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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.”*
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. to17
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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—Ioffe—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 kil 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,_,Seq.5: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,So15 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 1lm); 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 10), 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 11—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, px
(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

6902

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 kgl (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 3150690 and 0.19(1) nm
(Fe) and 0.10(5) nm (Se/S) for Fe,_,Seq065004 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;_,Se; ;S 45 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;_,Seq3Sos0 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 > 6,
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 2¢,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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