
Articles
https://doi.org/10.1038/s41567-022-01603-1

1Center for Advanced Quantum Studies, Applied Optics Beijing Area Major Laboratory, and Department of Physics, Beijing Normal University, Beijing, 
China. 2Photon Science Division, Swiss Light Source, Paul Scherrer Institut, Villigen PSI, Switzerland. 3Department of Physics and Astronomy, Rice Center 
for Quantum Materials, Rice University, Houston, TX, USA. 4Center for Correlated Matter and Department of Physics, Zhejiang University, Hangzhou, 
China. 5Department of Physics, Renmin University of China, Beijing, China. ✉e-mail: luxy@bnu.edu.cn; pdai@rice.edu; thorsten.schmitt@psi.ch

Intertwined order and fluctuations in high-transition-temperature 
(Tc) superconductors are pivotal for understanding the micro-
scopic origin of superconducting electron pairing1. Of particular 

interest is the electronic nematic state present in both cuprate and 
iron-based superconductors (FeSCs). Initially discovered through 
in-plane electronic anisotropy with C2 symmetry in the paramag-
netic orthorhombic state of detwinned Ba(Fe1 − xCox)2As2 (refs. 2–4), 
the electronic nematic state (and its fluctuations) has been identi-
fied as a ubiquitous feature of FeSCs and is believed to be essential 
for the structural and magnetic transitions in FeSCs (refs. 5–9), and 
may enhance the electron pairing for high-Tc superconductivity10–12.

Iron selenide (FeSe) is a unique material among FeSCs because 
of its simple structure (Fig. 1a)13 and unusual electronic properties, 
such as strong anisotropy of the superconducting order parameter, 
extended electronic nematic phase and highly tunable Tc (ref. 9). 
In particular, unlike iron pnictide, which has a collinear antiferro-
magnetic (AF) ground state below the tetragonal-to-orthorhombic 
structural (nematic) phase transition Ts, although FeSe exhibits a 
similar nematic transition (Ts ≈ 90 K)14, it has no static AF order, 
providing a broad temperature range below Ts as an ideal plat-
form for investigating electronic nematicity and its interplay with 
superconductivity.

FeSe consists of stacked charge-neutral FeSe layers (Fig. 1a). On 
cooling, it undergoes a nematic transition at Ts ≈ 90 K, below which 
twin domains form along two mutually perpendicular directions 
and exhibit macroscopic four-fold symmetry, impeding the study 
of the intrinsic electronic properties of the orthorhombic (nematic) 
state. Through detwinning of FeSe using uniaxial strain, resistiv-
ity and electronic structure measurements reveal strong electronic 
anisotropy in the nematic state15,16. At lower temperature, FeSe enters 
a superconducting ground state with Tc ≈ 9 K, in which a supercon-
ducting energy gap anisotropy has been observed via angle-resolved 

photoemission spectroscopy (ARPES)17–19 and scanning tunnelling 
spectroscopy20.

In the presence of orbital splitting (or orbital ordering) between 
dxz and dyz orbitals16,21,22, and the absence of magnetic order, the 
electronic nematic phase has been suggested to be driven by orbital 
fluctuations23–26. On the other hand, experimental evidence, in 
particular the discovery of intense magnetic excitations and their 
correlation with the nematic transition27–29, has emphasized the 
importance of the spin degree of freedom in driving electronic nem-
atic order. In addition, various localized models based on quantum 
paramagnetism, spin frustration and magnetic quadrupolar order 
have been proposed to account for the nematic transition, magnetic 
excitations and the absence of AF order30–33.

It is proposed that resolving the intrinsic magnetic excitations 
in twin-free FeSe is key to clarifying the microscopic origin of the 
unusual electronic anisotropy in both the superconducting and 
nematic states5,6,34. By employing BaFe2As2 as a substrate for apply-
ing uniaxial strain, some of us have recently measured low-energy 
spin fluctuations (E ≲ 10 meV) of detwinned FeSe using inelastic 
neutron scattering35. These results have revealed anisotropic spin 
fluctuations in the normal state and a spin resonance appearing only 
at Q1 = (1, 0) below Tc, consistent with the picture of orbital-selective 
Cooper pairing20,36–38. However, neutron scattering experiments 
were unable to determine what happens to the magnetic excitation 
anisotropy across the nematic transition due to enhanced back-
ground scattering from the large aluminium detwinning device on 
warming to Ts. In addition, the energy scale of the magnetic anisot-
ropy is unknown because the background magnetic scattering from 
the BaFe2As2 substrate overwhelms the magnetic signal from FeSe 
for energies above 10 meV (ref. 35).

An ideal method to probe the intrinsic magnetic excitations of 
FeSe is resonant inelastic X-ray scattering (RIXS) at the Fe-L3 edge 
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in combination with the aforementioned detwinning method (Fig. 
1b)39–44. RIXS at transition-metal L edges has been widely used to 
study the (para)magnons of cuprate and FeSCs, as well as various 
elementary excitations including phonons, crystal-field excitations 
and plasmons39–49. Because Fe-L3 X-rays (707 eV) penetrate less than 
100 nm into FeSe, but the typical thickness of a cleaved FeSe single 
crystal is ~20 μm, RIXS studies of FeSe are free from signal con-
tamination due to BaFe2As2 and provide a unique opportunity for 
measuring high-energy magnetic excitations on detwinned FeSe 
with high efficiency.

In this Article we use RIXS to measure the intrinsic spin exci-
tations of FeSe and BaFe2As2 along the high-symmetry directions 
H, K and [H, H], denoted by Sh(q∥), Sk(q∥) and Shh(q∥), respectively 
(Figs. 2 and 3). To facilitate discussions, we define the spin excita-
tions associated with Q1 = (1, 0) as S1(q, E) and those associated with 
Q2 = (0, 1) as S2(q, E). The ratio between Sh(q∥) and Sk(q∥), ψ(q∥) = S
h(q∥)/Sk(q∥), directly probes the spin-excitation unbalance between 
S1 and S2, which is commonly referred to as nematic spin corre-
lations in the nematic ordering and fluctuating region34,50,51. We 
denote the momentum transfer in reciprocal lattice units (r.l.u.; see 
Experimental set-ups in the Methods).

Our results reveal that the spin-excitation anisotropy in det-
winned FeSe manifests over a large energy range up to 200 meV. It 
persists up to a temperature slightly above Ts, before fading away 

at a temperature well above Ts. Its comparison with the intrin-
sic spin-wave anisotropy of BaFe2As2 establishes strong nematic 
spin correlations in both energy scale and amplitude in FeSe. This 
strong spin-excitation anisotropy builds a direct connection with 
the nematic phase, suggesting that the nematic order is primarily 
spin-driven because the energy range of the nematic-phase-induced 
spin-excitation anisotropy is much larger than that of orbital 
splitting22–24. Furthermore, the RIXS results identify disper-
sive high-energy spin excitations that are underdamped, which 
is highly peculiar for a paramagnet, but can be understood from 
a local-moment-based model with antiferroquadrupolar (AFQ) 
order31. As such, our results provide much needed new insights into 
the mechanism for the nematicity of FeSe.

Figure 1b shows an FeSe crystal that has been prepared for 
RIXS measurements, and is glued onto a square-shaped BaFe2As2 
sample with the same orientation. Uniaxial pressure is applied on 
the BaFe2As2 along the tetragonal [110] direction (orthorhom-
bic b axis). On cooling, the BaFe2As2 will be detwinned below 
Ts ≈ 138 K and generates an orthorhombic distortion δ = (a − b)/
(a + b) = 0.36% that can be transferred to and thereby detwin FeSe 
below its structural transition at Ts ≈ 90 K. Figure 1c,d illustrates 
the scattering geometry, the substantial area of the first Brillouin 
zone accessible with Fe-L3 RIXS, and calculations of the in-plane 
momenta q∥.
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Fig. 1 | Crystal structure, detwinning strategy, scattering geometry and incident energy-dependent RiXS. a, Structure of the FeSe layer. The FeSe crystal 
consists of stacked FeSe layers. The yellow filled circles represent Fe2+ ions. The filled and open blue circles denote Se2− ions above and below the Fe–Fe 
plane, respectively. The horizontal arrows mark the direction of uniaxial strain. The red dashed diamond and green dashed square denote the tetragonal 
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tune the scattering plane (pink area) (c). The grey filled circle in d marks the momentum area accessible in this study (|q||| ≲ 0.5). The green lines in the 
grey area in d show the high-symmetry directions for RIXS measurements. P denotes uniaxial pressure; ki/f, initial/final wave vector of photon; and BFA, 
BaFe2As2. e, The red curve is the total fluorescence yield (TFy) XAS spectrum of FeSe collected near the Fe-L3 edge (left axis). The green filled circles 
represent the integrated intensity (right axis) of the magnetic excitations shown in f. The error bars in e are estimated from the statistics of the data and 
the 95% confidence interval of the fittings. f, Incident-energy dependence of the excitations of FeSe at q∥ = (0.3, 0.3), measured near the Fe-L3 edge with 
π polarization at T = 20 K. The magnetic excitations are marked by a curved arrow. g,h, Schematics of magnetic excitation dispersions for twinned (g) and 
detwinned (h) FeSe assuming a difference between spin excitations S2 and S1. Correspondingly, the insets in g and h show schematic RIXS energy spectra 
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We first carried out incident-energy-dependent RIXS (energy 
detuning) measurements for both BaFe2As2 and FeSe around their 
resonating energies, which were determined by X-ray absorption 
spectroscopy (XAS; Fig. 1e and Supplementary Fig. 2). Figure 1f 
presents a RIXS map for an unstrained FeSe sample measured at 
q∥ = (0.3, 0.3) with π polarization and T = 20 K. Although fluo-
rescence and particle–hole excitations dominate the scattering 
signal above E ≈ 0.5 eV, a clear intrinsic elementary excitation 
(Raman mode) is observed at E ≈ 160 meV that is well separated 
from the fluorescence peak setting above E ≈ 200 meV. The inte-
grated intensity of this Raman mode (Fig. 1e, green circles) fol-
lows the XAS (Fig. 1e, red curve), indicating that the cross-section 
is enhanced near the Fe-L3 edge. In addition, phonon contribu-
tions to this mode can also be excluded because of their much 
smaller energy scale (E ≈ 40 meV)43. Taking together the con-
sistency in energy dispersion between the excitations in Figs. 2 
and 3 and those reported in previous studies39,43,44, we can safely 
attribute these dispersive excitations to single spin-flip magnetic 
excitations.

To quantitatively determine the spin-excitation anisotropy in 
FeSe, we measured the spin excitations of both detwinned FeSe 
and BaFe2As2 samples (Figs. 2 and 3), taking the latter as a refer-
ence; this can be compared to previous neutron scattering studies of 
detwinned BaFe2As2 (ref. 50). Before discussing the results, we illus-
trate in Fig. 1g,h the principle for resolving the inherent spin-wave 
anisotropy and nematic spin correlations in the first Brillouin 
zone (Supplementary Fig. 3). In a twinned sample with anisotro-
pic excitations, RIXS measurements generate Sh = Sk (black curve in 
the inset of Fig. 1g). Both Sh and Sk consist of two spin-excitation 
branches from S1 and S2 in twin domains, where we assume S1 and 
S2 have the same energy dispersion for simplicity. For a detwinned 
sample with local-moment AF order, the spin waves emanate only 
from the AF vector Q1 = (1, 0) (S2 = 0), and Sh/Sk determines the 
inherent spin-wave anisotropy of S1. In a detwinned system with 
nematic spin correlations (S1 ≠ S2 ≠ 0), S1 and S2 will be present along 
both H and K directions (Fig. 2b) with different spectral weight, for 
which the ratio between Sh and Sk reflects the nematic spin correla-
tions (Supplementary Fig. 3).

Momentum-dependent RIXS spectra of FeSe and BaFe2As2 col-
lected at T = 20 K < Ts are summarized in Fig. 2. In both samples, 
highly dispersive magnetic excitations along three high-symmetry 
directions H, K and [H, H] are resolved. Figure 2a (2c) displays 
the intrinsic spin excitations of FeSe (BaFe2As2) along the H and 
K directions, and Fig. 2b (2d) along the [H, H] direction. Although 
twinned FeSe and BaFe2As2 are expected to show four-fold sym-
metric magnetic excitations39,52 [Sh(q∥) = Sk(q∥)], we find that the 
detwinned samples exhibit highly anisotropic excitations with 
Sh(q∥) > Sk(q∥). The substantial difference between Sh(q∥) and Sk(q∥) 
for FeSe persists at all q∥ measured (Fig. 2a, shaded areas), thus dem-
onstrating the existence of a high-energy spin-excitation anisotropy 
(nematic spin correlations) in the nematic state of detwinned FeSe. 
For BaFe2As2, the spin-excitation anisotropy is a manifestation of 
the inherent difference in the spin-wave branches along the H and 
K directions50. The spin-wave anisotropy of BaFe2As2 increases with 
q∥ up to 0.409 but decreases at higher q∥ = 0.443 (Fig. 2c), revealing a 
non-monotonic momentum dependence. In comparison, the spec-
tral weight difference in FeSe (Fig. 2a, shaded area) retains a large 
amplitude at an even higher q∥ = 0.482.

To achieve a quantitative characterization of the spin-excitation 
anisotropy in FeSe and BaFe2As2, we use a general damped har-
monic oscillator model39–41,43

S(q, E) = A E0
1− e−βE

2γE
(E2 − E20)

2
+ (γE)2

(1)

to fit the magnetic excitations, in which E0 is the undamped energy, 
γ the damping factor, β = 1

kBT (kB is the Boltzmann constant) and A 
is a fitting coefficient. The elastic peak can be fitted with a Gaussian 
function, and the fluorescence contributions below E ≈ 1 eV 
can be described with a quadratic polynomial (Supplementary  
Figs. 5 and 6).

The fitting results for FeSe and BaFe2As2, the undamped energy 
dispersion (E0(q)), the energies for the intensity maxima (Em(q)) 
and the damping factor (γ/2) are summarized in Fig. 3. Figure 3a–c 
shows a simulation of the spin waves in BaFe2As2 overlaid by the 
energy dispersions and the damping factors. The simulation is 
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based on an anisotropic Heisenberg J1a − J1b − J2 model as described 
in ref. 52 (J1a (J1b) is the nearest-neighbour exchage interaction 
along a (b) axis. J2 is the next-nearest-neighbour exchange inter-
action.), in which we set L = 0 because the spin waves of BaFe2As2 
are two-dimensional, especially for the high-energy spin excita-
tions probed in our RIXS measurements. We find E0 > γ/2 at all 
the momenta measured, which indicates that the spin waves are 
underdamped and far from being critically damped. The intrin-
sic spin waves of the clearly resolved two different branches Sh(q) 
and Sk(q) around Γ are consistent with the anisotropic Heisenberg 
model, in which dispersive spin waves can only arise from the AF 
wave vector Q1 (S1). The minor deviation of the branch Sk(q) from 
the anisotropic Heisenberg model can be attributed to the failure of 
the anisotropic Heisenberg model in describing the small anisot-
ropy of magnetic excitations at high energy, due to the emergence of 
the spin excitations around Q2 = (0, 1) (S2) at E ≳ 100 meV observed 
by neutron scattering50,51. Figure 3d shows the energy dispersion of 
FeSe obtained from the fitting of the magnetic excitations shown in 

Fig. 2a,b. The filled symbols mark the bare energy dispersion (E0) 
without damping effect, and the open symbols represent the energy 
dispersion for the intensity maxima Em.

The momentum-dependent damping factors γ/2 are overall 
larger than that for BaFe2As2, but still in the underdamped regime 
for most of the excitations. Moreover, the damping factor for Shh 
(along the [H, H] direction) is smaller than for Sh/k in both FeSe 
and BaFe2As2, suggesting a common anisotropic damping effect 
in FeSC. The (anisotropic) underdamped nature of the magnetic 
excitations, not inferable in previous neutron scattering and RIXS 
studies on twinned samples28,43, suggests that the excitations should 
arise from interacting local moments associated with strong elec-
tron correlations53.

Because the largest momentum (0.482, 0) along H is close to the 
zone boundary (0.5, 0), the excitation energy scale of FeSe (E0 ≈ 200 
meV and Em ≈ 160 meV) at (0.482, 0) and (0, 0.482) (consistent with 
that in ref. 43) reveals a much higher band top in the first Brillouin 
zone than that (E ≈ 120−150 meV) observed by neutron scattering 
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in the Brillouin zone around (1, 0)28. This is in stark contrast to the 
case of BaFe2As2, where the dispersions measured by RIXS and 
neutron scattering can be consistently described with one model 

(Fig. 2)39,50. We attribute this difference to the absence of stripe AF 
order in FeSe. Because of the translational symmetry of the stripe 
AF order (k = (1, 0)) in BaFe2As2, the magnetic excitations in the 
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first Brillouin zone can be deemed as a replica of the ones in the 
Brillouin zone centring at Q = (1, 0). However, long-range AF order 
is not established in spite of the strong in-plane magnetic correla-
tions in FeSe. Accordingly, the dispersions around Γ and (1, 0) do 
not have to be identical. However, how to quantitatively reconcile 
the neutron scattering and RIXS results is still an open question.

Figure 4a,b shows the momentum-dependent energy-integrated 
intensity of the spin excitations Sh, Sk and Shh for FeSe and BaFe2As2, 
respectively. With increasing q∥, the integrated intensities along 
all three high-symmetry directions increase monotonically. 
The spin-excitation intensity for FeSe is slightly higher than for 
BaFe2As2, qualitatively consistent with previous neutron scatter-
ing results28. Note the momentum-direction dependence of the 
amplitude for Sh/k/hh is modulated by the anisotropic damping fac-
tor inherent to S1,2, which requires S1,2 = 0 at Γ (ref. 52). To quantify 
the spin-excitation anisotropy, we plotted the ratio I(q, 0)/I(0, q) = Sh/Sk 
for FeSe and BaFe2As2 in the same panel (Fig. 4c). It is surprising 
that the spin-excitation anisotropy of FeSe (reflecting the nematic 
spin correlations) is rather similar to the spin-wave anisotropy of 
BaFe2As2 in both amplitude and energy scale. Furthermore, in the 
high-energy/momentum region, the anisotropy of FeSe is even 
larger than for BaFe2As2. This prominent spin-excitation anisot-
ropy signifies strong electronic nematicity with large energy scale 
(E ≈ 200 meV) and magnitude in FeSe. Moreover, the temperature 
dependence of the difference between Sh and Sk for FeSe at selected 
q∥ = 0.425 decreases with increasing temperature, persists to a tem-
perature (104 K) 20% higher than Ts and finally drastically reduces 
at a temperature (135 K) well above Ts, indicating a gradual suppres-
sion of nematic spin correlations above Ts (Fig. 4d,e). Because FeSe 
is under uniaxial strain applied from the BaFe2As2 substrate (pink 
dashed curve, Fig. 4d), Ts is no longer well defined. For this reason, 
it is not surprising that the spin-excitation anisotropy disappears at 
a temperature above the zero-pressure Ts. This temperature depen-
dence is similar to that for BaFe2As2, as shown in Fig. 4d,f, where 
the anisotropy at q∥ = 0.372 persists at a temperature slightly higher 
than TN but vanishes at T = 165 K.

Previous measurements of the spin dynamics in detwinned FeSe 
were constrained to low energies (E ≲ 10 meV)35 and were unable to 
discriminate between the different scenarios for the nematicity in 
FeSe. Our present measurements over a large energy window enable 
the discovery that the detwinned FeSe harbours high-energy (up to 
200 meV) anisotropic spin excitations that are dispersive and under-
damped. This surprising finding appears to be at variance with the 
itinerant mechanism for the nematicity in FeSe. In the itinerant pic-
ture, the leading contribution to the spin excitation spectrum comes 
from a two-particle process, that is, a convolution of single-electron 
and single-hole excitations. Because of this particle–hole nature of 
the spin excitations, damping already appears in the leading-order 
contribution to the spectrum. This Landau damping means that 
the leading-order contribution to the spin excitations is generi-
cally already overdamped; higher-order processes further enhance 
the damping. An itinerant model calculation indeed shows that the 
spin excitations at such pertinent (high) energies are highly over-
damped54. Our work is expected to motivate further studies on this 
issue within the itinerant description.

Instead, the dispersive and underdamped nature of the 
high-energy spin excitations point to a local-moment starting point 
to describe the nematicity. Taking together that the energy scale of 
the spin-excitation anisotropy is far beyond the dxz/dyz orbital split-
ting (E ≈ 50 meV), and the nematic spin correlations decrease and 
finally disappear at a temperature above Ts, we conclude that the 
nematicity is probably spin-driven.

This has led us to consider a generalized bilinear–biquadratic 
model on a square lattice with local moments31. Here, the local 
moments capture the majority of the spin degrees of freedom, 
especially at high energies. Indeed, the importance of electron 

correlations in iron-based superconductors has been clearly dem-
onstrated in recent years. Although several specific theoretical 
approaches have been taken to address the effect of electron cor-
relations, including Hund’s metal55, proximity to an orbital-selective 
Mott phase6,56 and a Mott–Hund’s picture57, they share the common 
feature that the single-electron states have a mixture of incoher-
ent and coherent states (which dominate at high and low energies, 
respectively). Indeed, for FeSe, ARPES has directly observed the 
high-energy Hubbard bands58,59, which mediate effective exchange 
interactions between quasi-localized moments60.

In the generalized bilinear–biquadratic model, the leading-order 
contributions to the spin excitation spectrum comprise a 
one-particle process. Because only sub-leading contributions that 
involve more-than-one-particle processes contribute to damping, 
the high-energy spin excitations are underdamped. More specifi-
cally, we have calculated the spin dynamics in the proposed picture 
for the nematicity based on a (1, 0) antiferroquadrupolar state using 
the flavor-wave method31. This approach treats the spin dipolar and 
quadrupolar excitations on an equal footing, as the bosonic flavor 
waves. Consistent with the physical picture, the spin-excitation 
spectrum is dispersive and underdamped (for details see the 
Supplementary Information). In Fig. 5 we show that the calculated 
spin dynamics provide a good understanding of the experimental 
data. Thus, our results provide evidence for a local-moment-based 
picture for the nematicity of FeSe.

The rich properties of the Fe-based superconductors in general 
and nematic FeSe in particular have been addressed from both 
weak5,37,61 and strong6,30,31 coupling perspectives, with each having 
had successes. Our work brings about a hitherto unknown and 
remarkable feature of universality across the Fe-based superconduc-
tors. For BaFe2As2 with collinear AF order, the anisotropy can be 
readily interpreted in the picture of intrinsic spin waves50,51. FeSe, by 
contrast, lacks long-range magnetic order even though it is nematic. 
The local-moment-based understanding, as dictated by the quali-
tative similarities in the high-energy spin excitations of FeSe and 
BaFe2As2, suggests that the largest spin spectral weight in both the 
iron chalcogenides and pnictides is associated with the incoherent 
electronic excitations induced by the underlying electron correla-
tions. As such, our work not only allows for discriminating the pro-
posed mechanisms for the nematicity of FeSe, but also points to a 
unified understanding of the correlation physics42 across the seem-
ingly distinct classes of Fe-based superconductors.
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Methods
Sample preparation. The high-quality BaFe2As2 and FeSe single crystals 
used in the present study were grown using self-flux and the chemical vapour 
transport method, respectively. The BaFe2As2 single crystals were oriented using 
a Laue camera and cut along the tetragonal [110] and [1–10] directions using 
a high-precision wire saw (WS-25). The directions of the self-cleaved edges of 
the FeSe single crystals were also determined using a Laue camera. The well-cut 
BaFe2As2 crystals, with typical dimensions of 5 mm × 4.3 mm × 0.5 mm, were 
pre-cleaved before the final preparation. For RIXS measurements of BaFe2As2, 
we placed a ceramic top post onto the upper surface of BaFe2As2 for in situ 
cleaving. For RIXS measurements of FeSe, we glued thin FeSe crystals onto the 
upper surface of BaFe2As2 along the same direction using epoxy Stycast 1266 
and a small ceramic top post onto the surface of the FeSe. The prepared crystals 
with the posts were inserted into the slot of the uniaxial-pressure devices,  
which were mounted on a modified copper sample holder of the RIXS 
spectrometer (Fig. 1b)62.

Experimental set-ups. The RIXS and XAS measurements were performed with 
the RIXS spectrometer at the ADRESS beamline of the Swiss Light Source at the 
Paul Scherrer Institut63,64. The beam size at the sample position was 4 × 55 μm2. All 
the measurements shown in the main text were collected using linear horizontal 
(LH) polarization (electric field vector of the incident photons lying within 
the horizontal scattering plane), denoted as π polarization. The RIXS spectra 
were collected with a grazing-incidence configuration, as shown in Fig. 1d. 
The scattering angle was set to 2θs = 130°, with which a substantial area of the 
first Brillouin zone is accessible (Fig. 1d, grey circle). The measurements were 
performed along high-symmetry directions H/K and [H, H] in orthorhombic 
notation. The total energy resolution for the RIXS measurements was set to 
80 meV. The in-plane momentum q∥ could be tuned continuously by rotating the 
sample and thereby changing the angle δ. Before the measurements, the sample 
holder was inserted into the manipulator head and the top post was removed by 
cleaving at low temperature (~20 K) and in ultrahigh vacuum (<10−10 mbar). We 
defined the wave vector Q in reciprocal space as Q = Ha* + Kb* + Lc*, where H, K, 
L are Miller indices and a* = â2π/ao, b* = 2π/bo, and c* = 2π/c are reciprocal lattice 
unit vectors with ao ≈ 5.334 Å, bo ≈ 5.308 Å and c ≈ 5.486 Å. The FeSe tri-layer 
height was d ≈ 5.5 Å. The orthorhombic lattice distortion of FeSe was δ = (ao − bo)/
(ao + bo) ≈ 0.27% at a temperature well below Ts.
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