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ABSTRACT: Nanoscale inhomogeneity can profoundly impact
properties of two-dimensional van der Waals materials. Here, we
reveal how sulfur substitution on the selenium atomic sites in
Fe;_,Se;_,S, (0 <x <1,y £0.1) causes Fe—Ch (Ch = Se, S) bond
length differences and strong disorder for 0.4 < x < 0.8. There, the
superconducting transition temperature T_ is suppressed and
disorder-related scattering is enhanced. The high-temperature
metallic resistivity in the presence of strong disorder exceeds the
Mott limit and provides an example of the violation of Matthiessen’s
rule and the Mooij law, a dominant effect when adding moderate
disorder past the Drude/Matthiessen’s regime in all materials. The
scattering mechanism responsible for the resistivity above the Mott
limit is unrelated to phonons and arises for strong Se/S atom disorder
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in the tetrahedral surrounding of Fe. Our findings shed light on the intricate connection between the nanostructural details and the
unconventional scattering mechanism, which is possibly related to charge-nematic or magnetic spin fluctuations.

KEYWORDS: disorder, defects, electrical transport, superconductivity

tomic defects are ubiquitous in two-dimensional (2D)
materials with van der Waals bonds and have the
potential to significantly modulate properties and bring about
useful functionalities.”” Together with interactions due to
charge, orbital, spin, and lattice degrees of freedom,
inhomogeneity due to nanoscale defects leaves a significant
imprint on electronic and thermal transport properties."”4
The Boltzmann equation has been widely used in the past
century to explain transport properties in solids.”™" A
cornerstone of the Boltzmann transport model is Matthiessen’s
rule, which treats all scattering processes as independent and
additive. The rule is a common method in treating scattering,
though discrepancies have been observed in several strongly
correlated materials.'~"* In metals, it leads to a positive
resistivity slope dp/dT > 0 since thermally induced scattering
increases electrical resistivity. The rule also predicts that as
disorder increases so does the elastic scattering p,, whereas the
temperature-dependent inelastic contribution is unaffected.
This is indeed seen in many weakly disordered metals where
resistivity p, = p — 0 approaches Mott—Ioffe—Regel limit,
where scattering lengths become very short and correspond to
interatomic distances, leading to Anderson localization.>™"° At
strong disorder, Mooij noticed a general trend: as the metallic
resistivity slope changes and eventually changes sign, the
resistivity slope is inversely proportional to p,. This has been
observed even at very high temperatures above the Debye
temperature. 1o17
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Here, we report a strong violaton of the Matthiessen’s rule
and Mooij law arising from nanoscale inhomogeneity of
disordered Fe atomic vacancy defects and Fe—Ch (Ch = Se, S)
bond distances in Fe,_,Se;_,S, (0 <x < 1,y <0.1), created by
chemical substitution on chalcogen atomic sites in FeSe and
FeS superconductors.'®'” FeSe also features a nematic state
below T, = 91 K driven by charge-orbital or spin degrees of
freedom, instead of the weak tetragonal-to-orthorhombic
distortion of the lattice.” > We observe a vast region for
04 < x < 0.8 where the effects of disorder on electronic
transport is strong, as seen in the dimensionless quantity kgl <
1, where kg is the Fermi wavenumber and | = v7 is the mean
free path of electron wave pocket with group velocity v and
elastic scattering time 7 between two successive scattering
events. There, in contrast to FeSe or FeS, Fe atomic vacancies
and Fe—Ch bond lengths exhibit spatial inhomogeneity on the
nanoscale. In this x range, resistivity is metallic at high
temperature, even though kgl ~ 1 is widely accepted to
coincide with the Mott—Iofte—Regel criterion associated with
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Figure 1. (a-e) STEM-HAADF images with the incident beam along the [001] direction for (a) FeS, (b) Fe;_,Seq.0650.94 (c) Fe;_,Se 315060 (d)
Fe,_,Seq:S01s and (e) FeSe single crystals. Scale bar 1 nm. Note that the contrast of Fe columns is stronger than that of S/Se columns in FeS,
Fey_,Seq065004 and Fe;_,Seq3;Sg60 but becomes weaker in Fe;_,Seq ;5015 and FeSe. The image contrast in (d,e) is reduced to avoid displaying
saturated Se/S columns. (f—j) Peak intensity map of Fe columns refined from the corresponding images in the first row. Each square represents a
Fe column. Scale bar 1 nm. The insets are the magnified images from the area marked by the red squares. The [001] projection of FeS is shown in
the insets in (a,f), with yellow and green spheres representing Fe and S atoms, respectively. The map clearly shows the peak intensity variation of Fe
columns, indicating that the Fe vacancies vary from column to column. (k) Single crystal XRD patterns at room temperature. Patterns are offset for
clarity. (1—o) Resistivity of Fe,_,Se;_,S,. (n) shows an enlarged low-temperature region for (1); (o) shows an enlarged low-temperature region for
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Figure 2. (a) Ratio of resistivity at 300 K to resistivity at 14 K and (b) resistivity values at 14 K. (c,d) Values of k! for (0 < x < 1) at 300 K and at
14 K, respectively. Fermi surface near the ['-point in the Brillouen zone for FeSe (e), Fe;_,Seq080.1 (), Fe;_,Seq5:S04s (g), and Fe,_,Sep3150.60 (h).
(i) Scattering rates at the I'-point from experiment. Smearing of the Fermi surfaces in (e—h) gives an impression of the scattering rates, derived
from the energy dispersion curves.>’ High 1/7 is a hallmark of disorder-related electron scattering. Note how experimental 1/7 is enhanced near x =
0.5, which is in contrast to the smooth evolution of the calculated 1/7 due to the changes in the electronic correlations. (j) fwhm of single crystal
diffraction [001] peaks in Figure 1k. Larger fwhm indicates higher disorder along the crystallographic c-axis Bragg planes. (k) T,(x) and T(x). (1)
Fe stoichiometry variation with respect to x.

Anderson localization for pointlike scatterers,”* indicating the study points to the need for future studies on the role of
inadequacy of the Boltzmann transport model. Moreover, nanoscale iron-chalcogen bond distance inhomogeneity in
violation of Matthiessen’s rule is inconsistent with the Mooij electron correlation tuning as well as on the charge-nematic or
law, where increased disorder when electron—phonon magnetic spin fluctuations in highly disordered S-doped FeSe
scattering is present results in a decrease in temperature- where superconducting T, shows correlation with disorder-
dependent resistivity. Disorder and bad metal behavior are related scattering.”’ >’
present in many unconventional superconductors.”>~>" Yet, Unit cell refinements of X-ray diffraction (XRD) powder
experimental scattering rates 1/7 in the bad metal state for x ~ patterns of Fe,_Se,_,S, (0 <x <1,y <£0.1) confirm phase
0.5 are much stronger than 1/7 due to electronic correlations purity.”® Scanning transmission electron microscopy (STEM)
and in violation of Mooij’s law. This implies that charge images recorded by high-angle annular dark-field detector
carriers might be inelastically scattered by spin fluctuations that (HAADF) (Figure la—j) suggest the presence of nanoscale
are induced by nanoscale Fe—Ch bond disorder.”® The present inhomogeneity and up to about 10% Fe vacancy defects that
6901 https://doi.org/10.1021/acs.nanolett.2c01282
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develop for all crystals with mixed composition of Se and S on
chalcogen atomic sites.”” The contrast of Fe columns is
stronger than that of S/Se columns in FeS, Fe,_,Seq 065004 and
Fe,_,Seo31S060 but becomes weaker in Fe;_ Ses,S015 and
FeSe. The peak intensity map shows the intensity variation of
Fe and Se/S columns, indicating disordered Fe atomic
vacancies. Single crystal X-ray diffraction (XRD) patterns
(Figure 1k) shows (001) reflections. The reflections shift to
higher scattering angles with increasing «x, consistent the
decrease of the unit cell volume. The nematic transition T in
FeSe, detected via the dip anomaly in p(T), gradually shifts to
T. — 0 as S substitutes for Se in the lattice and vanishes above
x = 0.18 (Figure 1m); T. increases weakly up to about 11 K
for x = 0.1 (Figure 1n) which is in agreement with previous
observations.”’ ~>* The width of the resistivity transition
around T, broadens as x increases from 0 and T, reaches its
minimum value of 2.1 K for all 0 < x < 1 at x = 0.4 (Figure
In,0). For higher S content approaching FeS, T, increases
(Figure 1o0), consistent with T seen in )((T).3O

To estimate the disorder-related scattering, we consider
p(300 K)/p(14 K) as the residual resistivity ratio (RRR) for all
x in (Figure 1l1—0). In general, smaller values denote larger
disorder-related scattering strength. There is a continuous
decrease of RRR from x = 0 to x = 0.16 as S atoms substitute
for Se and as the structural transition is suppressed (Figure 2a).
When the structural/nematic transition is completely sup-
pressed, the RRR increases to about 25. The RRR decreases
with further increase in x up to x = 0.4 then shows a weak
increase up to x = 0.84, and finally steeply rises to 54 at x = 1.
The RRR changes with respect to x are also reflected in the
residual resistivity values in the normal state close to T, p4x
(Figure 2b). Although p,,x involves contribution of different
scattering mechanisms, higher values may signal larger
contributions from the disorder component. Disorder
contributes to dephasing of the electronic wave function in
the normal state, although for weak disorder kil > 1 the
superconducting T, in an isotropic s-wave superconductor
should be unaffected by nonmagnetic impurities.'”*>*® We
estimate kgl in our samples as follows: in the Drude theory, the
2D resistivity is p = (h/e*)(d/kgl), where h is the Planck
constant, e is the elementary charge, kz is the Fermi
wavenumber, d is interplane atomic distance, and [ is mean
free path. A3pproximating d by the value of the lattice parameter
a at 300 K,°° which changes less than 1% down to 10 K,*” and
using the experimental p values (Figure 2b),*" we plot kgl
versus x in Figure 2c (300 K) and Figure 2d (14K). T. (Figure
In,0) is suppressed for strong disorder.

Strong disorder (Figure 2c,d) affects angle-resolved photo-
emission (ARPES) electronic scattering rates 1/7. There is a
considerable change in the Fermi surface near the I' point
(Figure 2e—h), as seen in 1/7 when x is tuned from FeSe
(Figure 2e) to a weakly disordered (x = 0.1) (Figure 2f) and
then strongly disordered (x = 0.48 and 0.69) (Figure 2gh)
state toward FeS.’>*® We plot experimental scattering rates
and the scattering rates due to the change in electronic
correlations calculated based on a combination of dynamical
mean field theory (DMFT) and density functional theory
(DFT) in Figure 2i for different x. Within the DFT + DMFT
framework, larger scattering rates correspond to an increase in
the electronic incoherence of states near the Fermi energy.
This indicates that scattering rates due to solely local electronic
correlations are reduced by increasing x in Fe,_Se,_.S,.
However, the calculated scattering rates are very small when
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compared to ARPES scattering rates at the I'-point. The
degree of correlations within the model is governed by Fe—Se
and Fe—S bond distances, yet experimental scattering rate
changes cannot be explained by the decrease of electronic
correlations with x.

Whereas 1/7 due to electronic correlations show an
expected decrease as the content of sulfur atoms is increased
in the lattice at the expense of Se,39’30 observed 1/7 are much
larger, in particular near the middle of the alloy series. Larger
ARPES scattering rates are found in samples with smaller RRR
(Figure 2a). Increased scattering rates near the middle of the x
range coincide with increased Bragg plane disorder along the c-
axis (Figure 2j). Although T,(x) and T.(x) (0 < x < 1) (Figure
2k) match well with that previously observed,*’ we note that
complete suppression of T, coincides with reduction of the
residual resistivity ratio (RRR) at x = 0.18 (Figure 2a), that is,
with weak (Figure 2d) crystallographic disorder-related
scattering.”"** T_ is suppressed only when disorder is strong
(kgl ~ 1) just above T, (Figure 2d) and when c-axis Bragg
plane disorder is enhanced (Figure 2j). Although Fe vacancy
defects are detected in all crystals by STEM-HAADF (Figure
la—j), from synchrotron Rietveld refinement we conclude that
defect content is negligible in the sample bulk for FeSe and
FeS,” whereas Fe defect content increases up to about x =
0.23 (Figure 21), coinciding with T, suppression. Interestingly,
increasing Fe vacancy defects in the nematic region does not
significantly influence disorder effects on the electrical
conductivity at low temperatures, as seen by the negligible
changes in kg (Figure 2d).

In metals, the scattering rate 1/7 = (1/7, + 1/7;) is the sum
of elastic 1/7, and inelastic component 1/7;. Impurities and
crystallographic defects/disorder commonly contribute to
elastic scattering. However, bond lengths regulate the Fe—Ch
overlap and the FeCh, tetrahedron shape which in turn
controls the crystal field levels and thus the orbital occupancies
and relative mixing of Fe d,, and d,, orbitals."*** Se/S atom
disorder may give rise to inelastic carrier scattering off charge-
nematic or magnetic spin fluctuations that are enhanced due to
variable Fe—Se and Fe—S$ hybridization.”®**~*® Evidence for
Se/S atom disorder in the tetrahedral surroundings of the Fe
atoms comes from STEM-HAADF images (Figure 3a,b). From
the refinements (Figure 3c), we obtain that the full width at
half-maximum (fwhm) values are 0.15(3) nm (Fe peak) and
0.20(S) nm (Se/S peak) for Fe,_,Seq 315069 and 0.19(1) nm
(Fe) and 0.10(5) nm (Se/S) for Fe,_,Seq065094 respectively.
Hence, chalcogen atomic positions are substantially more
disordered near the middle range of S substitution on Se
atomic sites.

Now we turn our attention to normal state scattering at high
temperature for high disorder. The temperature dependence of
p(T) for x > 0.4 (Figure 1m) might hint at the phonon-related
scattering. To clarify this, we focus on the Bloch-Griineisen
(BG) phonon scattering mechanism

z

Y [o/T
PT) =y +A(9_D] A CEN A

Using Debye temperatures 0, obtained from heat capacity
measurements on Fe;_,Seqs,Sy45 and FeS,”* we observe that
the BG model provides an explanation for the resistivity at low
temperatures but cannot explain the resistivity above about
150 K due to enhanced scattering above the phonon-related
resistivity (Figure 4a,b). We plot the Mott resistivity py;o for

S
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Figure 3. (a,b) STEM-HAADF images with the incident beam along
the [100] direction for (a) Fe,_,Seq3So0 and (b) Fe,_,Seq06S004
single crystals. The [100] projection of the structure model is
illustrated in (b) with yellow and green spheres representing Fe and
Se/S atom, respectively. Scale bar 1 nm. (c) Intensity profiles (circles)
from the scan lines shown in (a,b) with the corresponding colors. The
solid lines are the fitted curves based on combined Gaussian and
Lorentzian functions.

which kgl = 1 and p(T)/ppor for all x in Figure 4¢,d. The p(T)
curves for (0.39 < x < 0.9) (Figure 4d) retain metallic
behavior (dp/dT > 0) at high T ~ 300 K, even though kgl < 1,
that is, the scattering rate is beyond Mott limit, suggesting an
exotic scattering mechanism.”’” Bad metal behavior with nearly
linear-in-temperature resistivity is a hallmark of Hund’s metals
in the incoherent regime.””**~>°

In the small x regime, disorder can be screened by the strong
correlations.”" An increase in psoox/p14x When T, is suppressed
with x (Figure 2ak) points to an interplay of increased
disorder and sudden absence of nematic correlations, implying
that strong correlations could be intertwined with strong
disorder when there is significant sulfur substitution. The
prefactor A in resistivity is related to the electron—phonon
coupling constant and is generally not very large, since 4 ~
(0.1—0.3) in known materials. In normal metals for T > 0,
resistivity usually follows a p = p, + AT linear temperature
dependence which, extrapolated to very high temperatures,
reaches the Mott limit far above melting temperature. When
disorder is added, this increases p,, but when electron—phonon
scattering is present A generally decreases with adding disorder
and could even change sign at strong disorder where p, is of
the order of the Mott limit; this well documented behavior is
known as the Mooij correlation.”> The electron—phonon
scattering can push the resistivity up to the Mott limit only if
the disorder is already strong so that p, is near the Mott limit
itself, but then the temperature-dependent resistivity term is
commonly smaller when compared to the case without
disorder.

Our observations are inconsistent with the Mooij scenario.
First, we note the temperature-dependent part (Figure 4a,b) -
i.e. the slope A of Bloch-Griiniesen resistivity fits - is much
smaller for FeS when compared to Fel_ySe0_5280.48,30 contrary
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Figure 4. Data and Bloch-Griineisen phonon scattering simulation are
depicted in (a,b) using 8}, = 240(5) K for FeS and 6}, = 208(1) K for
FeSe(s,Sp4s obtained from low-temperature heat capacity fits,
respectively (see text). Mott limit resistivity pyou(x) at 300 K (c),
and p(T)/pror for all x in Fe;_,Se;_.S, (d). Red line in (d) denotes
Mott limit kgl = 1. (e) Residual resistivity p(T — 0) = p,. (f)
Resistivity slope at 150 K. (f) Summary of experimental scattering and
transport properties at Fe;_,Se; .S, (0 < x < 1, y < 0.1) phase
diagram.

to Mooij scenario.’” Next, let us have a look at p(T) as x is
reduced. For x = 0.93 and x = 1, p, is very small, and yet the
high-temperature slope of p(T) is much smaller when
compared to x near the middle range of S atom substitution
(Figure 4e/f), so that resistivity does not reach Mott limit at
300 K. As x is reduced from 1 in Fe,_,Se,_,S, pi4 increases
more than 1 order of magnitude when compared to p i for
FeS (Figure 2b) while temperature-dependent part of p(T)
also increases. This is unrelated to a reduction in the carrier
density n. In contrast, n is increased as « is reduced from 1.*
For example, already for x = 0.9 the slope is much larger when
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compared to x = 0.93, and as seen in the slope of p(T), this
trend continues toward the middle of the alloy series (Figure
4£).°>>* This is in contrast to the Mooij relation where the
interplay of phonon scattering and disorder induces a slope
decrease at stronger disorder. In Matthiessen’s rule, p(T) = p,
+ p1(T), py is attributed to disorder, whereas the temperature-
dependent part p,(T) is related to various inelastic channels or
correlations which are assumed independent of disorder.
Increasing disorder should give an increase of p, but should
not modify the slope of p,(T) for weak disorder, whereas for
strong disorder the slope decreases and eventually changes
sign.”” This should give a simple upward shift of the entire
p(T) curve on a linear scale, not on a logarithmic scale.
Resistivity data for strong disorder indicate violation of
Matthiessen’s rule, contrary to Mooij’s law. The fact that the
x = 09 and x = 0.94 curves shift on a logarithmic scale
indicates that increasing residual resistivity also increases
temperature-dependent resistivity.

In Figure 4g, we present a summary of all transport and
scattering properties. For the region of x where metallic
resistivity exceeds the Mott limit at high temperature, disorder
is strong (Figure 2c,d) and superconducting T. is suppressed.
The evolution of T.(x) follows the evolution of disorder-
related scattering (RRR) with x, whereas it shows inverse trend
with residual resistivity just above T. (p) and ARPES
scattering rate at the I'-point in the Brillouen zone 1/7. This
points to an order parameter with nodes that gets averaged
over the Fermi surface and thus reduced by scattering along
with the T..

In summary, nanoscale inhomogeneity in Fe,_,Se,_,S, (0 <
x < 1,y £0.1) results in Fe atomic vacancies and Fe—S and
Fe—Se bond disorder. As «x is increased and material evolves
away from FeSe, there is a rise in Fe atomic vacancies and T is
suppressed for weak disorder. Superconducting T, in the
regime of strong disorder develops on cooling from a high-
temperature metallic normal state resistivity that exceeds Mott
limit and violates Matthiessen’s rule and the Mooij law,
implying that the scattering mechanism is unrelated to
phonons. This behavior is in contrast to a disorder driven
metal—insulator transition'” where dp/dT < 0. When
impurities are added to the relatively good metals FeSe and
FeS, the additional scattering depends on doping in a manner
that is inconsistent with the standard picture of weak disorder.
We expect that our findings will stimulate further experiments
and theoretical methods to connect nanoscale inhomogeneity
with scattering mechanism and it is conceivable that broader
distribution of Fe-chalcogen bond lengths activates charge-
nematic or magnetic spin fluctuations that are the dominant
source of scattering for the intermediate values of x.
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1. EXPERIMENTAL METHODS

Single crystals of Fei,,Sei-.S, (0 <x <0.23, y <0.1) were grown using an eutectic mixture of the KCI and AICl; as the
transport agent.' Single crystals of Fei.,Sei S, (0.39 <x <1,y <0.1) were synthesized by deintercalation of potassium
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FIG. S1. Laboratory (a) and synchrotron (b,c) powder X-ray diffraction patterns.
Evolution of @, ¢ unit cell parameters (d,e) and Fe vacancy defects y (f) in Fei-
»Se1xSy (0 < x < 1) crystals from Rietveld refinement. Blue (green) symbols in

(d,e) denote laboratory (synchrotron) unit cell refinement result.
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1

from the corresponding KosFe>-(Sei-Sy)2 single
crystals using the hydrothermal reaction method.>*
Crystal  stoichiometry was determined by
examination of multiple points on cleaved fresh
surfaces and checked by multiple samples from the
same batch using energy-dispersive X-ray
spectroscopy in a JEOL LSM-6500 scanning
electron microscope. Laboratory powder X-ray
diffraction data were acquired on a Rigaku Miniflex
powder diffractometer with Cu K, (A =0.15418 nm)
at room temperature. Synchrotron powder X-ray
diffraction was measured on pulverized crystals
using 0.0166 nm synchrotron radiation of National
Synchrotron Light Source 2 at 28-ID-1 beamline.
The Rietveld analysis was performed using the
GSAS-II software package.’ Magnetic susceptibility
was measured in a Quantum Design MPMS-XLS5.
Electrical transport and heat capacity were measured
in a Quantum Design PPMS-9. Hall resistivity was
measured using the standard four-probe method as a
difference of transverse resistance measured at
positive and negative fields, i.e., pxy (oH) =
[p(+tuoH) — p(—uoH)]/2 to remove voltage probe
misalignment. High-resolution scanning
transmission electron microscopy (STEM) imaging
were carried out using the double aberration-
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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 collection semi angle from 67 to
275 mrad,
and dispersed on a Lacy carbon TEM grid.

respectively. The STEM samples were prepared by crushing the crystals

CRYSTAL STRUCTURE

No impurity was observed in either laboratory or synchrotron powder X-ray data

FIG. S2. Room temperature resistivity Fjg S]a-c). The evolution of unit cell parameters a, ¢ (Fig. S1d,e) shows gradual

in Fel-ysel-xSx (0 <x< 1, y < 0.1).
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FIG. S3. M/H of Fe1,Se1.Sx (0 <x< 1,y <0.1).
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FIG. S4. Temperature dependence of resistivity for
Fe1,Se1+Sy for (0 < x <1, y<0.1) (a,b) and heat
capacity for x = 0.48 and 1 (c,d) where line denotes
a fit with Debye model. Note much larger
temperature-dependent part for x 0.9 when
compared to x = 0.94. Changes in the DOS at the
Fermi level in FeSeo.5S0.s when compared to FeS.

decrease as S replaces Se. Attempts to refine Se/S vacancy content in all crystals did

not improve fit significantly. Due to the bulk nature of the synchrotron
powder X-ray probe, this indicates that fraction of vacancies on chalcogen
atomic site, if any, is probably very small. On the other hand, synchrotron
powder X-ray diffraction Rietveld refinement indicates vacancies on Fe
atomic site in doped crystal alloys (Fig. S1f), consistent with TEM results
[(Fig. 1a-j) main text]. Yet, attempts to refine Fe vacancy defect for FeSe
and FeS also did not improve the fit beyond about 1 atomic %, i.e. for Fe,.
ySe and Fei.,S y=0.01(1). Therefore, in the text we use FeSe and FeS.

Note that, whereas we combined two different synthesis methods to
tune disorder, crystals near x = 0.5 and x = 1 are created using the same
hydrothermal crystal growth. FeS is a very good metal with low defect
scattering.®’ in contrast to crystals in the middle of the alloy series.
Consequently, room temperature resistivity values for crystals for 0.4 <x
< 0.8 are much higher when compared to either x = 0 or x = 1 (Fig. S2).
This implies that disorder is continuously tuned with x.

3. MAGNETIC SUSCEPTIBILITY

The superconducting 7. values inferred from the diamagnetic signal
(Fig. S3) are consistent with those determined by resistivity. Both
underdoped and overdoped samples show relatively sharp transitions in
contrast to relatively broad in the range (0.21 <x < 0.70). The onset of the
diamagnetic signal is observed when the resistivity drops to zero. Close
inspection shows that the transition starts to broaden when T is completely
suppressed. With further S substitution samples exhibit wide transitions.

4. BLOCH-GRUNEISEN MODEL FOR p(T) FOR HIGH x

Here we comment on the scattering mechanism. Resistivity in the
nematic state is dominated by electronic scattering (Fig. S4a).
Nevertheless, p(T) for x > 0.4 (Fig. S4b) is a MgB»-like, suggesting
phonon-related scattering. In the main text (Fig. 4) we fit resistivity of Fe,.
»Se052S04s and FeS with a Bloch-Griineisen curves®™!® p(T) = p, +

T\° BD/T x5 .
A (%) ) 0 eDa=em dx . Heat capacity at low temperature for FeS

and Fe;ySes2So4s is fitted with Debye model C/T = y+pT*+3T*; values
of electronic heat capacity y = 5.2 (1) mJ-mol-K? and 6.2(3) mJ-mol-K-
2 and of Debye temperature 0p = 240(1) K and 208(1) K were obtained
from fits in Fig. S4c,d, respectively using 0p = (12n*NR/5B)"> where N is
the atomic number in the chemical formula and R is the universal gas
constant. From2 the same fits values of prefactor 4 are 0.30(1) and 4.15(2)
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Fig. S5. Energy distribution curves and fitted Lorenzians agorees with the change of y in heat capacity fits. Further, as can be
for FeSe (a), Fei-5Se0.9S0.1 (b) and FeiSeo.52S0.48 (c) and ticed in Fig. S4 b 1 ion in the density of
Fer, 015060 (d). noticed in Fig. S4e, we observe a small suppression in the density o
states, near the Fermi energy of FeSeosSos in comparison to FeS.
Overall, these trends point out a reduction trend of the plasma frequency in for x=0.5 in comparison to x=1, which agrees
with our experimental findings.

5. ARPES SCATTERING RATES

To measure the electronic structure, we took several momentum cuts along [-M direction using incoming photon
energy sv = 120 eV and circular polarization. From the different cuts, we reconstruct the Fermi surface as shown in
Figure S5. To examine the scattering rate, we measure the band dispersion along the high symmetry line I'-M direction
using a low incoming photon energy of 4#v = 25 eV to obtain high-resolution measurements both in energy and
momentum. For each cut acquired from a sample with different x, we extract the energy distribution curve (EDC) at
momentum kr of the outer band defined as the peak at minimal binding energy with respect to the Fermi energy and
have the larger kr value. The EDCs were normalized to their high binding energy values and the background was
removed by subtracting an EDC measured deep in the unoccupied region. To estimate the influence of S on the scattering
rate, we have fitted the EDC to the two Lorentzians corresponding to the two bands. The width of the Lorentzian peak
near the Fermi energy can be considered as a measure that tracks the evolution of the scattering rate with doping.

6. DFT+DMFT SCATTERING RATES

Our density functional theory plus dynamical mean field theory (DFT+DMFT) calculations were performed at
the fully charge self-consistent level'* at 116 K. The DFT calculations were performed within Perdew-Burke-
Ernzehof generalized gradient approximation (PBE-GGA) as implemented in WIEN2K.!>!® The DMFT effective
impurity problem was solved using continuous time quantum Monte Carlo,!” within a Hubbard U = 5.0 eV and
Hund’s coupling J = 0.8 ¢V. In both FeSe and FeS near the Fermi energy around the I point the electronic states are
composed by distinct mixtures of Fe 3d orbitals.'®? In addition, the average anion height above Fe plane relates to
the hole pocket of d., orbital character.?! To investigate the degree of electronic correlations in the FeSesSos we
construct a model using a (2x2) supercell where we have an equal amount of Se and S atoms. From our DFT+DMFT
calculations we evaluate the quasiparticle scattering rate at T = 116 K from the extrapolation of the imaginary-
frequency self-energy to zero: I' = —Z,Im Y., (i0%) where a is orbital index and Z, is the quasiparticle weight.?**
The quasiparticle weight, in turn, is evaluated as Z; ! = AmYqliw) .

dw w-0"

Table S1. DFT+DMFT dxy scattering rates. Calculated scattering rates (in meV) are shown for unrelaxed (U) and relaxed (R) crystal
structures of FeSe, FeSeo.5So.5, and pure FeS.

Structure FeSe FeSepsSos FeS
1/t dy (meV) - U 5.6 1.9 1.2
1/t dy (meV) -R 14.4 5.9 4.4

3



Table S2. DFT+DMFT orbital and site averaged scattering rates (meV) for FeSeo.sSo.5s. Calculated scattering rates are shown in meV.

Fe site dyy fo dy. dx Oyo-y2
Fel 7.8 3.9 5.8 0.7 0.6
Fe2 3.6 3.7 4.1 0.4 0.4
Fe3 6.6 4.6 4.5 13 2.6
Fed 5.6 2.8 4.5 0.3 1.5
Average 5.9 3.8 4.7 0.7 13

To investigate the effect of the alloying we considered the experimental lattice parameters. In unrelaxed structures
(U) Fe-Ch (Ch = Se S) the bond distances were constrained to the local experimental bond distances (Fe-Se = 2.395
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Fig. S6: Resistivity slope evaluated via

temperature derivative of [p(T)-po].

A and Fe-S = 2.265 A)***> whereas after the structural relaxation (R) the
distances between atoms are slightly increased (Fe-Se = 2.427 A and Fe-S =
2.301 A). For our FeSeosSos model we found largest scattering rates for the
electronic states associated with Fe-dy, orbitals. In Table S1 we display the
obtained dyy scattering rates for the pristine systems as well as for the alloy.
The orbital and site averaged scattering rates for the latter are shown in Table
S2.

From Tables S1 and S2 it is evident that dy, scattering rates are very
sensitive to Fe-Se and Fe-S bond lengths. The total scattering for FeSeo sSo s,
obtained as the site and orbital average scattering rates, is around 3.3 meV
(Table S2). On the other hand, the orbital averaged scattering rates for FeSe

and FeS (relaxed structures) are 11.3 and 2.1 meV, respectively.

7. RESISTIVITY SLOPE AND CARRIER CONCENTRATION

extrapolation of low-temperature data.?

Values of po (Fig. 4e main text) were extracted from p(7) for all x by linear
Derivative of temperature-dependent

resistivity for all x is shown in Fig. S6. We note significant rise of resistivity
slope d[p(T)-po)/dT in the middle of the alloy series; values at 150 K are plotted
in Fig. 4f main text. In the main text we note the large change of slope of
resistivity curves when disorder is added in contrast to Matthiesen’s rule. This is
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Fig. S7: Estimate of carrier density change
between FeS and FeSeo.52S0.4s.

also obvious when comparing FeS and samples near x = 0.5 (Fig. S4a,b). It
is also worth noting one more very clear feature of the data, at intermediate
concentrations. Here we see substantial po, but the T-dependent parts (Fig.
S4a,b), i.e. d[p(T) — po}/dT (Fig. S6) are quite similar for at all 0.48 <x <0.9.
For example, curves x = 0.9 and x = 0.59 are almost parallel as if the validity
of Matthiassen's rule is "restored" at these intermediate concentrations. Hence,
when impurities in relatively good metals FeSe and FeS are added (S in FeSe
and Se in FeS), additional scattering centers are produced but the nature of
resulting scattering is x — dependent in a manner that is inconsistent with the
standard picture of weak disorder effects. Our data indicate that the correlation
effects are absent near FeS, but are activated as x is decreased from 0.9. This
produces large temperature-dependent scattering that persists up to the room
temperature. These effects can not be explained by the carrier concentration

reduction as x is reduced from 1; on the contrary carrier concentration is increased. Hall resistivity at T =20 K (Fig. S7)

of FeS is consistent with previously observed.?” The slopes in Fig. S7 are equivalent to Ry= 3-10"

m?/C and -1.39-10"

10 which corresponds to -2.3-10*’m™ and -4.5-10** m™ for FeS and FeSeo 52S0.4s, respectively.

8. SUPPLEMENTARY REFERENCES



1. Hu, Rongwei; Lei, Hechang; Abeykoon, Milinda; Bozin, Emil S.; Billinge, Simon J. L.; Warren,
J. B.; Siegrist, Theo, Petrovic, C.; Synthesis, crystal structure and magnetism of B-Fe1.002)Se1.0003)
single crystals. Phys. Rev. B 2011, 83, 224502.

2. Chareev, Dmitriy; Osadchii, Evgeniy; Kuzmicheva, Tatiana; Lin, Jiunn-Yuan; Kuzmichev,
Svetoslav; Volkova, Olga; Vasiliev, Alexander; Crystengcomm 2013, 15, 1989-1993.

3. Wang, Aifeng; Milosavljevic, Ana; Abeykoon, A. M. Milinda, Ivanovski, Valentin; Du,
Qianheng; Baum, Andreas; Stavitskii, Eli; Liu, Yu; Lazarevic, Nenad; Attenkofer, Klaus; Hackl,
Rudi; Popovic, Zoran; Petrovic, Cedomir; Suppression of Superconductivity and Nematic Order
in FerySeixSx (0 <x < 1; y <0.1) Crystals by Anion Height Disorder. /norg. Chem. 2022, 61,
11036-11045.

4. Borg, Christopher K. H.; Zhou, Xiuquan; Eckberg, Christopher; Campbell, Daniel J.; Saha,
Shanta R.; Paglione, Johnpierre; Rodriguez Efrain E.; Strong anisotropy in nearly ideal
tetrahedral superconducting FeS single crystals. Phys. Rev. B 2016, 93, 094522.

5. Toby, B. H.; Von Dreele, R. B; GSAS-II: the genesis of a modern opne-source all purpose
crystallography software package. J. Appl. Crystallogr. 2013, 46, 544-549.

6. Terashima, Taichi; Kikugawa, Naoki; Lin, Hai; Zhu, Xiyu; Wen, Hai-Hu; Nomoto, Takuya;
Suzuki, Katsuhiro; Ikeda, Hiroaki; Uji, Shinya; Upper critical field and quantum oscillations in
tetragonal superconducting FeS. Phys. Rev. B 2016, 94, 100503(R).

7. Terashima, Taichi; Kikugawa, Naoki; Kiswandhi, Andhika; Choi, Eun-Sang; Brooks, James S.;
Kasahara, Shigeru; Watashige, Tatsuya; lkeda, Hiroaki; Shibauchi, Takasada; Matsuda, Yuji;
Wolf, Thomas; Bohmer, Anna E.; Hardy, Frédéric; Meingast, Chrisoph; v. Lohneysen, Hilbert;
Suzuki, Michi-To; Arita, Ryotaro, Uji, Shinya; Anomalous Fermi surface in FeSe seen by
Shubnikov-de Haas oscillation measurements. Phys. Rev. B 2014, 90, 144517.

8. Licciardello, S.; Buhot, J.; Lu, J.; Ayres, J.; Kasahara, S.; Matsuda, Y.; Shibauchi, T. Hussey, N.
E.; Electrical resistivity across a nematic quantum critical point. Nature 2019, 567, 213-217 .

9. M. Ziman, Electronis and Phonons. Clarendon, Oxford 1962.

10. Kim, Kijoon H. P.; Choi Jae-Hyuk; Jung, C. U.; Chowdhury, P.; Lee, Hyun-Sook; Park, Min-
Seok; Kim, Heon-Jung; Kim, J. Y.; Du, Zhonglian; Choi, Eun-Mi; Kim, Mun-Seog; Kang, W.
N.; Lee, Sung-Ik; Sung, Gun Yong; Lee, Jeong, Yong; Superconducting properties of well-
shaped MgB: single crystals. Phys. Rev. B 2002, 65, 100510.

11. Santos-Cottin, David; Gauzzi, Andrea; Verseils, Marine; Baptiste, Benoit; Feve, Gwendal,
Freulon, Vincent; Placgais, Casula, Michele; Klein, Yannick; Anomalous metallic state in quasi-
two-dimensional BaNiS,. Phys. Rev. B 2016, 93, 125120.

12. Takeya, Hiroyuki; Elmassalami, Mohammed; Linear magnetoresistivity in the ternary 4AM>B>
and A3RhgBs phases (4 = Ca, Sr; M = Rh, Ir). Phys. Rev. B 2011, 84, 064408.

13. Di Castro, D.; Ortolani, M.; Cappelluti, E.; Schade, U.; Zhigadlo, N. D.; Karpinski, J.; Infrared
properties of Mgi.xAlx(B1yCy)2 single crystals in the normal and superconducting state. Phys.
Rev. B 2006, 73, 174509.

14. Haule, Kristjan; Yee, Chuck-Hou; Kim, Kyoo; Dynamical mean-field theory within the full-
potential methods: Electronic structure of Celrlns, CeColns and CeRhlns. Phys. Rev. B 2010, 81,
195107.

15. Perdew, John P.; Burke, Kieron; Ernzerhof, Matthias; Phys. Rev. Lett. 1996, 77, 3865-3868.

16. P. Blaha, K. P. Schwarz and G. K. H. Madsen, WIEN2K, An Augmented Plane Wave + Local
Orbitals Program for Calculating Crystal Properties (Karlheinz Schwarz, Techn. Universitit
Wien, Austria, 2001).

17. Haule, Kristjan; Quantum Monte Carlo impurity solver for cluster dynamical mean-field theory
and electronic structure calculations with adjustable cluster base. Phys. Rev. B 2007, 75, 155113.

18. Miao, J.; Niu, X. H.; Xu, D. F.; Yao, Q.; Chen, Y.; Ying, T. P.; Li, S. Y.; Fang, Y. F.; Zhang, J.

5



C.; Ideta, S.; Tanaka, K.; Xie, B. P.; Feng, D. L.; Chen, Fei; Electronic structure of FeS. Phys.
Rev. B2017, 95, 205127.

19. Kostin, A.; Sprau, P. O.; Kreisel, A.; Chong, Yi Xue; Bohmer, A. E.; Canfield, P. C.; Hirshfeld,
P. J.; Anderson, B. M.; Davis, J. C. Séamus; Imaging orbital-selective quasiparticles in the
Hund’s metal state of FeSe. Nat. Mater. 2018, 17, 869-874.

20. Yi, M.; Pfau, H.; Zhang, Y.; He, Y.; Wu, H.; Chen, T.; Ye, Z. R.; Hashimoto, M.; Yu. R.; Si,
Q.; Lee, D.-H.; Dai, Pengcheng; Shen, Z.-X.; Lu, D. H.; Birgenau, R. J.; Nematic Energy Scale
and the Missing Electron Pocket in FeSe. Phys. Rev. X 2019, 9, 041049.

21. Sato, Masatoshi; Tanaka, Yukio; Yada, Keiji; Yokohama, Takehito; Topology of Andreev
bound states with flat dispersion. Phys. Rev. B 2011, 79, 224511.

22. Zhang, Peng; Cohen, R. E.; Haule, K.; Effects of electron correlations on transport properties of
iron at Earth’s core conditions. Nature 2015, 577, 605-607.

23. Pourovskii, L. V.; Miyake, T.; Simak, S. I.; Ruban, A. V.; Dubrovinsky, L.; Abrikosov, 1. A.;
Electronic properties and magnetism of iron at the Earth’s inner core conditions. Phys. Rev. B
2013, 87, 115130.

24. Pomjakushina, E.; Conder, K.; Pomjakushin, V.; Bendele, M.; Khasanov, R.; Synthesis, crystal
structure and chemical stability of the superconductor FeSeix. Phys. Rev. B 2009, 80, 024517.

25. Pachmayr, U.; Fehn, N.; Johrendt, D.; Structural transition and superconductivity in
hydrothermally synthesized FeX (X =S, Se). Chem. Comm. 2016, 52, 194-197.

26. Reiss, Pascal; Graf, David; Haghighirad, Amir A.; Knafo, William; Drigo, Loic; Bristow,
Matthew; Schofield, Andrew J.; Coldea, Amalia I.; Quenched nematic criticality and two
superconducting domes in an iron-based superconductor. Nature Physics 2020, 16, 89-95.

27. Lin, Hai; Li, Yufeng; Deng, Qiang; Xing, Jie; Liu, Jianzhong; Zhu, Xiyu; Yang, Huan; Wen,
Hai-Hu; Multiband superconductivity and large anisotropy in FeS crystals. Phys. Rev. B 2016,
93, 144505.



	acs.nanolett.2c01282
	nl2c01282_si_001

