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Abstract
The multiband iron-based superconductors have layered structure with a phase diagram
characterized by a complex interplay of charge, spin and lattice excitations, with nanoscale
atomic structure playing a key role in their fundamental electronic properties. In this paper, we
briefly review nanoscale structure and atomic disorder in iron-based chalcogenide
superconductors. We focus on the Fe(Se,S)1−x Tex (11-type) and K0.8Fe1.6Se2 (122-type)
systems, discussing their local structure obtained by extended x-ray absorption fine structure.
Local structure studies on the Fe(Se,S)1−x Tex system reveal clear nanoscale phase separation
characterized by coexisting components of different atomic configurations, similar to the case
of random alloys. In fact, the Fe–Se/S and Fe–Te distances in the ternary Fe(Se,S)1−x Tex are
found to be closer to the respective distances in the binary FeSe/FeS and FeTe systems,
showing significant divergence of the local structure from the average one. The observed
features are characteristic of ternary random alloys, indicating breaking of the local symmetry
in these materials. On the other hand, K0.8Fe1.6Se2 is known for phase separation in an
iron-vacancy ordered phase and an in-plane compressed lattice phase. The local structure of
these 122-type chalcogenides shows that this system is characterized by a large local disorder.
Indeed, the experiments suggest a nanoscale glassy phase in K0.8Fe1.6Se2, with the
superconductivity being similar to the granular materials. While the 11-type structure has no
spacer layer, the 122-type structure contains intercalated atoms unlike the 1111-type
REFeAsO (RE = rare earth) oxypnictides, having well-defined REO spacer layers. It is clear
that the interlayer atomic correlations in these iron-based superconducting structures play an
important role in structural stability as well as superconductivity and magnetism.

Keywords: local structure, 11-type chalcogenides, random alloys, phase separation, glassy
phases

1. Introduction

Since the discovery of superconductivity more than 100
years ago, many diverse classes of superconducting materials
have been found and subsequently studied in detail.
However, an increasing number of emerging superconducting
materials have been found to show many features that are
inconsistent with the standard Bardeen–Cooper–Schrieffer
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(BCS) theory. The real problem lies in the complexity
of the new superconductors unlike the conventional BCS
superconductors. Indeed, recent years have seen that the
physics of emerging superconductors should be lying
in the diverse range of exotic magnetic, electronic and
crystal structures, coexisting at different locations in
the same crystal. Incidentally, the superconductivity is
introduced by tuning indirectly the fundamental electronic
structure, either by chemical substitution, intercalation and
disorder or by varying external conditions. In all these,
the structural topology of the material is changed, and the
nanoscale structure is different from the one assumed to
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Figure 1. Crystal structure of 11-type, 122-type and 1111-type
iron-based superconducting materials. These materials have layered
structure with a common Fe-square plane (lower) and the presence
or absence of a spacer layer with the Fe–Fe distance being ∼2.7 Å.
The Fe atoms are tetrahedrally coordinated with pnictogen
(Pn)/chalcogen (Ch) anions (at a distance of ∼2.4 Å) where the
anion height hz is an important parameter for describing the
fundamental electronic structure of these materials.

be described by first principle models. As the nanoscale
structure is modified while tuning the fundamental
electronic structure, understanding this nanoscale
structure–macroscopic function relationship is at the
heart of complex matter showing quantum phenomena such
as superconductivity.

The recent discovery of superconductivity in iron-based
layered structures [1] has created a great deal of interest and
new hope to find more adaptable superconducting materials.
Thanks to much effort, we know a series of new classes of
layered iron-based superconducting structures [2–6]. Among
these, the REOFeAs (RE = La, Ce, Pr, Nd, Sm) system has
ZrCuSiAs-type parent structure and is now commonly called
the ‘1111’ system, while the AFe2As2 (A = Sr, Ba) system
has ThCr2Si2-type parent structure and is called the ‘122’
system. In addition, there are two other series, the so-called
‘111’ LiFeAs system with PbFCl-type structure and the FeSe
‘11’ system with PbO-type structure [2]. The crystal structure
of 11-type, 122-type and 1111-type iron-based materials is
shown in figure 1. Recently, more complicated structures were
found to show superconductivity [10]. Common to all these
structures is the Fe-square plane and the layered structure
(see, e.g., figure 1). The maximum Tc of 55 K is achieved
in the 1111 system by electron or hole doping through
F-substitution for O or by introducing oxygen defects. On
the other hand, the 122-structures show a maximum Tc of

about 40 K, obtained by appropriate substitution of bivalent
alkali cations with monovalent alkali metals (K, Cs, etc).
The discovery of intercalated FeSe with 122-structure [11]
has added further flavor to the already rich iron-based
superconductivity research.

In a short time, by theoretical and experimental
research through a large number of studies, it has been
clarified that the iron-based materials are characterized by
a phase diagram with the superconductivity appearing close
to the antiferromagnetic ordering of the cuprates [2–5].
The electronic structure is made of several hole-like and
electron-like Fermi surfaces derived by Fe 3d orbitals and
their variable degeneracy [12–15]. The pressure and strain
effects [16] play a vital role and the materials manifest
coexisting phases characterized by different competing
electronic degrees of freedom.

The coexistence of superconductivity with a complex
magnetic structure seems to be related to the atomic
correlations between the FePn(Ch)4 (Pn = pnictogen and
Ch = chalcogen) layer and spacer layers, making these
materials very interesting, with correlating electronic degrees
of freedom and multiscale functions. The multiple band
electronic structure of these systems could lead to a significant
change in the material functions due to intra- and inter-band
pairing interactions and the degeneracy of different bands.
Although the iron-based superconductors are quite different
from the cuprates, they share common ingredients for the
high-Tc superconductivity. They are layered materials with
multiband electronic structure and multiple Fermi surfaces
controlled by the Fe(Pn,Ch)4 tetrahedra (figure 1). One of
the structural parameters regulating the Fermi surface of these
materials is the ‘anion height’, i.e. the height of the anion from
the Fe-square lattice planes [17, 18] (see, e.g., hz in figure 1).
Indeed, by chemical substitutions or intercalations, the Fermi
surface properties could be manipulated by changing the hz

and hence the Tc. All these underline the importance of the
structural topology and optimization of the local structure,
having a direct correlation with the electronic structure and the
novel quantum state of superconductivity in these materials.

The main experimental probes used to determine the
local structure in the new iron-based superconductors are pair
distribution function (PDF) analysis of x-ray and neutron
diffraction, and extended x-ray absorption fine structure
(EXAFS) [19–34]. The PDF is based on real space (Fourier
transform (FT)) analysis of diffraction patterns measured up
to high wave vectors, involving diffuse peaks due to atomic
displacements, in addition to the main diffraction peaks, and
hence is a probe of the local structure, providing information
on the distribution of the atomic distances [35]. The most
direct method for probing local structure is EXAFS, which
is an atomic site-selective method, providing information on
the local atomic distribution around a selected absorbing
site through scattering of the photoelectron exited from
the x-ray absorbing atom with the near neighbors [36].
Although the PDF and EXAFS techniques have their own
limitations in determining quantitative atomic displacements,
there is good agreement on the local lattice displacements
determined by these techniques in complex materials [37–46]
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including the new iron-based superconductors [19–34]. The
contribution of EXAFS has been vital, owing to the
availability of high-brilliance x-ray synchrotron radiation
sources. In combination with recent technical advances and
available high brilliance x-ray synchrotron radiation sources,
EXAFS spectroscopy has allowed us to determine quantitative
atomic displacements, offering a unique approach to pinpoint
short-range atomic displacements and their dynamics, being a
fast (∼10−15 s) and local (∼5–6 Å) probe [36].

Here, we have briefly reviewed important results on the
local structure of iron-based chalcogenide superconductors.
We have confined ourselves to studies of local structure by
EXAFS, and cited related work wherever required in the
text. The following section is dedicated to the basic concepts
of EXAFS as a probe of local and instantaneous atomic
displacements, describing salient features of the data analysis
and experimental approach with relevant justification. We
have restricted our focus to experimental results on the local
structure of the active FeCh4 layer, i.e. around the Ch and
Fe atoms. We describe the characteristic local structure in
the Fe(Se,S)1−x Tex (11-type) chalcogenides and show that
these materials are similar to random alloys with broken local
symmetry. This is followed by a brief review on the local
structure of the K0.8Fe1.6Se2 (122-type) system, in which FeSe
is interlated by K, showing a glassy nature. Finally, we provide
a brief summary with relevant conclusions on the basis of
local structure with respect to the electronic properties of these
chalcogenides.

2. EXAFS as a probe of local structure

Before presenting results on the local structure of the
iron-based chalcogenides, it is useful to provide a brief
introduction to the EXAFS technique as a probe of local
structure. The intrinsic time scale of the technique is given
by the core–hole lifetime, ∼10−15 s, which is faster than
the phonon lifetime (∼10−12 s). Therefore, EXAFS is a
fast tool for the study of local structure, probing not only
static but also dynamic local displacements in a physical
system. This is unlike diffraction techniques where an ordered
structure is probed within a time scale of ∼10−9 s. The
x-ray absorption coefficient µ(E) is generally given by the
product of the matrix element times the joint density of states
for the electronic transitions from the initial to final states
(core–hole). It can be solved in real space for electronic
transitions from an initial localized core level to a final state,
described as an outgoing spherical wave that interferes with
the waves backscattered from the neighboring atoms [36], i.e.

µ(E) = µ0(E)

1 +
∑
n>2

χn(E)

 , (1)

where µ0(E) is the so-called atomic absorption coefficient
for the selected atomic core level and χn(E) represents the
contribution arising from all multiple scattering pathways
beginning and ending at the central absorbing atom
and involving (n − 1) neighboring atoms. The modulation
function (EXAFS oscillations) χ(E) can be extracted from the

experimentally recorded absorption coefficient and is given as

χ(E) =

∑
n>2

χn(E) =
µ(E) − µ0(E)

µ0(E)
. (2)

The shortest scattering pathway is the one that involves
the first shell χ2(E) term being relevant. This term can be
isolated from the χn(E) by Fourier filtering as all multiple
scattering pathways that contribute to χn(E) with n > 3, as
well as all contributions from further shells, have longer
scattering path lengths. The single scattering EXAFS signal
χ2(k) for the first shell can be written as

χ2(k) =

∑
i

S2
0 e−

2Ri
λ

k R2
i

Ai (k)e−2k2σ 2
i sin[2k Ri + δi (k)], (3)

where Ri is the radial distance for the first shell and δi (k)

the phase function determined by both the photoabsorber
and the nearest-neighbor backscattering atoms. The S2

0 is
an amplitude correction factor due to the photoelectron
correlation and is also called the passive electron reduction
factor. Ai (k) is the scattering power, λ is the photoelectron
mean free path and σ 2

i is the correlated Debye–Waller
factor (DWF) of the photoabsorber–backscatter atom pairs.
The scattering power is given by Ai (k) = N ∗

i Fi (k), where
N ∗

i is the average coordination number and Fi (k) is the
backscattering amplitude of the neighboring atoms, and hence
equation (3) takes the following form:

χ2(k) =

∑
i

N ∗

i

S2
0 e−

2Ri
λ

k R2
i

Fi (k)e−2k2σ 2
i sin[2k Ri + δi (k)]. (4)

Here the photoelectron wavevector (k in Å−1) is given by

k =
p

h̄
=

√
2m(E − E0)

h̄
, (5)

where E (eV) is the incident photon energy while E0

(eV) is the ejected photoelectron energy origin. For the
oriented samples, the EXAFS signal has a dependence on the
angle between the preferred sample direction and the x-ray
polarization vector. Therefore, the EXAFS equation can be
generalized as

χ(k) =

∑
i

3Ni cos2 θi
S2

0 e−
2Ri
λ

k R2
i

Fi (k)e−2k2σ 2
i sin[2k Ri +δi (k)],

(6)
where Ni is the equivalent number of neighboring atoms at
a distance Ri sitting at the angle (θi ) with respect to the
direction of the electric field of the polarized x-ray beam [36].
Therefore with the polarized light and single-crystal samples,
the EXAFS could be exploited to obtain information on
directional local structure.

The effect of temperature on the EXAFS signal is
taken care of by the exponential term exp(−k2σ 2

i ). The
σ 2

i is the DWF of the absorber–scattering atom pair. The
σ 2

i appearing in the EXAFS equation is not the same as
the one determined by the diffraction experiments. While
the diffraction DWF measures mean-square deviation of
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a given atom from its average site, the EXAFS DWF
measures the mean square relative displacements (MSRD),
determined by the correlated movement of the absorber
and the scattering atoms. The EXAFS DWF σ 2

i could be
presented as a sum of a temperature-independent (static σ 2

0 )
and a temperature-dependent (dynamic σ 2(T )) term, i.e, the
temperature-dependent part σ 2(T ) could be given by the
simple correlated Einstein model as [47, 48]

σ 2(T ) =
h̄2

2µkBθE
coth

θE

2T
, (7)

where ωE is the bond vibration frequency, µ is the reduced
mass of the pair and θE = h̄ωE/kB is the Einstein temperature.
Considering all the above facts, it is clear that the EXAFS
DWF provides important information on the local atomic
displacements and dynamics.

To extract the structural parameters from an EXAFS
signal, the shift of the photoelectron energy origin E0

and the phase shifts should be known [48, 52]. These
parameters can be either fixed or allowed to vary when an
experimental EXAFS is parameterized. For further details
of the experiments and data analysis, see our earlier
publications [22, 26, 28–31].

3. Results and discussion

3.1. Local structure of the 11-type structure: broken local
symmetry and random alloy-like behavior

Among the iron-based superconductors, FeSe (a 11-type
chalcogenide) shows the lowest superconducting transition
temperature (Tc ∼ 8 K ); however, it could be considered a
model system for addressing basic characteristics of these
materials [7]. The FeSe structure contains simple stacking
of tetrahedrally coordinated FeSe4 layers (see, e.g., figure 1)
without spacer layers that are known to have a substantial
effect on the electronic properties [22, 23]. Substitution by
Te in FeSe leads to a marginal increase in Tc (∼15 K). For
more on the general properties of 11-type superconductors,
see reviews [7–9]. Here, we will start the discussion with a
presentation of the local structure of the simplest iron-based
superconductor, i.e. 11-type structure. The experiments on
the local structure reveal that the iron chalcogenides with
11-structure are similar to random alloys [49]. Indeed, these
materials show phase separation characterized by different
iron–chalcogen bond lengths at the nanoscale.

Figure 2 shows an example of Se K-edge EXAFS
oscillations on a binary FeSe and a ternary FeSe0.5Te0.5

system. The EXAFS oscillations show apparent differences
in the local structure of binary and ternary systems. These
differences can be appreciated better in the FT providing
real-space information. Figure 3 shows FT magnitudes of
the Se K-edge EXAFS oscillations at 200 K, not corrected
for the photoelectron phase shifts, providing partial atomic
distribution around the Se atoms. The structure of the
11-system has tetragonal symmetry at room temperature
(figure 1). The FeSe shows a structural transition to an
orthorhombic phase below ∼100 K [50, 51]. For the Se site

Figure 2. Se K-edge EXAFS on binary FeSe0.88 and ternary
FeSe0.5Te0.5 at several temperatures. Differences in the local
structure of the binary and ternary systems are evident from the
EXAFS oscillations.

Figure 3. FT magnitudes of the Se K-edge EXAFS oscillations at
200 K, measured on the 11-system with different Te concentrations
(not corrected for the photoelectron phase shifts). The position of
the main peak due to Fe–Se distance hardly shows any change with
Te substitution.

(probed by Se K-edge EXAFS), there are four Fe nearest
neighbors at a distance of ∼2.4 Å (the main peak at ∼2 Å).
The next nearest neighbors of Se are eight Se(Te) and four
Fe atoms. Contributions of these distant shells appear mixed,
giving a multiple structured peak at ∼3.0–4.5 Å. From the
raw data it is clear that the position of the FT peak due to
Fe–Se distance (the main FT peak) does not change with
Te concentration, indicating that the Fe–Se distance in the
FeSe1−x Tex remains constant.

It is possible to analyze the EXAFS data using a model
with a single Fe–Se distance extracting information on the
distance and the related MSRD, determined by the correlated
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Figure 4. Fe–Se (a) and Fe–Te (b) distances in the FeSe1−x Tex

(06 x 6 1) samples as a function of temperature [26, 29]. The open
symbols correspond to the ternary systems and the filled symbols
are due to binary FeSe and FeTe. The Fe–Te (b) and Fe–Se (c) bond
lengths in the FeSe1−x Tex ternary are quite similar to those in the
respective binary FeSe and FeTe. The local Fe–Ch distances
measured by EXAFS (symbols) are compared with the average
diffraction distances (solid lines) in panel (c) [50, 51].

DWFs (σ 2) [26]. The Fe–Se distances can be determined
also by Fe K-edge EXAFS analysis [29]. Indeed, the nearest
neighbors of Fe are Ch (Ch = Se, Te) atoms at a distance
of ∼2.4 Å and the next Fe atoms at a distance of ∼2.7 Å.
The Fe–Se distances measured by Fe K-edge EXAFS are
similar to these determined by the Se K-edge EXAFS [26, 29],
showing the importance of the use of EXAFS to study the
local structure of these materials. Since the nearest neighbors
of Fe are Se and Te atoms, the Fe K-edge EXAFS also
permits one to measure the Fe–Te distance. Incidentally,
EXAFS results on the Fe–Se and Fe–Te distances are similar
both for polycrystalline [26, 29] and single-crystal [27]
samples.

Figure 4 shows temperature dependence of the local
bond lengths determined by EXAFS in samples with different
Te concentrations. The Fe–Se and Fe–Te distances in the
ternary FeSe1−x Tex system are similar to the Fe–Se and Fe–Te
distances in the binary FeSe and FeTe, respectively, showing
hardly any change with temperature. It is clear from the results
that the chalcogen atom locations in the ternary systems are
significantly displaced from the average crystallographic sites,

Figure 5. Local atomic structure of FeSe1−x Tex studied by neutron
PDF analysis [19]. PDF for three compositions (two binary systems,
FeSe and FeTe, and the ternary FeSe0.5Te0.5 system) are shown,
revealing that the local structure of the ternary FeSe0.5Te0.5 is
characterized by different Fe–Ch bond lengths.

i.e. the crystal is composed of a mixture of well-defined long
and short Fe–Ch bonds.

The local structure of the FeSe1−x Tex system has also
been investigated [19] by neutron diffraction PDF analysis.
From a detailed analysis, the authors have extracted the bond
lengths and bond angles, and found that the average structure
of the FeSe0.5Te0.5 superconductor does not accurately
represent the bond length and bond angles between Fe and
the two chalcogens. Indeed, locally, the Se and Te ions do
not share the same site and have two distinct z-coordinates, in
contrast to what is presumed in the crystallographic average
tetragonal symmetry. For ready reference, the local atomic
structure of three compositions (two binary systems, FeSe
and FeTe, and the ternary FeSe0.5Te0.5 system) described by
PDF [19] is shown in figure 5. In the FeSe, the first two
peaks correspond to the shortest distances in the tetrahedral
unit, i.e. the Fe–Se and the Fe–Fe bond lengths. The wide
peak with a right shoulder in the binary FeTe is due to
the contributions from Fe–Te and Fe–Fe nearest neighbor
distances as the separation between Fe–Fe and Fe–Te is
not well resolved. On the other hand, the two peaks in the
ternary FeSe0.5Te0.5 system are due to Fe–Se and Fe–Te
(mixed with Fe–Fe) distances. Figure 5 clearly shows that
the Fe–Se and Fe–Te distances in the ternary system are
similar to the Fe–Se distance in the binary FeSe and the Fe–Te
distance in the binary FeTe system. This is similar to what
has been observed by EXAFS analysis on the FeSe1−x Tex

system. It is worth mentioning that local structure studies
revealing nanoscale phase separation are consistent with the
phase separation observed by tunneling experiments on the
FeSe1−x Tex system [53, 54].

Not only in the FeSe1−x Tex , the local structure of the
FeS1−x Tex ternary also shows a similar nature at the local
scale. For example, the Fe–S and Fe–Te bond lengths in
the ternary FeS1−x Tex are close to the respective binaries
(the Fe–S bond turns out to be almost 0.4 Å shorter
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Figure 6. Fe–S and Fe–Te distances in FeS1−x Tex as a function of
Te concentration measured by high-resolution single-crystal x-ray
diffraction [55]. The crossed symbols correspond to the distances
measured by EXAFS analysis [29].

than the Fe–Te), observed by high-resolution neutron and
single-crystal x-ray diffraction measurements on a series of
FeS1−x Tex [55]. Also, the EXAFS results are found to be
consistent, revealing distinct Fe–S and Fe–Te distances in
the ternary FeS0.2Te0.8 system. In fact, the Fe–S distance is
∼2.22 Å, close to the known distance (∼2.23 Å) in the FeS
binary system [56]. We have shown the Fe–S and Fe–Te
bond lengths on the FeS1−x Tex system as a function of Te
concentration measured by neutron and single-crystal x-ray
diffraction [55] along with the EXAFS results in figure 6.
Therefore, the local symmetry in the ternary chalcogenides
with 11-type structure is broken in the crystallographically
homogeneous system. This is different from the average
structure measurements, showing a continuous evolution of
the mean Fe–Ch distance as a function of the Te substitution.
The mean Fe–Ch distances (weighted average) measured by
the EXAFS are consistent with the average bond lengths
measured by diffraction (figure 4); however, the local and
average structures are different for the ternary chalcogenides.

The observed local structure diverging from the average
structure in the FeSe1−x Tex and FeS1−x Tex ternary systems
reminds us of random alloys. Indeed, the situation is similar
to random alloys of the type AB1−x Cx in which local
structure around the A site is not homogeneous although the
end members AB and AC possess perfect crystallographic
symmetry [57–61]. Indeed, the bond lengths A–B and A–C
are non-equivalent and hence the bond angles are also so.
These local distortions in the random alloys generally do
not lead to new diffraction peaks, and could be explained
by random distribution, reflecting lower symmetry of the
crystal associated with the strain-relaxation arrangement of
atomic sites. For an immediate comparison with the random
alloys, the nearest-neighbor local Fe–Se and Fe–Te distances
in the FeSe1−x Tex ternary system are plotted as a function
of Te concentration in figure 7. The behavior is similar to
the so-called Z -plot, characteristic of the nearest-neighbor
distances in ternary alloys [57–61]. It is clear that the local
Fe–Se and Fe–Te bond lengths are closer to those in the binary

Figure 7. Fe–Se and Fe–Te distances determined by EXAFS and
the average Fe–Ch distance (dashed line) as a function of
concentration at low temperature showing the characteristic Z -plot
of random alloys [29]. The dashed line is the average Fe–Ch
distance, consistent with the diffraction measurements.

end members (FeSe and FeTe) than what one expects from
the prediction of Vegard’s law [49]. Within the experimental
uncertainties the bond lengths appear to remain unchanged
in the case of the 11-system, albeit tending to increase with
Te concentration; this is likely due to strain-relaxation atomic
distribution in the inhomogeneous phase [49].

Various models have been discussed to describe
the atomic-scale structure of the AB1−x Cx random
alloys [62–65]. These studies have predicted the first
nearest-neighbor distance between the A and C atoms (dAC)
in the dilute limit of an impurity atom C in a crystal AB
(dAB:C

AC ). The dimensionless relaxation parameter ε is defined
as the difference between dAB:C

AC and the (unperturbed) first
nearest-neighbor distance of the host d0

AB relative to the
difference in first nearest-neighbor distances of the two
binaries, i.e. ε = (dAB:C

AC − d0
AB)/(d0

AC − d0
AB). In the Pauling

limit [49], in which the atomic radii are approximately
conserved in different environments, the two bonds will be
composition independent and equal to their ideal values d0

AB
and d0

AC, and hence ε = 1 (full relaxation). On the other hand,
Vegard’s limit [49] corresponds to ε = 0 (no relaxation) in
which the alloy is thought to be sustaining a single (average)
chemical bond (i.e. no bond alteration). In the case of
FeSe1−x Tex , ε is ∼0.95, indicating a large average bond
relaxation, unlike a large part of pseudobinary semiconductor
alloys in which the relaxation parameter ε is ∼0.8 [57–61].
This could be due to (i) stronger Fe d–Ch p hybridization and
(ii) larger order in the FeSe1−x Tex chalcogenides compared
to the pseudobinary semiconductor alloys [63, 64].

Since it is known that the chalcogen height from the
Fe-plane (hz) has a direct effect on the electronic properties of
the Fe-based superconductors [13–15] and since the different
chalcogen atoms (Se/S and Te) occupy distinct sites in the
FeSe1−x Tex , there are different corresponding hz . The Fermi
surface topology strongly depends on the hz [13–15]; thus the
configurationally inhomogeneous distribution of Se/S and Te
atoms should have an obvious effect on the physical properties
of Fe(Se,S)1−x Tex ternary systems, behaving similarly to
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ternary random alloys. However, the question is whether
random alloys have a band structure and hence a Fermi
surface. The answer is that the random alloys (AB1−x Cx ) do
have a band structure (the so-called effective band structure
containing contributions from the homogeneous parent AB
and AC alloys). Incidentally, the alloying effect has hardly
any influence on the effective band structure around the zone
center [66], and the main effect of the alloying is away
from the zone center. Indeed, angle resolved photoemission
(ARPES) studies on the FeSe1−x Tex systems [67, 68] have
shown features similar to those expected in the random
alloys. Among others, Tamai et al [68] have estimated a large
effective electron mass and strong local electronic correlations
in the FeSe1−x Tex ternary system, which appears to be an
apparent effect of alloying as in the case of random alloys.
On the other hand, a careful ARPES has shown [69, 70]
that the inhomogeneous electronic band structure is indeed a
result of the random alloy-like local structure of these 11-type
superconductors. It is fair to recall that the superconductivity
in 11-type materials is very sensitive to the strain effects. FeTe
is non-superconducting; however, it becomes superconducting
under tensile strain with a Tc as high as 13 K [71]. On
the other hand, FeSe is superconducting with a Tc of about
8 K which can be increased up to 37 K under hydrostatic
pressure [72–74]. In addition, recent studies on FeSe1−x Tex

have shown that annealing the samples gives rise to a
substantial increase in transition temperature in the ternary
systems, with the superconductivity appearing in FeTe in the
presence of very low Se contents [75]. We think that, while
the higher Tc in the ternary system should be due to strain
relaxation, the increased Tc in the annealed samples is merely
due to higher local order, and hence further relaxation as
expected in the random alloys [63, 64].

To summarize, local structure of Fe(Se,S)1−x Tex

(11-type) chalcogenides has been reviewed. The local
structural studies have shown that Fe–Se/S and Fe–Te
distances in the ternary Fe(Se,S)1−x Tex are similar to the
respective distances in the binary systems, consistent with
significant divergence of the local structure from the average.
The features observed in the local structural studies are
characteristic of ternary random alloys, suggesting breaking
of local symmetry in the 11-system in the absence a spacer
layer.

3.2. Local disorder in the K0.8Fe1.6Se2 chalcogenide:
glass-like local structure

Having discussed the nature of the local structure of 11-type
chalcogenides that have no spacer layer, showing random
alloy-like local symmetry breaking, let us turn to another
chalcogenide in which the FeSe layers are intercalated
(figure 1). It is known that the superconducting transition
temperature of FeSe shows a large enhancement of up to
∼37 K under hydrostatic pressure [73, 74]. The large pressure
sensitivity of FeSe indicates that chemical pressure is a
potential alternative parameter for raising its Tc. Indeed,
superconductivity at a Tc as high as 32 K is known to appear
in a K-intercalated FeSe [11], which has triggered new

Figure 8. Comparison between local structures of FeSe (11-type
structure) and K0.8Fe1.6Se2 (122-type structure). FT magnitudes of
the Fe K and Se K-edge EXAFS are shown at T = 80 K.

studies on the iron-based chalcogenides. A similar Tc was
observed in the Rbx Fe2−ySe2 [76, 77], (Tl,K)Fe2−ySe2 [78]
and Csx Fe2−ySe2 compounds [79]. Although isostructural to
the 122-type pnictides (figure 1), Kx Fe2−ySe2 has a distinct
microstructure, characterized by an iron-vacancy order and
a phase separation [80–84]. The magnetic order co-exists
with a bulk superconductivity and a remarkably large iron
magnetic moment [93–95]. These 122-type chalcogenides not
only show superconductivity at temperatures comparable to
those of the pnictides, but also reveal insulating and magnetic
properties at several compositions, establishing a closer link
to the cuprates. In addition, these 122-type chalcogenides
have no hole pockets in the Fermi surface [85–87], and
hence do not favor the widely discussed ideas based on
the nesting between electron pockets and hole pockets.
There are also experimental indications of the relation
between superconductivity and iron-vacancy disorder, with a
completely ordered state being an insulator. For the general
properties of 122-chalcogenides, see the recent review by
Dagotto [88]. Here, we have review briefly the local structure
of K0.8Fe1.6Se2 system, which is characterized by a large
disorder similar to the amorphous/glass materials.

Let us start by discussing differences in the local structure
of the intercalated FeSe, i.e. K0.8Fe1.6Se2, and the pristine
binary FeSe. Figure 8 compares FTs of the Fe and Se K-edge
EXAFS signals on the FeSe sample [26] and the K0.8Fe1.6Se2.
The Fe nearest neighbors in FeSe are Se at a distance of
∼2.4 Å and Fe atoms at a distance of ∼2.7 Å (two-peak
structure at ∼1.5–3.0 Å), similar to the case of K0.8Fe1.6Se2.
Similarly, in the Se K-edge EXAFS of FeSe we expect a
contribution from four Fe nearest neighbors at a distance of
∼2.4 Å (as in the K0.8Fe1.6Se2). The contribution of distant
shells appears as a multiple structured peak at ∼3.0–4.5 Å.
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Figure 9. FT magnitudes of the polarized Fe K-edge EXAFS
(weighted by k2) on K0.8Fe1.6Se2 single crystals [31].

The comparison underlines significant differences in the
local structure of the FeSe and the K0.8Fe1.6Se2 systems. In
particular, the FT of the K0.8Fe1.6Se2 shows only a single
peak at ∼2 Å that contains the contribution from the Fe–Se
distances (∼2.4 Å) in the Se K-edge EXAFS and Fe–Se
and Fe–Fe contributions in the Fe K-edge EXAFS. The
longer distance contributions are strongly suppressed and are
apparently absent in the case of the K0.8Fe1.6Se2 system. In
addition, the contribution from the Fe–Fe distances in the
Fe K-edge EXAFS is strongly damped, indicating a large
Fe site disorder. Apparently, the EXAFS data reveal large
overall local disorder in the K0.8Fe1.6Se2 system, commonly
seen in the local structure of amorphous systems [89]. On
the other hand, the K0.8Fe1.6Se2 sample used for these studies
is a very good single crystal, evident from sharp diffraction
peaks [83, 84], and such a large disorder in the local structure
indicates that the K0.8Fe1.6Se2 should be some kind of glassy
system involving atomic structure.

Further clues to the nature of disorder can be obtained
by comparing polarized EXAFS in different geometries.
Figure 9 shows the FT magnitudes of Fe K-edge EXAFS
measured on a K0.8Fe1.6Se2 single-crystal sample in two
polarization geometries. The FT magnitudes of the polarized
EXAFS provide partial atomic distribution around the Fe
in the direction of x-ray beam polarizations. The Fe site
nearest neighbors are Se (at a distance of ∼2.4 Å) and
Fe (at a distance of ∼2.7 Å) in the E ‖ ab polarization.
The contribution of the Fe–Fe is not expected in the E ‖

c polarization and the main FT peak in this geometry
should be merely due to Fe–Se bonds. Contributions of
Fe next nearest neighbors are expected to appear at longer
distances (RFe−Fe = 3.91 Å, RFe−K = 4.02 Å and RFe−Se =

4.62 Å). Therefore, the main FT peak of the Fe K-edge
EXAFS in the E ‖ ab geometry contains information on
the Fe–Se and Fe–Fe bonds, while that in the E ‖ c has a
contribution only of Fe–Se bonds, similar to the main FT
peak of the Se K-edge EXAFS (figure 8). As underlined in
figure 8, the contributions expected from the farther atoms

Figure 10. Fe–Se and Fe–Fe MSRDs (symbols) for the
K0.8Fe1.6Se2 system taken from different EXAFS studies are
compared with the case of binary FeSe (11-structure). The red
symbols represent the data for the binary FeSe system, while the
black [31], blue [31], green [33] and gray [34] symbols are the data
for the 122-chalcogenide.

are apparently absent, which is a characteristic feature of
highly disordered systems and amorphous materials [89].
In addition, the Fe–Se distances determined by EXAFS in
different polarizations on two edges are similar [30] within
experimental uncertainties; however, both Fe–Se and Fe–Fe
distances are slightly shorter than the average bond lengths
determined by diffraction studies [80–84, 90]. This seems to
be the case mainly due to largely disordered atomic structure,
similar to glassy systems [91, 92].

Incidentally, the Fe–Se bond lengths hardly show
any change with temperature unlike the Fe–Fe distance
(describing the in-plane lattice parameter) that varies with
temperature showing relative flexibility of the latter. This
has been seen by different EXAFS studies on the 122-type
chalcogenide system [31, 33, 34]. Indeed, EXAFS permits
one to obtain information on bond length flexibility through
temperature-dependent Debye–Waller factors of the bond
lengths. Figure 10 shows the correlated DWFs (σ 2), i.e. the
MSRDs of the Fe–Se and the Fe–Fe pairs plotted as a function
of temperature for the K0.8Fe1.6Se2, compared with the σ 2

of the two bond lengths for the binary FeSe system [26].
The data on the Fe–Se bond length are taken from three
different EXAFS studies [31, 33, 34] while those on Fe–Fe
bond lengths are taken from two different studies [31, 33] on
the K0.8Fe1.6Se2 system.

As discussed earlier, the σ 2 measured by EXAFS
(represents distance broadening) is the sum of
temperature-independent (σ 2

0 ) and temperature-dependent
terms, i.e. σ 2

= σ 2
0 + σ 2(T ). The temperature-dependent part

can be described by the correlated Eisntein model (see, e.g.,
section 2). The Einstein temperature (θE, i.e. the Einstein
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frequency ωE = kBθE/h̄) for the Fe–Se pairs determined in
different EXAFS studies is similar. For example, Iadecola
et al [31] found that θE ∼ 318 K, similar to that in the binary
FeSe system, indicating that the force constant (k = µω2

E,
where k is the effective force constant and µ is the reduced
mass of the Fe–Se pair) of the Fe–Se bond lengths is not
very sensitive to the K-intercalation between the FeSe layers.
The estimated force constant for the Fe–Se bond length is
k ∼ 5.8 eV Å−2. The EXAFS study by Tyson et al [33] also
found a similar θE (∼308 K) for the Fe–Se bond length,
incidentally similar to the case of Fe–As bond length in
the 1111-type structure. The θE estimated by Ryu et al [34]
is slightly higher (θE ∼ 353 K) than the other two studies;
however, it should be noted that the result is based on limited
temperature points at higher temperature (their study reports
just one temperature point above 150 K).

While the Fe–Se force constant remains almost similar
to that in 11-type chalcogenide, there is a substantial effect
of intercalation on the Einstein temperature (force constant)
of the Fe–Fe pairs, estimated to be ∼208 K (k ∼ 2.1 eV Å−2)
and ∼268 K (k ∼ 3.5 eV Å−2), for K0.8Fe1.6Se2 and the binary
FeSe, respectively [31]. Therefore, it appears that the Fe–Fe
bond lengths are relatively relaxed in K0.8Fe1.6Se2, consistent
with the glassy nature of this system. The results are consistent
with other EXAFS studies [33] revealing that θE for the
Fe–Fe bond length is ∼244 K, lower than the θE in 11-type
chalcogenides and 1111-type oxypnictides. It should be
mentioned that all the local structure studies find large local
disorder in 122-type chalcogenides [31, 33, 34].

The temperature-independent term of the EXAFS DWF
(σ 2

0 ) is mainly given by the static configurational disorder.
The σ 2

0 (∼0.0002) for the Fe–Se pairs in E ‖ ab polarization
is small (figure 10) and is approximately similar to that
for the binary FeSe (for similar k-resolutions in the two
systems). On the other hand, the σ 2

0 for the E ‖ c is relatively
large (∼0.002). This difference in the σ 2

0 along the two
polarizations clearly points out a larger static disorder being
along the c-direction, likely to be due to the K -intercalation.
It should be noted that the differences in σ 2

0 between different
EXAFS studies are due to different k-resolutions. Tyson et
al [33] have measured K K -edge EXAFS and provided direct
information on the local structure around the intercalated
K atoms. Figure 11 shows the FT of K K -edge EXAFS
measured on the K0.8Fe1.6+x Se2 system along with the FT
of the calculated EXAFS spectrum considering the average
crystallographic structure. It is clear that the signal due to
K–Se distance is strongly damped with respect to what is
expected from an average structure. This indicates a large
disorder in the K-layers. The K K -edge EXAFS data are
consistent with Fe K-edge and Se K-edge EXAFS data
(figure 8) in which the signals due to Fe–K and Se–K distances
are hardly seen.

It should be mentioned that the σ 2
0 for the Fe–Fe is

substantially large, a mere indicator of Fe site configurational
disorder. Considering that the system has a well-defined
crystalline ordering, the glassy local structure could be
due to freezing of the iron-vacancy order coupled with
disorder of some other degrees of freedom, such as the

Figure 11. FT magnitudes of K K -edge EXAFS (weighted by k2)
on the K0.8Fe1.6+x Se2 system [33].

K-layer disorder. Several measurements have undelined that
the magnetic ordering in this system co-exists with the
superconductivity with a large iron moment (3.3 µB/Fe)
ordered antiferromagnetically along the c-axis [93–95]. Local
structure measurements using EXAFS [31, 33] reveal that
there is (i) a large static disorder along the c-axis, (ii) a large
disorder in the K-layer and (iii) a large Fe-site disorder. In
addition, the Fe–Fe bond length (in-plane lattice parameter)
is relatively relaxed. Therefore, it appears plausible to think
that a frozen state comprising c-axis disorder (associated with
local strain fields due to K-intercalation and iron–vacancy
order) coupled with magnetic order is realized. This frozen
state could result in magnetic textures with large frozen
magnetic moment and a relaxed Fe–Fe network. Thus,
it is likely that the strain fields locally compress the
FeSe block and hence the Tc reaches a value as high
as 32 K, as happens for FeSe under external pressure.
Indeed, single-crystal x-ray diffraction has shown clear
evidence for nanoscale phase separation between a majority
magnetic phase with iron-vacancy ordering, co-existing with
a minority compressed phase [83, 84]. The phase separation
corresponds to the electronic phase separation, also revealed
by high-energy spectroscopy [96] showing different phases
characterized by different Fe-spin states. This situation is
similar to granular superconductors in which a nanoscale
superconducting phase coexists within an insulating texture.
Therefore, the physics of the 122-type chalcogenide system
should be quite similar to the physics of glasses and granular
superconductors. It should be recalled that the thermodynamic
and kinetic fragility of a glass is related to the number
of potential energy minima in the phase space and the
heights of the activation energy barriers separating these
minima. Another fact that supports that the superconductivity
in the K0.8Fe1.6Se2 system depends strongly on its thermal
history [97] is the characteristic feature of glasses.

In summary, local structure studies on 122-type
chalcogenide reveal that the system is characterized by
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disordered materials-like local structure, indicating glassy
nature of these materials. The glassy nature is driven by large
static disorder in the c-axis, likely to be due to configurational
disorder in the intercalated K-layer. In addition, the Fe–Fe
force constant turns out to be smaller than the simple 11-type
binary FeSe system. Such a local relaxation of the Fe–Fe bond
length is due to a compression of the FeSe unit, as happens
under external pressure, and hence the superconductivity at
high Tc in the K0.8Fe1.6Se2 system should be due to a locally
compressed nanoscale minority phase, co-existing with the
normal magnetic phase, similar to granular superconductors.

4. Conclusions

We have reviewed studies of the local structure in 11-type
and 122-type chalcogenides. While the 11-type structure does
not have the spacer layer, the 122-structure has intercalated
alkaline atoms instead of a spacer layer. The local structure
clearly underlines the fact that in the absence of a spacer layer
the structure is highly susceptible to topological changes.
Indeed, when a chalcogen atom in the 11-structure is partially
substituted, the local symmetry of the structure suffers a
breakdown with nanoscale phase separation characterized by
co-existing different Fe–Ch bond lengths. This is similar to
the case of semiconductor random alloys having a direct
influence on the fundamental electronic structure. The fact
that the chalcogen height from the Fe-plane (hz) has a
direct effect on the electronic properties of the Fe-based
superconductors [13–15], and since the chalcogen atoms (Se
or S and Te) occupy distinct sites in the Fe(Se,S)1−x Tex , there
are different corresponding hz . The Fermi surface topology
strongly depends on the hz [13–15]; thus the configurationally
inhomogeneous distribution of Ch atoms should have an
obvious effect on the physical properties of FeSe1−x Tex

ternary systems, behaving similarly to ternary random alloys.
The case of the K0.8Fe1.6Se2 system is very interesting

due to its unusual microstructure having direct implications
for the fundamental electronic structure. One of these
features is the absence of hole pockets on the Fermi
surface, differentiating the system from other iron-based
superconductors, including the isostructural 122-type
pnictides. This has a direct influence on the widely discussed
Fermi surface nesting picture of these materials. Also, the
coexisting insulating phase with iron-vacancy order and
antiferromagnetism are other important features of 122-type
chalcogenides. In addition, the presence of an exotic phase
separation in this system is now well established, which
ranges from nanoscale to microscale. The role of this phase
separation is still under debate and more and more studies are
coming up to compare these materials with the exotic phase
of high-Tc copper oxides and other transition metal oxides
such as manganites. While the 11-type structure suffers local
symmetry breakdown due to the absence of a spacer layer
to compensate for the effects of any external fields (e.g. the
strain fields due to substitution), a glass-like local disorder
appears when the 11-layers are intercalated (e.g. the case of
122-type chalcogenides). The observation of a glassy nature
puts the system in the category of granular superconductors,

consistent with the superconductivity in A15 systems [98]
and the recently observed fractal distribution enhanced
superconductivity in superoxygenated La2CuO4 [99, 100].

These features of the local structure of iron-based
chalcogenides are different from the local structure of
1111-type iron-based pnictide structures. Indeed, 1111-type
structures have a well-defined spacer layer and the structure
is less susceptible to external fields such as the strain effects
due to chemical pressure or the charge density introduced
through substitutions or defects. In fact, local structure studies
on the 1111-type materials [22–25, 31] have shown that
the interlayer atomic correlations play an important role in
local structural displacements controlling the stability of the
structure, unlike the 11-type and 122-type chalcogenides.
The local structure studies discussed here underline the
importance of the structural topology and local chemistry with
the glassy nature of these complex phases being key to the
exotic properties of these new superconductors.
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