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Strong (π,0) spin fluctuations in β-FeSe observed by neutron spectroscopy
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We have performed powder inelastic neutron scattering measurements on the unconventional superconductor
β-FeSe (Tc � 8 K). The spectra reveal highly dispersive paramagnetic fluctuations emerging from the square-
lattice wave vector (π,0) extending beyond 80 meV in energy. Measurements as a function of temperature at
an energy of ∼13 meV did not show any variation from Tc to 104 K. The results show that FeSe is close to an
instability towards (π,0) antiferromagnetism that is characteristic of the parent phases of the high-Tc iron arsenide
superconductors, and that the iron paramagnetic moment is neither affected by the orthorhombic-to-tetragonal
structural transition at Ts � 90 K nor does it undergo a change in spin state over the temperature range studied.

DOI: 10.1103/PhysRevB.91.180501 PACS number(s): 74.25.Ha, 74.70.Xa, 75.40.Gb, 78.70.Nx

Iron selenide (β-Fe1+xSe, hereafter denoted “FeSe”) is
structurally the simplest of the iron-based superconductors,
but it is also one of the most intriguing. The superconducting
transition temperature of the pure bulk phase is relatively low,
Tc ≈ 8 K [1], but it increases to 37 K under pressure [2] and
rises above 40 K with intercalation of alkali ions A+ to form
AxFe2−ySe2 [3] or by cointercalation of ammonia molecules
and amide ions or organic molecules along with A+ [4–6]. Very
recently, superconductivity was reported at temperatures as
high as 100 K in monolayers of FeSe on SrTiO3 [7,8]. Although
there is evidence that superconductivity at ambient pressure is
favored by a reduction of Fe below the +2 oxidation state
and minimization of vacancies in the FeSe layers [5,9], there
is currently no simple explanation for such an extraordinary
variation in Tc among derivatives containing very similar
antifluorite layers of FeSe.

The structural and electronic ordering properties of FeSe
differ qualitatively from those of the related iron pnictide
compounds in two important ways. First, superconductivity
appears in FeSe without the need for doping and is very
sensitive to composition [10]. Second, FeSe has a tetragonal-
to-orthorhombic structural transition (Ts � 90 K [1,11]), as in
the parent phases of the iron pnictide superconductors, but this
transition is not followed by the development of long-range
magnetic order [12]. The phase below Ts is considered to
be some form of electronic nematic, but opinions divide
over whether the nematic transition is driven by orbital
ordering [13–16] or by spin degrees of freedom [17–20].

This Rapid Communication reports measurements of col-
lective paramagnetic spin fluctuations in FeSe. Spin fluctua-
tions are a prominent feature of the iron-based superconductors
and are thought to play a significant role in the pairing
interaction [21–23]. In the iron arsenide superconductors, spin
fluctuations emerge from the same (or nearly so) characteristic
in-plane wave vector qm = (π,0), referred to the Fe square
sublattice, as the spin density wave (SDW) order of the parent
phases. This magnetic instability is understood to be assisted
by the nesting of hole and electron Fermi surface pockets
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centered around the � and X points of the square lattice. Spin
fluctuations have also been observed in the superconducting
iron selenides, but the characteristic wave vector varies from
system to system. For example, it is (π,0) in FeTe1−xSex (x ≈
0.5) [24], (π,π/2) in AxFe2−ySe2 (A = K, Rb, Cs) [25–27],
and different again in Lix(ND2)y(ND3)1−yFe2Se2 [28].

Ab initio electronic structure calculations indicate that FeSe
is close to a magnetic ordering instability with a charac-
teristic wave vector (π,0) [29–31]. However, angle-resolved
photoemission spectroscopy and quantum oscillation studies
have revealed that the Fermi surface deviates significantly
from the predictions [14,15,32–35], and several models for
the nematic phase predict competing magnetic phases with
qm = (π,ξ ), 0 � ξ � π/2 [17–20]. Experimental information
on the magnetic ground state of FeSe is currently lacking, and
is urgently needed to elucidate the nematic phase and to assess
the role of spin fluctuations in the superconducting state.

Here we report observations of the wave vector and energy
dependence of the spin fluctuations in FeSe by powder inelastic
neutron scattering. We find collective spin fluctuations emerg-
ing from (π,0) and equivalent square-lattice wave vectors,
extending to energies greater than 80 meV. We do not observe
any significant change in the low-energy (∼10–15 meV) part
of the spectrum on crossing the orthorhombic-to-tetragonal
transition.

A powder sample of FeSe of total mass 13.8 g was prepared
in five separate batches of 2–3 g each. All handling was carried
out in an argon atmosphere. Iron and selenium powders (5N
purity) were ground together, sealed under vacuum in a silica
glass ampoule, and reacted at 700 ◦C for 24 h. The product of
this reaction was reground, resealed under vacuum, annealed
at 700 ◦C for 38 h, and then cooled to 400 ◦C and held for
6 days. The ampoule was then quenched in ice water and the
sample ground to a fine powder. The batches were found to
be of very high phase purity by x-ray and neutron diffraction,
with trace amounts (<1%) of hexagonal α-FeSe and unreacted
Fe as the only detectable impurities.

Magnetization measurements, performed with a supercon-
ducting quantum interference device (SQUID) magnetometer,
confirmed the onset of superconductivity at Tc � 8 K in
each of the five batches. An example of field-cooled and
zero-field-cooled data is shown in Fig. 1(a). Measurements
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FIG. 1. (Color online) (a) Magnetic susceptibility of FeSe powder. The field-cooled (FC) and zero-field-cooled (ZFC) curves confirm the
onset of superconductivity at Tc � 8 K (left). The tetragonal-to-orthorhombic structural transition at Ts � 90 K is signaled by a broad magnetic
anomaly (right). (b) Rietveld refinement against room temperature neutron powder diffraction data of FeSe. Peak positions for the β-FeSe
phase are marked by vertical red ticks beneath the data. The other ticks indicate peak positions for Fe impurities and the vanadium sample
can. (c) Temperature dependence of the orthorhombic lattice parameters of FeSe. The points at 150 K are the tetragonal parameters with a

multiplied by
√

2. The lines are visual guides.

retaken after the neutron scattering experiment confirmed
that the sample did not deteriorate. The right-hand panel of
Fig. 1(a) shows a broad magnetic anomaly at the structural
transition Ts � 90 K consistent with previous data on FeSe
powders [1].

For a detailed structural analysis, we performed high
resolution neutron powder diffraction on the HRPD instrument
at the ISIS Facility. Measurements were made at temperatures
between 10 K and room temperature. Figure 1(b) shows data
collected at room temperature, together with a Rietveld fit.
The temperature dependence of the lattice parameters obtained
from the refinements are shown in Fig. 1(c). The continuous
tetragonal (P 4/nmm) to orthorhombic (Cmma) transition at
Ts � 90 K is consistent with earlier results [1,11,36]. The
orthorhombic distortion (b − a)/a approaches 0.5% at 10 K.
Refinement of the composition Fe1+xSe against data above
and below Ts yielded x = 0.01(1), i.e., with interstitial Fe
sites between the stoichiometric FeSe layers occupied at the
1% level, a finding consistent with a previous report correlating
composition with Tc [10].

Inelastic neutron scattering was performed on the chopper
spectrometer MERLIN at the ISIS Facility [37]. The powder
sample was loaded into aluminum foil packets and placed in an
aluminum can in annular geometry. The can was attached to a
closed-cycle refrigerator. Neutron spectra were recorded with
incident energies of Ei = 34, 50, and 100 meV at temperatures
from 8 to 104 K. The spectra were normalized to the incoherent
scattering from a standard vanadium sample measured with
the same incident energies, enabling us to present the data in
absolute units of mb sr−1 meV−1 f.u.−1 (where f.u. refers to
one formula unit of FeSe).

Figure 2(a) shows an intensity map of part of the Ei =
100 meV spectrum measured at 8 K on MERLIN. The
spectrum is dominated by scattering from phonons for energies
E below the phonon cutoff at 40 meV [38]. Above 40 meV,
there is a broad vertical column of scattering centered on the
wave vector Q = 2.6 Å−1, and a weaker column centered on
3.5 Å−1. Figure 2(b) is a similar intensity map measured with
Ei = 34 meV to probe the low (Q,E) part of the spectrum.

Phonon scattering dominates in this regime, but there is
a window between 10 and 15 meV in which the phonon
signal is small, and a vertical column of weak scattering
can be seen centered near Q = 1.2 Å−1. Such scattering
columns are observed in neutron powder spectra of other
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FIG. 2. (Color online) Neutron powder spectra of FeSe obtained
on MERLIN at T = 8 K ∼eqTc. The vertical dashed lines show the
2D wave vector (π,0) and equivalent positions. (a) High-energy part
of the spectrum recorded with an incident energy Ei = 100 meV. The
vertical bands of scattering above the phonon cutoff at 40 meV are
caused by steeply dispersing cooperative paramagnetic fluctuations.
(b) Low-energy part of the spectrum from the data measured with
Ei = 34 meV. Magnetic scattering is visible in the energy window
10–15 meV where phonon scattering is weak.
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FIG. 3. (Color online) (a) Reciprocal lattice of the Fe square
lattice. The (red) solid circles mark the (π,0)-type wave vectors and
the (green) solid diamonds the (π,π/4)-type positions, including the
equivalent 90◦ domains. The solid and dotted large circles show the
effect of powder averaging, and the table lists the corresponding
values of Q = |qm|. (b) Constant-energy cuts through the data in
Fig. 2 for three different energy bands as indicated. The upper two
cuts are offset vertically. The (red) symbols are the data and the (blue)
lines are fits with a damped harmonic oscillator model for spin waves
dispersing anisotropically from qm = (π,0). (c) The same as in (b)
but with qm = (π,π/4) and an isotropic dispersion.

iron-based superconductors and have been confirmed to arise
from strongly dispersive spin fluctuations [39–42].

The magnetic signals identified in the intensity maps can
be seen in more detail in the Q cuts made at fixed average
energy shown in Fig. 3(b). The cuts contain peaks centered
on Q = 1.2, 2.6, and 3.5 Å−1, and there are additional weak
signals near Q = 4.5 Å−1. The series of magnetic peaks can
be indexed as orders of the square-lattice wave vector (π,0)
[see Fig. 3(a)]. In reality, the magnetic signal will extend in
the out-of-plane direction, either as a diffuse rod of scattering
if the correlations are quasi-two-dimensional or as a series of
peaks if there are strong interlayer correlations. Simulations of
such types of out-of-plane scattering show that after powder
averaging the peaks have a tail on the high Q side, but the
maxima shift by only a small amount (<0.06 Å−1) from the
ideal two-dimensional wave vectors.

Although FeSe does not order magnetically, our results
show that it has a strong magnetic response at (π,0) and
equivalent positions which characterize the in-plane SDW
order found in the parent phases of the iron arsenide super-
conductors. To quantify the analysis, we compare the data
to a phenomenological model for the low-energy response
of a two-dimensional (2D) antiferromagnetically correlated
paramagnet. The model has been used previously to describe
the low-energy part of the spectrum of superconducting
Ba(Fe1−xCox)2As2 [43]. The neutron scattering cross section
may be written

d2σ

d�dEf
= kf

ki
S(Q,E), (1)

where S(Q,E), the magnetic response function, is the quantity
presented here. For an isotropic paramagnet,

S(Q,E) =
(

γ r0

2μB

)2 1

1 − exp(−βE)

2

π
f 2(Q)χ ′′(q,E), (2)

where (γ r0/2)2 = 72.7 mb, β = 1/kBT , f (Q) is the magnetic
form factor, and χ ′′(q,E) is the absorptive part of the gener-
alized susceptibility. The low-energy magnetic excitations are
envisaged as damped spin waves with a linear dispersion, and
we use a harmonic oscillator model

χ ′′(q,E) ∝ 2E2
q�E(

E2
q − E2

)2 + 4�2E2
, (3)

in which Eq = �[(v‖q‖)2 + (v⊥q⊥)2]1/2 is an anisotropic
dispersion with velocities v‖ and v⊥ in the longitudinal and
transverse directions relative to qm = (π,0), � = γE is the
inverse lifetime, and q is the spin-wave wave vector. χ ′′(q,E)
does not vary with qz, and is repeated in 2D momentum space
with the periodicity of the 2D magnetic wave vector qm. We
fitted the model to the constant-energy cuts allowing γ , v‖,
v⊥, an intensity scale factor, and a flat background to vary.
The experimental Q resolution was included.

The parameters determined from the fit are γ = 0.13 ±
0.06, v‖ = 460 ± 120 meV Å, and v⊥ = 150 ± 20 meV Å.
The anisotropic velocity obtained from this analysis is statisti-
cally significant. Spectra simulated with the best-fit parameters
are shown in Fig. 3(b) [44]. The simulations match the peak at
Q = 1.2 Å−1 and closely reproduce the observed dispersion
of the signals centered near 2.6, 3.5, and 4.5 Å−1. The model
parameters are similar to those found for Ba(Fe1−xCox)2As2:
γ = 0.15, v‖ = 580 meV Å, v⊥ = 230 meV Å [43]. We also
considered a model for purely diffusive spin dynamics [45].
The diffusive model fits the data satisfactorily and leads to the
same conclusions as the damped spin wave model [44].

Despite the limitations inherent in powder averaging, the
success of the model in accounting for features in the data over
several Brillouin zones places a tight constraint on the wave
vector qm that describes the dominant mode of paramagnon
excitations in FeSe. As a test of this, we carried out fits with
the damped spin-wave model modified to have qm = (π,ξ )
and an isotropic dispersion. The fits with this model were in
all cases inferior to those with qm = (π,0) and an anisotropic
dispersion. The best agreement was achieved with ξ ≈ π/4
and is shown in Fig. 3(c), but the leading edge of the fitted
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FIG. 4. (Color online) Temperature dependence of the magnetic
scattering at (π,0) ≈ 1.2 Å−1 averaged over the energy range 11–
14 meV. The solid lines are fits to a Gaussian function on a linear
background (dotted). The upper three scans are offset vertically by
0.25, 0.5, and 0.75 units, respectively.

signal near 2.6 Å−1 is at too low Q compared with the
(π,0) model, reflecting the difference between the magnitude
of the wave vector (π,2π ), Q = 2.64 Å−1, and (π,7π/4),
Q = 2.38 Å−1 — see Fig. 3(a) and Ref. [44].

In this experiment we were unable to cool the sample
below 8 K, and so did not study the magnetic signal in the
superconducting state at low energies where a spin resonance
could be expected. Instead, we investigated the influence of the
structural transition on the magnetic response by performing
runs with Ei = 50 meV at temperatures of 8, 17, 67, and
104 K. Figure 4 shows Q cuts through the (π,0) position
at each temperature. The data are averaged over the energy
interval from 11 to 14 meV to stay within the window where
phonon scattering is weak. The magnetic peaks show very
little variation with temperature. To quantify this, we fitted
a Gaussian function on a linear background to each cut. To
within the fitting error the integrated intensity remains constant

at 0.10 ± 0.01 mb sr−1 meV−1 Å−1 f.u.−1, which compares
with the value 0.08 ± 0.01 mb sr−1 meV−1 Å−1 f.u.−1 found
at the same energy for LiFeAs at T = 20 K > Tc [42]. This
shows that the spin fluctuations in FeSe have a similar strength
to those in other Fe-based superconductors.

The fact that the magnetic response shows very little or no
change on crossing the structural phase transition implies that
the structural transition is not driven by magnetic fluctuations
at the frequencies probed in our experiment. Further, the lack of
any change over the entire temperature range studied implies
that the paramagnetic moment is constant below 104 K, in
contrast with the notion of a gradual spin-state transition
proposed to explain thermally induced phonon anomalies
observed in Raman spectra [46].

This study establishes that the collective spin fluctuations
in FeSe share many similarities with those in the high-Tc Fe
arsenide superconductors, including a very steep dispersion
and a low frequency response that is strongest at or very
close to the square-lattice wave vector (π,0). We find no direct
evidence for competing magnetic orders, although the highly
anisotropic spin-wave velocity implies a greater tendency for
transverse spin fluctuations. If spin fluctuations are important
for the pairing mechanism in Fe-based superconductors then
our results show that the ingredients for high-Tc are present in
FeSe, and something other than conventional magnetic dipole
fluctuations must compete with superconductivity. Several
different nematic degrees of freedom that could suppress
superconductivity have been discussed recently [13–20], and
experiments to search for possible orbital and spin nematic
order parameters compatible with (π,0) spin fluctuations will
be an important next step.

Note added. Recently, an eprint appeared reporting neu-
tron scattering measurements of the low-energy response in
FeSe [47].

We thank A. Daoud-Aladine for help with the neutron
powder diffraction measurements at ISIS, and M. D. Watson
and R. M. Fernandes for discussions. The work was supported
by the UK Engineering & Physical Sciences Research Council
(Grant No. EP/I017844). S.J.S. acknowledges the support of a
DFG Fellowship (SE2324/1-1).

[1] F.-C. Hsu, J.-Y. Luo, K.-W. Yeh, T.-K. Chen, T.-W. Huang, P. M.
Wu, Y.-C. Lee, Y.-L. Huang, Y.-Y. Chu, D.-C. Yan, and M.-K.
Wu, Proc. Natl. Acad. Sci. USA 105, 14262 (2008).

[2] S. Medvedev, T. M. McQueen, I. A. Troyan, T. Palasyuk, M. I.
Eremets, R. J. Cava, S. Naghavi, F. Casper, V. Ksenofontov, G.
Wortmann, and C. Felser, Nat. Mater. 8, 630 (2009).

[3] J. Guo, S. Jin, G. Wang, S. Wang, K. Zhu, T. Zhou, M. He, and
X. Chen, Phys. Rev. B 82, 180520(R) (2010).

[4] T. P. Ying, X. L. Chen, G. Wang, S. F. Jin, T. T. Zhou, X. F. Lai,
H. Zhang, and W. Y. Wang, Sci. Rep. 2, 426 (2012).

[5] M. Burrard-Lucas, D. G. Free, S. J. Sedlmaier, J. D. Wright,
S. J. Cassidy, Y. Hara, A. J. Corkett, T. Lancaster, P. J.
Baker, S. J. Blundell, and S. J. Clarke, Nat. Mater. 12, 15
(2013).

[6] A. Krzton-Maziopa, E. V. Pomjakushina, V. Y. Pomjakushin,
F. von Rohr, A. Schilling, and K. Conder, J. Phys.: Condens.
Matter 24, 382202 (2012).

[7] Q.-Y. Wang, Z. Li, W.-H. Zhang, Z.-C. Zhang, J.-S. Zhang, W.
Li, H. Ding, Y.-B. Ou, P. Deng, K. Chang, J. Wen, C.-L. Song,
K. He, J.-F. Jia, S.-H. Ji, Y.-Y. Wang, L.-L. Wang, X. Chen,
X.-C. Ma, and Q.-K. Xue, Chin. Phys. Lett. 29, 37402 (2012).

[8] J.-F. Ge, Z.-L. Liu, C. Liu, C.-L. Gao, D. Qian, Q.-K. Xue, Y.
Liu, and J.-F. Jia, Nat. Mater. 14, 285 (2014).

[9] H. Sun, D. N. Woodruff, S. J. Cassidy, G. M. Allcroft, S. J.
Sedlmaier, A. L. Thompson, P. A. Bingham, S. D. Forder, S.
Cartenet, N. Mary, S. Ramos, F. R. Foronda, B. H. Williams,
X. Li, S. J. Blundell, and S. J. Clarke, Inorg. Chem. 54, 1958
(2015).

180501-4

http://dx.doi.org/10.1073/pnas.0807325105
http://dx.doi.org/10.1073/pnas.0807325105
http://dx.doi.org/10.1073/pnas.0807325105
http://dx.doi.org/10.1073/pnas.0807325105
http://dx.doi.org/10.1038/nmat2491
http://dx.doi.org/10.1038/nmat2491
http://dx.doi.org/10.1038/nmat2491
http://dx.doi.org/10.1038/nmat2491
http://dx.doi.org/10.1103/PhysRevB.82.180520
http://dx.doi.org/10.1103/PhysRevB.82.180520
http://dx.doi.org/10.1103/PhysRevB.82.180520
http://dx.doi.org/10.1103/PhysRevB.82.180520
http://dx.doi.org/10.1038/srep00426
http://dx.doi.org/10.1038/srep00426
http://dx.doi.org/10.1038/srep00426
http://dx.doi.org/10.1038/srep00426
http://dx.doi.org/10.1038/nmat3464
http://dx.doi.org/10.1038/nmat3464
http://dx.doi.org/10.1038/nmat3464
http://dx.doi.org/10.1038/nmat3464
http://dx.doi.org/10.1088/0953-8984/24/38/382202
http://dx.doi.org/10.1088/0953-8984/24/38/382202
http://dx.doi.org/10.1088/0953-8984/24/38/382202
http://dx.doi.org/10.1088/0953-8984/24/38/382202
http://dx.doi.org/10.1088/0256-307X/29/3/037402
http://dx.doi.org/10.1088/0256-307X/29/3/037402
http://dx.doi.org/10.1088/0256-307X/29/3/037402
http://dx.doi.org/10.1088/0256-307X/29/3/037402
http://dx.doi.org/10.1038/nmat4153
http://dx.doi.org/10.1038/nmat4153
http://dx.doi.org/10.1038/nmat4153
http://dx.doi.org/10.1038/nmat4153
http://dx.doi.org/10.1021/ic5028702
http://dx.doi.org/10.1021/ic5028702
http://dx.doi.org/10.1021/ic5028702
http://dx.doi.org/10.1021/ic5028702


RAPID COMMUNICATIONS

STRONG (π,0) SPIN FLUCTUATIONS IN β- . . . PHYSICAL REVIEW B 91, 180501(R) (2015)

[10] T. M. McQueen, Q. Huang, V. Ksenofontov, C. Felser, Q. Xu,
H. Zandbergen, Y. S. Hor, J. Allred, A. J. Williams, D. Qu, J.
Checkelsky, N. P. Ong, and R. J. Cava, Phys. Rev. B 79, 014522
(2009).

[11] T. M. McQueen, A. J. Williams, P. W. Stephens, J. Tao, Y. Zhu,
V. Ksenofontov, F. Casper, C. Felser, and R. J. Cava, Phys. Rev.
Lett. 103, 057002 (2009).

[12] Y. Mizuguchi, T. Furubayashi, K. Deguchi, S. Tsuda, T.
Yamaguchi, and Y. Takano, Physica C (Amsterdam) 470, S338
(2010).

[13] S.-H. Baek, D. V. Efremov, J. M. Ok, J. S. Kim, J. van den Brink,
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