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We use resonant inelastic x-ray scattering (RIXS) at the Fe-L; edge to study the spin excitations of
uniaxial-strained and unstrained FeSe;_, S, (0 <x <0.21) samples. The measurements on unstrained
samples reveal dispersive spin excitations in all doping levels, which show only minor doping dependence
in energy dispersion, lifetime, and intensity, indicating that high-energy spin excitations are only
marginally affected by sulfur doping. RIXS measurements on uniaxial-strained samples reveal that the
high-energy spin-excitation anisotropy observed previously in FeSe is also present in the doping range
0 < x <£0.21 of FeSe;_,S,. The spin-excitation anisotropy persists to a high temperature up to 7 > 200 K
in x = 0.18 and reaches a maximum around the nematic quantum critical doping (x, ~ 0.17). Since the
spin-excitation anisotropy directly reflects the existence of nematic spin correlations, our results indicate
that high-energy nematic spin correlations pervade the regime of nematicity in the phase diagram and are
enhanced by the nematic quantum criticality. These results emphasize the essential role of spin fluctuations
in driving electronic nematicity and highlight the capability of uniaxial strain in tuning spin excitations in

quantum materials hosting strong magnetoelastic coupling and electronic nematicity.
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Nematic order in quantum materials refers to an electronic
state characterized by broken rotational symmetry and
retained orientational order (or translational symmetry) [1].
In iron-based superconductors (FeSCs), nematic order man-
ifests as strong in-plane C, symmetric electronic anisotropies
in the paramagnetic orthorhombic state [2-13]. Under
uniaxial strain (¢) along the a/b axis, such an anisotropy
can persist to a temperature range beyond the nematic
transition, revealing the fluctuating regime in the tetragonal
state [4,5,8—13]. Since electronic nematicity is essential for
determining the exotic electronic properties of FeSCs and
driving other emergent orders therein, it has attracted
tremendous research interest in the past decade [2-5,7].

FeSe;_,S,, hosting exotic electronic properties and a
pristine nematic transition without subsequent magnetic
transition has been a focus of studying electronic nem-
aticity and its correlation with other intertwined order and
fluctuations [4,7,14,15]. The parent compound FeSe exhib-
its a tetragonal-to-orthorhombic structural (nematic) tran-
sition at 7, ~ 90 K and a superconducting transition at
T.~ 8 K [Fig. 1(a)] [16,17]. The nematic state at T < T is
a quantum-disordered magnetic state with intense antifer-
romagnetic (AF) spin excitations [18-23]. With increasing
sulfur doping, the nematic transition is gradually sup-
pressed to T, = 0 at the putative nematic quantum critical
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point (NQCP) (x,. = 0.17), while T, increases slightly from
T.~8K((x=0)toT,.~ 10 K (x = 0.08) and decreases to
T.~5 K across the NQCP [7].

Beyond the nematic ordering region at 7 <7, and
x < x,, static nematic susceptibility (y,.m) of FeSe;_.S,
derived from elastoresistance measurements revealed a
widely spread nematic fluctuating regime in the tetragonal
phase (T > T, and x > x.) [24]. The NQCP leads to
maximized y,., [24] and induces dramatic changes in
various electronic properties [4,25-27]. Although the static
¥nem(T) demonstrated that the nematicity is electronic in
origin [10] and revealed the nematic fluctuating regime in
FeSe,_,S, [24], it cannot distinguish which degree of
freedom (spin, orbital, charge) plays a dominant role in
driving the electronic nematicity.

In our prior RIXS study of detwinned FeSe, the high-
energy spin-excitation anisotropy along the H/K axes
observed in the nematic state has been used to characterize
the nematic spin correlations—the manifestation of elec-
tronic nematicity in the spin (fluctuation) channel [28]. The
anisotropy can persist to a temperature slightly above Ty and
suggests that the electronic nematicity in FeSe is spin driven.
Alternatively, x-ray absorption dichroism measurements of
FeSe revealed that orbital polarization under fixed strain
exhibited a Curie-Weiss behavior in the fluctuating regime
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and suggested an orbital origin of the nematicity [29]. To
obtain more insights into understanding the electronic
nematicity, it is important to explore how the AF spin
excitation and the anisotropy evolve across the nematic
regime in FeSe;_,S,. In particular, upon sulfur doping, as
the nematic order weakens and disappears at the NQCP, it
remains unknown to what extent the nematic spin correla-
tions will pervade the phase diagram and be affected by
the NQCP.

To address these issues, we use Fe-L; RIXS to measure
the spin excitations of unstrained and uniaxial-strained
FeSe;_,S, (x =0-0.21) across the NQCP [Fig. 1(a)]
[30-33]. To explore the nematic spin correlations, one
needs to apply uniaxial strain along the a/b axis
of FeSe;_,S, and measure the possible spin-excitation
anisotropy [28]. In this work, we use a uniaxial strain
device based on differential thermal expansions of invar
alloy and aluminum to apply uniaxial strain on FeSe;_,S,
[Fig. 1(b)] [34,35]. While the measurements on unstrained
samples reveal persistent spin excitations with minor
doping dependence (Figs. 2 and 3), the measurements on
uniaxial-strained samples reveal an enhancement of the
spin-excitation anisotropy near the NQCP. Moreover, the
prominent spin-excitation anisotropy persists for high dop-
ing levels (x =0.21) and temperature (7 > 100 K in
x=0.11 and T > 200K in x =0.18) far beyond the
nematic ordering region, demonstrating that the high-energy
nematic spin correlations pervade a wide doping and
temperature range in the phase diagram of FeSe;_,S,.
Our results demonstrate that the regime of nematic ordering
and nematic quantum criticality (NQC) is preceded by
nematic spin fluctuations that dominate the nematic fluctu-
ating regime. This discovery corroborates the spin-nematic
picture and provides new insight for understanding the
interplay between the intertwined orders and fluctuations
in FeSe;_,S,.

The doping levels studied in this work are marked
by vertical red bars in the phase diagram of FeSe,_,S,
[Fig. 1(a)]. Figure 1(b) illustrates the scattering geometry
and the reciprocal space of the RIXS measurements, which
were performed near the Fe-L; edge (incident energy
E; =708 eV) as shown in the total fluorescence yield
(TFY) x-ray absorption spectroscopy (XAS) data in
Fig. 1(c). The RIXS and XAS measurements were carried
out with the RIXS experimental station at the ADRESS
beamline of the Swiss Light Source at the Paul Scherrer
Institut [35,39,40].

To apply uniaxial strain on the sample, a thin FeSe_,S,
crystal was glued onto the titanium bridge in the center of
the uniaxial-strain device using epoxy [Fig. 1(b)]. Upon
cooling, the differential thermal expansion coefficients
between the aluminum frame (a= —24 x 107°/K) and
the invar-alloy blocks (a~ —2 x 107°/K) can generate a
uniaxial strain up to € = &, — &,, ® —0.8% on the neck of
the titanium bridge at low temperature, which can be
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FIG. 1. (a) Electronic phase diagram of FeSe;_,S.. The red
vertical bars mark the doping levels measured in the present
study. (b) Schematics of scattering geometry with a crystal glued
on a uniaxial strain device. The scattering angle was set to
26, = 130°. (c) Total fluorescence yield (TFY) x-ray absorption
spectroscopy data of FeSe;_, S, (x = 0.17). (d) RIXS spectra of a
uniaxial-strained x = 0.17 sample measured at q, = (0.375,0)
and (0, 0.375), T = 20 K. The red and green solid curves are the
overall fittings of the spectra. The red and green dashed curves are
fittings of the spin excitations. The magenta dashed curves and
the blue solid curves describe the fluorescence tail and the elastic
peaks, respectively.

transferred to the thin crystal glued on it [34,35]. The
uniaxial strain on the sample’s surface can be accurately
measured using a microscope [35].

To facilitate the discussion of the results presented
below, we denote the RIXS spectra and the spin excitations
along H, K and [H, H] directions as I /u;(q,. E) and
Sn/k/nn(4,- E), respectively. The RIXS spectrum I(g,, E)
consists of fluorescence Iy, (E), an elastic peak I.;(E), and
S(q,,E). Figure 1(d) shows two representative RIXS
spectra I;,(g,, E) (red circles) and I;(g,. E) (green circles)
(g, =0.375) of an x =0.17 sample measured under a
uniaxial strain of e~ —0.6% (at T = 20 K) along the b
axis. Because the spin excitations of twined or unstrained
FeSC crystals would be C, symmetric [/,(q ., E) =
I (g,.E)], the substantial difference between I,(q,.E)
and I;(q,,E) clearly reveals an excitation anisotropy
induced by the uniaxial strain. The fitting analysis of
the spectra agrees well with the raw data (red and green
circles) [35] and reveals a strong anisotropy between
Su(q,.E) (red dashed curve) and Sy (qg,, E) (green dashed
curve), unveiling the existence of nematic spin correlations
in FeSe,_,S,.

Having established the experimental strategy, we have
carried out systematic RIXS measurements on unstrained
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(a),(c) g,-dependent RIXS spectra along H direction of unstrained x = 0.06 and 0.19 samples. (b) RIXS spectra along H (solid

curves) and K (dashed curves) directions of uniaxial-strained x = 0.11 sample. (d),(e) RIXS spectra measured along (d) H/K and
(e) [H, H] directions of uniaxial-strained x = 0.17 sample 1. (f) RIXS spectra along H/K directions of uniaxial-strained x = 0.17
(sample 2) and 0.18. The color shaded areas mark the difference between I,,(g,) and I;(g,).

and uniaxial-strained FeSe;_,S, samples in the doping
range x = 0.06-0.21 to sort out the development of the spin
excitations and their anisotropy (Figs. 2—4) across the
electronic phase diagram. Figure 2 displays the momen-
tum-dependent RIXS spectra measured at 7 = 15 and 20 K
on unstrained x = 0.06 [Fig. 2(a)], strained x = 0.11
[e & —0.8% Fig. 2(b)], unstrained x = 0.19 [Fig. 2(c)],
strained x = 0.17 (sample 1) [¢~ —0.6%, Figs. 2(d)
and 2(e)], and strained x = 0.18 [¢ & —0.4%, Fig. 2()],
and the x = 0.17 (sample 2) [e¢ =% —0.6%, Fig. 2(f)] samples
in which x = 0.06 and 0.11 are in the nematic ordering
regime, x = 0.17 at the NQCP, and x = 0.18 and 0.19 in
the tetragonal phase [35]. All spectra were normalized
according to the doping-independent fluorescence in the
energy-loss range of [1, 10] eV. The waterfall plots in Fig. 2
show that dispersive spin excitations along the H/K and
[H,H| directions are observed in a wide doping range
covering the nematic regime. For the unstrained samples,
the momentum-dependent RIXS spectra of x = 0.19 are
similar to those of the x =0.06 (T, ~74 K) sample,
implying only a subtle change of the spin excitations
across the phase boundary of the nematic order. For the
strained samples, the RIXS spectra collected both in the
nematic ordering regime (x = 0.11, 7T = 65 K), and close
to the NQCP (x = 0.17 and 0.18 samples), exhibit promi-
nent excitation anisotropy [/,(q,., E) > I;(q,, E)] in Fig. 2.

To extract the information of the spin excitations and
understand the spin-excitation anisotropy quantitatively, we
use the damped harmonic oscillator (DHO) function to
describe the spin excitations S(g,E) = A -2yE/[(E* -
E3)? + (yE)?] [20,28], where Ey(q,) is the undamped
energy and y(q,) is the damping factor. The undamped
energy Ey(q,) and the excitation lifetime y(q, ) in the DHO
formula characterize the line shape of the excitations. If
Ey>y/2 (Ey<y/2), the spin excitations are under-
damped (overdamped).

Figure 3 summarizes the fitting results of the RIXS
spectra collected in the doping range covering the nematic
phase and the NQCP (x, =~ 0.17). Figure 3(a) shows the
energy dispersion Ey(q, ) (colored symbols) and the damp-
ing rate y/2 (colored lines) for the spin excitations of
unstrained samples, for which the unstrained 1, (qg,, E) of
x = 0.11 and 0.17 were obtained by averaging the (g, E)
and [;(g,.E) of uniaxial-strained samples. The energy
dispersion Ey(q,) exhibits negligible doping dependence
along both [H,0] and [H, H] directions. Moreover, the
damping rate y/2 also shows a minor doping dependence.
As y/2 is overall lower than E| in the whole momentum
range studied, all the spin excitations observed here are
underdamped paramagnons. The doping dependence of E|,
and y/2 indicates that the high-energy spin excitations are
not affected by sulfur doping. This is further evidenced by
the doping-independent E; and y/2 [Fig. 3(b)], and the
largely unchanged energy-integrated intensity S,(g,) [red
diamonds in Fig. 3(c)] for q, = (0.375,0) for all dopings.
For S;,(g, = 0.375), E, is constantly larger than y/2,
consistent with underdamped spin-excitation modes.
Figure 3(c) shows the energy- and ¢, -integrated (within
the momentum interval g, = [0.25, 0.425]) intensity of the
spin excitations along the H axis of unstrained samples
(black filled circles). Again, the integrated spectral weight
remains unchanged from x = 0 to 0.19.

Figure 3(d) exhibits the undamped energy dispersion
Ey(q,) of S,(g,.E) and Si(g,,E) for uniaxial-strain det-
winned x = 0 and 0.11 (T, = 65 K). The E(q,) along H
and K directions overlap for these two dopings. In
comparison, Sj(g,,E) and S;(g,.E) in x = 0.17 exhibit
a clear difference in Ey(q,) [Fig. 3(e)], indicating that the
uniaxial strain can induce a pronounced difference in the
energy dispersion of spin excitations near the NQCP.
Figure 3(f) displays the energy-integrated intensity of the
spin excitations Sj,(g,) and S;(g,) for x = 0.11 and 0.17,
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FIG. 3. (a) E, and y/2 of the spin excitations along H

[Sy(q,.E)] and [H,H] [Sy,(g,,E)] for unstrained x = 0, 0.06,
0.11,0.17,0.18, and 0.19. (b) E, and y/2 of the spin excitation at
H = 0.375 of unstrained samples as a function of the doping
level x. (c) Doping dependence of the spin-excitation intensity
Si(q,) for g, =0.375 (red diamonds) and the momentum
integrated S),(g,) in the momentum range g, = [0.25,0.425]
(black circles). (d),(e) Comparison of Ey(g,) between
Su(q,.E) and S;(q,.E) for (d) x =0 (black lines), 0.11 (red
diamonds), and (e) x = 0.17. (f) Energy-integrated spin-excita-
tion intensity S),(g,) (open symbols) and S (g,) (filled symbols)
for x = 0.11 (red diamonds), 0.17 (sample 1) (black circles), and
0.17 (sample 2) (green triangles). (g) Doping-dependent spin-
excitation anisotropy ¢(q,) = S,(q,)/Sk(g,) for x =0 (blue
dashed curve), 0.11 (red diamonds), 0.17 (black and illuminated
orange circles), and 0.18 (green squares). The red and black
dashed curves are guides to the eyes.

from which we determine the magnitude of the spin-
excitation anisotropy as ¢(q,) =S,(q,)/Sk(g,) [Fig. 3(2)].
The anisotropy in x = 0.11 is overall slightly lower than
that of FeSe (blue dashed curve), indicating that the
intrinsic nematic spin correlations in the nematic state

weaken as the sulfur doping increases, which suppresses
the nematic transition.

With further increase of doping, the nematic order is
completely suppressed at x = 0.17; i.e., this doping creates
a tetragonal system at finite temperature. Surprisingly,
RIXS measurements on x = 0.17 with € % —0.6% reveal
a pronounced spin-excitation anisotropy that is even
stronger than those in detwinned FeSe (e~ —0.54% at
T =20 K) and FeSejg9Sp11 (¢~ —-0.8% at T =15 K)
[Fig. 3(g)]. Since the x = 0.17 sample falls in the regime
of NQC, the enhancement of the nematic spin correlations
could be driven by strong nematic fluctuations near the
NQCP [41].

To further assess the enhancement of nematic spin
correlations near the NQCP and illustrate the nematic spin
correlations in the fluctuating regime, we show in Fig. 4 the
temperature and doping dependence of the spin-excitation
anisotropy ¢(g,) at ¢, = 0.375. We find that the anisotropy
at T =15 K in x = 0.11 decreases only by ~15% when
warmed to 7 = 100 K (> T, = 65 K) [inset of Fig. 4(a)],
indicating that the nematic spin correlations can persist to
higher temperatures well above 7, in the nematic ordering
regime (x < x.). Furthermore, we show in Fig. 4(a)
I,(q,.E) and I;(q,,E) of x =0.18 (slightly higher than
x.) measured under a moderate uniaxial strain & & —0.4%
(T =20 K). The spectra show clear difference at
T =20 K, generating ¢(q,)~ 1.8 [inset of Fig. 4(a)l.
Upon warming, while the uniaxial strain was relaxed
gradually, the anisotropy, however, persists at 7 = 200 K
(decreased by ~40%) and finally vanishes at T = 320 K
[Fig. 4(a)].

Figure 4(b) shows the spectra I;,(g,,E) and I;(q,,E)
measured at the same g, = 0.375 near the regime of NQC.
Similar spectral difference is observed in x =0.15
(T, =50K, e~—-0.6%) and x =021 (e~—0.4%) at
T = 20 K [color shaded areas in Fig. 4(b)]. The inset of
Fig. 4(b) depicts the doping dependence of the spin-
excitation anisotropy 1,(q,.E)/I;(g,,E) for x=0.15
(e ~# —=0.6%, blue), x =0.17 (¢~ —0.6%, red), x = 0.18
(e % —0.4%, green), and x = 0.21 (e~ —0.4%, black),
revealing a decreasing tendency for higher doping. We
note that the anisotropy of the RIXS spectra persists to an
energy scale ~1 eV of the electron-hole pair tail, which
could be attributed to an anisotropy in incoherent charge
scattering [42].

Figure 4(c) summarizes the doping-dependent spin-
excitation anisotropy ¢(g, ) with g, = 0.375 extracted from
the fitting of the spin excitations [35]. Consistent with the
enhancement at x = 0.17 [Fig. 3(g)], the anisotropy in
Fig. 4(c) reaches a maximum in the doping region
x =~ 0.15-0.18. Such a doping dependence of the nematic
spin fluctuations [nematic spin susceptibility y”(q,, E)] is
much akin to the static y,.,, reported in Ref. [24]. This is
solid evidence of the spin-nematic picture [24]. It is well
known that quantum critical fluctuations usually dominate
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static electronic transport properties and low-energy charge
or spin dynamics [43]. The E ~200 meV nematic spin
correlations exhibiting a maximum near the NQCP strongly
suggest that the nematic fluctuation can also dominate the
spin dynamics at a much higher energy scale.

The nematic fluctuating regime in FeSCs has been well
established in various studies of (quasi)static properties,
such as the softening of the shear modulus Cgg [44-46], the
divergent nematic susceptibility obtained from elastoresist-
ance —2mgg [11,24], and the persistence of local ortho-
rhombicity (short-range orthorhombic structure) in the
tetragonal state of both iron pnictides and FeSe [38,47—49].
As such a local orthorhombicity persists in both iron
pnictides and iron chalcogenides, it should be a common

feature of the nematic fluctuating regime of FeSCs.
Our identification of spin-excitation anisotropy at high
energies is consistent with the general notion that high-
energy fluctuations are concomitant with short-range
spatial correlations. Our results thus uncover a common
feature that high-energy nematic spin fluctuations permeate
across FeSCs.

It is important to note that our result is to some extent
compatible with the orbital polarization result in Ref. [29]
as low-energy nematic spin correlations could arise from
orbital selective Fermi surface nesting [50,51]. It is also not
against some work emphasizing the fundamental role of
electron correlations across the nematic regime [52],
though it remains an open question how to reconcile all
the diverse experimental discoveries supporting different
scenarios within one theoretical frame.

In summary, we find the high-energy spin-excitations in
FeSe;_,.S, (x £0.21) are only marginally affected by
sulfur doping, and illustrate that the nematic spin corre-
lations pervade a wide doping (0 < x <0.21) and temper-
ature region of the phase diagram. As the nematic spin
correlations precede the nematic ordering regime and
exhibit an enhancement near the NQCP, it could be the
origin of the nematic fluctuations, thus corroborating the
spin-nematic picture. The strain-induced spin-excitation
anisotropy in the tetragonal state of FeSe,_,S, highlights
the capability of uniaxial strain in tuning spin and/or
charge fluctuations in similar quantum materials hosting
electron-lattice coupling.
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