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The sulfur-substituted FeSe, FeSe1−xSx, is one of the unique systems that provides an independent
tunability of nematicity, antiferromagnetism and superconductivity under pressure (p). Recently
Rana et al. [Phys. Rev. B 101, 180503(R) (2020)] reported, from 77Se nuclear magnetic resonance
(NMR) measurements on FeSe0.91S0.09 under pressure, that there exists a clear role of nematicity on
the relationship between antiferromagnetic (AFM) spin fluctuations and superconducting transition
temperature (Tc) where the AFM spin fluctuations are more effective in enhancing Tc in the absence
of nematicity than with nematicity. Motivated by the work, we carried out 77Se NMR measurements
on FeSe1−xSx with x = 0.15 and 0.29 under pressure up to 2.10 GPa to investigate the relationship
in a wide range of x in the FeSe1−xSx system. Based on the new results together with the previously
reported data for x = 0 [P. Wiecki et al., Phys. Rev. B 96, 180502(R) (2017)] and 0.09 [K. Rana
et al. Phys. Rev. B 101, 180503(R) (2020)], we established a p - x - temperature (T ) phase
diagram exhibiting the evolution of AFM spin fluctuations. From the systematic analysis of the
NMR data, we found that the superconducting (SC) state in nematic state arises from a non Fermi
liquid state with strong stripe-type AFM spin fluctuations while the SC state without nematicity
comes from a Fermi liquid state with mild stripe-type AFM spin fluctuations. Furthermore, we show
that the previously reported impact of nematicity on the relationship between AFM fluctuations
and superconductivity holds throughout the wide range of x from x = 0 to 0.29 in FeSe1−xSx under
pressure. We discuss the origin of the role of nematicity in terms of the different numbers of hotspots
on Fermi surfaces with and without nematicity.

I. INTRODUCTION

The interplay between magnetic fluctuations, elec-
tronic nematicity and the unconventional nature of su-
perconductivity has received wide interest after the dis-
covery of high Tc superconductivity in iron pnictides [1].
In most Fe-based superconductors (FeSCs), superconduc-
tivity appears close to the quantum phase transitions
of two long-range orders: the nematic order, which is
an electronically driven structural transition from high-
temperature tetragonal (HTT) with C4 symmetry to low-
temperature orthorhombic (LTO) having C2 symmetry,
and the antiferromagnetic (AFM) order with sponta-
neously oriented Fe-3d spins characterized by stripe-type
spin structure [2–5]. In those systems, the nematic tran-
sition temperature (Ts) is usually at or just above the
transition temperature for the AFM state, (TN), and su-
perconductivity emerges upon the simultaneous suppres-
sion of both the nematic and the AFM transitions by car-
rier doping and/or the application of pressure (p). These
results clearly indicate a close relationship between AFM
and nematic phases, however, the individual contribution
to superconductivity from these two phases is difficult to
separate due to the close proximity of the two phases.

In this respect, the S-substituted FeSe system,
FeSe1−xSx, provides a suitable platform to investigate
the individual contribution of nematic and AFM fluctu-
ations to superconductivity. FeSe1−xSx has the simplest
of crystal structures among the Fe-based superconduc-

tors, with quasi-two dimensional Fe(Se,S) layers in the
ab plane, stacked along the c axis. At x = 0, FeSe under-
goes a nematic phase transition at Ts ∼ 90 K followed by
a superconducting (SC) transition at Tc ∼ 8.5 K without
AFM ordering at ambient pressure [6–9]. This allows the
study of magnetic fluctuations inside the nematic order
and its relationship with superconductivity [10]. The ne-
matic phase in FeSe can be suppressed by pressure appli-
cation, with Ts decreasing down to 32 K at p = 1.5 GPa
[11, 12]. Tc shows a complex multi-domed structure with
p, reaching a maximum Tc ∼ 37 K at p ∼ 6 GPa [13–
15]. At the same time, an AFM ordered state appears
above p = 0.8 GPa [16, 17], and Ts merges with TN above
p = 1.7 GPa [18–20], limiting the range for studying the
effects of nematicity on superconductivity without AFM
state.

The S-substitutions for Se in FeSe1−xSx is also a well
known way to control the nematic phase where Ts is sup-
pressed to zero at the critical x value, xc ∼ 0.17, with
increasing x. Tc first increases up to 10 K around x =
0.09 making a maximum and then decreases gradually at
higher x close to xc [12, 21–23]. Although AFM order
is not seen at ambient pressure in the FeSe1−xSx sys-
tem, an enhancement of AFM fluctuations was found at
x ∼ 0.09 by nuclear magnetic resonance (NMR) measure-
ments [12]. The NMR study also suggested that AFM
fluctuations are important in determining the supercon-
ductivity in FeSe1−xSx even in the vicinity of a nematic
quantum phase transition (QPT) at xc ∼ 0.17. On the
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other hand, recent spectroscopic-imaging scanning tun-
neling microscopy [24], thermal conductivity and specific
heat [25] measurements show an abrupt change in Tc

around xc [26] and the considerable change in the size
and anisotropy of the SC gap is observed at the nematic
QPT, implying different SC states inside and outside ne-
matic states [27]. These results may indicate that the
nematicity also plays an important role in the SC states
of FeSe1−xSx.

In fact, nematicity has been reported to affect super-
conductivity by changing the symmetry [28, 29] and mag-
nitude [12, 30] of AFM spin fluctuations. AFM spin
fluctuations in FeSCs are characterized by the in-plane
stripe-type wave vectors: Q1 = (π,0) and/orQ2 = (0, π)
(using the single-iron Brillouin zone notation) [31, 32]. In
the HTT C4 symmetric state where nematicity is absent,
the AFM spin fluctuations may originate from both ±Q1

and ±Q2 wave vectors. In contrast, in the C2 symmet-
ric state when nematicity is present, only one of the two
wave vectors, either±Q1 or±Q2, will contribute to AFM
spin fluctuations, due to the breaking of symmetry equiv-
alency [28, 29]. Recent 77Se NMR studies on FeSe1−xSx
under pressure actually showed the large change in the
magnitude of AFM spin fluctuations with and without
nematicity [33–36]. In addition, from 77Se NMR studies
on FeSe1−xSx with x = 0.09 under pressure, the impact
of nematicity on the relationship between AFM spin fluc-
tuations and Tc has been proposed, where the AFM spin
fluctuations are more effective in enhancing superconduc-
tivity in the absence of nematicity as compared to when
it is present [33, 37]. On the other hand, as described
above, the importance of nematicity for the appearance
in superconductivity has been discussed in FeSCs [38–43].
Therefore it is important to investigate the relationships
between AFM spin fluctuations, nematicity, and super-
conductivity in a wide range of x in FeSe1−xSx.

In this paper, we carried out 77Se NMR studies under
pressure up to 2.1 GPa for x = 0.15 and 0.29 compounds
to investigate the universality of the role of nematicity
on the relationship for a wide range of x in FeSe1−xSx.
From the analysis of the NMR data for the two com-
pounds together with the previous data for x = 0 [44]
and x = 0.09 [33] systems under p, we report that the
SC state in nematic state arises from a non-Fermi liquid
(nFL) with strong AFM spin fluctuations while the SC
state without nematicity arises from a Fermi liquid (FL)
with moderate AFM spin fluctuations in these systems.
Furthermore, we confirm that nematicity has a clear im-
pact on the relationship between AFM spin fluctuations
and superconductivity throughout the FeSe1−xSx system
under p as previously suggested [33]. The AFM spin fluc-
tuations in the C4 phase were found to be more effective
in enhancing Tc compared to AFM spin fluctuations in
the C2 phase by a factor of ∼ 7± 2. We provide a possi-
ble explanation for this observation in terms of the higher
total number of hotspots in the Fermi surface that meet
the nesting condition in the C4 symmetric state, in com-
parison with the case of the C2 symmetric state by a

factor of 8. Finally it suggested that AFM correlation
length (ξAFM) in the C2 states is generally longer than
in the C4 phase which could be related to the different
nature of SC states with and without nematicity.

II. EXPERIMENTAL DETAILS

NMR measurements of 77Se nuclei (I=1/2, γN/2π =
8.118MHz/T) were carried out using a laboratory-built
phase-coherent spin-echo pulse spectrometer. The mea-
surements were carried out under a fixed magnetic ex-
ternal field of H = 7.4089 T applied either along the c
axis or the tetragonal [110] direction in the ab plane. The
single crystals with sulfur contents x = 0.15 and 0.29 in
FeSe1−xSx were grown using chemical vapor transport as
outlined in Refs. [12, 45]. Multiple small single crystals
were oriented and stacked with spacers inside the NMR
coil. A NiCrAl/CuBe piston-cylinder was used for appli-
cation of p up till ∼ 2 GPa. Daphne 7373 was used as
the p mediating fluid, and the nuclear quadrupolar res-
onance (NQR) of Cu in Cu2O at 77 K was used for p
calibration [46, 47]. Spectra were obtained from spin-
echo signals by using fast Fourier transform. T1 was
measured with a saturation-recovery method and 1/T1

at each T was determined by fitting the nuclear magneti-
zation M versus time t using the single exponential func-
tion 1 −M(t)/M(∞) = e−t/T1 , where M(t) and M(∞)
are the nuclear magnetization at t after saturation and
the equilibrium nuclear magnetization at t → ∞, respec-
tively.

III. RESULTS

A. 77Se NMR Spectrum and Knight shift

Figures 1(a)-1(d) show the 77Se NMR spectra mea-
sured at T = 20 K under various pressures (p = 0 -
2.10 GPa) for x = 0.15 and 0.29, together with those
for x = 0 and 0.09 reported previously [33, 44]. Here we
applied magnetic field along [110] direction in the HTT
phase (H ‖ ab). As in the case of x = 0 (Ts = 90 K) and
0.09 (Ts = 65 K) at ambient p, the two split lines of the
NMR spectrum (shown in red) are observed in nematic
state for x = 0.15 (Ts = 35 K at ambient p) as shown
at the bottom of Fig. 1(c). Those two peak structures
are due to the twinned nematic domains [9, 44, 48]. As
can be seen in Fig. 1(c) for x = 0.15, the splitting in the
NMR spectra is not seen at p = 0.2 GPa and higher (even
down to 1.7 K at 0.2 GPa, as shown in the supplemen-
tary [49]). This indicates a very small critical pressure of
pc ∼ 0.2 GPa for nematic QPT at x = 0.15. In the case
of x = 0.29 (> xc ∼ 0.17), no split of the NMR spectra is
observed from ambient pressure up to 1.95 GPa as shown
in Fig. 1(d), showing no-nematic state in the compound.
NMR spectra for nonzero x values are broader than those
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FIG. 1: Pressure (p) and x dependence of 77Se NMR spectra of FeSe1−xSx at a temperature of 20 K under the magnetic field
of 7.4089 T applied along the tetragonal [110] direction in the ab plane. The spectra for (a) x = 0 was taken from Ref. [44]
and (b) x = 0.09 from Ref. [33] whereas the spectra for FeSe1−xSx at ambient pressure were taken from Ref. [12]. Red points
represent the spectra in the nematic state which are fitted as the sum (red lines) of two Lorentzian peaks (blue lines). Green
line in (a) is the spectrum in antiferromagnetic state. Single peak spectra in the HTT phase are shown with black lines.

for x = 0 due to the introduction of inhomogeneity with
sulfur substitution of selenium.

Figures 2(a) and 2(b) show the T dependences ofK for
H ‖ ab (Kab) and for H ‖ c (Kc) of x = 0.15 at various
pressures from ambient up to 2.0 GPa. With decreasing
T , both Kab and Kc decrease and become nearly con-
stant below ∼50 K. The values of Kab decrease slightly
with increasing p while Kc shows less p dependence. In
particular, no clear p dependence is observed in Kc at low
T below ∼ 150 K within our experimental uncertainty.
Similar T and p dependences of Kab and Kc are observed
for x = 0.29 as shown in Figs. 2(c) and 2(d).

To see the x and p dependences of K at high and low
temperatures more clearly, we plot the Kab and Kc mea-
sured at 295 K (top) and at 20 K (bottom) in Fig. 3(a)
and 3(b), respectively. We also plot the average values
of Knight shift (Kavg ≡ 2Kab+Kc

3
) in Fig. 3(c). Here the

values of K for x = 0 and 0.09 were taken from Refs. [44]
and [33], respectively. The average values of Kab for the
two peaks were used when nematic state was present. In
general, K consists of the T -independent orbital compo-
nent (K0) and the T -dependent spin component (Kspin)
which is proportional to static uniform magnetic suscep-
tibility and thus to the density of states at the Fermi en-
ergyN(EF). As we show later in Sec. IV, K0 is nearly in-
dependent of x and p. Therefore the x and p dependences
of Kab, Kc and Kave can be attributed to the spin part of
K. Given those dependences, the N(EF) in FeSe1−xSx
system has a slight suppression at 295 K with increasing
x and/or p up to ∼ 2.0 GPa. In contrast, the N(EF)
is nearly independent of x at low temperatures with a
tiny decrease with p. We note that the change in N(EF)
due to a Lifshitz transition under pressure suggested in

the quantum oscillations measurements for x = 0.11 [50]
and inferred from NMR measurements for x = 0.12 [35]
was not detected in the p dependence of K values within
our experimental uncertainty in the measured FeSe1−xSx
systems. It is interesting to point out that Tc varies sig-
nificantly with x and p even though the N(EF) is nearly
independent of those. This is in contrast to conventional
BCS superconductors, in which N(EF) generally corre-
lates with Tc. These results strongly indicate that AFM
spin fluctuations play an important role in the appear-
ance of SC in FeSe1−xSx, as will be discussed below.

B. 77Se Spin-lattice Relaxation Rates (1/T1)

Figures 4(a)-4(h) show the T dependence of 77Se
1/T1T for H ‖ ab [(1/T1T )ab] by red circles for the
various pressures at x = 0.15. In general, 1/T1T is re-
lated to the dynamic magnetic susceptibility as 1/T1T ∼
γ2
NkB

∑
q
|A(q)|2χ′′(q, ωN)/ωN, where A(q) is the wave-

vector q dependent form factor and χ′′(q, ωN) is the
imaginary part of χ(q, ωN) at the Larmor frequency ωN

[53]. Since K measures the q = 0 uniform magnetic
susceptibility, by comparing the T dependencies between
1/T1T and K, one can obtain information on the T evo-
lution of

∑
q
χ′′(q, ωN) with respect to that of χ′(0, 0).

Above ∼ 100 K, (1/T1T )ab decreases monotonically with
decreasing T similar to Kab and Kc. In contrast, differ-
ent T dependences below ∼ 100 K were observed: Kab

and Kc continue to decrease on lowering T and show a
nearly constant behavior below 50 K for Kab and 25 K
for Kc respectively, whereas (1/T1T )ab starts increasing
around ∼ 100 K when decreasing T . This deviation is
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3
)

at different temperatures at 295 K (top) and 20 K (bottom).
The data for x = 0 and 0.09 are from Ref. [44] and Ref. [33]
respectively and the Kc values under p for x = 0 are missing
due to the unavailability of the data.

attributed to the presence of AFM spin fluctuations as
in x = 0 and 0.09 in FeSe1−xSx [12, 33]. The decrease
in 1/T1T observed around or below Tc marked by black
arrows is due to SC transition. The suppression of 1/T1T
above Tc is also observed [see Fig. 4(a)] whose origin has

been discussed in terms of a possible SC fluctuation effect
[51] or pseudogap behavior [52].

The temperature dependence of (1/T1T )ab at low tem-
peratures changes when p is passed pc ∼ 0.2 GPa for
x = 0.15. As shown in Fig. 4(a), at ambient p, the
(1/T1T )ab at low T shows a Curie-Weiss like enhance-
ment which is expected for two-dimensional AFM spin
fluctuations [53]. On the other hand, for p > pc shown
in Figs. 4(c)-4(h), (1/T1T )ab moderately increases below
∼ 100 K before exhibiting a constant behavior below a
characteristic temperature TFL marked by blue arrows.
Here we determined TFL from the 1/T1T data for H ||ab
since 1/T1T are more sensitive to AFM fluctuations for
H ||ab than H ||c [12]. A similar temperature dependence
of 1/T1T has been reported for x = 0.09 [33] and the state
below TFL was regarded as a Fermi liquid (FL) state be-
cause it follows the Korringa behavior where both 1/T1T
and K2 are constant, similar to the FL state in exchange
enhanced metals [53, 54]. It is important to note that
while the SC state with C4 symmetry arises from a FL
state with AFM spin fluctuations, the SC state with C2
symmetry arises from the nematic state with AFM spin
fluctuations that show a Curie-Weiss-like behavior.

Similarly, Figs. 5(a)-5(g) show the T dependence
of (1/T1T )ab by red circles for the measured pressures
at x = 0.29. At high temperatures above ∼ 100 K,
(1/T1T )ab increases monotonically with increasing T ,
similar to Kab and Kc for all the measured p region up
till 1.95 GPa. As in the case of x = 0.15, the deviation
between (1/T1T )ab and K is seen below ∼ 100 K. The
characteristic TFL is also observed at ∼ 20–30 K for all
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p values, where a constancy in 1/T1T and K (both Kab

and Kc) is observed.

Since the T dependence of 1/T1T at low temperatures
seems to be different below and above xc and/or pc, it
is important to see whether the wave vectors associated
with the AFM spin fluctuations change or not. Accord-
ing to previous NMR studies on Fe pnictides [55–57] and

related materials [58–60], the ratio, R ≡
T1,c

T1,ab
provides

valuable information on the Q dependence of the AFM
spin fluctuations, where T1,c and T1,ab represent the T1

measured under H ‖ c and H ‖ ab, respectively. If AFM
spin fluctuations are characterized by stripe-type with
Q1 and/or Q2, an R = 1.5 is expected for isotropic fluc-
tuations while, in the case of Néel type AFM spin fluc-
tuations with the wave vector Q = (π, π), R is expected
to be 0.5. Therefore we measured 1/T1T for H ‖ c for
both x = 0.15 and 0.29. The results are shown by gray
circles in Figs. 4 and Figs. 5, respectively where the T
dependence ofR at different pressures is shown in the cor-
responding inset. At high temperatures above ∼ 100 K,
1/T1T values are nearly same for H ‖ ab and H ‖ c direc-
tions and R ∼ 1 for both x = 0.15 and 0.29. When AFM
spin fluctuations start developing as T is lowered below
100 K, a difference is seen for the two measured direc-
tions, and R becomes ∼ 1.5 or more. This is very similar
to what was observed for x = 0.09 [33] and suggests that

AFM spin fluctuations are characterized by the stripe-
type ones with Q1 and/or Q2 in FeSe1−xSx throughout
the measured p region up to ∼ 2 GPa.

IV. DISCUSSION

In this section, we show the relationship between AFM
spin fluctuations, nematicity and superconductivity in
FeSe1−xSx. To discuss the magnitude of AFM spin fluc-
tuations, we estimate the contribution of AFM spin fluc-
tuations from the observed 1/T1T assuming that the ob-
served 1/T1T can be decomposed into two components of
the AFM [(1/T1T )AFM] and the q independent [(1/T1T )0]
components: 1/T1T = (1/T1T )AFM + (1/T1T )0. The
second term (1/T1T )0 is expected to be proportional
to K2

spin. Here Kspin is given by K − K0 where K0 is
the T -independent orbital shift. Therefore, by compar-
ing 1/T1T to K2

spin, one can estimate (1/T1T )AFM. The
green curves in Figs. 4 and 5 are the estimated tempera-
ture dependence of CK2

spin; the values are shown on right
axes. C is a proportional constant introduced to fit the
temperature dependence of (1/T1T )ab at high tempera-
tures above ∼100 K. From the fittings, we found that
K0 = 0.175 % is independent of p and x and the p in-
dependent values of C = 8.5 and 7.75 for for x = 0.15
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FIG. 5: Temperature dependence of 77Se 1/T1T (left axes) for x = 0.29 at various pressures under a magnetic field (H) of
7.4089 T, with H ‖ ab (red circles) and H ‖ c (gray circles). The green line for each panel (right axes) shows the temperature
dependence of CK2

spin,c where Kspin,c is the spin part of K estimated by subtracting the T independent K0 and C is a scaling
factor. For all pressures measured, K0 and C are found to be constant, 0.175 % and 7.75, respectively. Downward blue arrows
show the TFL below which 1/T1T = constant (black dashed line) behavior is observed. The insets in (a), (c), (e), and (g) show
the T dependence of the ratio R ≡ (1/T1T )ab/(1/T1T )c. The black and red horizontal lines in the insets represent the expected
values for stripe-type (R = 1.5) and Néel-type (R = 0.5) AFM spin fluctuations, respectively.

and 0.29, respectively. Here we used Kc data to compare
the temperature dependence of (1/T1T )ab since the en-
hancements in 1/T1T due to the stripe-type AFM spin
fluctuations are prominent along the c axis [56]. For the
cases where Kc values were not available as in Figs. 4(b),
4(e), 4(g) and Figs. 5 (b), 5(e), 5(f), smooth extrapola-
tions were made to estimate Kc based on the data at
nearest pressures for each compound. Thus, the differ-
ences between (1/T1T )ab (red circles) and green curves
are attributed to the contributions of AFM spin fluctua-
tions, (1/T1T )AFM.

The estimated AFM contributions to 1/T1T are shown
with the phase diagram in Figs. 6(b)-6(d) where contour
plots of (1/T1T )AFM are shown for x = 0.15 and 0.29 as
a function of p together with the data for x = 0 and 0.09
estimated from our previous papers [33, 44]. The p−x−T
phase diagram of FeSe1−xSx in Fig. 6(a) was constructed
from NMR measurements from ambient to p ∼ 2 GPa
as well as the data available from literature. Tc (closed
magenta circles) [33, 49] and TN (closed green triangles)
[44] were deduced using in situ ac susceptibility measure-
ments at zero field, and Ts (closed orange squares) [33, 44]
were determined from the NMR spectra. For FeSe under
pressure, transition temperatures for the nematic (open
orange triangles), AFM (green crosses) and supercon-
ducting states (magenta crosses) determined from resis-
tivity curves were taken from Ref. [61]. Similarly, for
p = 0 in FeSe1−xSx, the transition temperatures for the
nematic (orange pluses) and superconducting (magenta

pluses) were taken from Ref. [22] which were also based
on resistivity measurements.

In the contour plots [Figs. 6(b)-6(e)], we also show Ts

and Tc by symbols in orange and magenta, respectively.
The white squares represent the characteristic temper-
ature (TFL) below which FL states are observed. It is
clearly seen in the contour plots that AFM spin fluctu-
ations are more enhanced inside the nematic state than
outside the nematic state. One of the interesting phe-
nomena in FeSe1−xSx is that a FL state is observed only
in the C4 state after suppressing the nematic state with
p or x throughout the presented p−x−T phase diagram.
A FL behavior was also seen through resistivity measure-
ments for x = 0.11 under pressure [50]. This was recently
attributed as the signatures of quantum Griffiths phase
close to the nematic quantum phase transition through
magnetoresistivity measurements [62]. It is interesting
to note that the smooth extrapolation of TFL to TFL = 0
seems to cross the nematic QPT pressure of pc ∼ 0.5 and
0.2 GPa for x = 0.09 and 0.15, respectively. Therefore
our results also suggest the strong connection between
nematic QPT and the appearance of FL states.

Now we discuss the relationship between Tc and the
magnitude of AFM spin fluctuations. In Fig. 7, we plot
Tc at zero magnetic field against the magnitude of AFM
spin fluctuations. Here we used the values of (1/T1T )AFM

at T = 15 K to represent the magnitude of AFM spin fluc-
tuations. As has been pointed out in Ref. [33], the data
points are mainly divided into two groups with the open
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FIG. 6: (a) x-pressure(p)-temperature(T ) phase diagram of FeSe1−xSx determined from NMR and resistivity measurements.
The nematic transition temperatures Ts was determined by the splitting of the 77Se NMR spectra with H ‖ ab in the tetragonal
[110] direction which includes data from Refs. [33, 44]. The SC transition temperature Tc was determined by in situ ac
susceptibility (closed magneta circles) measurements at H = 0 [33, 49] and resistivity measurements from Ref. [61] (magenta
×) and Ref. [22] (magenta +). TN for AFM transition temperature was determined by χAC (closed green triangles) [44]
and resistivitiy measurements (green ×) [61]. (b)-(e) p − T Contour plots showing the magnitude of antiferromagnetic spin
fluctuations for various values of x along with the transition temperatures as described in (a). The 1/T1T data for x = 0 and
0.09 are from Ref. [44] and Ref. [33], respectively. The Fermi liquid (FL) temperature (TFL) is the temperature at which
Korringa relation was observed where both 77Se nuclear relaxation rate divided by temperature (1/T1T ) and

77Se Knight shift
values are constant. The temperature region where Korringa relation is not satisfied, is indicated as non Fermi Liquid (nFL)
state. The solid and dotted lines are guides for the eyes.
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FIG. 7: Plot of Tc at zero field versus (1/T1T )AFM at
T = 15 K. The values for x = 0 are taken from Refs [44, 48, 61]
and for x = 0.09 from Ref. [33]. Black and blue lines show
linear fits for C4 (closed symbols) and C2 (open symbols)
phases, respectively. The three points inside the dashed black
oval denote the values taken close to the critical pressure for
nematic quantum phase transition and were not included in
the linear fits.

(C2 state) and closed (C4 state) squares, and Tc seems
to be proportional to AFM spin fluctuations in both C2
and C4 states as shown in the blue and black lines, re-
spectively. However, clearly the slope for the C4 states is
higher that that for the C2 state. This indicates that the
AFM spin fluctuations without nematicity enhance Tc

much more than those with nematicity. Here, the black
line has a 7 ± 2 times higher slope than the blue line.
It is interesting to point out that the three points inside
the black dashed oval between the two lines correspond
to the data close to pc, suggesting a smooth crossover
between the two linear behaviors at the nematic QPT.
One of the reasons why AFM spin fluctuations in the

C4 state lead to higher Tc compared to those in the C2
state in FeSe1−xSx could be due to the different Fermi
surfaces in the paramagnetic tetragonal and nematic or-
thorhombic phases. Figures 8(a) and 8(b) show the
schematic Fermi surfaces at qz = 0 for the C4 and C2
states based on Refs. [22, 63]. The main differences are
seen at q = (qx,qy) = (0,0) (Γ point) and at q = ±Q1

and q = ±Q2 (Z points in the C4 state and A points in
the C2 state). For simplification, the orbital contribution
to the Fermi surface are not indicated.
In the C4 state of FeSe, two circular hole pockets (red

lines) at Γ point and two oval shaped electron pockets
(blue lines) at the Z points are found in ARPES mea-
surements [63]. This structure of the Fermi surface is
also observed in ARPES measurements with x = 0.18 at
the low T of 10 K where nematicity is absent [22]. When
the hole pocket at Γ point is translated by either Q1 or
Q2, 16 intersections with the electron pockets at the Z
points can exist as shown in Fig. 8(c). Here nhs = 16 de-

FIG. 8: Schematic Fermi surfaces and nesting with stripe-
type wave vector at qz = 0 in the FeSe1−xSx system. (a)
Schematic Fermi surface for the tetragonal state based on
Refs. [22, 63] where qx and qy are in units of π/a where a
is related to the tetragonal lattice constant d, by a ≡ d/

√
2.

(b) Schematic Fermi surface for the detwinned nematic state
based on Ref. [63] where qx and qy are in units of π/a and π/b
where a and b are the orthorhombic lattice constants. Here
red lines represent the hole pockets at the Γ point and blue
lines represent the electron pockets at the Z and A points
for the tetragonal and orthorhombic states respectively. (c-d)
The number of hotspots (nhs) due to the intersection of single
hole and single electron pockets when either is translated by
the wave vectors Q1 or Q2 in (c) tetragonal and (d) nematic
states.

notes the number of intersections when the hole pockets
are translated by one wave vector. Since the four wave
vectors (±Q1 and ±Q1) are allowed for C4 symmetry, a
total of 16× 4 = 64 possible intersections can be found.

In the C2 nematic state, on the other hand, an oval
hole pocket (red line) at the Γ point and a single peanut
shaped electron pocket (blue line) at the A points are
present as shown in Fig. 8(b) [63]. When the hole pocket
at Γ is translated by either Q1 or Q2 to the electron
pocket at A points in the nematic state, there are 4 pos-
sible intersections (that is, nhs = 4) for one wave vector as
shown in Fig. 8(d). Since two wave vectors (either ±Q1

or ±Q1) are prominent in the nematic state, a total of
4× 2 = 8 intersections can be present.

These intersections that meet the nesting conditions
are called hotspots and are deemed important in deter-
mining Tc in high-Tc cuprates where AFM spin fluctua-
tions are relevant [11]. The total number of the hotspots
in the C4 symmetric tetragonal state increases by a factor
of 64/8=8 with respect to the C2 orthorhomibc nematic
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state. This number seems to be consistent with the ex-
perimentally determined factor of ∼ 7 ± 2 in the slopes
of the lines of Fig. 7. Although this is quite qualitative,
our results suggest that “hotspots” are one of the key
parameters to determine Tc in Fe-based superconductors.
More detailed theoretical studies for quantitative analy-
sis about the dependency of Tc on nhs are highly called
for.
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FIG. 9: Pressure dependence of (1/T1T )AFM in FeSe1−xSx.
Here the values for x = 0 and x = 0.09 are taken from Refs.
[44, 48] and Ref. [33], respectively.

Finally we comment on the x and p dependences of
AFM correlation length ξAFM. Figure 9 shows the x and
p dependent of (1/T1T )AFM at T = 15 K in FeSe1−xSx
where the open and closed symbols represent the C2 and
C4 states, respectively. It is clearly seen that the values
of (1/T1T )AFM in the C2 phase are higher than those in
the C4 phase. According to Millis-Monien-Pines (MMP)
model, (1/T1T )AFM is proportional to the square of ξAFM

in real space (1/T1T ∝ ξ2AFM) [64, 65]. Therefore our re-
sults may suggest the ξAFM in the C4 state is shorter
than in the nematic C2 state. It is interesting to point
out that SC states with nematicity (C2 state) and with-
out nematicity (C4 state) are induced by AFM spin fluc-
tuations with different values of ξAFM. It would also be
interesting if the change in ξAFM between the C4 and
C2 states relate to the BCS-BEC transition at xc ∼ 0.17
observed by ARPES measurements at ambient pressure
[66] where longer ξAFM is suggested when BCS supercon-

ductivity is present and a shorter ξAFM is suggested in
the BEC case. If so, the shortening of ξAFM under p in
FeSe1−xSx would be compatible to the BCS-BEC transi-
tion at the respective critical pressure for nematic QPT
around 0.5 GPa for x = 0.09 and 0.2 GPa for x = 0.15.
Further studies are called for searching BCS-BEC tran-
sition under pressure in FeSe1−xSx.

V. SUMMARY

In summary, 77Se-NMR measurements were carried
out in the FeSe1−xSx system under pressure for x = 0.15
and 0.29, and were analyzed together with the previously
reported measurements for x = 0 [44] and 0.09 [33], to
provide a comprehensive study of the interrelationships
between nematicity, magnetism and superconductivity in
this system. We established the p − x − T phase dia-
gram featuring the presence of nematic quantum phase
transitions, the appearance of Fermi liquid phases, su-
perconductivity with C4 and C2 rotational symmetries
and the contour plots of the magnitude of AFM spin
fluctuations. When analyzing the dependence of super-
conducting transition temperature on the magnitude of
AFM spin fluctuations, the different linear relationships
on the basis of symmetry are apparent. The C4 symmet-
ric AFM spin fluctuations are more effective in enhancing
Tc by a factor of 7 ± 2 higher than compared to their C2
symmetric counterparts. This was explained in terms of
the presence of higher total number of hotspots in the C4
symmetric Fermi surface compared to the Fermi surface
with C2 symmetry in the FeSe1−xSx system by a factor
of 8. These results indicate that the hotspots may play
an important role in determining Tc in FeSe1−xSx. Fu-
ture theoretical investigations will be interesting to clar-
ify the relationship between the total number of hotspots
and Tc, leading a step closer towards understanding the
details of Cooper-pairing mechanism in unconventional
superconductors.
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