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SUPPLEMENTARY NOTE 1: ENERGY DISPERSIVE X-RAY SPECTROSCOPY
(EDX) ANALYSIS
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Supplementary Figure 1. Energy Dispersive X-ray spectroscopy (EDX) analysis on tetragonal
FeSe( 80S0.20 samples in comparison with FeSe. (a) Elemental mapping of Fe (green dots), Se
(vellow dots), and S (red dots) at 500 um scale for = 0. (b)-(f) Elemental mapping of Fe, Se, and
S for x = 0.20 at the scale of 500 pum((b)), 50 pm((c)), 5 pm((d)), 500 nm((e)), and 50 nm((f)),

respectively.

Energy Dispersive X-ray spectroscopy (EDX) analysis is conducted on tetragonal x =
0.20 samples in comparison with z = 0 to investigate the spatial homogeneity of the sulphur
content. For z = 0, sulphur intensity is almost same as the background outside the sample
position in Supplementary Figure 1(a), showing that there is no sulphur substituted into
the sample as expected. Supplementary Figures 1(b)-(f) show the elemental distribution of
x = 0.20 at the scale of 500 pgm, 50 pm, 5 pm, 500 nm, and 50 nm, respectively. Each
data shows S intensity with the much thicker color than x = 0 although there is some small
darker areas in Supplementary Figure 1(b), and (c¢) which originate from the large impurity
attached on the crystal surface and surface roughness in a macroscopic scale and are not
from the inhomogeneity of chemical composition. The data at every length scale show the
uniform distribution of sulphur which is almost comparable to iron and selenium, indicating
that there is no discernible segregation and inhomogeneity down to the mesoscopic scale
~10 nm. We quantitatively investigate the sulphur content x at the several area inside
the sample and the typical variation of x is ~0.01, demonstrating that such variation of

composition cannot explain the results of specific heat and torque measurements.



SUPPLEMENTARY NOTE 2: COMPARISON WITH PREVIOUS HEAT CAPAC-

ITY DATA
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Supplementary Figure 2. Temperature dependence of heat capacity in tetragonal FeSe;_,S, sam-
ples. (a), (b) Temperature dependence of electronic heat capacity divided by temperature for x =

0.20 #1 ((a)) and #2 ((b)) in comparison with the data in Refs. [1].

The heat capacity in the tetragonal FeSe; .S, has been reported previously by Y. Sato
et al., using quasi-adiabatic method[1]. We plot our C, /T data for two x = 0.20 samples in
Supplementary Figures 2(a), (b) together with the previous data[l]. The two samples in this
work exhibit almost identical temperature dependence and absolute values, indicating the
reproducibility of the heat capacity data in z = 0.20 with better resolution in our studies.
Although the absolute value of our data is slightly smaller than the previous data[l], our
data is within the error range of previous data, and both data are basically consistent up to

~ 6 K which is the highest temperature in the previous reports.

SUPPLEMENTARY NOTE 3: UPPER CRITICAL FIELD H. AND ESTIMATION
OF GAUSSIAN FLUCTUATION TERM

The field H dependence of heat capacity is measured in the perpendicular field H//c
for x = 0.0, and 0.10, and in the perpendicular and parallel field H//c,ab for x = 0.20.
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Supplementary Figure 3. Heat capacity in magnetic field for FeSe;_,S,; * = 0 and 0.20 and z-
dependence of upper critical field. (a), (b) Temperature dependence of electronic heat capacity
divided by temperature in magnetic field for x = 0 ((a)) and = = 0.20 #2 ((b)). The magnetic field
is applied along c-axis direction for both samples. (c¢) Temperature dependence of upper critical
field Heo(T) determined from the heat capacity in magnetic field. The Heo(T) for H // abin z =

0.20 and the Heo(T') for H // ¢ in x = 0.10 are also plotted in the same panel.

The C./T in H//c for several H values are shown for z = 0.0 and 0.20 in Supplementary
Figures 3(a), (b), respectively. The heat capacity jump due to the superconducting transition
becomes broader with increasing H for both S concentrations. This behaviour is possibly
due to the enhanced fluctuations in the magnetic field as discussed in YBayCuzO7_s[2].
In zero field, we observe the large superconducting fluctuations in heat capacity in x =
0.20. The additional heat capacity due to the superconducting fluctuations just above T
is suppressed by applying magnetic field, and then the C./T approaches to the normal
state value. This fact indicates that the additional heat capacity responds sensitively to the
magnetic field, and does not stem from the incorrect estimation of electronic heat capacity
in the normal state when we subtract the lattice contribution. From the T, defined as the
peak temperature in C, /T under field, we obtain the H-T' phase diagram of z = 0.0, 0.10
and 0.20 as shown in Supplementary Figure 3(c). In z = 0.0 and 0.10 the T-dependence of
upper critical field H.y is consistent with previous reports[3, 4], while the H., for poH > 12
T cannot be determined from our measurements. The H. in x = 0.20 shows small value

compared to z = 0.0, reflecting the lower T.. From the H.(0) estimated by the WHH
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relation Heo(0) = 0.69T.|dHco/dT |r=1.[5], we obtain the coherence length &,, = 13.5nm,
£ = 4.1nm for z = 0.20 through He(0) = ®y/(27&2,), and &/ (27€w&,) for H//c, and
H//ab, respectively.

The contribution of the mean field Gaussian fluctuations to the heat capacity [6] is given
by Caanss = CTt7%° where CF = kp/(87E2,€.) and t = T;—CTC is the reduced temperature, and
¢ap and &, are in-plane and out-of-plane coherence lengths at 7' = 0, respectively. The dashed
lines in Figs. 4(a) and (b) represent the contribution of Gaussian fluctuations obtained by

using &, = 5.5nm, & = 1.5nm for x = 0 [7] and &, = 13.5nm, . = 4.1 nm for = = 0.20.

The Gaussian-type (Aslamasoz-Larkin, AL) fluctuation contribution in susceptibility is

given by
N — =2t 1
XAL 3 @(2) gc ( )

in the zero-field limit. Here ®q is the flux quantum. In the multiband case, the behaviour of
XaL is determined by the shortest coherence length of the main band, which governs the or-
bital upper critical field. As the diamagnetic contribution yay, is expected to become smaller
in magnitude at higher magnetic fields, |xar| yields an upper bound for the conventional

Gaussian-type amplitude fluctuations.

SUPPLEMENTARY NOTE 4: CALCULATIONS OF PAIRING INSTABILITY
AND PAIRING CHANNEL BASED ON THE TWO BAND MODEL

To make an estimate of the splitting between the Cooper-pair formation temperature,
Thair, and the actual superconducting transition temperature, Tt., we followed previous
work[8] and consider a simplified interacting two-band model in two dimensions with hole
and electron pockets with small Fermi energies (Ef = 20 meV and E& = 10 meV) as depicted
in the Supplementary Figure 4(a). As we are interested in the evolution of the FeSe system
as a function of the Sulfur doping we assumed the system is orthorhombic. However, once
the intraband interaction in the d-wave interaction dominates and the s-wave component of

the gap is small, the results can be easily extrapolated to the purely tetragonal system. The
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Supplementary Figure 4. Calculation results of pairing and condensation temperature, and in-
tensity of pairing channels based on the two band model. (a) Schematic picture of the assumed
electronic structure with hole(blue curve) and electron(red curve) bands. The Ef and E% indicate
the Fermi energy of the hole and electron band, respectively. (b) Calculated pairing temperature
Tpair and condensation temperature 7¢ in units of E’g as a function of the ratio of intraband to
interband interactions in a two-band model. (c¢) Calculated superconducting gaps in units of Eﬁ
for s-wave and d-wave channels in the electron (e) and hole (h) bands as a function of the ratio of

intraband to interband interactions.

Hamiltonian reads

H = Z gkaclkgcako

kao

+ D Uaw (KKl cl o Caner
kK a,of

where a € {e, h}, and &ge, &en are the electron and hole energy dispersions separated by
the large momentum, respectively as shown in the Supplementary Figure 4(a). Assuming
superconductivity due to repulsive interaction in the A;; and By, symmetry channels, we

write the interaction terms as follows

Ueh(ka k,) = esh + Ugh¢(k)¢<k/)
Una(k, X') = Ugad (k) (k')

2_ 1.2
with ¢(k) = cos(2¢) = Z;—JFZ% Here, we further assume that the inter-band repulsion drives

sT-wave symmetry of the superconducting order parameter, while interaction in the d-wave



channel is mostly intra-band. We define superconducting order parameters as

- Z Uao"(k’ k/) <Co/7k’l,ca’k'T> (2)

k' o/

and perform a mean-field decoupling to find the mean-field gap equations

/27r ng/ tanh )>
- geh
2 g tanh )
AS — — ¢°
h Geh / / 9 Eh
|/27T d@/ COS tanh(
Ee(k)
. 2 g cos? tanh(
- geh/ / 2Eh(k)
o cos?(ip) tanh <Eh( ))
=l [ 57 [
Ibh th(k)
/27r d@/ COS tanh( )
geh (k) :

The dimensionless coupling constants are now given by dimensionless goor = NoUqars

N———

By (k

N

) 3)

with the density of states in two dimensions Ny = . A = 1leV > E% is the high energy

cut-off and E,(k) = \/{2 + [As + Ad cos(p)]” is the energy dispersion of the Bogoliubov

quasiparticles. Note that while the inter-band term between electron and hole pockets is
assumed to be repulsive, the intraband g? < 0 and g, < 0 are attractive in the d-wave
channels. In case of A,/Eg ~ 1, where Eg (« € {e, h}) is the Fermi energy of each band,
we need to renormalize the chemical potential assuming the total number of particles is

conserved. The equation determining the particle number is given by

se< >tanh (E;giﬂ) £ (k) tanh (5509 (4)

and it has to be solved self-consistently with Eqgs.(3). The pair building temperature T}, at

which electrons form Cooper pairs can be obtained from the condition that the determinant
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In the usual BCS case the phase fluctuations are costly and T, ~ T}i. In our case due to

vanishes and

smallness of the Fermi energies, the condensation of pairs may happen at lower temperature,
Te < Thair- We estimate T ~ 7ps where ps(T = 0) is the superfluid-stiffness following the
previous work[8]. Note that in two dimensions, the superconducting transition temperature
is T, ~ ps(T¢) (see, e.g., the references[9, 10].). The interplay between T, and Ty, depends
on the ratio ps(T" = 0)/Ta;r- If this ratio is large, the superfluid stiffness rapidly increases
below Ty In this situation, T, = T}, minus a small correction, i.e., the phases of bound
pairs order almost immediately after the pairs develop (phase fluctuations cost too much
energy). If ps(T" = 0)/Tpair is small, ps(T") increases slowly below T, and 7. is of order

ps(T = 0). In the previous work|8], its expression was extended to the multiband case where

Ps is given by Ps = Pe + Ph,
. T [a Al ‘ 8

- 2
Ph = 1671'2/0 dgo/o dEAhEh(k)g‘ (9>

We solved Egs. (3) together with Eq. (4) for the mixed s+ d-wave gaps in the orthorhom-

bic state at T' = 0 and used them as an input parameter to calculate T,. The Cooper-pair
formation temperature, Tp.; is found from the condition that the determinant in Eq. (5)
vanishes and the results are shown in the Supplementary Figure 4(b) in units of Ef. The
pair-formation temperature 7},;, and condensation temperature 7 are calculated as a func-
tion of the ratio of intraband and interband interactions |g2|/g%, shown in Supplementary

Figure 4(b). The two temperatures split and the difference grows with increasing |g2,|/ g2, .
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Supplementary Figure 4(c) shows the evolution of the gap symmetry as a function of |g.|/g2,

also in units of E%, and we can see the dominant d-wave character for each band with large

92| /g2, regime. Note that for smaller ratio of |g2|/g?, the pairing symmetry is a pure

st

driven by inter-band interactions. In this case both gaps are equal in magnitude, but

with the larger gap at the band with smaller Fr. With increasing intra-band coupling in

the d-wave gaps A? and A¢ grow while the s-wave gaps become smaller. Since we assume

lgd| > g%, A? and A¢ differ in magnitude with the larger gap at the band with larger F.
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