magnetic order is found nor
is T enhanced in FeSe;_ ;S8 2!, with T, limited to ~ 4
K at the FeS end of the phase diagram?2. One possible
explanation for the lack of 7T, enhancement is the de-
crease of the electronic correlations with the increase of

S substitution??24, Although FeS appears far away from
the T' — O structural transition and electronic nematic
order as demonstrated by extensive experimental results,
the possibility of magnetic instabilities in the vicinity
of FeS has not been fully explored. Neutron scattering
experiments on FeS have revealed magnetic excitations
similar to those in other iron-based materials, as well as
features reminiscent of magnetic Bragg peaks?®26, while
1SR measurements suggest the existence of weak disor-

dered magnetism?”.

In this paper, we use neutron diffraction to explore the
magnetic phase space of single crystals of FeS synthesized
from Rb,Fes_,Ss using a hydrothermal method?®. In ad-

FIG. 1: Proposed C-type AF order with moments aligned
along the c axis for expanded FeS. The distance between two
iron layers of the expanded FeS is 5.92 A in-between 5.09 A
for that of reported FeS and 6.95 A for that of Rb,Fez_ySo.



dition to the commonly studied tetragonal and supercon-
ducting phase of FeS (SC FeS), a tetragonal phase of FeS
with an expanded inter-layer spacing is proposed based
on the x-ray and neutron diffraction, and magnetic sus-
ceptibility measurements. The layer spacing expanded
FeS (LSE FeS) has the same in-plane lattice constants as
the SC FeS. Magnetic peaks we observed suggest a short-
range C-type AF order as shown in Fig. 1. The moments
point along the c-axis, similar to that of the known mag-
netic order in Rb,Fea_,S2%%3%. The short-range C-type
AF order possibly originates from the LSE FeS, which
is an intermediate and metastable structure during the
hydrothermal process.

II. EXPERIMENTAL DETAILS

FeS single crystals were obtained from RbgFes_,S,
using a hydrothermal method that was developed
previously?®. Energy-dispersive x-ray spectroscopy
(EDX) was employed to determine the composition of
the samples. The energy of the electron beam was fixed
at 20.0 KeV. Single crystals and powders grounded from
the single crystal samples were characterized by a x-ray
diffractometer (DX-27 mini) with Cu K« radiation. Our
neutron diffraction experiments were carried out on both
the HB3A four-circle diffractometer at the High Flux
Isotope Reactor, Oak Ridge National laboratory (HFIR,
ORNL) and the BT-7 thermal triple-axis spectrometer at
the NIST Center for Neutron Research (NCNR, NIST)3!.
Two single crystals weighing 10 and 40 mg were measured
on HB3A and BT-7, respectively. Throughout this work,
we define the magnitude of the momentum transfer as
QI = 2n\/(H/a)® + (K/b)” + (L/c)?, where (H,K,L)
are the Miller indices in reciprocal lattice units (r.l.u),
and the lattice constants are a = b = 3.68 A and ¢ = 5.09
A as determined from the diffraction experiments.

III. RESULTS

The composition of our sample was determined to be
FeS, (z = 0.975+0.015) from EDX. The content of the al-
kali metal Rb is not detectable. X-ray diffraction (XRD)
measurements were conducted on both a powder sample
and a single crystal sample to investigate the structure of
FeS. In addition to the expected peaks of FeS in Fig. 2,
there are two weak shoulders on two sides of the (0,0, 1)
nuclear peak, indicating the existence of the other phases.

We then investigate the structure of the FeS crystals
produced in this hydrothermal reaction using neutron
diffraction. During the hydrothermal reaction which re-
moves the intercalated Rb atoms from Rb,Fe;_,S, sin-
gle crystals, the crystallographic c-axis is collapsed from
6.95A in RbmFeg_ySg32 to 5.03A in FeS22:28, This large
change is likely to result in significant mosaicity of the
sample along the c-axis direction. From a comparison of
the nuclear Bragg peaks at @ = (1,1,0) and @ = (0,0, 1)
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FIG. 2: (a) XRD measurement on powder samples of FeS
at room temperature. The solid line is a Ritveld refinement
profile with the commonly observed lattice constants a = b =
3.68 A and ¢ = 5.09 A. (b) X-ray diffraction pattern of a
FeS single crystal showing nuclear reflection peaks of Q =
(0,0,L),L = 1,2,3, and 4. In addition to the main peak of
Q = (0,0,1) at 17.52°, a broad peak at 14.96° and a weak
peak at 21.73° exist. The lines are fits to a Gaussian function
throughout this paper.

measured at 2.4 K and 230 K [Fig. 3], we see no structural
distortion of our single crystal at low temperature. Fits
to the rocking curves in Figs. 3(a, ¢) yield an identical
mosaicity of 7° within errors. The lattice constants are
extracted from 6 — 26 scans, which have been converted
into d-spacings in A according to Bragg’s law [Figs. 3(b)
and 3(d)]. The 6 — 20 scan at Q = (1,1,0) reveals an
in-plane lattice constant of @ = b = 3.68 A at 2.4 K
(3.69 A at 230 K). However, the scan at Q = (0,0,1)
shows a prominent peak and a smaller secondary peak,
corresponding to ¢ = 5.09 4+ 0.02 and 4.11 + 0.03 A, re-
spectively. In addition, there is a very broad feature that
corresponds to a continuous spread of c-axis spacings as
shown in Fig. 3(d). The prominent peak corresponds
to a portion of the sample with ¢ = 5.09 + 0.02 A, con-
sistent with previous reports of SC FeS22:25:28:33 e
notice that the smaller peak at ¢ = 4.11 + 0.03 A cor-
responds to @ = 1.53 + 0.01 A~!, which is the same
as that of the right shoulder at 21.73° observed in the
single crystal XRD pattern in Fig. 2(b). This peak at
Q =1.53+0.01 A~ is consistent with the prominent (0,
2, 0) peak of thiourea (CH4N3S), which is used in the hy-
drothermal synthesis®*. We therefore attribute the peak
at ¢ = 4.11 A in Fig. 3(d) to thiourea. The broad shoul-
der on left at 14.96° in Fig. 2(b) corresponds to a layer
spacing of approximately 5.92 A which falls within the
continuous spread of c-axis spacings observed in neutron
diffraction measurements in Fig. 3(d). We note that
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FIG. 3: (a) Rocking curve scans of a nuclear peak at Q =
(1,1,0) , T = 2.4 and 230 K, respectively. (b) The lattice
constant a in units of A translated from 6 — 26 scans at Q =
(1,1,0), T = 2.4 and 230 K. (c) Similar rocking curve scans
at @ = (0,0,1) and (d) the lattice constant c translated from
0 — 260 scans at Q = (0,0,1). Identical scans at 2.4 and 230
K reveal that no significant structural deformation occurs at
230 K. The error bars stand for one standard deviation of the
measured counts throughout this paper.

the distance between FeS layers in Rb,Fes_,, S, is 6.95
A29:30 " Therefore, the observation of a peak at 5.92 A
suggests the existence of an FeS phase with an interlayer
distance that is intermediate between SC FeS (5.09 A)
and Rb,Fes_,Ss (6.95 A), which can be accessed via hy-
drothermal synthesis. We will refer to this phase of FeS
with an interlayer spacing of 5.92 A as layer spacing ex-
panded (LSE) FeS. The expanded interlayer distance of
5.92 A may be caused by residual thiourea during the
hydrothermal process, as indicated by the Bragg peak at
Q = 1.53 A1 possibly from thiourea.

In Fig. 4, we show field dependent splittings of the
magnetic susceptibilities between the field-cooling (FC)
and zero-field-cooling (ZFC) measurements®. A weak
diamagnetic response presents below 4 K for the ZFC
measurements with H | ab—plane, H = 500 and 1000
Oe. The diamagnetic response is absent for H_1 ab-plane
in Figs. 4(a, b) and Fig. 4(c) with H = 5000 Oe. The
varied responses are consistent with the appearance of an
in-plane superconductivity at 4 K in layered FeS?2. The
enhanced susceptibilities for H || ab—plane compared to
that of H L ab—plane indicate the existence of ¢ axis
polarized moments. To check whether the block antifer-
romagnetic (AF) order and V5 x /5 iron vacancy order
in RbgFea_,So exist in the resultant FeS single crystals,
we conducted neutron diffraction measurements on the
HB3A four-circle diffractometer??3%3%. No peaks are
found at the expected wave vectors of either the block
AF order or the iron vacancy order (data not shown). In
addition, the magnetic order, if present, is likely to be
weak. To investigate this potentially weak magnetic or-
der, we carried out diffraction measurements at the BT-7
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FIG. 4: Magnetic susceptibility measurements for a sample
weighing 5.6 mg with fields of (a) H =500, (b) 1000, and
(c) 5000 Oe parallel to the ab-plane and the c-axis of FeS. A
drop presents at 4K on susceptibility with ZFC (H || ab) and
H =500 Oe. ZFC is zero-field-cooling. FC is field-cooling.

thermal triple-axis spectrometer at NCNR-NIST. Having
known the absence of strong magnetic order and iron va-
cancy order from preliminary measurements, we aligned
a larger single crystal with 40 mg in the [H, H, L] plane
to search for evidence of possible weak magnetic order.

In Fig. 5, we present key results from our investiga-
tion of the magnetic order. A clear peak centered at
@ = (0.5,0.5,0) is present at 2.4 K, as shown in Fig.
5(a). Another peak is present at @ = (0.5,0.5,0.5) but
with a reduced intensity, and no observable peak is found
at @ = (0.5,0.5,1) as shown in Figs. 5(b) and 5(c). We
performed rocking curve scans at @ = (0.5,0.5,0) and
Q@ = (0.5,0.5,0.5), revealing an average full width at the
half maximum (FWHM) of 14° in Figs. 5(d) and 5(e). At
a higher temperature of 230 K, a small peak still remains
at @ = (0.5,0.5,0). However, no change in intensity is
observed with a further increase of the temperature up
to 270 K, suggesting that the small peak that remains
is from nuclear reflections. Curiously, the background is
lower at 230 and 270 K than 2.4 K. This possibly results
from the weak disordered magnetism suggested by puSR
measurements or the large incoherent neutron scattering
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FIG. 5: (a) Magnetic Bragg peak scans along the [H, H] direction at @ = (0.5,0.5,0), (b) @ = (0.5,0.5,0.5), and (¢) Q =
(0.5,0.5,1) at 2.4, 230, and 270 K. (d) Rocking curve scans at @ = (0.5,0.5,0) and (e) @ = (0.5,0.5,0.5). (f-j) Intensity
differences between 2.4 K and 230 K corresponding to the scans in (a-e). The counts are normalized from data collected for 2

or 3 minutes per point for statistics.

of H in the thiourea inherited from the hydrothermal syn-
thesis process?”36. The differences in intensity between
2.4 and 230 K are plotted in Figs. 5(f-j). Gaussian fits
to the peaks at L = 0 and 0.5 along the [H, H] direc-
tion result in FWHMs of 0.03 and 0.05 r.lL.u., yielding
short-range correlation lengths of 77 and 46 A, respec-
tively. The way we estimate the magnetic correlation
length has been described elsewhere3°.

To investigate the arrangement of the moments along
the c-axis, we present elastic scans along the (0.5,0.5, L)
direction at 2.4 and 230 K in Fig. 6(a). The intensities
are symmetric in the range —1.75 < L < 1.75. We have
collected more points in the positive regime to improve
statistics. The intensity difference between the two tem-
peratures is plotted in Fig. 6(b).

The magnetic peak intensity decreases dramatically
with increasing L, which is due in part to the magnetic
form factor, but could also indicate a magnetic order with
moments along the c-axis. To investigate this further,
we compare in Fig. 6(b) the calculated squared magnetic
structure factor |F(Q)|? for magnetic moments aligned
along the ¢ axis (solid red curve) with that resulting from
moments in the ab plane (dashed red curve). The struc-
ture factor |F(Q)|? is proportional to |f(Q) - sin(¢)|?,
where f(Q) is the magnetic form factor of Fe?* and ¢ is
the angle between the moments and the scattering vec-
tor. As has been well-studied, the stripe AF order found
in LaOFeAs, BaFesAss, and NaFeAs exhibits magnetic
peaks at Q@ = (n/2,m/2,p/2), where n,m,p are odd (us-
ing a magnetic unit cell with a single FeAs layer to be
equivalent to FeS studied here)!. The moments in the
stripe AF configuration are in-plane, thus the magnetic
peak intensities follow the dashed curve in Fig. 6(b).
Clearly, the measured intensities of the peaks as a func-
tion of L match better with the squared magnetic struc-

ture factor with the moments M parallel to the ¢ axis
than parallel in the ab plane. Taking the most promi-
nent peak centered at L = 0 along the L direction into
consideration, the data reveal the existence of a C-type
antiferromagnetic order as illustrated in Fig. 137. A fit
to the widths of the peaks along the L direction reveals a
correlation length of ~18 A, which is comparable to the
length of three unit cells along the c axis. There is a weak
peak located at L = 0.63 in Fig. 6 (b), which persists up
to 230K, as shown in Fig. 6 (a). The momentum transfer
corresponding to this peak is Q = 1.43 A~1, the same as
that of the (1,0,1) peak of thiourea®*. Therefore, this
peak is highly likely to be associated with the effect of
temperature on the structure of the residual thiourea in
the sample.

We determined the magnetic order parameter using the
peak intensities at @ = (0.5,0.5,0). A simple power-law
dependence ¢(T)? o (1—T/Tx)?? was explored to fit the
order parameter measured at L = 0, yielding values of
Tn = 170+4 K and 8 = 0.3840.04, nicely consistent with
the 8 = 0.36 expected for a three-dimensional Heisenberg
magnetic model3® 40,

IV. DISCUSSION AND CONCLUSION

The FeS samples used in our experiment are obtained
from RbyFes_,So, which has a block AF phase with out-
of-plane moments and a v/5x /5 iron vacancy order. The
hydrothermal synthesis process removes the alkali metal
atoms in a solution with NaOH and thiourea, and the iron
vacancies are filled with excess iron powder added to the
solution. The single crystals of Rb,Fea_ySo then collapse
along the c axis, forming FeS. During this process, regions
of the sample may form an intermediate and metastable
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FIG. 6: (a) A scan along the (0.5,0.5, L) direction from

L = —1.75 to 1.75 at 2.4 K and a similar scan from L = 0
to 1.75 at 230 K. (b) Intensity differences between 2.4 K and
230 K of the scans along the (0.5,0.5, L) direction. The blue
curve is a guide simulated by a Lorentz function. The solid
and dashed red curves are the squared structure factors cor-
responding to moments aligned along the c¢ axis or in the
ab plane, respectively. The structure factors have included
the effects of the magnetic form factor, moment direction,
and twinning. (c) Magnetic order parameters measured at
Q = (0.5,0.5,0), yielding a Néel temperature at T =~ 170
K. The solid curve is a fit to a simple power-law dependence
H(T)? x (1 —T/Tn)%.

structure with an expanded layer spacing ¢ = 5.92 A and
out-of-plane moments inherited from Rb,Fes_,Ss.
Although AF magnetic orders with moments aligned
along the ¢ axis have been reported, for example,
SI‘OV63N&0_37F€2ASQ41, BaMngASQ42 and CaCOQASQ43,
they are not the commonly observed parent compounds
of layered iron-based superconductors. Some iron-based
materials, for example, KggFei gSea?*, Rbg.gFei 65229,
and BaFeySes*® exhibit out-of-plane moments. How-
ever, their structures deviate strongly from the layered

iron based superconducting materials. A fit of the same
power-law dependence ¢(T)? oc (1—T/Tx)?? to the mag-
netic order parameter for BaFeyAsy yields 5 & 0.1, which
is near the 8 = 0.125 expected for a two-dimensional
Ising system?%47. The different critical exponents sug-
gest a distinct nature of the magnetism in the expanded
FeS compared to the other two-dimensional iron-based
AF orders. One would not expect that the C-type short
range AF order coexists with the superconductivity in
FeS. Thus, the C-type short range AF order more likely
associates with the layer spacing expanded FeS, rather
than the tetragonal SC FeS. This magnetically ordered
metastable structure with remnant thiourea may be un-
avoidable for large single crystals. Careful attention must
be given to the interpretation of experiments based on a
large amount of single crystal samples. We call for more
research including complete characterization of the chem-
ical make up of this new phase of FeS.

In summary, we have measured the structure of
FeS prepared through hydrothermal reactions with
RbgFey_ySo single crystals. Neutron diffraction mea-
surements at the thermal triple-axis spectrometer BT-
7 have revealed C-type short range AF order hosted by
a tetragonal FeS structure with an expanded inter-layer
spacing of ¢ = 5.92 A. The distance between FeS layers in
the present work is intermediate between these commonly
reported SC FeS and RbyFes_,So, suggesting that this
C-type AF ordered Fe represents an intermediate and
metastable state produced in the hydrothermal reaction.
The existence of the C-type AF order in the layer spacing
expanded FeS indicates that the FeS end member com-
pound of the FeSe;_,S, iron chalcogenide system exists
in the vicinity of a magnetic instability accessible by hy-
drothermal reaction, opening up possibilities for enrich-
ing the phase landscape of this iron chalcogenide system.
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