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Iron chalcogenide superconductors FeSe;_,Ch, (Ch = S, Te) exhibit an unusual double-dome super-
conducting phase diagram, the microscopic origin of which remains unclear. Here, we use inelastic neutron
scattering to probe spin excitations in single-crystalline FeSe 4;Te 33, positioned at the superconducting
transition temperature (7.) minimum between the two domes. We identify two distinct spin excitation
components separated by a crossover energy (E. ~ 30 meV). Below E. the spin excitations emanate from
the stripe-type wave vector (1,0), with their intensity strongly suppressed upon warming above the nematic
transition at 7 =~ 40 K, revealing strong coupling between them. Above E. the high-energy excitations
disperse more steeply and display little temperature dependence across T's. Further warming from 7' to
300 K results in the gradual downward evolution of the high-energy spin excitations, reaching an
incommensurate wave vector near (1,+0.3) at the low-energy limit. The combined energy- and
temperature-dependent responses point to competition between stripe and incommensurate excitations,
which can contribute to the reduced 7. near the valley composition; while Te substitution may
simultaneously tune the electronic structure in ways that could coexist with, or reinforce, this competition.
These findings illuminate the intricate interplay of multiple components of magnetic excitations in shaping

T. of iron chalcogenides.
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Understanding the intertwined roles of magnetism, nem-
aticity, and superconductivity in iron-based superconductors
is essential for identifying the pairing mechanism of high-
temperature superconductivity [1-6]. Owing to its simple
crystallographic structure, intriguing magnetic and nematic
properties, and highly tunable superconductivity, FeSe has
become a prototype material for such studies [7-9]. It
undergoes a tetragonal-to-orthorhombic nematic transition
at T, ~90 K without developing long-range stripe-type
antiferromagnetic order down to 2 K [2]. Inelastic neu-
tron-scattering experiments revealed coexisting stripe- and
Néel-type spin fluctuations over a broad energy window in
the paramagnetic state; these fluctuations are strongly
coupled to nematic order [10-12].

FeSe is also intriguing because both positive and negative
chemical pressure, achieved respectively by S and Te
substitution, allow continuous tuning of nematicity, magnet-
ism, and superconductivity, thereby providing an ideal
platform to disentangle their mutual couplings [13-17].
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Replacing Se with the heavier Te enhances the spin-orbit
interaction relative to FeSe and FeSe;_,S,, an effect believed
to be important for the intertwined superconducting, nem-
atic, magnetic, and topological phenomena in the iron
chalcogenides [18-20].

Previous studied compositions mainly lie on the Te-rich
side (x > 0.5) [21-28]. Breakthroughs in crystal growth
have only recently yielded phase-pure single crystals on the
Se-rich side (x < 0.5), enabling a detailed phase diagram
close to the FeSe end member [13,29]. With increasing Te
content, the nematic transition temperature decreases
monotonically, extrapolating to zero near x =~ 0.5, indica-
tive of a possible nematic quantum critical point. In
contrast, the superconducting transition temperature 7
exhibits a nonmonotonic evolution: it drops to a local
minimum of approximately 6 K at x ~ 0.3 before rising
again to 14.5 K at x ~ 0.56 [13,14,23,29]. When combined
with the S-doped phase diagram, these data reveal a striking
double-dome structure separated by the low-7 valley at
x = 0.3 [Fig. 1(a)] [14]. The microscopic origin of this two-
dome behavior, particularly the local minimum in 7 at
x = 0.3, remains elusive, suggesting the involvement of an
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FIG. 1. (a) Temperature-doping phase diagram of
FeSe;_(S.Te),. The nematic and superconducting transition
temperatures of our 33% Te doping sample are marked as stars.
The doping range of our samples are indicated by the vertical
green bar in the phase diagram. (b) dc magnetic susceptibility of
our FeSey ¢;Teg 33 single crystals. Zero-field-cooled (ZFC) mag-
netic susceptibility measured in a magnetic field of H = 10 Oe.
A sharp superconducting transition is observed at ~6 K. Mag-
netic susceptibility under a magnetic field of H = 70000 Oe. The
kink at 40 K corresponds to the structural (nematic) phase
transition. Constant-energy schematic images of spin fluctuations
in FeSe 67Te 33 projected onto the (H, K) plane at 5 and 50 K.
(¢)-(j) Constant-energy plots at 5 K at energy transfers
E=5+25 (E; =2720), E=15£5, 25+5, 35%£5,
50+5, 605 (E; =95.36), and E =90 £ 10, 120 £ 10 meV
(E; = 300.00 meV). (k)—~(r) Constant-energy plots obtained at
50 K at the same energy transfers and same intensity scale as
those acquired at 5 K. All of the measurements were carried out
on 4SEASONS with the ¢ axis parallel to the incident beam. The
sample has two equally populated orthogonal twin domains in the
ab plane at 5 K and the intensities near (1,0) and (0,1) are roughly
the same. Symmetry equivalent data were pooled to enhance
statistical accuracy. The data have been subtracted by a radical
isotropic background. The color bars indicate intensity in unit of
mbar sr™! meV~! fu.7!.

additional electronic degree of freedom. This makes a
detailed investigation of spin excitations in FeSe,_,Te,
crystals at the T, valley of x =~ 0.3 especially compelling.

In this Letter, we used inelastic neutron scattering to
study spin-fluctuation spectra over the entire Brillouin zone
in single-crystalline FeSe 47 Te( 33 (Supplemental Material
[30], see also Refs. [10,29,31-33] therein). High-quality
FeSe( 7 Teq 33 single crystals were grown by the chemical

vapor transport method using eutectic AICl;/KC1 as the
transport agent. The specific heat, magnetic susceptibility,
and resistivity measurements performed on randomly
selected FeSe 67 Te( 33 single crystals consistently suggest
the nematic ordering temperature of 7'y % 40 K and super-
conducting transition temperature of 7, ~ 6 K [Figs. 1(a)
and 1(b)]. Our inelastic neutron-scattering measurements
were carried out on the 4SEASONS chopper spectrometer
at the Japan Proton Accelerator Research Complex. The
large detector arrays on this instrument allowed us to
measure spin excitations over a wide range of energy
and momentum. The |Q|-dependent background is sub-
tracted for the data below the aluminum phonon cutoff
energy of 40 meV (Supplemental Material [30], see also
Refs. [10,29,31-33] therein). To facilitate comparison with
theory and previous measurements, our data were normal-
ized into absolute units by using the elastic incoherent
scattering of a standard vanadium sample. The incident
neutron beam was aligned parallel to the ¢ axis because of
the anticipated two-dimensional nature of the magnetism
[10,21]. Under this setup, the energy transfer was coupled
with L. We define the wave vector Q in three-dimensional
reciprocal space (in units of A=!) as Q = Ha* + Kb* + Lc*,
where H, K, and L are Miller indices and a* = (2z/a)a,
b* = (2z/b)b, ¢* = (2z/c)¢ are reciprocal lattice units of
the orthorhombic unit cell, where a = 5.35, b =~ 5.35, and
c~5.8 A. In this unit cell, the magnetic wave vector
associated with the stripe order is Q = (1,0).

Figure 1 presents the measured spin fluctuations at several
energy transfers in the (H, K) plane both above and below
T,. In the low-temperature nematic phase (5 K), the spin
response is strongest at Q = (1,0) at 5 meV [Fig. 1(c)].
With an increase in energy, the spin fluctuations show
anisotropic dispersion and elongate along the K direction,
which is analogous to the stripe spin fluctuations detected in
FeSe and other iron-based superconductors [10,21]. No
discernible scattering is observed arising from (1,1), indicat-
ing that Te substitution steers the system away from the
competing Néel instability. At energies up to 25 meV, the
elliptical scattering elongating along the K direction split to
two branches, and with further energy increase, these
scatterings overlap, eventually merging into a broad region
centered at (1,1) above 120 meV. Upon warming to the
tetragonal phase (50 K), scattering associated with stripe
fluctuations below E. =~ 30 meV weakens significantly.

To further elucidate the spin excitation dispersionin £ — Q
space, we projected the stripe spin fluctuations along the K
direction near (1,0) (Fig. 2). It is shown that the spin
fluctuations exhibit a rather unusual dispersion in the nematic
phase. At low energies, the fluctuations arise from the
commensurate (1,0) position and split into two branches as
energy increases, displaying nearly linear dispersion up to
30 meV. Above 30 meV, the dispersion increases in velocity,
with a kink feature appearing around 30 meV. The differing
dispersions suggest that the low-energy and high-energy spin
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FIG. 2. Dispersions of the observed spin fluctuations at
5 — 300 K. (a)—(d) Dispersions of the observed spin fluctuations
at 5, 15, 50, and 300 K, respectively. The data were collected on
4SEASONS by using incident energy of 95.36 meV. Obvious
suppression of low-energy signals above T, is shown. (e),
(f) Extracted dispersion acquired from constant-energy cuts near
(1,0) along the K direction at 5 and 300 K, respectively. The
points represent the peak positions fitted with Gaussians. The
errors in energy are the energy integration range and the Q errors
come from the fitted peak width. The color bars indicate intensity
in arbitrary unit of raw data.

excitations arise from different mechanisms. On warming to
50 K above T, the high-energy spin excitations show little
change, while the strength of the low-energy fluctuations
significantly decreases. These contrasting behaviors of high-
and low-energy spin fluctuations further suggest distinct
origins for each [34-36].

To further understand the nature of high-energy and low-
energy spin excitations in this system, we performed
measurements on a wider temperature range from 5 to
300 K. The evolution of dispersions with temperature is
shown in Figs. 2(a)-2(d). As is clearly seen, the high-
energy part remains basically unchanged across the entire
temperature range, all showing steep upward dispersions.
On warming, these excitations evolve downward and reach
an incommensurate position of around (1, +0.3) in the low-
energy limit at 300 K, but no static magnetic order is
observed, suggesting the presence of dynamic and short-
range magnetic correlations (Supplemental Material
Fig. S2 [30]). The incommensurate excitations near
(1,£0.3) are distant from the ordering vector (0.5,0.5)
of FeTe [27,28] and, therefore, are unlikely to be related to

5+25meV 50 + 5 meV

Intensity (mbar sr’ meV™' f.u.™)

2 = 0 7 2 2 - 0 1 2

(1, K) (rlu.)

FIG. 3. (a)-(h) Constant-energy cuts through the stripe mag-
netic wave vector along the transverse direction at 5, 50, and
300 K. The peak positions are determined by fitting with
Gaussian profiles convoluted with the instrumental resolution,

with the Fe?™ magnetic form factor corrected. The error bars
indicate 1 s.d.

the double-stripe magnetic instability. The shift in spectral
weight from the stripe to the incommensurate positions
indicates a competition between the two.

To quantify the dispersions and intensities of the spin
fluctuations, we made constant-energy cuts at various
energies and temperatures (Fig. 3). These measurements
quantitatively confirm the temperature evolution of the spin
fluctuations discussed earlier. The detailed temperature
dependence of stripe spin fluctuations at 17 meV displayed
an order parameterlike behavior across 7', suggesting the
low-energy spin fluctuations are coupled with nematicity
[Fig. 4(a)]. In contrast, the higher-energy component shows
only a weak temperature dependence and no discernible
anomaly at T [Fig. 4(b)].

We also calculated the energy dependence of the
momentum integrated local dynamical susceptibility
x"(®) in absolute units to gain a more comprehensive
understanding of the evolution of magnetism with Te
doping. The local susceptibility was obtained by averaging
the spin spectral weight over the Brillouin zone, followed
by the Bose factor correction. As Fig. 4(c) shows, the
momentum integrated local dynamical susceptibility exhib-
its a broad peak at around 60 meV and extends to 200 meV.
Comparing to its parent compound FeSe, the bandwidth of
magnetic excitations narrows and the spectral weight
transfers to lower energy globally [10,11].

To obtain the overall strength of the magnetic
excitations, the local fluctuating moment (m?) can be
computed by integrating y”(w) in the whole magnetic
bandwidth up to band top at 200 meV. The calculated
(m?) = (gug)*S(S+1) = (6.85+0.10)u3 /Fe, correspond-
ing to an effective spin S~ 0.90 in FeSe(g4;Te(33. This
value is larger than that in FeSe [(m?) = (5.19+0.32)u3 /Fe
and S~ 0.74].
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FIG. 4. (a),(b) Temperature dependence of the intensities of the

stripe and incommensurate spin fluctuations across 7. Detailed
intensity change with temperature at two different energy levels
are plotted. Low-energy spin excitations at 17 meV showed an
order parameterlike behavior with nematic transition. However,
high-energy spin excitations at 45 meV changed negligibly with
increasing temperature. (c) Energy dependence of the local
susceptibility y” (w) at 5, 50, and 300 K. The data were collected
on 4SEASONS with E; = 300.00,95.36, and 27.20 meV. The
horizontal and vertical bars indicated the energy integration
range, and the statistical errors of 1 s.d., respectively.

The dispersion and temperature evolution of spin excita-
tions in FeSe ¢;Te 33 highlight the dual nature of magnetic
fluctuations. At low energies, the stripe-type excitations
couple strongly to nematic order, resembling behaviors
observed in FeSe and iron pnictides, where stripe magnetic
instabilities may drive nematic transitions [37-40].
Conversely, the high-energy excitations show little temper-
ature dependence and are largely unaffected by nematicity,
likely rooted in the d,, orbital which is believed to be more
strongly correlated and localized [36,41-44]. Tellurium
substitution enhances this localized component, producing
a dispersion that is qualitatively different from the low-
energy stripe excitations below 30 meV.

Electronic structure measurements have revealed that in
FeSe,_,Te, with x = 0.33, the top of the hole band derived
from the d,, orbital lies approximately 20-30 meV below
the Fermi level at the I' point [39,43]. This energy offset
aligns with the local component of spin excitations
observed above 30 meV. Because these incommensurate
excitations occur at distinct wave vectors that are not
obviously connected by a simple Fermi-surface nesting
condition, they may not efficiently promote superconduct-
ing pairing and instead compete with the stripe fluctuations,
which may lead to a suppression of superconductivity

[10,17]. With further increasing Te substitution, the flat d,,
hole band at I" gradually moves upward and eventually
touches the Fermi level, allowing the d,, electrons to
participate in Cooper pairing [39,43]. This evolution may
enhance superconductivity and give rise to the second
superconducting dome [Fig. 1(a)].

More broadly, Te substitution tunes not only the d,, band
position discussed above, but also the degree of orbital
selectivity and electronic correlations, which can reshape
the balance among spin-fluctuation channels. In this con-
text, the competition between stripelike and incommensu-
rate excitations identified here provides a microscopic
magnetic ingredient that can accompany Te-driven elec-
tronic reconstruction across the phase diagram.

Moreover, the fact that momentum-integrated y”(w)
exhibits a narrower bandwidth signals the strengthened
electronic correlations [45]. This is further confirmed by
the larger local fluctuating moment, {m?) and effective spin
S=~0.90 in FeSe(4;Teq33, compared with that (0.74) in
pure FeSe. This is consistent with the expectation that
stronger electronic correlations induced by Te substitution
drives the system closer to a localized S =1 state
[42,46,47].

Upon warming from 50 to 300 K (tetragonal phase), the
dispersions convert to two rods-like feature near an
incommensurate wave vector away from the stripe wave
vector. Remarkably, such transformation is reminiscent of
the evolution from a twisted hourglass to rodlike feature in
hole-doped cuprates in the pseudogap state [48,49], sug-
gesting a potentially shared microscopic mechanism. In
FeSe, 47 Tey 33, this behavior may originate from an orbital-
selective Mott crossover that progressively localizes the Fe
3d,, orbital states [42,50,51]. It will be particularly
interesting to explore whether a similar Mottness-driven
reconstruction underlies the pseudogap in cuprates.

Insummary, we have carried out inelastic neutron scattering
measurements on single-crystalline FeSe, ¢;Te, 33 across a
broad range of energy, momentum, and temperature. Our
results reveal distinct dispersion and temperature-dependent
behaviors in the low- and high-energy spin excitations,
reflecting a dual nature of magnetic fluctuations. The unusual
phase diagram in FeSe;_,Ch, may be viewed as a macro-
scopic manifestation of the interplay between spin fluctua-
tions with different characters, and their competition may
contribute to the local minimum in 7. This magnetic
competition can coexist with other Te-tuned electronic
changes, together shaping the evolution of superconductivity.
Our findings highlight the critical influence of multiple-
component spin excitations on 7, and nematicity in iron
chalcogenides, offering valuable microscopic insights
into the underlying mechanisms driving unconventional
superconductivity.
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