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Abstract

and the evolution of correlation strength in FeSe;_,Sy.

We report a comprehensive study of the nanoscale inhomogeneity and disorder on the thermoelectric properties

of FeSe;_xSx (0 < x < 1) single crystals and the evolution of correlation strength with S substitution. A hump-like
feature in temperature-dependent thermpower is enhanced for x = 0.12 and 0.14 in the nematic region with increas-
ing in orbital-selective electronic correlations, which is strongly suppressed across the nematic critical point

and for higher S content. Nanoscale Se/S atom disorder in the tetrahedral surroundings of Fe atoms is confirmed

by scanning transmission electron microscopy measurements, providing an insight into the nanostructural details
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1 Introduction

With a simple PbO-type structure FeSe shows a variety
of complex and competing electronic phases [1], provid-
ing an ideal platform to probe the underlying physics of
unconventional superconductivity (SC). Bulk FeSe is a
compensated semimetal that exhibits SC with 7. = 9 K
[2]; the T can be enhanced by applying physical pres-
sure [3, 4], intercalation [5-9], ionic liquid gating [10],
surface doping with alkaline metals [11, 12], isovalent S
substitution in a modified hydrothermal growth [13],
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or in monolayer thin films on SrTiO3 substrate [14—18].
Intriguingly, FeSe undergoes a tetragonal-to-orthorhom-
bic structural (nematic) transition at 75 ~ 90 K without
the formation of magnetic order [19-26]. This nematic
phase is characterized by multiband shifts driven by
orbital order that leads to Fermi-surface (FS) distortions,
and it is additionally contributed by non-local Fe dyy
orbital besides a lifting of the degeneracy of the dy, and
dy, states [26—28]. Furthermore, three gaps were deter-
mined in angle-resolved specific heat measurements [29];
strong electronic correlations was proposed by detecting
a Hubbard-like band in FeSe [30].

Isovalent S substitution, which maintains the nature of
compensated semimetals, is an effective route for tuning
electronic states and correlations in FeSe. The nematicity
is strongly suppressed with S substitution, and a nematic
quantum critical point (NCP) appears at x ~ 0.17 [31-36)].
The SC gap exhibits an abrupt change across NCP [32];
meanwhile, the normal state resistivity in the vicinity of
NCP shows a linear temperature dependence [37-40],
signifying non-Fermi-liquid behavior due to the nematic
critical fluctuations. Strange metal component can also be
observed in the Hall response of FeSe;_,S, across the NCP
[41]. Recent nuclear magnetic resonance (NMR) measure-
ments revealed that antiferromagnetic (AFM) fluctuations
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show a positive correlation with T [42], although nematic
fluctuations are most strongly enhanced near the QCP
but without a clear correlation with the T, [34]. Raman
response from fluctuations was also studied [43, 44]. Addi-
tionally, quantum oscillation experiments indicated a top-
ological Lifshitz transition and a reduction in electronic
correlations across the NCP [45].

Thermopower is an effective probe to characterize the
nature and sign of transport carries as well as the cor-
relation strength in superconductors [46-54]. In addi-
tion, correlated quantum phases may also depend on
nanoscale inhomogeneity [55]. Fundamentally, thermo-
power is entropy per carrier. Since it is directly related to
the Fermi energy, thermopower measurement will assist
in understanding the band structure. In cuprates, the
ES reconstruction driven by the AFM order [56] and/or
charge density wave [57, 58] have been revealed by ther-
mopower measurement.

Here we investigated the evolution of electronic corre-
lation strength and the Se/S atomic disorder in FeSe;_,
Sx by the combination of scanning transmission elec-
tron microscopy, electrical and thermoelectric transport,
Hall resistivity, and specific heat measurements. Strong
nanoscale Se/S disorder appears in the middle range of
FeSe;_,S,, away from the NCP. Our results indicate mod-
est electronic correlations in FeSe and their significant
reduction across the NCP, confirming an orbital selec-
tive correlation [59] and its weak connection to the nano-
structural details.

2 Methods

High quality single crystals of Fe,Se; Sy (0 <x <1,
y <0.1) were fabricated by the AICI3/KCl chemical
vapor transport (CVT) method for 0 < x < 0.23, and by
the hydrothermal method for 0.4 < x <1, respectively,
which are characterized as described previously [60—
65] and labeled as FeSe;_,S, (0 <x < 1) in this paper.
High-resolution scanning transmission electron micros-
copy (STEM) imaging were carried out using the dou-
ble aberration-corrected JEOL-ARM200CF microscope
with high angle annular dark field (HAADF) detector
and operated at 200 kV. The STEM-HAADF images were
acquired with convergent semi angle of 21 mrad and col-
lection semi angle from 67 to 275 mrad, respectively. The
STEM samples were prepared by crushing the crystals
and dispersed on a Lacy carbon TEM grid. The temper-
ature-dependent in-plane resistivity po(T) and thermo-
power S(T) were measured in a quantum design PPMS-9
with standard four-probe technique. The relative error in
our measurement for thermopower was below 5% based
on Ni standard measured under the identical conditions.
The heat capacity was measured by the heat pulse relaxa-
tion method in PPMS-9. The Hall resistivity pxy,(H) was
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measured using standard four-probe method with the
current flowing in the ab plane and the magnetic field
applied along the ¢ axis. In order to effectively eliminate
the longitudinal resistivity contribution due to voltage
probe misalignment, the pxy(H) was obtained by the dif-
ference of transverse resistance measured at positive
and negative fields, i.e. pxy = [0+H — p-nl/2. The sam-
ple dimensions were measured by an optical microscope
Nikon SMZ-800 with 10 xm resolution.

3 Results and Discussion
High-resolution scanning transmission electron micros-
copy images recorded by high-angle annular dark-field
detector (STEM-HAADF) indicate the presence of
nanoscale inhomogeneity and strong disorder in the mid-
dle x range compared to FeSe and FeS [63]. The contrast of
Se/S columns is weaker than that of Fe columns in high-S
samples (Fig. 1a) and becomes stronger in high-Se samples
[63]. From the refinement (Fig. 1b), we obtained that the
full width at half-maximum (FWHM) values are 0.112(5)
nm (Se/S peak) and 0.125(2) nm (Fe peak) for FeSeg o
S0.94, 0.106(3) nm (Se/S peak) and 0.112(2) nm (Fe peak)
for FeSep 3150.69, and 0.116(4) nm (Se/S peak) and 0.124(3)
nm (Fe peak) for FeSep §250.18, respectively. We noted that
the peak width of the atomic columns in STEM images
depends on not only the disorder of the atomic position
but also the probe size. The later may vary slightly due to
the alignment of the microscope. To minimize the effect
of the probe size variation, we calculate the normalized
FWHM (FWHMse/s/EWHME,). Figure 1(c) exhibits the
normalized FWHM of Se/S columns, indicating that Se/S
atomic positions are more disordered in the middle range
of S doping at Se sites when compared to FeSe and FeS.
Figure 1(d,e) shows the temperature dependence of
in-plane resistivity p(T) for FeSe;_,S,, typical metallic
behavior over the entire temperature [63, 64]. The nematic
transition temperature 75 determined by the minima of
dp/dT is ~ 89 K for FeSe; it is monotonically suppressed
by S substitution [Table 1], and is absent for x = 0.23 and
higher x, arising from the suppression of orbital ordering
by chemical pressure [66]. The residual resistivity ratio
RRR = p(300 K)/p(14 K) is ~ 25 for FeSe, confirming low
defect scattering and relatively high quality for vapor-
grown FeSe crystals [67], which can be further optimized
to> 40 [68, 69]. As x is increased from 0, the value of RRR
first decreases to 14.6 and 15.5 for x = 0.12 and x = 0.14,
respectively, and then increases to 25.5 for x = 0.23 when
Ts is completely suppressed (Fig. 1e). With increasing x,
FeSe; Sy with x = 0.4 and 0.7 show rather small values
of RRR ~ 5 and 8, respectively, due to the enhancement
of anion height disorder-related scattering [63]. Then the
RRR dramatically increases to ~ 53.2 for pure FeS, higher
than the reported 10 ~ 46 for hydrothermal-synthesized
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Fig. 1 (Color online) a STEM-HAADF image of FeSep 065004 With the incident beam along the [001] direction. The [001] projection of the structure
model is illustrated with yellow and green spheres representing Fe and Se/S atom, respectively. Scale bar Tnm. b Intensity profile (black circles

in top) from the white dash scan line shown in (a). Two other intensity profiles from images of FeSep 315060 and FeSepg,50.18 are shown in green
and red circles, respectively. The solid lines are the fitted curves based on Gaussian function to obtain the full width at half maximum (FWHM) of Fe
and Se/S columns. ¢ Normalized FWHM of Se/S columns (FWHMse,s/FWHMEe) as a function to S concentration x in FeSey_,Sy. d, @ Temperature
dependence of in-plane resistivity p(T) for FeSe;_Sx. Insetin d shows the dp/dT versus T for the indicated samples. Inset in e shows the resistivity
upturn region in logo T scale for x = 0.4. f, g The enlargement of superconducting transitions at low temperatures

FeS crystals [70-72]. Crystals obtained by hydrothermal
technique usually contain more impurities, however crys-
tals near x = 0.5 and x = 1 crystal are created using the
same hydrothermal crystal growth. Whereas x = 0.4 and x
= 0.7 have low RRR, x = 1 has much higher RRR. Indeed, it
was observed that FeS is a very good metal with low defect
scattering and it shows quantum oscillations just like FeSe
crystals made by cvt method [73, 74]. This suggests that
the differences observed as x is varied between 0 and 1 are
unrelated to synthesis process-related disorder. We note
that an anomalous resistivity upturn with a characteristic
temperature T* emerges for 0.3 < x < 0.7 as observed in
our previous work [63, 64], similar in FeSe;_,S, thin films
[75]. Below T* ~ 18 K for a representative sample x = 0.4
(inset in Fig. le), the resistivity obeys a logjoT-depend-
ence before T, which might be related to spin fluctuations
caused by strong nanoscale crystallographic disorder [35].
Figure 1(f,g) shows the p(T) curves at low temperatures for
FeSej_,Sx; an abrupt resistivity drop can be clearly seen,
signaling the onset of SC. Zero resistivity is observed at
T. = 9.3(1) K for FeSe; the T, shows a maximum value of
10.6(1) K for x = 0.12 within the nematic region, a mini-
mum value of 2.1(1) K for x = 0.4, and increases again to
~ 4.5(1) K for FeS [Table 1]. This two-dome-like super-
conducting phase diagram of FeSe;_,S, was plotted in
our previous work [63, 64], and similar feature was also
observed in several other unconventional superconductors
[76-79].

Figure 2a presents the magnetic field dependence of
Hall resistivity pxy at T = 10 K for FeSe;_,Sx. A strong

nonlinear feature is observed for FeSe, and it is gradu-
ally weakened with increasing x in high-Se region. Linear
field dependence of pyy is seen for x = 0.4 and 0.7, and
then it evolves into nonlinear again for high-S samples,
confirming multi-band and delicate tuning in carriers.
The Hall effect is dominated by hole carriers at high fields
with a change of sign at low fields for x < 0.12; the sign
change is absent for higher x samples (inset in Fig. 2a).
We should note that the low-field negative Hall coeffi-
cients in CVT-grown FeSe, arising from a small minor-
ity of highly mobile electron carriers [80-82], was not
observed in hydrothermal FeSe [36], due to more disor-
der induced by hydrothermal method. With increasing x,
the Hall effect is dominated by electron carriers for high-
S hydrothermal samples. Figure 2(b) shows the pxy curves
at T = 100 K with linear-field dependence for all samples;
the slope is positive with slight change for 0 < x < 0.23,
confirming isovalent S substitution, which changes into
negative with dominant electrons for high-S hydrother-
mal samples. Figure 2(c-e) displays the temperature-
dependent Hall coefficient Ry with error bars determined
from linear fits of pxy below 1 T for FeSe;_,S;. Within
the nematic region 0 < x < 0.17 (Fig. 2¢), the Ry shows
a W-shape in 7T-dependence and changes in sign several
times, reflecting multi-band nature. The values of Ry are
small at high temperatures, which can be understood by
a compensated multi-band model. The sign change of
Ry above 100 K (Fig. 2c inset, T7 and T3) suggests that
at some temperatures the holes are more mobile and at
other temperatures the electrons are. With decreasing
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Fig. 2 (Color online) Field dependence of Hall resistivity pxy at representative temperaturesaT =10 Kand b7 =100 Kfor FeSe; _,Sy. Inset
in a shows the low-field data for the indicated samples. c—e Temperature dependence of low-field Hall coefficient R for FeSe;_,Sx

temperature, a humplike feature was observed with its
peak temperature gradually suppressed by S substitu-
tion, corresponding to the suppressed nematic transition.
The Ry decreases below the peak temperature due to an
enhanced contribution of electron-type carriers which
becomes dominant for x = 0 and 0.03 while it stays posi-
tive for x = 0.12 and 0.14; then it increases again below
20 K. Across the NCP, the behavior is clearly different for
higher x. For x = 0.23 (Fig. 2d), the Ry also changes in
sign twice at high temperatures but it gradually increases
and saturates at ~ 1.25 mm?3/C below 30 K. The values of
Ry are of the same order or smaller for x = 0.4 and 0.7
(Fig. 2e) with weak temperature dependence when com-
pared to x = 0.23, however, it is not clear about the sign
change due to larger error bars. This roughly points to
larger values of carrier density in hydrothermal-grown
x = 0.4 and 0.7. For FeS, the Ry is negative in the whole
temperatures range, in agreement with previous report
[72].

Figure 3(a,b) shows the temperature dependence of
in-plane thermopower. For FeSe, the S(T) is positive ~
18 uV/K at 300 K, changes sign at 215 K, goes through
a broad negative minimum ~ -30 pV/K at 110 K, and
changes sign again below ~ 15 K, similar to the reported
features in polycrystalline FeSe [83-85]. This is indica-
tive of a multiband system with competition of almost
compensated hole and electron bands. At high tempera-
tures, the positive values of S(T) dominated by hole band
are almost unchanged with x within the nematic region
(Fig. 3a), confirming that the effect of S substitution is in
chemical pressure rather than in charge carrier doping.
With decreasing temperature, the S(T) changes sign at
190 ~ 215 K for x = 0 - 0.14, corresponding to the first
sign change of Ry at T7 (Fig. 2¢ inset); the Tiin for min-
ima thermpower (defined by dS/dT = 0 in Fig. 3a inset)

shifts from 110 to 145 K with increasing x, agreeing well
with the second sign change at 7> in Ry (Fig. 2¢ inset) [80,
81].

Interestingly, a weak hump-like feature occurs around
Thump ~ 45(5) K defined by the local maximum in
dS/dT for FeSe (Fig. 4a inset); it is rather weak for x =
0.03 and becomes more apparent at Thymp ~ 64(2) K and
51(1) K for x = 0.12 and 0.14, respectively, when RRR is
decreased. The Thymp is close to the Ts for x = 0.12 and
0.14, but if it is due to the nematic transition it should be
more apparent in undoped FeSe at 75 ~ 89 K, which is
not seen here. If we consider the local minimum in dS/dT
as the onset temperature of the hump, it is enhanced from
74(3) K for x = 0 to 88(11) K for x = 0.14, in contrast to
the suppression of nematic transition with increasing S
substitution. Additionally, it would not be pure carrier
diffusion effect that would also produce more apparent
feature for x = 0 and 0.03 due to pronounced variation in
Ry when compared to x = 0.12 and 0.14 (Fig. 2¢). In the
temperature-dependent angle-resolved photoemission
spectroscopy (ARPES) measurements of detwinned FeSe,
the disappearance of a band can be inferred at this par-
ticular energy at T ~ 60 K [86], i.e. a Lifshitz transition
as a function of temperature in FeSe [28]. However, we
can not exclude the phonon drag effect although there is
no peak at ©p /5 ~ 44.6(2) K with the Debye temperature
®p = 223(1) K for FeSe (see below). In addition, DFT
and DMFT calculations of pressurized FeSe predict two
topological transitions [87]. With S substitution, there
is strong increase in the interlayer warping in FeSej_,
Sy, as the conducting layers come closer together due to
chemical pressure, yet we also note the presence of disor-
der as evidenced in decreased RRR. The high-resolution
ARPES detected a small inner hole pocket for x = 0.12,
which is pushed below the Fermi level in pure FeSe [66].
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Fig. 3 (Color online) a, b Temperature dependence of in-plane thermopower S(T) for FeSe;_,Sx. Inset in a shows the dS/dT versus T curves

with arrows defining Thymp and Tmin, respectively. ¢, d The S/T versus T curves at low temperatures with linear fits before Tc. e, f Temperature
dependence of specific heat C, /T vs T2 with linear fits above T, for FeSe;_,Sy. g The ACy /T versus T subtracted by the linear fit for the indicated
samples. hThe Cp /T versus T2 at various fields for FeSegggSo.12. Inset in (h) shows the field induced electronic specific heat Aye versus uoH with a fit

to the Volovik relation Aye = AvVH

Table 1 A set of parameters derived from in-plane resistivity p(T), thermopower S(T), and specific heat Co(T) with errors from fitting or

calculation for FeSey _,Sy

x T T, SIT Te T/ Tk y ©p i q m* ke vE

(K) (K) (MV/K?)  (x103K)  (x1073)  (mJ/molK?)  (K) (xme) (1/nm)  (km/s)
0 89(1)  9.3(1) 0.169(3)  2.52(5 3.69(3) 9.5(3) 223(1) 091 1.72Q)  64(1) 6.03(3) 109(1)
003 82(1)  9.9(1) 0459(4)  093(1) 10.6(1)
012 65(1)  106(1)  1.118(5)  038(1) 27.6(5) 11.0(2) 228(1)  097(2  9.8(1) 134(1)  3392) 291
014 6112 105(1)  0730(6)  0.58(1) 18.3(1)
023 5.2(1) 0201(6)  2.12(6) 245(2) 5.2(1) 226(1)  071) 3734 46(1) 470Q) 118(2)
04 2.101) -005(1)  85(17) 0.25(4) 6.7(2) 212(1) 0562  07(1) 3.5(1) 8.2(1) 202(4)
07 3701) 00178  25(12) 0.15(7) 7.001) 210(1)  065Q2)  0.2(1) 25(1) 1202) 556(70)
1 45(1) 0018(7)  24(10) 0.19(7) 55(1) 254(1)  065()  03(1) 2.2(1) 11(1) 579(26)

The Shubnikov-de Haas oscillation experiment shows a
sudden change in extremal areas of Fermi surface pock-
ets near x ~ 0.15 [45], i.e. a S-substitution-induced
Lifshitz transition that is generated by a sizeable non-
local Fe dyy nematic term at the corner of the Brillouin
zone [28]. The S-substitution-induced Lifshitz transi-
tion with x ~ 0.12 - 0.15 explains a more visible hump
feature in the S(T) when compared to FeSe. Therefore,
we propose the S-substitution-induced Lifshitz transi-
tion possibly plays a role for the pronounced hump in

S(T) for x = 0.12 and 0.14, perhaps combined with the
phonon drag effect. Moreover Lifshitz transition associ-
ated with sharp changes in the Fermi surface should be
facilitated with the nematic order suppression, in line
with our observatons [28], whereas disorder effects from
sulfur substitution (Fig. la—c) should decrease phonon
drag contribution [88]. We should note that the ARPES
detecteition between 180 and 282 K for FeSep.945S0.055
[89] is not reflected in our thermopower measurement
for x = 0.03. Outside the nematic region, the value of
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S(300 K) decreases with increasing x and finally becomes
a negative value of ~ -9 uV/K for FeS Fig. 3b, in line with
its negative value of Ry.

Figure 3c, d shows the temperature-dependent S/T at
low temperatures. Linear T-dependence observed above
T, sharply decreases to zero below T¢, and the values of
T. agrees with the resistivity results. Zero-temperature
extrapolations of S/T are summarized in Table 1. The
thermopower S is usually given by [90-94],

S in2 kg 1

in2 k]%N(sp)
T 2 e TF a

3 e nm

(1)

where e is the electron charge, kp is the Boltzmann con-
stant, Tt is the Fermi temperature related to the Fermi
energy er and density of states N (¢r) as N (ep) = 3n/2ep =
3n/2kpTF, and n is the carrier concentration. In a multi-
band system, it gives the upper limit of T¢ of dominant
band. Therefore we can extract T = 2.52(5) x 10° K for
FeSe, decreases to 0.38(1) x 10% K for x = 0.12 and then
increases to 2.03(6) x 10% K for x = 0.23 [Table 1]. The
ratio of T./Tr typically characterizes the correlation
strength in superconductors. For example, the T¢/TF is
close to 0.1 in Fej,Te; _,Se, [49], pointing to the impor-
tance of electronic correlation, while it is ~ 0.02 in a BCS
superconductor LuNipByC [49]. The value of T./Tf is ~
0.0276(5) for FeSepssSo.12, indicating modest correla-
tions, comparable to K Fey_,Se; ~ 0.04 [52]. Moreover,
the derived values of T,/ Tt [Table 1] show a significant
reduction in electronic correlations across the NCP for
higher x samples.

Figure 3(e,f) shows the heat capacity C,/T as a func-
tion of T2 in zero field. A clear jump is observed at T,
in agreement with the transport measurements, indicat-
ing bulk SC except for x = 0.4 where resistivity reaches
zero just below 2 K (Fig. le). The data just above T, can
be well fitted by Cp,/T =y + BT?, where the first term
is the Sommerfeld electronic specific heat coefficient and
the second term is low-temperature limit of lattice heat
capacity. The derived y as well as the Debye temperature
Op = (12n4NR/5ﬁ)1/3, where N = 2 is the number of
atoms per formula unit, and R = 8.314 ] mol~! K~ ! is the
molar gas constant, are summarized in Table 1. Accord-
ing to the McMillan formula for electron—phonon medi-
ated SC, the electron—phonon coupling constant 4 can be
deduced by

1.04(1+ 2)

Op
J—u*(140.627) |

T. =
¢~ 145°¢

Xp 2)
where ©* =~ 0.13 is the common value for Coulomb
pseudo-potential [95]. By using the T, = 9.3(1) K and
®p = 223(1) K for FeSe, we obtain 4 ~ 0.91(2), a typical
value of an intermediate-coupled BCS superconductor.
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However, the specific heat jump at 7, subtracted by the
liner fit (Fig. 3g), AC,/y Tc & 0.92(3), is somehow smaller
than the weak coupling value of 1.43 [95].

The electronic specific heat can be also expressed as:

2 2

z %kﬁN(ew. 3)

y = 5 kg e =
Combining equations (1) and (3) yields: S/T = £y /ne,
where the units are VK ! for S, ] K2 m3 for y, and m—3
for n, respectively. This relation was shown to hold in the
T = 0 limit for a large variety of materials, even in the
presence of strong correlations, including heavy fermion
metals and cuprates [92]. Then we can define a dimen-
sionless quantity

q= =" (4)

where Nje = 96440 C/mol is the Faraday constant. The
q gives the number of carriers per formula unit [92]. The
derived g is ~ 1.72(2) for FeSe, which increases to 9.8(1)
for x = 0.12 and then decreases to 3.73(4) for x = 0.23;
the smaller value of g for higher x samples indicates
larger numbers of carriers [Table 1]. Given the volume
of unit cell ~ 0.078487 nm? for FeSe, we obtain the car-
rier density per volume z ~ 7.4(1) x 102! cm™3 and
the Fermi momentum kr = (372n)1/3 ~ 6.03(3) nm!
for FeSe; changing to n ~ 1.32(2) x 102! ¢cm™® and
ke ~3.39(2) nm~! for x = 0.12 and n ~ 3.51(4) x 10*
cm™2 and kg & 4.70(2) nm~! for x = 0.23, respectively.
For samples with higher x, the carrier concentration
n~ 1.85(4) ~ 6(3) x 10> cm™ and kr ~ 8.2(1) ~ 12(2)
nm™ ! also increase.

The effective mass m™ derived from kgTF = hzklg /2 m*,
evolves from 6.4(1) m, for FeSe to 13.4(1) m, for x = 0.12,
then monotonically decrease to 2.2(1) m, for FeS, con-
sistent with the evolution of correlation strengths with
S substitution. The Fermi velocity vr obtained by using
hke = m*vg; it decreases from 109(1) km s~' for FeSe
to 29(1) km s! for x = 0.12, and then monotonically
increases to 579(26) km s~ ! for FeS. The quasiparticle mass
is larger inside the nematic phase, indicative of a strongly
correlated state; it becomes suppressed outside the nematic
region. The experimentally observed changes in the FS
topology, together with the varying degree of electronic
correlations, will change the balance of electronic interac-
tions in multiband FeSe;_,S,. Moreover, similar nanoscale
disorder is observed near NCP (x = 0.18) and outside it (x
= 0.69) (Fig. 1c). This suggests that nematic correlations in
critical region are only weakly perturbed by atomic bond
distance disorder. Furthermore, this may also imply that
enhanced scattering associated with Mooij law violation is
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associated with magnetic rather than nematic fluctuations
away from NCP [64].

Figure 3(h) shows the specific heat under various mag-
netic fields for FeSeq gsSo.12 with the highest 7. = 10.6(1)
K [63, 64], where the superconducting anomaly gradually
shifts to lower temperatures with lower amplitude. It is
clear that normal state specific heat does not depend on
the field. Then we derive the field dependence of Ay(H) =
[Cp(H)-Cp(0)]/T by extending the low-temperature specific
heat to 0 K at different magnetic fields as plotted in Fig. 4d
inset. The Ay(H) is close to the Volovik relation, namely
Ay(H) o« v/H [96], indicating the presence of gap nodes
in FeSep gsSo.12. However, we can not distinguish whether
the gap nodes are induced by the sign change of gap as in
a d-wave case, or by the accidental nodes as theoretically
predicted for FeAs- and FeSe-based superconductors [97].
This calls for further investigation of heavily S-substituted
FeSe.

4 Conclusions

In summary, we have comprehensively investigated the
transport and thermodynamic properties of FeSej_,Sy
superconductors. The hump feature in thermopower is
more pronounced in S-substituted samples x = 0.12 and
0.14, revealing an interplay of the increased chemical
pressure, disorder and the orbital selective electronic cor-
relations that are strongly suppressed in FeSej_,Sy across
the NCP and are not driven by the nanoscale Se/S atom
disorder.
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