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We present 7'Se-NMR measurements on FeSe; .S, samples with sulfur content = 0,9,15 and
29%. Twinned nematic domains are observed in the NMR, spectrum for all samples except x = 29%.
The NMR spin-lattice relaxation rate shows that antiferromagnetic (AFM) fluctuations are initially
enhanced between x = 0% and x = 9%, but are strongly suppressed for higher z values. The
observed behavior of the AFM fluctuations parallels the superconducting transition temperature Tc
in these materials, providing strong evidence for the primary importance of AFM fluctuations for
superconductivity, despite the presence of nematic quantum criticality in the FeSei_.S, system.

PACS numbers:

Critical fluctuations of an ordered phase found in the
proximity to unconventional superconductivity have fre-
quently been discussed as a source of superconducting
pairing [1-4]. In the iron-based superconductors [5, 6],
superconductivity (SC) is found in the vicinity of two
types of long-range order: the stripe-type antiferromag-
netic (AFM) order and the nematic order, which breaks
the in-plane rotational symmetry while preserving time
reversal symmetry. While dynamical AFM fluctuations
are well known to support SC, experimental and theo-
retical studies have suggested that nematic fluctuations
may also be important for high-T, SC [7-9].

In this context, FeSe has emerged as a key material
since it undergoes a nematic phase transition from a
tetragonal to an orthorhombic structure at Ty ~ 90 K
and develops superconductivity below T, ~ 8.5 K, but
does not display static magnetic ordering [10-12]. This
suggests an opportunity to study the behavior of T, near
a nematic quantum critical point (QCP) isolated from a
magnetic QCP. The nematic phase can be suppressed by
pressure application, with T reaching 32 K at p = 1.5
GPa. However, an AFM ordered state emerges above
p = 0.8 GPa [13, 14] and merges with the nematic state
above p = 1.7 GPa [15]. Non-monotonic behavior of Tt
is seen near the onset of the magnetic order [16], but
overall Tt is strongly enhanced up to 37 K at p = 6
GPa [17-19]. While early nuclear magnetic resonance
(NMR) measurements connected the enhancement of T,
to enhanced spin fluctuations under pressure [20], the re-
cently revealed complexity of the phase diagram raises
new questions. Notably, the role of nematic fluctuations
in the superconductivity remains unclear.

The nematic phase can also be suppressed by S sub-
stitution in FeSe;_,S, at ambient pressure, with the ne-
matic phase disappearing around z =~ 17%. Importantly,
no long-range magnetic order can be observed at ambient
pressure, which implies an isolated nematic QCP [21]. T,
initially increases slightly to 7. ~ 10 K at z ~ 10% [22]
from T, ~ 8.5 K at x = 0, but then decreases, reach-

ing T. = 5 K by z = 29%. The application of pressure
induces magnetic order in S substituted samples [23, 24].

Recent results have highlighted the rich interplay be-
tween magnetic, nematic and superconducting orders in
FeSe;_,S,. Elastoresistivity measurements found that
nematic fluctuations diverge near the nematic QCP near
x ~ 17% [21]. The full three-dimensional T-p-z depen-
dent phase diagram revealed strongly enhanced T, in
regions lacking both nematic and AFM long-range or-
ders [24]. Although several studies have suggested that
T. seems to not correlate with nematicity in FeSe;_ .S,
[21, 24-26], nematic fluctuations have been shown to
strongly impact the SC pairing interactions [27]. Sim-
ilarly, the SC gap structure is highly anisotropic in the
ab plane [28], suggesting that nematicity is involved in
the SC. However, no direct measurements of the concen-
tration dependence of magnetic fluctuations have been
reported yet.

Since magnetic fluctuations are considered to be one
of the key ingredients for the appearance of SC in iron
pnictides, it is crucial to reveal how magnetic fluctua-
tions vary with S substitution in FeSe;_,S,. NMR is an
ideal tool for the microscopic study of low-energy mag-
netic fluctuations in correlated electron systems. Here,
we carried out ""Se NMR measurements to investigate
static and dynamic magnetic properties of FeSe;_,S,.
Our NMR data clearly show that stripe-type AFM fluc-
tuations are initially slightly enhanced by S doping up
to x =~ 10% from x = 0 but are strongly suppressed
thereafter, particularly beyond the nematic dome above
2 ~ 17%. This behavior shows a strong correlation with
T., providing clear evidence for the primary importance
of AFM fluctuations over critical nematic fluctuations for
SC in FeSeq;_,S,.

The crystals were grown using chemical vapor trans-
port as outlined in Refs. [29, 30]. The four different
S-content crystals used are x = 0 (Ty = 90 K, T, = 8.5
K), z = 0.09 (Ty = 68 K, T. = 10 K), = = 0.15 (T}
=45 K, T, = 8 K), and # = 029 (T. = 5 K). "Se
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FIG. 1: Representative NMR spectra with H||ab (upper pan-
els) and H||c (lower panels) at 7' = 20 K (unless otherwise
specified) for indicated S concentrations x.

NMR measurements have been carried out under a fixed
magnetic external field of H = 7.4089 T applied either
along the ¢ axis or in the ab plane ([110] direction in the
high-T' tetragonal phase). The ab plane orientation of
the © = 29% crystals was not precisely controlled. At
the NMR field with H||ab, we observed T.(H) = 6.8 K
(x=0), 7.8 K (x = 0.09), 7.25 K (z = 0.15) and < 1.5
K (z = 0.29). Further experimental details are described
in the Supplemental Material (SM) [30].

In FeSe, the single peak observed in the H|lab NMR
spectrum at high 7" splits into two peaks below Ty due
to nematic order, where the two peaks originate from
twinned nematic domains [34-36]. Representative NMR
spectra at 20 K for both field directions are shown in
Fig. 1. Splittings of the H||ab spectra below Ty are also
observed in FeSe;_,S,. for all samples in which a nematic
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FIG. 2: T dependence of the NMR shift K for indicated x
for Hl|ab (filled symbols) and H||c (open symbols). Inset:
Splitting AK of the H|lab NMR spectrum. Vertical lines
represent Ty from resistivity [30]. Arrows in inset represent
T.(H) from in situ ac-susceptibility [30].
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FIG. 3: T dependence of 1/T1T for H||lab (upper panel)
and H||c (lower panel) for indicated x. Arrows denote ob-
served T.(H) from in situ ac-susceptibility [30] (not shown for
x = 0% Hl||ab). For S-doped samples, missing arrows indicate
T.(H) < 4.0 K. Inset: The T dependence of R = T',c/T1,ap
above T.. Data for = 0% (ab plane average 1/T1T and R
at H =9 T) from Ref. 35. Data for x = 0% (H||cat H =7
T) from Ref. 53.

transition was seen by resistivity [30].

The T dependence of the NMR shift K is shown in
Fig. 2. As in FeSe, all K values increase monotonically
with increasing T'. K,y is greater than K, for all samples
with almost no = dependence at low 7. On the other
hand, the high-T" value of K shows a large concentration
dependence, where K decreases with increasing x.

The inset of Fig. 2 shows the 7" and x dependence
of the H||ab spectral splitting AK (the difference of the
NMR shifts of the two peaks), which is a measure of the
local nematic order parameter [34]. For FeSe, AK in-
creases sharply below Ty and shows a broad maximum
near ~ 50 K, as reported previously [34, 36, 37]. In con-
trast to FeSe, AK for x = 9% and = = 15% does not
exhibit this maximum. While the AK of the z = 0%
and x = 9% samples show no clear kinks at T,, the x
= 15% sample shows a noticeable drop in the SC state.
In the S-doped samples, we could not resolve the split-
ting all the way up to the bulk 7§ identified by resistivity
measurements [30], likely due to the broadening of the
two individual lines (see Fig. 1) by microscopic disor-
der from dopants and/or small variations in the local S
composition. Due to the broad spectra relative to FeSe,
no clear evidence for the local nematicity above T§, ob-
served in FeSe from FWHM measurements [36, 38], could
be found.
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FIG. 4: Comparison of 1/T1T (left axes, filled symbols) with
C’Kszpin (right axes, open symbols) for indicated x. The upper
panels compare 1/Ty T to CKfpinyc, while the lower panels
compare 1/T7 1T to CKfpin’ab. The empirical value of C' (in
units of 10*s™'K ') for each panel is indicated.

We now discuss the behavior of the low-energy mag-
netic fluctuations from NMR spin-lattice relaxation rate
(1/T1) data. 1/T7T data are shown in Fig. 3 [39]. In
general, 1/T1T is related to the dynamical magnetic sus-
ceptibility as 1/TT ~ ~}ks 2o [A(@)]*x" (a4, wn) /w,
where A(q) is the wave-vector q dependent form factor
and x”(q,wN) is the imaginary part of x(q,wn) at the
Larmor frequency wx [40]. Above ~ 100 K, 1/T1T shows
a similar T dependence as K (T') which measures the uni-
form susceptibility x(q = 0). In contrast, below ~ 100 K
a strong upturn of 1/71 T is observed which is not seen in
K(T). The enhancement of 1/T4T at low T is therefore
attributed to the growth of AFM spin fluctuations with
q # 0. The AFM fluctuations appear below ~ 100 K for
all samples, but the enhancement of the AFM fluctua-
tions shows a strong = dependence.

In order to characterize the AFM fluctuations, we plot-
ted the ratio R = (1/ThT)ap/(1/T1T). as shown in the
inset of Fig. 3(b). According to previous NMR studies
performed on Fe pnictides and related materials [41-46],
R depends on the wavevector of the spin correlations. As-
suming isotropic spin correlations, one expects R = 1.5
for stripe-type, R = 0.5 for Néel-type. R =~ 1 at high
T and increases to R > 1.5 starting below ~ 100 K.
The value of R observed here at low T is consistent with
stripe-type spin correlations. The T dependence of R is
independent of x within experimental error, indicating
no change in the character of magnetic fluctuations with
doping.

To discuss magnetic fluctuations in more detail, it is
convenient to isolate the component-resolved hyperfine
field (HF) fluctuations from the measured 1/7; data.
1/Ty probes the q sum of fluctuations of HF at wy per-
pendicular to the applied field according to (1/T1)x; =

3

Vv 2 [|Hj}»‘f(q7 wn)|? + |HP (q, wn)[?], where (i, j, k) are
mutually orthogonal directions and |H th(q, w)|? repre-
sents the qg-dependent power spectral density of the
j-th component of HF at the nuclear site. There-
fore, we define the quantities 1/T11 = (1/T1)m|c =
2% Xg [Hi(q,wn)? and 1Ty = 2(1/T)mjjas —
(1/T0)rjje = 278 2oq [HE (a,wn)[? [33]. Note that, for
simplicity, we have neglected any ab-plane anisotropy due
to nematicity (HM = HPM = HY). Thus defined, 1/7 |
(1/Ty,)) directly measures the ab (c) component of HF
fluctuations Y, [H2(,wx)[? (X, [ (g, wx)2).

In Fermi liquid systems, one expects that 1/T77T
Kfpin. Here Kypin = K — Ky, where Ky is the T-
independent chemical shift (see [30]). Kgpin probes the
uniform q = 0 susceptibility according to Kgpin: =
Aiixii(0), where A;; is the hyperfine coupling constant.
Therefore, to examine the contribution of q # 0 corre-
lations one can compare 1/T7T to Kfpin. The quanti-
ties 1/Ty, T and 1/Ty, T should be compared to K2, .
and Kfpimab, respectively [33]. The experimentally ob-
served 1/T1T can then be decomposed into g = 0 and
AFM (q # 0) components as 1/T0'T = (1/T1T)arm +
(1/TiT)q=0- We have (1/ThT)q=0 = CKZ,,, where C'is
a proportionality constant determined empirically from
the high T data [30].

In Fig. 4, we compare the angle-resolved pairs of
1/TWT and CKZ;,. Above ~ 100 K, it is clear that
1/TWT ~ CKZ,,, indicating that the Tp relaxation is
driven by the q = 0 component. In contrast, the dif-
ference between 1/TyT and CKZ,;, can be clearly seen
below ~ 100 K and is attributed to the contribution of
AFM fluctuations, (1/T1T)arm. Relative to FeSe, spin
fluctuations are enhanced at x = 9%, slightly suppressed
at x = 15% and strongly suppressed for x = 29%. The x
dependence of the AFM fluctuation enhancement closely
parallels the x dependence of T¢, which shows a slight
enhancement between x = 0% and = = 9% and is sup-
pressed at higher doping levels. The suppression of mag-
netic fluctuations for x > 15% is consistent with ARPES
data [47].

In all cases, we find that 1/Ty 7 > 1/T T at
low T, indicating that >__ |HM(q,wn)|? is greater than
> g |Hoi(q,wn)[?. The HF at the Se nuclear site is de-
termined from the magnetic moments on the Fe sites by
the hyperfine coupling tensor. Since the stripe-type AFM
fluctuations produce the HF fluctuations at the Se site
though off-diagonal components of the hyperfine coupling
tensor [6, 48], the fact that |[H2|? is greater than |H2f|?
shows that the ab-plane polarized stripe-type AFM fluc-
tuations are more developed than the corresponding c-
axis polarized fluctuations, similar to the BaFesAsy sys-
tem [33].

Within an itinerant picture, the change in the AFM
correlations with doping would be associated with a
change in the nesting condition due to modification of
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FIG. 5: (a) Band dispersion of FeSe in the tetragonal phase, with bands of d, orbital character indicated. (b) Cross-sections of
the Fermi surface in the tetragonal phase at k, = 0 for x = 0% (red) and « = 9% (blue). (c) Comparison of AFM fluctuations

in FeSe under pressure [36] (left panel) and FeSe;_,S,

(1/ThT)arm = (1/T0T) — (1/T1T)g=0 using H|lab data [30].

(right panel). Here, the AFM contribution to 1/717 is defined by
Solid lines show Ty (orange), Tn (green) and Tc (red) from

resistivity at H = 0 [13, 16, 23, 47]. Data points show Ty, Tn and T.(H) from NMR under H ~ 7.4 T (this work and [36]).

Note T.(H) for z = 29% is less than 1.5 K.

the Fermi surface with S substitution. To understand
the band structure of FeSe;_,S,, we performed electronic
structure calculations [49] using the full-potential lin-
earized augmented plane wave method [50] with a gener-
alized gradient approximation [51]. Here we calculate the
band structure for the tetragonal phases in FeSe;_ S, us-
ing an FeSe unit cell, adopting chemical pressure effects
on the a and c lattice parameters. The calculated band
dispersion is shown in Fig. 5(a), which is in good agree-
ment with the previous report [25]. The calculated Fermi
surface has three hole pockets around the I" point and two
electron pockets at the M point along the [110] direction
(Fig. 5(b)). We find that the size of the smallest of the
three hole pockets, originating from the d, orbital, is in-
creased by S doping. In contrast, the other pockets, orig-
inating from d,. and d., orbitals, do not change. These
results continue to hold for a 1% reduction of the chalco-
gen height, which also occurs by S doping [24]. Thus the
dyy orbital can be considered to play an important role
in AFM spin correlations and also in the appearance of
SC in FeSe;_,S,.

Finally let us comment on the temperature dependence
of 1/T4T observed in = 9% and = = 15% (see Fig. 3).
For x = 0%, the maximum of 1/T1T has been reported
to occur close to T¢. [34, 37]. However, for x = 9% and
x = 15%, we find that the maximum of 1/71T instead
occurs well above T.(H), as determined by our in situ
ac-susceptibility measurements [30]. At 2 = 9%, we find
T.(H||ab) = 7.8 K and T.(H||c) = 5.0 K, while 1/T3T
peaks at ~ 9 K for both H directions. At x = 15%,
we find Tc(H|Jab) = 7.25 K and T.(H||c) < 4.0 K. How-
ever, for both H directions, 1/71T peaks at ~ 12 — 15
K. These results imply a suppression of magnetic fluc-

tuations just above T, in the S-doped samples. The ef-
fect is more apparent for H||c data. Furthermore, the
T difference between T, and the peak of 1/T7T appears
to increase with doping. Similar behavior has been ob-
served in FeSe and discussed in terms of a possible SC
fluctuation effect [52, 53]. Reductions of 1/T1T above
T. have been observed in LaFeAsO;_,F, [42, 54] and
Ca(Fe;_,Co,)2Ass [55] where pseudogap behavior has
been discussed. Detailed H-dependent measurements on
the S-doped samples will be needed to confirm the origin
of the suppression of 1/T1T.

Our main results are summarized in the phase diagram
of Fig. 5(c), which shows a contour plot of the AFM con-
tribution to 1/717T as a function of  and T'. For compar-
ison, a similar plot for FeSe under pressure is also shown.
In both cases, the bulk nematic order is suppressed. In
FeSe, AFM fluctuations are roughly independent of pres-
sure or slightly enhanced [36]. In FeSe;_,S,, the AFM
fluctuations are strongly suppressed by S doping after an
initial slight enhancement for z ~ 9% where the AFM
fluctuations are strongly correlated with 7. In contrast,
nematic fluctuations are most strongly enhanced near
the nematic QCP at x ~ 17% [21] and show no corre-
lation with T,. These NMR results clearly demonstrate
the primary importance of AFM fluctuations to SC in
FeSe;_;S,, and help to disentangle the roles of magnetic
and nematic fluctuations in iron-based superconductors
in general.

Note added. Quite recently a different = dependence
of T, has been reported in FeSe;_,S, crystals where T
keeps increasing up to x ~ 0.15 [56]. It is interesting
to perform NMR measurements to investigate how the
magnetic fluctuations change in the crystals. This would



be a future project.
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