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Ferromagnetic interlayer coupling in FeSe1−xSx superconductors
revealed by inelastic neutron scattering
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FeSe1−xSx superconductors are commonly considered layered van der Waals materials with negligible inter-
layer coupling. Here, using inelastic neutron scattering to study spin excitations in single-crystal samples, we
reveal that the magnetic coupling between adjacent Fe layers is ferromagnetic in nature, making the system
different from most unconventional superconductors including iron pnictides. The weak interlayer coupling is
estimated to be Jc ∼ 0.2 meV, in agreement with the short spin-spin correlation length ξc ∼ 0.2c along the c
axis. The results provide an experimental basis for establishing a microscopic theoretical model to describe the
absence of magnetic order in FeSe1−xSx .
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I. INTRODUCTION

A common thread for understanding unconventional su-
perconductivity is magnetic interactions [1–3], about which
inelastic neutron scattering (INS) measurements of spin exci-
tations can provide useful information. Since unconventional
superconductors are mostly layered materials, a distinct aspect
of such information is the nature and strength of interlayer
magnetic coupling, as manifested by magnetic excitations’
momentum dependence along the c∗ direction. Taking the
well-known spin resonance mode [4] as an example, sinu-
soidal modulation of its intensity along c∗ in Co/Ni-doped
BaFe2As2 [5–7], NaFe0.985Co0.015As [8], and CeCoIn5 [9],
as well as its dispersion in BaFe2(As1−xPx )2 [10], can be
attributed to antiferromagnetic spin correlations or interac-
tions between adjacent quintessential layers of atoms that
are responsible for both the superconductivity and the mag-
netism. Such antiferromagnetic coupling is also found in
superconductors with two quintessential layers (i.e., FeAs or
Cu2O layers) within the primitive cell, such as CaKFe4As4,
YBa2Cu3O6+δ , and Bi2Sr2CaCu2O8+δ [11–17]. When the
interlayer coupling is negligible, the spin excitations are
observed to be nearly independent of momentum transfer
along c∗, as found in FeSe0.4Te0.6 [18], RbxFe2−ySe2 [19],
LaOFeAs [20], LiFeAs [21], and Li0.8Fe0.2ODFeSe [22,23].
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FeSe is regarded as two-dimensional material as it is
composed of a stack of strongly bonded edge-sharing FeSe4-
tetrahedra layers, as shown in Figs. 1(d) and 1(e) [24]. The
weak van der Waals bonding between the FeSe layers al-
lows the material to easily cleave, and it shows potential for
use in heterostructure devices with a tunable superconducting
transition temperature Tc above 40 K [25–27]. Additionally,
the FeSe layers can be intercalated with different charged or
neutral spacer layers, or grown as monolayers on SrTiO3,
leading to a significant increase of Tc [28–35]. An unique
feature of FeSe is the spontaneous fourfold symmetry break-
ing observed in the bulk material at the nematic temperature
Ts = 88 K, driven by electronic or magnetic instabilities.
This nematic state, unlike in Fe pnictides, does not ex-
hibit long-range magnetic order under ambient pressure [36].
The absence of magnetic order in FeSe has sparked inter-
est from various perspectives, including orbital physics [37]
and quantum magnetism such as the spin-fluctuation-induced
spin-quadrupole order [38], the nematic quantum param-
agnetic phase [39], the ferro-orbital order in the nematic
phase [40], the near degeneracy between magnetic fluctu-
ations and fluctuations in the charge-current density-wave
channel [41], as well as the vertex correction [42]. However,
there are few discussions of the absence of magnetic order
in FeSe from the viewpoint of the interlayer coupling. Here,
we study its interlayer coupling revealed by INS and find
that the spin resonance mode is highly modulated along the
c-axis momentum transfer with maximum at integer L = 0,
±1, ±2 in an opposite fashion compared to the iron pnic-
tides. Our results suggest a ferromagnetic interlayer coupling
in FeSe1−xSx.
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FIG. 1. (a) Temperature dependence of resistivity of FeSe1−xSx for x = 0, 0.07, and 0.11 from T = 2 K to 120 K. (b) Temperature
dependence of intensity of (2, 2, 0) Bragg peak of FeSe1−xSx for x = 0 and 0.07. (c) Enlarged view of resistivity of FeSe1−xSx for x = 0, 0.07,
and 0.11 from T = 2 K to 25 K. (d) FeSe4 tetrahedra. (e) Crystal structure of FeSe. The double arrows with different colors suggest interactions
with each other, respectively.

II. EXPERIMENTAL METHODS

FeSe1−xSx (x = 0, 0.07, and 0.11) single crystals have
been grown by the chemical vapor transport technique [43]
and co-aligned with a mosaic within 5◦ for all the sample
arrays as shown in Fig. S1 (see Supplemental Material [44]).
Figure 1(a) shows the temperature dependence of resistivity
of FeSe1−xSx (x = 0, 0.07, and 0.11). The nematic tempera-
ture Ts is gradually suppressed with increasing S doping. As
displayed in the enlarged view of resistivity measurements
[Fig. 1(c)], S doping causes a slight increase of Tc from 8.1 K
(x = 0) to 9.5 K (x = 0.07 and 0.11).Here and throughout this
article, the wave vector Q is expressed in reciprocal lattice
units (r. l. u.) as (H , K , L). Using the orthorhombic notation of
the 4-Fe Brillouin zone, the wave vector, expressed in inverse
Angstrom, is Q = [(2π/a)H , (2π/b)K , (2π/c)L] with lattice
parameters a ≈ b ≈ 5.32 Å and c ≈ 5.52 Å.

The triple-axis INS experiments of FeSe mounted in the
(H , 0, L) scattering plane were carried out on a PUMA
spectrometer at the Heinz Maier-Leibnitz Zentrum (MLZ),
Technische Universität München, Garching, Germany. The
triple-axis INS experiments of FeSe0.93S0.07 mounted in the
(H , 0, L) scattering plane were carried out on a 2T spectrom-
eter at the Laboratoire Léon Brillouin, Saclay, France. The
above measurements were done with kf = 2.662 Å−1 using
a focusing pyrolytic graphite (PG) monochromator and ana-
lyzer. Additional PG filters were placed between the sample
and the analyzer to eliminate higher-order contaminations.
The triple-axis INS experiments of FeSe0.89S0.11 mounted in
the (H , 0, L) scattering plane were carried out on an IN22

spectrometer with kf = 2.662 Å−1 using the CryoPAD system
with a Heusler Cu2MnAl(111) monochromator and analyzer
at the Institut Laue-Langevin, Grenoble, France. The Cryopad
capability is typically used to ensure that the sample is in a
strictly zero magnetic field environment, thus avoiding errors
due to flux inclusion and field expulsion in the superconduct-
ing phase of the sample [45]. Elastic neutron scattering for
measuring the (2, 2, 0) Bragg peak of entire sample arrays
was carried on a 4F1 spectrometer for FeSe at Laboratoire
Léon Brillouin, Saclay, France and IN22 spectrometer for
FeSe0.93S0.07 at Institut Laue-Langevin, Grenoble, France.
They were both mounted in the (H , K , 0) scattering plane.
The intensity of (2, 2, 0) Bragg scattering of FeSe1−xSx (x =
0 and 0.07) is enhanced across Ts due to the neutron extinction
effect [46] as displayed in Fig. 1(b), indicating the homogene-
ity of each sample array.

The time-of-flight experiments of FeSe0.93S0.07 were per-
formed on a 4SEASONS spectrometer [47] at the Material
and Life Science Experimental Facility (MLF), Japan Proton
Accelerator Research Complex (J-PARC), Japan. The 4SEA-
SONS spectrometer has a multiple-Ei capability [48,49] with
Ei = 10, 13.6, 19.4, 30.1, 52.1, and 116 meV, such that neutron
scattering events with a series of different incident energies
are recorded simultaneously. During the measurements at
T = 5 K, 15 K, and 90 K, the sample was rotated about the
vertical direction over a range of θ = ±55◦ and 0.5◦ steps,
where the c axis is parallel to the incident neutron direction
when θ = 0◦. Data accumulated at different angles were
combined into a four-dimensional dataset, in which we used
HORACE software packages for reduction and analysis. After
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FIG. 2. (a) and (b) Constant-energy maps of FeSe0.93S0.07 ob-
tained at T = 5 K and 15 K in the (H , K) momentum plane with
|L| � 0.2 and E = 4 ± 1 meV. (c) Longitudinal scan (H scan) at
T = 5 K and 15 K with E = 4 ± 1 meV, |K| � 0.1, and |L| �
0.2. (d) Transverse scan (K scan) at T = 5 K and 15 K with E =
4 ± 1 meV, |H − 1| � 0.1, and |L| � 0.2. The horizontal red bars
in (c) and (d) represent the expected momentum resolutions. Solid
lines in (c) and (d) are Gaussian functions obtained by fitting the
respective data. (e) and (f) Energy dependence of two-dimensional
slices along the Q = (H , 0) direction at T = 5 K and 15 K with
|K| � 0.1 and |L| � 0.2 for FeSe0.93S0.07. These data are obtained
with incident energy Ei = 13.6 meV on a time-of-flight spectrometer
4SEASONS.

a careful alignment of the measured dataset with the crystal-
lographic coordinate system using all available nuclear Bragg
reflections, the entire dataset was downfolded into a minimal,
physically independent sector of the three-dimensional mo-
mentum space using the point-group symmetry of the system.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show constant-energy maps of spin
excitations for FeSe0.93S0.07 in the superconducting state (T =
5 K) and nematic state (T = 15 K) at E = 4 meV in the (H , K)
plane, where spin excitations are symmetrically located at Q
= (±1, 0) and (0, ±1) with an elliptic distribution elongated
in the transverse direction. The anisotropic distribution can
also be displayed by transverse scan (K scan) and longitudinal
scan (H scan) around Q = (1, 0) in Figs. 2(c) and 2(d) as
indicated by the arrow in Figs. 2(a) and 2(b). Compared with
the nematic state (T = 15 K), in the superconducting state
an enhancement of the spin excitations around E ≈ 4 meV
is accompanied by a suppression of magnetic response below
E ≈ 2.5 meV as shown in Figs. 2(e) and 2(f), which is a
hallmark of the spin resonance mode in agreement with pre-
vious INS studies on undoped FeSe [50–54]. The elongated
distribution along the transverse direction of spin resonance
in the (H , K) plane is consistent with the previous work
on Ba(Fe0.963Ni0.037)2As2 [55], CaFe0.88Co0.12AsF [56], and
BaFe2(As0.7P0.3)2 [57], where the resonance is found to peak
sharply at QAF along the longitudinal direction, but broadens
along the transverse direction. Other similar constant-energy
maps at E = 2 − 6 meV and energy-dependence measure-
ments in the E − K space at T = 5 K, 15 K, and 90 K are
displayed in Fig. S2 (see Supplemental Material [44]). When

FIG. 3. (a) and (b) Temperature difference of spin excitations of
FeSe and FeSe0.93S0.07 between superconducting state (T = 2 K)
and nematic state (T = 15 K) at Q = (1, 0, L) with L = 0, 0.5,
1, and 1.5, respectively. (c) and (d) Temperature difference of spin
excitations of FeSe and FeSe0.93S0.07 between the superconducting
state (T = 2 K) and nematic state (T = 15 K) along the L direction
at E = 3.5 and 4 meV, respectively. Solid lines are the guides to
the eyes in (a) and (b) and multiple Gaussian functions fitted by the
respective data in (c) and (d). These data in (a), (c) and in (b), (d) are
obtained on triple-axis PUMA and 2T spectrometers, respectively.
The horizontal red bars represent the expected momentum or energy
resolutions, respectively.

entering the tetragonal state (T = 90 K), the magnetic signals
at Q = (±1, 0) and (0, ±1) become weak and diffusive on a
high background (BG), whereas the scattering signals at Q =
(±1, ±1) are heavily contaminated by the (1, 1, 0) phonon as
displayed in Figs. S2(m)–S2(r).

After illustrating the anisotropic distribution of spin reso-
nance in the (H , K) plane, we now turn to the L modulation
of spin resonance. Figures 3(a) and 3(b) show the temper-
ature difference of spin excitations of undoped FeSe and
FeSe0.93S0.07 between the superconducting state (T = 2 K)
and nematic state (T = 15 K) at Q = (1, 0, L) (L = 0,
0.5, 1, and 1.5). The spin resonance mode appears at Er ≈
3.5 meV in FeSe, slightly enhanced at Er ≈ 4 meV in
FeSe0.93S0.07. Notably, the spin resonance mode presents a
stronger intensity at integer L = 0 and 1 than that at half-
integer L. This L modulation of spin resonance can be further
elucidated by the momentum scans along Q = (1, 0, L) at
E = 3.5 meV for undoped FeSe [Fig. 3(c)] and E = 4 meV
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FIG. 4. (a) and (b) Constant-energy maps of FeSe0.93S0.07 ob-
tained at T = 5 K and 15 K and in (H , L) momentum plane with
E = 4 ± 1 meV and |K| � 0.1. (c) L scans at T = 5 K and 15 K
with E = 4 ± 1 meV, |K| � 0.1, and |H − 1| � 0.1. The horizontal
red bar represents the expected momentum resolution. Solid lines are
Gaussian functions obtained by fitting the respective data. (d) Energy
dependence of FWHM for H , K , and L scans fitted by gaussian
functions (see Fig. S3 in Supplemental Material [44]). (e) The 3D
distribution of spin excitation in momentum space using FWHM data
from E = 4 ± 1 meV.

for FeSe0.93S0.07 [Fig. 3(d)]. In addition, for a higher S-doped
sample FeSe0.89S0.11, the similar L-modulated spin excita-
tions at E = 4 meV in superconducting state are shown in
Fig. S5(e) (See Supplemental Material [44]).

This strongly L-modulated spin resonance mode in su-
perconducting state is closely related to the anisotropic
distribution of low-energy spin excitations in momentum
space in the nematic state (T = 15 K). Except for an in-
tensity enhancement due to spin resonance, the anisotropic
momentum distribution of spin excitations in the nematic
state mimics that in the superconducting state as displayed
in the constant energy maps in the (H , K) plane [Figs. 2(a)
and 2(b)] and the (H , L) plane [Figs. 4(a) and 4(b)] as
well as the L scans in Fig. 4(c). The spin excitations re-
veal elliptic distribution elongated in the transverse direction

and a more elongated ellipse in the L direction in both the
superconducting and nematic state. In order to quantitatively
clarify the elliptic distribution of spin excitations in three-
dimensional momentum space, momentum scans along the
H , K , and L directions are presented in Figs. 2(c), 2(d), 4(c),
and S3 (see Supplemental Material [44]), respectively. The
intensity of spin excitations in the nematic state (T = 15 K)
along the longitudinal (H), transverse (K), and L directions
can be well fitted by Gaussian functions, revealing the FWHM
values κH , κK , and κL as shown in Fig. 4(d). Comparing the
FWHM along the H and K directions, κH and κK , respectively,
one observes that the latter is slightly larger than the former.
With a six-times-larger value κL than κK , the L dependence of
intensity suggests a much more broadened distribution of spin
excitations along the L direction, weakened with increasing
energy and persisting up to E ≈ 15 meV as shown in Figs. S3
and S4 (see Supplemental Material [44]). According to the
FWHM we draw the schematic diagram of three-dimensional
distribution of spin excitations in momentum space at T =
15 K and E = 4 meV as displayed in Fig. 4(e). The ellipsoids
are periodically located at Q = (±1, 0, L) or (0, ±1, L) in a
twinned sample where L is integer.

We now discuss the implications of our observed INS re-
sults. The feature of integer-L intensity enhancement of spin
excitations in FeSe1−xSx still survives in the nematic state,
persisting up to E ≈ 15 meV, and tells us that the spins
in nearest-neighbor FeSe4 layers are parallel and fluctuate in
phase, which is opposite to the antiferromagnetic order in the
parent compound of Fe pnictides with antiparallel spins of the
nearest-neighbor layers along the c axis. A ferromagnetic-like
interlayer coupling Jc has to be responsible for the integer-L
intensity modulation in FeSe1−xSx. Even if FeSe does not
order antiferromagnetically, it should not be far away from it.
From a Heisenberg Hamiltonian similar to iron pnictides [58],
the effective ferromagnetic interlayer coupling is estimated to
be Jc ∼ 0.2 meV with Jc/J1a ∼ 0.3% [59], which is much
smaller than the antiferromagnetic interlayer coupling of FeTe
Jc ∼ 1 meV [60] (See Supplemental Material [44]).

The microscopic origin of the absence of the long-range
stripe magnetic order in FeSe has been a topic of intense
debate. One scenario is that the stripe magnetic order in FeSe
is absent due to the development of other competing instabil-
ities, considering mainly on the in-plane frustrated magnetic
interactions [38–42]. From another point of view, a realistic
three-dimensional antiferromagnetic order requires the spin
correlations both in and out of plane. The spin-spin correlation
length ξ is inversely proportional to the intrinsic momentum
width of the signal peak κreal with ξ = 1/κreal and κreal =√

κ2
measured − κ2

resolution, where κmeasured is the measured FWHM
as shown in Fig. 4(d) and κresolution is the momentum reso-
lution as the red horizontal bar indicated in Figs. 2(c), 2(d),
and 4(c) [61]. The spin-spin correlation lengths are therefore
estimated to be ξa ∼ 7.7 ± 0.4 Å, ξb ∼ 6.5 ± 0.2 Å, and
ξc ∼ 1.1 ± 0.1 Å. Considering the nearest Fe-Fe distance in
the ab plane dab ≈ 2.66 Å and the Fe-Fe distance along the c
axis dc ≈ 5.52 Å, the spins of Fe atoms are more strongly cor-
related within the ab plane than that along the c axis indicated
by ξa/dab ∼ 3 and ξc/dc ∼ 0.2. The weak spin correlations
along the c axis are in agreement with the small ferromagnetic
interlayer coupling Jc. We believe that there might be a causal
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relationship between the two anomalies (absence of magnetic
order and ferromagnetic interlayer coupling) observed in the
FeSe system.

IV. CONCLUSION

In conclusion, the anisotropic momentum distribution of
spin resonance in FeSe1−xSx mimics the low-energy spin
excitations in its nematic phase where superconductivity
arises, which implies the close relationship between super-
conductivity and magnetism. The strongly L-modulated spin
resonance mode inherits the low-energy magnetic scatter-
ing in the nematic state with maximum intensity at integer
L, indicating the ferromagnetic interlayer coupling in con-
trast to other iron-based superconductors. FeSe1−xSx does
not order antiferromagnetically, which is unusual among

Fe-based materials. The ferromagnetic nature with weak in-
terlayer coupling Jc and short spin-spin correlation length
ξc might shed light on the absence of magnetic order in
FeSe1−xSx.
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