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Correlated disorder-to-order crossover in the local structure of K.Fe,_,Se,__S,
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A detailed account of the local atomic structure and disorder at 5 K across the phase diagram of the high-
temperature superconductor K,Fe,_,Se,_.S, (0 < z < 2) is obtained from neutron total scattering and associated
atomic pair distribution function (PDF) approaches. Various model-independent and model-dependent aspects
of the analysis reveal a high level of structural complexity on the nanometer length scale. Evidence is found
for considerable disorder in the c-axis stacking of the FeSe;_,S, slabs without observable signs of turbostratic
character of the disorder. In contrast to the related FeCh (Ch = S, Se)-type superconductors, substantial Fe-
vacancies are present in K,Fe,_,Se,_.S;, deemed detrimental for superconductivity when ordered. Our study
suggests that the distribution of vacancies significantly modifies the iron-chalcogen bond-length distribution, in
agreement with observed evolution of the PDF signal. A crossoverlike transition is observed at a composition of
z &~ 1, from a correlated disorder state at the selenium end to a more vacancy-ordered (VO) state closer to the
sulfur end of the phase diagram. The S-content-dependent measures of the local structure are found to exhibit
distinct behavior on either side of this crossover, correlating well with the evolution of the superconducting
state to that of a magnetic semiconductor toward the z & 2 end. The behavior reinforces the idea of the intimate

relationship of correlated Fe-vacancy order in the local structure and the emergent electronic properties.

DOI: 10.1103/PhysRevB.100.094108

I. INTRODUCTION

Recently discovered 122-type iron-based superconductors,
with the formula A,Fe,Se; (A = alkali metals or T1) [1,2], and
relatively high transition temperatures (7. =~ 30K) as com-
pared to the simpler FeSe-11-type counterparts (7, ~ 8 K)
[3], have garnered significant interest in correlated electron
systems research. This class of unconventional supercon-
ductors combines unique properties such as the coexistence
of superconductivity and long-range antiferromagnetic (AF)
order with large magnetic moments and Néel temperatures
that far exceed room temperature [4—7], while spectroscopic
studies suggest the presence of a superconducting gap below
8 meV [8]. Their behavior sets the stage for a tantalizing
correlated electron materials conceptual problem, somewhat
contrasting the cuprates, where superconductivity emerges
from the antiferromagnetic Mott insulating state. The puzzle
becomes even more complex as a wide range of ensemble
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average [9-12] and local structure [13-16] methods have
shown strong evidence for nanoscale phase separation, par-
ticularly, perpendicular to the iron-selenide planes [17].

In an effort to describe the coexistence of superconducting
and AF states, a common approach portrays a majority insu-
lating AF Fe-vacancy-ordered (VO) A,FesSes phase (space
group I4/m), which is separated from the minority super-
conducting A,Fe,Se, phase (space group [4/mmm) [18-20].
While the latter is characterized by fully occupied Fe atomic
sites [Fig. 1(a)], the presence of Fe vacancies in the former
[Fig. 1(d)] was believed to be detrimental to superconductivity
[21,22]. An understanding then emerged, inferring that what
makes the materials nonsuperconducting is the magnetism
bearing /5 x +/5 long-range ordering of Fe vacancies. This
is described in the 14 /m tetragonal symmetry, with two crys-
tallographically distinct Fe-atomic sites, where one (16i) is
fully occupied, while the other (4d) remains empty. Ear-
lier neutron total scattering studies [23] of K.Fe,_,Se, and
the sulfide analog K Fe;_,S, revealed that the two-phase
description reflects a subnanometer length scale, rendering
such a model equivalent to an Fe-vacancy-disordered (VD)
14/m Ky_Fe41,Chs (Ch = Se, S) single-phase case. The in-
homogeneity and structural complexity of A Fe,_,Se, makes
it difficult to derive concrete conclusions about the nature of
the relationship between the atomic structure and the observed
physical properties. Since magnetic and insulating /4/m and
superconducting /4/mmm patches are mixed on the scale of
about 100 nm [21,24], proximity effects of magnetic patches

©2019 American Physical Society


https://orcid.org/0000-0003-4995-2101
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.100.094108&domain=pdf&date_stamp=2019-09-16
https://doi.org/10.1103/PhysRevB.100.094108

P. MANGELIS et al.

PHYSICAL REVIEW B 100, 094108 (2019)

20

> g--¢ —o0—o0—9

N D

:‘3\}8:‘ K g I4/mmm
P e (b)

| ‘ |

7828’ X "‘#

N NP (c)

0 o--@ oK

(a) = Qs

FIG. 1. Two possible crystallographic models of the atomic
structure of K,Fe,_,Se,_.S,. (a) A perspective view of a single
unit cell in the /4/mmm Fe-vacancy-free mode. (b) A single FeChy
tetrahedron and other structural elements discussed in the text. /iy
denotes the anion height. (c) The Fe sublattice viewed both along
the a — b plane (top) and down the ¢ axis (bottom) in the /4/mmm
model. (d) A perspective view of a single unit cell in the /4/m VO
model. (e) The Fe sub-lattice in the /4/m VO model as viewed
both along the a — b plane (top) and down the c¢ axis (bottom).
Symmetry-distinct Fe-sites (4d and 16i), Fe vacancies, as well as
various Fe-Fe interatomic distances discussed in text are indicated
by arrows.

on superconducting islands are important [25]. Indeed,
spectroscopy measurements have suggested the existence of
a Josephson-coupled phase in the Se end-member [26].

In an effort to resolve the delicate interplay of structural
defects and properties, in situ scanning electron microscopy
studies revealed that during the cooling of a specimen to
room temperature, the formation mechanism of the super-
conducting phase in K,Fe,_,Se, passes through an “im-
perfect” Fe-vacancy disorder-to-order transition, which is
deemed responsible for the phase separation [27]. Crucial
to mediating the physical response and the distribution of
the vacancies appears to be the thermal treatment, including
the quenching conditions [14,28,29]. Indeed, the Fe-vacancy
order-to-disorder transition can be achieved by a simple high-
temperature annealing process [30,31], an approach which
has also been pinpointed by recent high energy, single-crystal
x-ray diffraction experiments and Monte Carlo simulations,
where superconductivity in quenched K Fe;_,Se; crystals
appears at the Fe-vacancy order-to-disorder boundary [32].
Notably, rapid quenching in K,Fe;_,Se, leads to a giant
increase in the critical current density and yields specimens
of higher 7 [33].

In view of these intricate relationships, Wu et al. have
suggested that the nonsuperconducting, alkali-modified FeSe-
based magnetic insulators, which possess such Fe VO

structures, should be considered the parent compounds of
the superconducting phases [34]. Disordering the Fe-vacancy
order of the parent magnetic insulating phase, K,Fe4Ses, has
been proposed as crucial for the emergence of superconductiv-
ity in K,Fe,_,Se, [28]. Following this conceptual approach,
x-ray absorption fine-structure studies [35,36] have provided
evidence for local disorder in the structure of superconducting
K Fe,_,Se,, suggesting that a nonzero population of Fe atoms
at the 44 site [Fig. 1(e)] is the key structural parameter for
bulk superconductivity. As the debate still goes on as to
what the role of Fe vacancies might be in the emergence of
superconductivity and collapse of magnetism (or vice versa),
seeking good model systems where similar features can be
studied ultimately helps to broaden our knowledge base.

In this endeavor, the isostructural K,Fe,_,Se;_.S. (0 <
z < 2) solid solutions offer such a possibility as the substitu-
tion of Se by the isovalent S suppresses the superconducting
state and give rise to a magnetic semiconductor at z > 1.6
[18]. Since the interplay of superconductivity and magnetism
across the K Fe,_,Se,_.S; series seems to rely on intriguing
structural details, we have employed neutron total scattering
combined with atomic pair distribution function (PDF) analy-
sis to probe the local atomic structure that may correlate with
such notable changes in the behavior. The study was carried
over a dense grid of compositions at 5 K, the temperature
at which superconductivity is observed in the selenium-rich
part of the phase diagram, but gets suppressed toward the
sulfur-rich end of the series. Our study corroborates pre-
vious reports of disorder in the stacking of the FeSe;_.S,
slabs, which reflects yet another ingredient in an already
structurally complex material, and has been previously linked
to local potassium ordering and segregation, as well as su-
perconductivity. Moreover, by complementing neutron PDF
analysis with simulations based on large atomistic models,
we explored the subtle nanoscale changes in the interatomic
distances and the evolution of vacancy distribution in the Fe-
chalcogen layers in the K Fe,_,Se,_.S; system. We demon-
strate that numerous local structural quantities correlate well
with T;, being marked by an Fe-vacancy correlated disorder to
order crossover around the z = 1 composition. From this we
can infer that the Fe-vacancy distribution likely plays a critical
role in the electronic properties.

II. METHODS

Single crystals of K,Fe;_,Se,_.S; (0 <z<2) were
grown by self-flux method, and energy-dispersive x-ray spec-
troscopy (EDX) found no appreciable impurity elements, as
described in detail elsewhere [18]. Crystals were pulverized
into fine powders and seived to a maximum size of 40 um.
Samples were thoroughly characterized by x-ray powder
diffraction, magnetic susceptibility, and electrical resistivity
measurements, as previously reported [18].

Experiments were performed at NOMAD instrument [37]
at the Spallation Neutron Source at Oak Ridge National Lab-
oratory. Powdered samples were loaded in extruded vanadium
containers and sealed under inert atmosphere, where helium
was used as the exchange gas. Data were collected at 5 K, then
corrected and reduced using standard protocols [38]. Neutron
PDFs were obtained using the PDFGETN program [39] over
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a range from Qi = 0.5 A to Omax = 26 A", Diffraction
analysis did not find any evidence of crystal size broadening,
suggesting crystal sizes were greater than 100 nm. Further
details on these measurements are provided in the Appendix.

Measured and reduced data, including 1(Q), F(Q), and
G(r), were analyzed using various structure-model indepen-
dent approaches, outlined in the Appendix. When performing
structure-model-dependent analysis of the same data, two
structural models are relevant, with a space group of 14/mmm
or [4/m. The details of these are summarized in Fig. 1,
with finer details presented in Appendix. Small-box PDF
refinements were carried out using one or both of these models
with the PDFGUI software [40] as described in the Appendix.
Large-box simulated PDFs were computed with the DISCUS
software package [41], using a model with space group 14/m
as described in the Appendix.

III. RESULTS AND DISCUSSION
A. Neutron diffraction

We start the K, Fe,_,Se,_.S; system assessment by looking
at the neutron powder diffraction data as seen by the low
scattering angle detector bank of the NOMAD instrument,
Fig. 2. The data across the entire composition series display
a broad, diffuse feature at the expected location (red dashed
line in Fig. 2) of the (110) peak associated with the V3 x5
long-range ordering of Fe vacancies. Macroscopic separation
of a VO phase with a vacancy-free phase would not produce
such a broad feature, but would instead produce a relatively
sharp, albeit weak, (110) peak. The diffuse nature of the
observed (110) peak suggests that idealized vacancy-order
is not achieved, but rather that a type of imperfect order or
“correlated disorder” [42,43] exists across the series. This is
commonly observed in other order-disorder type systems such
as, for example, in copper-gold intermetallic alloys [44—47].

Additionally, diffraction data across the entire composition
series show a broad and bimodal distribution of intensity at
the expected location of the (002) peak, as marked by a green
dashed line in Fig. 2. Focusing on the specific example of
K.Fe;_,S, in Fig. 3(b), we note that the primary peak at

~0.95 A™' can be indexed in either the I4/mmm or 14/m
space group as (002), but the additional low-Q shoulderlike

feature at ~0.8 A~ cannot be indexed in either space group.
Such additional diffuse intensity in the vicinity of interlayer
diffraction peaks is common in clay systems with more than
one interlayer distance [48—50].

DISCUS simulations considering large supercells in the
K Fe,_,S, system with two distinct interlayer distances, 6.55
A (66 % prevalence) and 8.0 A (34 % prevalence) [see
Fig. 3(a)] reproduce this experimentally observed bi-modal
intensity distribution well, as seen in Fig. 3(b). Importantly,
these two distinct interlayer distances exist in the same crystal,
not segregated to distinct phases. A phase segregated physical
mixture would produce two distinct diffraction features, rather
than the continuous intensity distribution seen in Figs. 2 and
3(b). The relative intensity of the additional low-Q shoulder-
like feature increases with increasing sulfur content (Fig. 2
inset), suggesting that the prevalence of a second longer
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FIG. 2. Vacancy ordering in K,Fe,_,Se,_.S.. Neutron powder
diffraction data (sulphur content, z, as indicated) in the vicinity of
the (110) and (002) reflections, positions of which for z = 0 sample
are represented by vertical red and green dashed lines, respectively.
Patterns are offset vertically by 0.07 y-axis units for clarity, and a
background curve is plotted for the z = 0 data set to highlight the
diffuse (110) feature. The presence of a sharp (110) reflection would
indicate perfect vacancy ordering (the /4/m model). Observation of
broad and diffuse intensity of this reflection would imply correlated
vacancy disorder. A broad shoulder at the low-Q side of the (002)
reflection is noticeable for each composition. The evolution with z of
its normalized integrated intensity is shown in the inset. The origin
of this feature is subsequently addressed in Fig. 3 and in the text.

interlayer distance increases with increasing sulfur content.
Comparison of the data for two K,Fe,_,Se, samples obtained
by different thermal treatment reveals that this type of disorder
can be suppressed by quenching [see inset to Fig. 3(b)].

Similar DISCUS simulations with a single interlayer dis-
tance but random shifts along the a and b lattice directions
[known as turbostratic disorder, see Fig. 4(a)] produce a
diffraction pattern characteristic for such disorder, where hkl
peaks are broadened into indistinct hk-bands [50,51]. As can
be seen in Fig. 4(b), this significantly reduces the number of
distinct Bragg peaks, and creates a characteristic saw-tooth
pattern. In Fig. 4(b), we again present an example diffraction
pattern for K Fe,_,S,, where no such saw-tooth like features
are observed.

These simulations effectively demonstrate that the
K.Fe;_,Se;_.S, specimens exhibit at least two distinct
interlayer  distances, without observable turbostratic
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FIG. 3. Observation of stacking disorder in K,Fe,_,Se,_.S, sys-
tem. (a) A side view of an atomistic model depicting two distinct
interlayer distances along the ¢ axis, represented by either a purple
or a green double-sided arrow. Green spheres represent chalcogen,
brown spheres iron, and purple spheres potassium atoms. The red
vertical dashed line highlights the lack of turbostratic disorder, as
discussed in the text. (b) The simulated neutron diffraction pattern
(blue profile) of K.Fe,_,S, for the case depicted in (a), where
two distinct interlayer distances are present. Also shown is the
experimental diffraction pattern for K,Fe,_,S, sample at 5 K with the
associated background (orange profile and dashed line, respectively)
featuring (002) basal reflection at around 0.95 A™". The feature at
0~0.8 A~ is an irrational basal reflection implying the presence
of a second, longer interlayer spacing. This feature is observed for all
as-prepared samples studied here (Fig. 2). Inset in (b) features data
for the K, Fe,_,Se, sample at 5 K, for both as-prepared (red line) and
thermally quenched (green line) variants.

disorder. This anisotropic crystallinity naturally suppresses
interlayer correlations, while intralayer correlations persist.
Additionally, the broad nature of the (110) V5 x /5 ordering
peak indicated that an imperfect or correlated local vacancy
order is likely present, a feature which will necessarily only
manifest in the local atomic structure. For these reasons, our
small-box PDF modeling has focused explicitly only on the
very local structure (r < 10 A).

Such dual-interlayer distance has been reported previously,
and was linked to potassium segregation and local ordering
[29]. This additional diffraction feature is the only evidence
of such local segregation and potassium ordering found here.
No evidence of this behavior was found in the PDF studies
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FIG. 4. Observation of stacking disorder in K,Fe,_,Se,_.S; sys-
tem. (a) A side view of an atomistic model depicting turbostratic
disorder or uniform random layer displacements along the a — b
lattice directions, highlighted by the vertical red dashed line. Atoms
are represented as in Fig. 3, with the ¢ axis running vertically. (b) The
neutron diffraction pattern simulated for K.Fe,_,S, (blue profile) in
the case of turbostratic disorder depicted in (a). This type of disorder
reduces the number of observed Bragg reflections, and produces
characteristic sawtoothlike features, as discussed in the text. The
experimental data for K,Fe,_,S, (orange profile) collected at 5 K
do not display the features that would imply turbostratic character of
the disorder.

discussed below, although the PDF in this case is not particu-
larly sensitive to potassium.

Reduced total scattering structure functions, F(Q), for
the K,Fe,_,Se; and K Fe;_,S, end-members are shown in
Figs. 5(a) and 5(c), respectively, along with the related FeSe
reference in Fig. 5(e). By inspecting these data, one readily
sees that Bragg peaks at high Q get suppressed when moving
from the sulfur to the selenium end-member, or even when
moving from the FeSe compound to either 122-type system,
and that an appreciable diffuse signal appears. Suppression of
Bragg peaks and appearance of diffuse intensity are indica-
tors for the presence of disorder, suggesting that the relative
amount of disorder increases when moving from the related
FeSe phase to KFe;_,S; and then to K,Fe,_,Se>.

The diffuse signal in F(Q) is present in the data for the
entire K, Fe,_,Se,_.S; series, as evident in Fig. 6(a), and has
a sinusoidal character at high Q. Fitting with a damped sine

function in the range 12 < 0 < 25 A" allows us to quantify
the amplitude and frequency of this oscillatory behavior as a

094108-4



CORRELATED DISORDER-TO-ORDER CROSSOVER IN THE ...

PHYSICAL REVIEW B 100, 094108 (2019)

! (a) (b)15
ST K«Fes_,Se; K«Fez_,Se;
i 10
0_‘ |
..|d.iff.us.e.5i9n.al. M RS B
- (c) (d)15
5__ KXFez_ySZ KXFez_ySZ
{o %
I o
IRICEE
FeSe 1
o
10 20 10 20
Q (A1 r(A)

FIG. 5. Comparison of neutron total-scattering-derived data for
several samples of interest. Reduced total-scattering structure func-
tions, F(Q), are shown in the left panels (1.5 < QO <25 Afl),
while corresponding PDFs, G(r), are displayed in the right panels
(15<r<25 A). The panels feature (a), (b) K Fe,_,Se;, (c), (d)
K.Fe,_,S,, and (e), (f) FeSe. Data for potassium containing samples
were collected at 5 K, while for FeSe at 10 K.

function of sulfur content z, shown in Figs. 6(d) and 6(e). We
note that these oscillations are the strongest in the selenium
end-member, and are gradually suppressed with increasing
sulfur content, reaching a minimum in the range 1.2 < z <
1.6. Above z = 1.6, these oscillations again increase in am-
plitude. This suppression and recovery is highlighted when
viewing the fitted sine functions, as can be seen in Figs. 6(b)
and 6(c). The frequency of the wave follows a similar two-
regime behavior, delineated by the composition at z = 1.6.

B. PDF analysis

Interpretation of these sinelike oscillations of the diffuse
signal in Q space is not straightforward. However, the pres-
ence of a sinusoidal oscillation in F(Q) should map to the
PDF G(r), as the two are related by a Fourier transform.
Specifically, a periodic signal in F(Q) with frequency f and
amplitude A should manifest as an enhancement (proportional
to A) of the peak in G(r) at r = 21 f.

Indeed, this agrees with qualitative assessments of the
PDFs. The frequency and relative amplitude of the periodic
signal in F(Q) parallels the position and relative sharpness
(compared to higher-r peaks) of the first PDF peak. The PDF
of K,Fe,_,Se,, shown in Fig 5(b), has a sharp first peak at
ra 2.43 A, followed by relatively broad features at higher-r.
Interestingly, the observed maximum of this feature is nearly
twice as intense as any other feature in the PDF. Conversely,
the PDF of K, Fe,_,S,, shown in Fig. 5(d), shows a peak at
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FIG. 6. Analysis of the diffuse scattering signal in F(Q) at
high momentum transfers Q in K,Fe,_,Se,_.S.. (a) The measured
(lighter line) and fitted (heavier line) F(Q) signal. The curves are
sequentially offset vertically by 2 A7 for clarity. (b) The model
F(Q) signal over a regime of concentrations where the oscillation
amplitude and frequency decrease. (c) The model F (Q) signal over a
regime of concentrations where oscillation amplitude and frequency
increase. (d) The amplitude of F'(Q) diffuse oscillations as a function
of sulfur content, z. (¢) The frequency of diffuse oscillations as a
function of z. Colors represent sulfur content, z, as indicated, and in
(b) and (c) are consistent with those in (a).

r~2.38 A, which is of comparable sharpness to higher-r
peaks.

Typically, the observation of r-dependent PDF peak widths
is associated with correlated atomic motion [52]. Generally
speaking, these relative widths describe the nature of the
bonding in the material [53]. For example, an “infinitely”
sharp first PDF peak would indicate that the nearest-neighbor
pairs always move in phase, and that this bond is extremely
rigid. Conversely, a first PDF peak that is of the same width as
higher-r peaks would indicate that nearest-neighbor pairs do
not influence each other strongly. The origin of this behavior
in the system studied here will be addressed below.

The PDFs across the composition series at 5 K are shown
in Fig. 7(a), and the positions of a higher-r peak as well as
the first peak, representing Fe-Ch correlations, are shown in
Figs. 7(b) and 7(c), respectively. Interestingly, the position
of the Fe-Ch peak is nearly unchanged in the range 0.0 <
z < 1.0, signifying that the Fe-Ch pair distance is unaffected
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FIG.7. 5 K PDF data of the K;Fe,_,Se,_.S; series. (a) The
experimental PDFs in the local structure range 1.5 <r < 8 A. The
sulfur and selenium end-members are shown with a blue and red line,
respectively, while intermediate compositions are shown in gray. A
black arrow is included to emphasize the continuous evolution of
features at high r. Inset is a false color map representation of the
same PDF data plotted vs r and z, highlighting the lack of apparent
change in the position of the first PDF peak at ~2.48 A as a function
of sulfur content until approximately z = 1. The peak starts evolving
for higher z values. (b) A plot of the peak position of the feature
marked by an orange arrow in (a) as a function of sulfur content z.
A dashed line is a guide to the eye, included to highlight the nearly
linear behavior of this peak position with z. (c) A plot of the Fe-Ch
peak position, marked by a blue arrow in (a), as a function of z.
Two dashed lines are guides to the eye, highlighting the two-regime
behavior.

by the substitution of sulfur for selenium. This is in stark
contrast to the typical Vegard’s law-type behavior, predicting
a linear change in lattice parameter as a function of chemical
substitution due to steric effects [54]. This counterintuitive
behavior is, however, a strictly local effect, as the expected
linear pair-distance behavior is recovered if we consider the
position of most higher-r peaks [Figs. 7(a) and 7(b)]. This
is further evidence that the very local structure has a distinct
two-regime-type behavior.

Fitting the local structure region of the observed PDFs
(1.75 < r < 10 A) with a two-phase model incorporating
both the VO I4/m and the vacancy-free 14/mmm phases
yielded fits which were equivalent in quality to those done
with a single-phase VD I4/m model, where the occupancy
of Fe on the two distinct crystallographic sites is allowed to

a T
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KxFes y562

14/m VD

-
o
L
-
1

0.5 F

0.0 f,

Fe Occupancy

4/mmm + 14/m VO

14/m VD

50 interciuster ) T
Fe-Fe g }}H%

14/mmm + 14/m VO

FIG. 8. Fits of the structural models to the PDF data. The fit to
the observed K,Fe,_,Se, PDF data using either (a) a single-phase
14/m vacancy-disordered (VD) model or (b) a two-phase model with
I4/m VO and I14/mmm vacancy-free components. Similar one- and
two-phase fits for K,Fe,_,S, are shown in (c) and (d), respectively,
for the K,Fe,_,S, PDF data. In both compositions, single- and two-
phase models yielded fits of similar quality: R,, = 0.12 and R, =
0.15 for K,Fe,_,Se, and K,Fe,_,S,, respectively. In various panels,
arrows point to intracluster and intercluster Fe-Fe PDF peaks, as
indicated. See text and Fig. 1(e) for details. In all cases, fits were over
the displayed r-range (1.5 < r < 10 A). PDF data and fits are shown
with open circles and solid red lines, respectively, and the difference
curves (solid green lines) are shown offset vertically for clarity. The
inset in (b) summarizes the single-phase PDF refinement-derived
evolution with sulfur content of Fe occupancy of the two distinct Fe
sites (4d and 16i) in the /4/m VD model. Inset in (d) shows evolution
of chalcogen anion height /4 with sulfur content as obtained from
the /4/mmm vacancy-free component of the two-phase PDF model.
A horizontal dashed line represents the reported optimal anion height
for superconductivity [55].

vary. Examples of these fits for the S- and Se-end-members
are shown in Fig. 8. In these two-phase models, all samples
across the series possess the minority 74/mmm phase with an
average refined volume percentage of ca. 8%.

Importantly, only the lower symmetry /4/m model sup-
ports the existence of two unique Fe-Fe correlation peaks
representing inter- and intracluster Fe-Fe correlations [see
Figs. 1(e) and 8], and these two unique Fe-Fe correlation
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peaks were observed throughout the entire composition range
[see Fig. 7(a)]. Additionally, the absence of well-defined sharp
(110) reflections (Fig. 2) indicates that perfect VO cannot be
present, and thus the presence of a 14/m model with exactly
zero Fe 4d site-occupancy is inconsistent with the diffraction
data. The single-phase VD [4/m model is also a simpler
model with fewer free parameters compared to the two-phase
description. For these reasons, the single-phase VD I4/m
model was preferred and utilized here.

While single-phase fits using a VD 14 /m model may seem
inappropriate, as other earlier studies have found evidence for
phase separation, it is important to note that the PDF analysis
presented here considers only very local (less than 1 nm)
structural features. Our small-box modeling approach, shown
in Fig. 8, suggests that over sub-nm length scales the /4/m-
VD model and 74/m — VO + [4/mmm model are equivalent
descriptions in terms of explaining the observed data. It is
important to highlight that this single phase description is not
intended to contest the accepted phase separation picture of
this system. It is possible and perhaps even likely that local
correlated VO may manifest as phase separation over longer
length scales, but our results show that the two (phase sepa-
ration and a single phase with partial vacancy site occupancy)
are both equivalent descriptions of the local structure when
using small-box fitting approaches.

The inset in Fig. 8(b) shows the refined occupancy of the
two symmetry-distinct Fe sites, at 4d and 16i extracted from
the single-phase 74/m VD PDF fits. This Fe site occupancy al-
lows for the presence of both vacancy-free domains, attributed
to the superconducting behavior, as well as VO AF domains.
Any refinement to a nonzero Fe 4d site occupancy suggests
that both domains are present. The refined 4d site occupancy
then acts as an estimate of the fraction of the vacancy-free
phase.

As sulfur is substituted for selenium, the 4d site moves
from partially occupied to completely empty, whereas the 16i
site moves from partially vacant to completely occupied. The
situation where the 4d Fe is completely vacant and the 16i is
completely occupied represents the VO phase, associated with
suppression of superconductivity [34], whereas a partial oc-
cupancy suggests imperfect vacancy ordering, or the presence
of both vacancy-free and VO domains in a single coherent
lattice. Thus, we note a crossover behavior in the vacancy
distribution or phase separation of the local structure, from
partial to nearly ideal ordering. According to our PDF fits,
this transformation occurs locally in this system at z = 1.0, or
about 50% sulfur substitution at 5 K.

The inset in Fig. 8(d) shows the refined anion height /4 in
the presumed superconducting /4/mmm phase from the two
phase fits. The horizontal dashed line represents the reported
optimal anion height for superconductivity [55]. For z < 1.0,
hy is constant and adopts the ideal value, whereas for z > 1.0,
hy4 increases beyond the ideal value. The evolution of anion
height across the series corroborates the Mizuguchi rule [55]
and parallels the observed suppression of superconductivity
forz > 1.0.

The results presented so far all demonstrate a two-regime
behavior, and this is consistent with the electronic phase
diagram. Electrical transport measurements suggest that 7,
is appreciably suppressed, beginning at z = 1.0, with no

evidence of superconductivity above z &~ 1.5 [18]. The struc-
ture function F (Q) shows high-Q oscillations which decrease
in magnitude and frequency up to z = 1.6 and then recover
for z > 1.6 (Figs. 5 and 6). The frequency and magnitude of
these F (Q) oscillations correlate with the position and relative
sharpness, respectively, of the Fe-Ch nearest neighbor (NN)
peak as observed in the PDFs of the K, Fe,_,Se;_.S. series at
5 K. Furthermore, this Fe-Ch NN peak disobeys Vegard’s law
up to about z = 1.0 [Fig. 7(c)], as shown by both the F(Q)
and G(r) analysis.

While each aspect of our analysis highlights that the
K Fe;_,Se,_.S; series exhibits a two-regime behavior at 5 K,
it is not immediately apparent how each individual element of
this analysis is related to the others. The exaggerated sharp-
ness of the Fe-Ch NN peak (relative to higher-r PDF peaks)
in the selenium-rich regime signifies that the Fe-Ch bond
length distribution (BLD) is significantly narrower compared
to Fe-Ch BLD in the sulfur rich regime [23]. This Fe-Ch
BLD in K,Fe,_,Se; [Fig. 5(b)] is also much sharper than that
seen in FeSe, observed under similar conditions [Fig. 5(f)].
This is intriguing, as the Fe-Ch NN correlations in both
K.Fe,_,Se, and FeSe are due to the same structural motif of
FeSe, edge-shared tetrahedra. Thus, the observed differences
in the Fe-Se BLDs between K Fe,_,Se, and FeSe cannot be
due to chalcogen size mismatch. It is then also possible that
something other than simple steric differences between sulfur
and selenium contribute to the differences in relative Fe-Ch
BLDs (peak sharpness) across the K,Fe,_,Se,_.S; series.

Notably, the results presented so far further suggest that
the two-regime behavior is marked by a crossover from a cor-
related disorder state to more complete vacancy-order within
the local structure. While it is expected that vacancy ordering
impacts the overall disorder of the structure, it is also possible
that it directly impacts the Fe-Ch BLD as observed through
the first PDF peak.

To explore this aspect further, we considered three large
atomistic models with different local vacancy distributions but
similar average structure. The first was built with a uniformly
disordered arrangement of vacancies [Fig. 9(a)], the second
with correlated vacancy disorder [Fig. 9(c)], and the third with
a completely ordered arrangement of vacancies [Fig. 9(e)].
Importantly, these three configurations were created with
identical overall vacancy concentrations (20%, as suggested
by previous EDX studies on these samples [18]) using the
same space-group (/4/m) and unit cell parameters.

If each of these large configurations are folded into a single
unit cell, they would appear nearly identical, with the primary
difference being the occupancy of the distinct Fe sites in the
14 /m space group. It is clear, however, that the local structure
of each is quite distinct. This local vs average discrepancy
highlights the shortcomings of traditional crystallography in
describing such materials [42,43,56], and reiterates our earlier
observations of pervasive anisotropic broadening of the (110)
diffraction peak as demonstrated in Fig. 2.

In these atomic configurations, each chalcogen species can
be coordinated by either four Fe’s, four vacancies, or permu-
tations of both Fe and vacancies. For each atomistic model,
we quantified the total number of each of the five possible
configurations. These results are presented in Figs. 9(b), 9(d),
and 9(f) in the form of normalized histograms showing the
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FIG. 9. The effect of vacancy ordering on the local FeCh, structural unit. (a) An atomistic model (viewed down the ¢ axis) featuring
uniform vacancy (white dots) disorder in the iron (brown dots) sublattice. (b) A histogram enumerating the total number of chalcogen species
(expressed as a fraction) coordinated by either 0, 1, 2, 3, or 4 Fe in the atomic configuration represented in (a). (¢) Similar to (a), except the
vacancies show correlated disorder, with an increased likelihood of like neighbors in the first coordination shell and unlike neighbors in the
second coordination shell. (d) Similar to (b) except pertaining to the atomic configuration in (c). (e) Similar to (a), except the vacancies are
fully ordered over the Fe sublattice. (f) Similar to (b) except pertaining to the atomic configuration in (e). (g) The distribution of Fe-Ch pair
distances following energy minimization in the presence of a Lennard-Jones (LJ) potential between Fe-Ch nearest neighbors, shown for the
vacancy distributions represented by the atomistic model in (a), (c), and (e). LJ potential parameters were identical between the each atomic
configuration, the differences in the pair distances distributions are a result of the vacancy configuration, only.

distribution of Ch with a specific number of Fe neighbors
for the VD, correlated-disorder, and VO atomistic models,
respectively.

For the VO case, the results are as expected, 20% of
chalcogens are fully coordinated by four Fe’s, whereas 80% of
chalcogens are coordinated by three Fe’s and a single vacancy,
and no chalcogens are coordinated by two or more vacancies.

The VD case is more interesting: a significant fraction of
chalcogens (~20%) are severely undercoordinated, with two
or more missing Fe NNs. Moreover, and importantly, the per-
centage of fully coordinated chalcogens nearly doubles com-
pared to the VO case. These vacancy-free configurations can
be associated with the presumed superconducting /4/mmm
phase [18]. Surprisingly, and somewhat counterintuitively,
the increase in fully coordinated chalcogens is a result of
disordering the vacancies in this system. The atomic con-
figuration exhibiting correlated disorder, however, shows the
greatest prevalence of fully coordinated chalcogens, notably
the vacancy-free domains represent more than 50%, greater
than the percolation threshold in a square lattice.

It is interesting to note that the atomic arrangement de-
picted in Fig. 9(c) shows a distinct pattern, where linear
stripes of vacancies meet at right angles and are arranged
around vacancy-free domains. This mirrors the striking mi-
crostructures observed in many cases in the Se-end-member
(K Fe;_,Se,) system [14,27,29].

If the three configurations exemplified by Figs. 9(a), 9(c)
and 9(e) are energy minimized in the presence of an identical
Lennard-Jones potential between Fe and Ch NN, as outlined
fully in the Appendix, the resulting Fe-Ch BLDs, shown
in Fig. 9(g), are different. Specifically, the Fe-Ch BLD of
the energy-minimized VD configuration is noticeably sharper
than the VO configuration, whereas the configuration show-
ing correlated disorder represents an intermediate case. It is

important to note that the energy minimization did not involve
site swapping or vacancy rearrangement, and as such the
resulting atomistic models are indistinguishable from those
shown in Figs. 9(a), 9(c), and 9(e). Our finding is quite
surprising, given that the sharpest distribution originates from
a system with the most overall disorder.

Our simulations demonstrate that the relative arrangement
of vacancies has an intrinsic impact on the Fe-Ch BLD, even
in the presence of identical pairwise interactions. This idea
makes intuitive sense, as the VD state shows a greater preva-
lence of severely undercoordinated chalcogen species. Using
the language of “correlated motion” of nearest neighbors, this
could imply that these severely undercoordinated chalcogens
will form a more rigid bond with the fewer Fe species they are
coordinated by, leading to a relatively narrower Fe-Ch BLD.

The result also offers an explanation of the two-regime
behavior. Specifically, for the selenium-rich cases, the local
structure may show correlated or imperfect VO, characterized
by domains with no vacancies coexisting in the same lattice
with domains showing ordered vacancies. Conversely, in the
sulfur-rich cases, a vacancy redistribution may create more
idealized ordering. This is further supported by the increased
prevalence of the longer interlayer spacing toward the sulfur
end of the phase diagram, as shown in Fig. 2 and discussed
in Fig. 3(b). This longer interlayer spacing has been linked
in previous work on the Se-end-member to localized domains
with larger-than-average potassium concentrations [29]. This
same study has further shown that Fe-vacancy ordering is
linked closely to superconductivity and the distribution of
potassium [29].

This effect manifests in F(Q) through suppression of
Bragg peaks at high O (Fig. 6), leading to the observation
of a strong sinusoidal intensity oscillation. In G(r), this os-
cillation manifests as a relatively sharp first peak followed
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FIG. 10. Evolution of the local structure with sulfur content.
(a) K Fe,_,Se, radial distribution function showing Fe-Ch and dis-
tinct Fe-Fe pair distances (see text). (b) Similar to (a) except with
K.Fe,_,S,, highlighting the relative increase in prevalence of intra-
cluster Fe-Fe pairs. (c) Quantification of the prevalence of different
inter- and intracluster Fe-Fe pairs as a function of sulfur content z.
(d) Quantification of the inter- and intracluster Fe-Fe pair distances
as a function of sulfur content z.

by broader high-r peaks (Fig. 7), corresponding to a sharper
Fe-Ch BLD.

It is likely that the local structure of each sample sits
somewhere between the fully VD and fully ordered case,
represented by Figs. 9(a) and 9(e), respectively. To further
quantify the degree of correlated disorder, we have conducted
structure-model independent analysis of the first three mea-
sured PDF peaks across the series. These peaks correspond to
Fe-Ch, Fe-Fe intra- and intercluster correlations, in order of
increasing r.

Figures 10(a) and 10(b) show example fits of Gaussian
profiles to the radial PDF rG(r) for the selenium and sulfur
end-members, respectively. As the Fe-Fe intra- and inter-
cluster peaks are a result only of Fe-Fe correlations, their
mutual relative contributions to the PDF are not impacted
by the overall system chemistry, and their area normalized
to the area of the pair gives an indication of the prevalence
of the distinct Fe-Fe environments. In Fig. 10(c), we show
the relative fraction of Fe-Fe intra- and intercluster pairs as
obtained from this analysis. We see that for the selenium-rich
phases up to z = 1.0, the relative abundance of each type of
Fe-Fe pair is largely unchanged. In the sulfur-rich portion
when z > 1.0, there is a monotonic increase in the fraction
of intracluster pairs at the expense of intercluster pairs. This
is consistent with vacancy redistribution and an increase in
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FIG. 11. Qualitative comparison of PDF derived local structural
parameters and electronic properties of K,Fe, ,Se,_.S.. (a) Re-
duced observables, representing electronic and structural quantities
rescaled to a fraction of their values at the end-members. By def-
inition (see text) these reduced observables are one at z =0 and
zero at z = 2. (b) The previously reported [18] electronic phase
diagram of K,Fe,_,Se,_.S, (0 < z < 2) as a function of temperature
T and composition z, obtained by resisitivity and DC magnetic
susceptibility measurements using a Quantum design PPMS-9 and
MPMS-XL5 on single-crystal samples prior to grinding.

vacancy ordering when moving from Se-rich toward the S-rich
end of the phase diagram, as the fully ordered configuration
should maximize the fraction of intracluster Fe-Fe pairs. This
analysis further supports the two-regime behavior of this
system in phase space.

Finally, we explore the correlation between the measures
of local structure outlined here to the electronic properties in
this system in the context of “reduced observables” computed
as a function of sulfur content, 1/7red(z). We define a reduced
observable as the observed quantity at a given composition
z normalized by the same observed quantities at the com-
position end-members (z = 0 and z = 2) such that V.q(z) =

SAESEEAS . By design, Yrea(0) = 1 and Yrea(2) = 0.

Results for the superconducting temperature 7, and metal-
insulator transition temperature T;, reported previously [18],
and the Fe-Ch distance dr,_cp, as well as the anion height
hy derived from the present PDF analysis, are plotted in
Fig. 11(a). Also included for reference is the T, of a quenched
K Fe;_,Se, sample. Importantly, T, for a quenched sample is
higher than for as-prepared, in line with the idea that stacking
disorder and potassium distribution play an important role for
superconducting properties of this system [33].

The results are striking, as each of these reduced quantities
largely follow the same trend, remaining essentially constant
up to z = 1, then decreasing steadily in the range 1 < z < 2.
This serves to emphasize the apparent connection between the
subnanometer atomic structure at 5 K, as studied here, and
the electronic properties (see, e.g., Fig. 11(b) and Ref. [18]),
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which invites further complementary experimental and theo-
retical considerations.

IV. CONCLUSIONS

In summary, the local atomic structure and structural dis-
order have been characterized across the phase diagram of
K Fe,_,Se;_.S; (0 < z < 2) system, displaying both super-
conductivity and magnetism by means of neutron total scat-
tering and associated atomic PDF analysis of 5 K data. Using
various structure-model-independent and -model-dependent
approaches, we find a high level of structural complexity
on the nanometer length scale. The analysis highlights the
presence of considerable disorder in the c-axis stacking of
the Fe,Se,_.S; slabs, which has a nonturbostratic character,
and can be suppressed by thermal quenching. PDF fitting
suggests that over subnanometer length scales, a simple two-
phase physical mixture description (VO and vacancy-free) is
equivalent to a single phase description, allowing for partial
Fe occupancy of the vacancy site. Within this description, a
nonzero Fe occupancy of the 4d site indicates the presence
of vacancy-free superconducting domains. Complementary
aspects of the analysis reveal a crossoverlike behavior, with an
onset at z &~ 1, from predominantly correlated disorder state
toward the selenium end of the phase diagram, to a more or-
dered vacancy distribution closer to the sulfur end of the phase
diagram. Through simulations based on large scale atomistic
models, we demonstrate that the distribution of vacancies can
significantly modify the NN BLD, observably affecting the
NN environment, as corroborated by the features in the data.
The correlation of electronic properties with the Fe vacancy
distribution may imply that the disorder of Fe vacancies in the
local structure creates “domains” resembling Fe-vacancy-free
superconducting /4/mmm phase, which may be suppressed
with the correlated disorder to order crossover across the se-
ries. This could imply that the SC-bearing vacancy-free phase
is suppressed with S substitution, although our analysis does
not directly probe this aspect. The local structure observations
and their correlation with electronic properties presented here
add to the nuanced picture of the role of atomic structure in
this system, and should help to inform future experimental
and theoretical work seeking to understand the mechanisms
behind these correlations.
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APPENDIX

1. Neutron total scattering

Experiments were performed using powder samples, 0.5 g
of each, equally spaced across the Se/S compositional space
(Az =0.2), loaded into 6-mm-diameter extruded vanadium
containers under inert atmosphere and sealed. Each sample
was mounted in the diffractometer equipped with orange
cryostat. The instrument was calibrated using diamond pow-
der standard. Powder diffraction data were collected after
thorough equilibration at 5 K for 2 h of total counting

time for each sample. Neutron PDFs were obtained via sine
. o —1
Fourier transforms over a range from Qpy, = 0.5 A to

Qmax =26 A71~

2. Structure-model independent analysis

Fitting of PDF data for decomposition into constituent
peaks was done with the FITYK v. 1.3.1 software package
[58], using Gaussian functions and a linear baseline function
where the intercept term was fixed at zero. The F(Q) data
for each sample were fitted with a damped sine function after
subtracting a fitted linear background.

3. Structural models

Within the system, two possible structural models have
been put forward. The simplest model, with space group
14/mmm, consists of FeCh (Ch = Se/S) slabs featuring
a Fe square planar sublattice [Figs. 1(a)-1(c)]. Each Fe is
coordinated by four Ch creating layers of edge-shared FeChy-
tetrahedra, stacked along the c lattice direction and interleaved
with K species equidistant from each layer. In this model, the
asymmetric unit contains a single Fe at 4d (0.0, 0.5, 0.25), Ch
at 4e (0.0, 0.0, z), and K at 2a (0.0, 0.0, 0.0). The relatively
simple structure, with only one unique Fe site, gives little
flexibility for handling vacancies on the Fe sublattice, which
are common in this system [10,14,34].

A more complicated model, with space group 14/m, is
related to the higher symmetry /4/mmm model through a
rotation in the a — b plane and a +/2 increase in the a = b
lattice parameters [Figs. 1(d) and 1(e)]. The increase in unit
cell size doubles the number of atoms in the asymmetric unit,
with two symmetry-distinct Fe’s at 4d (0.0, 0.5,0.25) and
16i (x,y, z), Ch at 4e (0.0, 0.0, z) and 16i (x, y, z), and K at
2b (0.0, 0.0,0.5) and 8% (x,y, 0.5). Importantly, within both
these symmetries, the FeChy tetrahedra of adjacent layers are
translated in the x and y direction by half-unit cell lengths.
This can be contrasted with the related FeCh-11 group of
superconductors, where adjacent layers of FeChy-tetrahedra
contain no such relative x and y translations.
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4. Small-box refinements

The experimental PDF data were fit with the structural
models described over a 10 A range using the PDFGUI
software [40]. Over wider r-ranges, the experimental PDF is
dominated by the interlayer correlations and our analysis re-
veals that these are affected by appreciable stacking disorder,
which is highly nontrivial to handle using conventional PDF
approaches and is beyond the scope of this study. Two alter-
native modeling approaches were attempted in subnanometer
regime. The first approach used a mixture of vacancy-free
I4/mmm and fully Fe VO I4/m phase components. The
second approach utilized only a VD version of /4/m. The
two approaches were found to yield effectively identical fit
qualities and comparable descriptions of the underlying struc-
ture [23]. The VD model with /4 /m symmetry, systematically
applied to all data, used a total of 19 fitting parameters.
These included the unit cell parameters (a = b # c), a scale
factor, and a correlated motion parameter §; [52]. Further,
the fractional coordinates were refined according to the space
group constraints (nine parameters), and the atomic displace-
ment parameters (ADPs) were set to be isotropic (u1; = up =
u33) and identical for all atomic species of the same type
(three parameters). The occupancies of the two symmetry-
distinct Fe crystallographic sites (4d and 16i) were allowed
to vary separately, while the occupancies of potassium atoms
in 2b and 8h sites were constrained to be equal because
of relative insensitivity of the neutron PDF to potassium
(three occupancy parameters). The occupancies of Ch species
were fixed at their nominal values as refinements did not
suggest chalcogen sublattice ordering. Refinements were done
sequentially, such that for any given composition the PDF
refinement was initialized using the converged model of the
previous composition. Additionally, appropriately constrained
two-phase fits were used to track the evolution of the anion
height estimated from the /4/mmm vacancy-free component.

5. Large-box simulations

Simulated PDFs were computed with the aid of the DIS-
CUS v 5.30.0 software package [41] using a model with space

group /4/m. The global concentration of Fe was fixed at the
nominal concentration, with full occupancy of the 16i site and
full vacancy occupancy of the 4d site. The global concen-
tration of K was fixed at the nominal concentration, spread
uniformly across the 2b and 8 sites. For stacking fault sim-
ulations, the stack module of the DISCUS software package
was used, with a layer supercell of 2 x 2 unit cells and total
thickness of 1500 layers. The powder pattern was computed
using the fast Fourier method in DISCUS, with a 0.001 recip-
rocal length unit mesh for powder integration. For simulations
on the impact of vacancy disorder, a supercell of 50 x 50 x 1
unit cells was used. Atoms were initialized with a random
thermal displacement such that their mean squared displace-
ment across the whole supercell was consistent with the
ADP parameters refined from the K Fe,_,Se;_.S; PDF data.
Following this, atomic displacement vectors were swapped
between atoms of like identity to minimize the total energy
Eyy composed of a pairwise Lennard Jones (LJ) potential
between NN Fe-Ch pairs, specifically,

A B
b=Y Y| ) (AD
i n#i
over all atoms i, n, with
A =D}’ and B = 2D}, (A2)

The LJ potential was constructed such that the equilib-
rium NN Fe-Ch bond distance was that refined from the
K.Fe,_,Se;_.S; PDF data (7;, = 2.44 A) with potential depth
D = 100. Swaps were always accepted if they decreased the
total energy, and conditionally accepted if they increased the
total energy, with probability p = exp (—AE /kT), where AE
is the change in energy associated with the swap, k is the
Boltzmann constant, and 7' is the temperature, in this case
5 K. The total number of swaps was fixed at 100 times the
number of atoms in the supercell.
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