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Abstract
We have investigated the local structure of the iron-based CaKFe4As4 superconductor featuring
distinct aliovalent substitutions at the Ca and K sites, that is CaKFe4As4, CaK0.9Sr0.1Fe4As4,
CaK0.9Ba0.1Fe4As4 and Ca0.9Na0.1K0.9Ba0.1Fe4As4. Temperature-dependent Fe K-edge
extended x-ray absorption fine structure (EXAFS) measurements are used to determine the
near-neighbors bondlengths and their stiffness. The EXAFS analysis reveals that the Fe–As
bondlength undergoes negligible changes by substitution, however, the Fe–Fe bondlength and
the As height are affected by the Sr substitution. The superconducting transition temperatures of
CaK0.9Sr0.1Fe4As4 and CaK0.9Ba0.1Fe4As4 are very similar even if the mean As heights are
significantly different suggesting that the anion height may not be a unique parameter to
describe the superconductivity in CaKFe4As4. The mean As heights show a peculiar
temperature dependence characteristic of CaKFe4As4 system. Furthermore, the
temperature-dependent mean square relative displacements reveal similar Fe–Fe bond stiffness
in all samples, instead the Fe–As bond is substantially stiffer in case of CaK0.9Sr0.1Fe4As4. The
local structure results are discussed in relation to the differing transport properties of aliovalent
substituted 1144 superconductor.
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EXAFS
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1. Introduction

Since the discovery of superconductivity in LaFeAsO1−xFx
with a critical temperature of ~26K [1], iron-based super-
conductors (FeSCs) have attracted significant attention from
the scientific community owing to their intriguing properties,
arising from a complex interplay of lattice, charge, and mag-
netic degrees of freedom [2, 3]. In this sense, the discovery
has not only helped to advance the fundamental science of
superconductivity but has also paved the way to design new
layered functional materials aimed at desired application ori-
ented properties [4–6]. As such, this has played a vital role
in growing numerous FeSC with diverse structures and phys-
ical characteristics [4, 7–9]. Notable FeSC pnictides families
include the 1111 type structures [1] (such as ReFeAsO, where
Re represents rare-earth elements), the 122 type structures [10]
(for example, AeFe2As2, where Ae denotes alkaline earth as
Ca, Sr or Ba), and the 1144 type hybrid structures [11] (such
as AeAFe4As4, with A being an alkaline metal as Na or K).
The electron-doped 1111 type structure exhibits the highest
superconducting transition temperature (Tc) reaching ~55K
[12, 13].

Most FeSCs require chemical doping or external pressure
to achieve superconductivity. However, some stoichiometric
compounds such as LiFeAs and FeSe are superconducting
without any external doping [14, 15]. The 1144-type FeSC,
which shows superconductivity at Tc as high as 36K without
any external doping or pressure [11, 16] is another self-doped
system. This stoichiometric 1144 system is one of the com-
pounds of interest to explore superconducting mechanisms
without any interference from possible external disorder. The
1144 system with a tetragonal structure (see figure 1 showing
the structure drawn by Vesta [17]) is a hybrid system with an
ordered stacking of two different 122 structures [11], namely
AeFe2As2 and AFe2As2. The stability of the 1144 structure
depends on the size difference between the Alkaline earth (Ae)
and Alkaline metal (A), causing the As layer in FeAs to be
inequivalent in each substructure due to the alternate arrange-
ment of Ae and A layers [18–20]. The most known compound
among stable 1144 structures is CaKFe4As4, characterized by
large hole doping [21]. Various experimental studies on ther-
modynamic and transport properties [22], angle-resolved pho-
toemission spectroscopy (ARPES) [21, 23], nuclear magnetic
resonance (NMR) [24], pressure effects [25] along with theor-
etical calculations [26], have been conducted onCaKFe4As4 to
elucidate its diverse physical properties. Notably, two consec-
utive half-collapsed tetragonal transitions are found to occur in
the 1144 structure under external pressure; one at ~4GPa and
the other at ~16GPa while Tc decreases [27, 28]. Furthermore,
Dirac surface states and Majorana zero modes have been iden-
tified in CaKFe4As4 for the first time in an FeSC [29]. On
the application front, recent studies have discovered excep-
tional vortex pinning properties in CaKFe4As4 resulting from
the inherent defect structure [30, 31], that gives rise to high
value of the critical current density

(
Jc ∼ 108 A

cm2

)
, highest

Figure 1. Resistance versus temperature curves of CaKFe4As4 with
aliovalent substitutions. The residual resistance ratio (RRR), defined
as R290K/R36K, is 5.0, 3.8, 4.6 and 5.0 for the pristine 1144, the
Sr-substituted, the Ba substituted, and the charge compensated
samples, respectively. A zoomover in the vicinity of the Tc is shown
as inset. Crystal structure of CaKFe4As4 drawn using Vesta [17]
from diffraction data at 300K [11] is also shown.

reported for FeSC [32]. These properties suggest that 1144
family could also be a strong contender for high field applica-
tions of superconductivity.

A potential strategy for the physical properties optimiza-
tion for practical applications could be a controlled increase
in the configurational entropy of the 1144 system through ele-
mental substitution [33, 34, 36–39]. For instance, Fe site sub-
stitutions have been found to effectively boost the critical cur-
rent density [38, 39]. Nevertheless, it is important to note that
any success through this approach comes at a cost, resulting
in a significant reduction in the critical temperature, even with
small quantity substitution. More recently, aliovalent substi-
tutions of Ca or K have been exploited to manipulate physical
properties of CaKFe4As4 [33–37]. Since the substitutions at
the Ca or K in the stoichiometric compound are found to affect
the superconducting properties as well as the structure stabil-
ity, it is of key importance to investigate the local structure of
the electronically active Fe–As network considering the fact
that FeSCs are characterized by large electroelastic and mag-
netoelastic properties [2, 3].

In this work, we have studied the local structure of
CaKFe4As4 for different aliovalent substitutions at Ca and
K by extended x-ray absorption fine structure (EXAFS), a
site selective experimental probe [40, 41]. In particular, the
pristine CaKFe4As4, Sr substituted CaK0.9Sr0.1Fe4As4 and Ba
substituted CaK0.9Ba0.1Fe4As4 in which electrons are form-
ally introduced to the FeAs layer by the substitutions, and
charge compensated Ca0.9Na0.1K0.9Ba0.1Fe4As4 have been
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analyzed for their local structure. Temperature-dependent Fe
K-edge EXAFS measurements have been used to investigate
bond characteristics and local displacements around iron. The
EXAFS data reveal that the Fe–As bondlengths are hardly
affected by the substitutions, while the Fe–Fe bonds along
the a-axis of the unit cell present notable changes and hence
the anion height. Incidentally, the Sr substituted system shows
stiffer bonds, likely to be due to possible texturing in this sys-
tem. The results are discussed in relation with the coordinated
role of charge density and size effect in driving the transport
properties of CaKFe4As4 FeSCs.

2. Experimental details

Temperature-dependent Fe K-edge (7.11 keV) x-ray
absorption measurements were carried-out on polycrys-
talline samples of pristine CaKFe4As4, Sr-substituted
CaK0.9Sr0.1Fe4As4, Ba-substituted CaK0.9Ba0.1Fe4As4, and
charge compensated Ca0.9Na0.1K0.9Ba0.1Fe4As4 with Na- and
Ba-substitution. These samples were prepared following the
detailed method outlined previously [36]. The homogeneity of
the powders is ensured by the high-energy ball milling treat-
ment. The low temperature synthesis route allows to minimize
volatile elements loss, and the nominal compositions do not
show any significant deviations from the actual content [34–
37] apart from the unavoidable contamination of oxygen of the
starting reactants. Figure 1 displays the resistance versus tem-
perature curves for the samples, showing Tc (onset) of ~35K,
32K, 31K and 34K respectively. The residual resistance ratio
(RRR), estimated as R290K/R36K are found to be 5.0, 3.8, 4.6
and 5.0 for the pristine 1144, the Sr-substituted, the Ba substi-
tuted, and the charge compensated samples, respectively. The
details of the samples characterization and their structural,
electrical, and magnetic transport can be found elsewhere [33,
36, 37].

The x-ray absorption measurements in the transmission
mode took place at the CLAESS beamline of the 3GeV
ALBA synchrotron radiation facility in Cerdanyola del Valles
(Barcelona) [42]. The CLAESS beamline is a multipole wig-
gler beamline consisting of 12 periods with a total length of
1m. A double crystal Si(111) monochromator coupled with
a rhodium-coated focusing mirrors to eliminate higher har-
monics, was a part of the experimental setup. The measure-
ment setup featured three ionization chambers: two for cap-
turing the incident intensity (I0) and transmitted intensity (It)
of x-rays, and one for monitoring the transmission across an
iron foil used as reference. The samples, sealed in an evacu-
ated quartz ampule, were opened in a glove box and placed
in a continuous flow liquid helium cryostat. The measure-
ment temperatures were selected to be in the range from
20K to room temperature with a control within ±1K dur-
ing the measurements. At least four absorption scans were
acquired at each temperature to ensure spectral reproducib-
ility and high signal-to-noise ratio. The EXAFS oscillations
were extracted from the energy dependent x-ray absorption

spectra using the standard procedure in which polynomial
spline fit of the pre-edge subtracted absorption spectrum is
used [40, 41].

3. Results and discussions

We have measured the Fe K-edge x-ray absorption spectra
at several temperatures on the four samples, mounted on the
same sample holder that was placed in the same experimental
conditions. Figure 2 shows the EXAFS oscillations at sev-
eral temperatures for the pristine CaKFe4As4, Sr-substituted
CaK0.9Sr0.1Fe4As4, Ba-substituted CaK0.9Ba0.1Fe4As4 and
charge compensated Ca0.9Na0.1K0.9Ba0.1Fe4As4 samples,
plotted as a function of the wavevector k. The EXAFS oscil-
lations can be seen up to k ~ 15Å−1 for all samples with
a clear evolution in temperature. The EXAFS oscillations
are due to the photoelectron wave excited from the Fe atom,
interfering with the backscattered wave from the surrounding
atoms in the 1144 structure. Therefore, the EXAFS oscil-
lations carry information about the partial pair distribution
function around the selected photoabsorbing Fe atom. The
partial pair distribution can be seen in the Fourier transforms
(FTs) of the EXAFS oscillations displayed in figure 3. The
k-range for the FTs is 3-15 Å−1 and a Gaussian window has
been applied. In the average crystal structure of CaKFe4As4
(figure 1) there are four As near neighbors of Fe at ~2.4Å
(i.e. Fe-As bondlengths) and the four Fe next near neighbors
at ~2.7Å (Fe-Fe bondlengths) and the peak at ~2.2Å contains
mixed contributions of these neighbors around the photoab-
sorbing Fe in FTs. Weaker peak features beyond ~ 3Å are
due to farther neighbors (longer distances) and due to multiple
scattering contributions. In particular, farther atoms from Fe
are expected to be Ca (Na) atoms at ~3.17Å, K (Sr Ba) atoms
at ~3.47Å and the next Fe atoms at ~3.87Å comprising peak
structures in the R-interval of 2.7–4Å. There are some appar-
ent changes including those in the bondlengths (indicated by
the vertical dashed guides).

The local structure parameters can be obtained by EXAFS
model fits. Since the focus in this work is the FeAs4 net-
work, the model fits are limited to the nearest neighbors As
and Fe atomic shells for which a single scattering approxima-
tion remains valid while farther atoms are not considered. The
standard EXAFS equation based on a single scattering approx-
imation is given by [40, 41]:

χ(k) =
∑
i

NiS20
kR2

i

| fi (k,Ri)|e−
2Ri
λ e−2k2σ2

i sin(2kRi+ δi (k)) .

(1)

Here, Ni represents the number of ith neighboring atoms at a
distance Ri from the photoabsorbing atomwhile δi is the phase
shift and fi (k,Ri) is the backscattering amplitude. The EXAFS
amplitude is also affected by the photoelectron mean free
path λ and the parameter σ2

i describing the correlated Debye–
Waller factor (DWF) that measures the mean square relative
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Figure 2. Temperature evolution of Fe K-edge EXAFS oscillations
(weighted by k2) of CaKFe4As4, CaK0.9Sr0.1Fe4As4, CaK0.9Ba0.1
Fe4As4, Ca0.9Na0.1K0.9Ba0.1Fe4As4. Measurements were made in
transmission mode in a temperature range between 20K and 280K.
The EXAFS spectra have been shifted vertically for better
visualization.

displacements (MSRDs) of the pair of atoms (photoabsorber-
backscatter pairs). The scale factor (S20), also called passive
electrons reduction factor, is due to many-body effects associ-
ated to the losses (excitations as plasmons, electron–hole pairs,
etc) occurring during the photoelectron propagation in the
material and the intrinsic losses due to shake-up and shake-off
excitations created by the core-hole in the absorption process
[40, 41].

The starting structural model used for the EXAFS ana-
lysis is provided by the average crystal structure [11]. We
should recall that CaKFe4As4 is characterized by two inequi-
valent positions of As atoms and hence two Fe–As distances
are separated by ~0.02Å. However, the separation could not
be resolved with the experimental resolution (∆R= π

2kmax
∼

0.1Å, with kmax = 15Å−1) in the present experiment, and
hence for simplicity we have used an average Fe–As distance
and obtained satisfactorymodel fits. The EXCURVE code [43]
was used to calculate the backscattering amplitudes and phase
shift functions considering theMuffin-Tin approximation. The
same code was later used to perform the model fits, fixing
S20 and E0 (photoelectron energy zero), same for all samples,
after a number of trials and leaving the atomic positions Ri and
related σ2

i as the free parameters. The number of independent
data points, Nind ∼ 2∆k∆R

π , was about 14 for the fit intervals
in the k space ∆ k = 12Å−1 (3.0–15.0Å−1) and in R space
∆R = 1.8Å (1.2–3.0Å). The real-space model fits were also
carried out by the WINXAS package [44] in which the scat-
tering amplitudes and phase shifts were calculated by FEFF
code [45], obtaining same results for the two shells. The two-
shells model fits in the real-space are shown together with the
corresponding experimental FTs (weighted by k2) in figure 3.
The quality of the fits is judged by the R-factor describing the
fractional misfit defined as:

R=

∑N
i=1 |χth (ri)−χexp (ri) |2∑N

i=1 |χexp (ri) |2
. (2)

Here, the number of data points is given by N, while experi-
mental and theoretical EXAFS signals are χexp(ri) and χth(ri).
For the model fits in the k-space the R–factors were in the
range of 30–40 (depending on the temperature), indicating
satisfactory EXAFS fits of unfiltered EXAFS. The uncertain-
ties in the measured parameters were determined by analysis
of multiple EXAFS scans at each temperature. The contri-
bution to the uncertainties due to correlations between dif-
ferent parameters was determined by creating the correlation
maps [46].

The temperature dependence of the average local Fe–As
bondlengths are shown in figure 4. The Fe–As bondlength
changes almost linearly with temperature in all samples. In
the pristine CaKFe4As4 sample, the mean Fe-As distance at
low temperature is found to be ~2.385Å, showing a weak
temperature dependence (linear thermal expansion coefficient
αFe–As ∼ 7.7× 10−6 K−1), similar to the one reported in a pre-
vious study [47]. The local Fe–As bondlength, measured on
the powder sample in this work, is slightly longer (~0.01Å)
than the one reported earlier by polarized EXAFS on a single
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Figure 3. Fourier transform magnitudes of the EXAFS oscillations
of CaKFe4As4, CaK0.9Sr0.1Fe4As4, CaK0.9Ba0.1Fe4As4, and
Ca0.9Na0.1K0.9Ba0.1Fe4As4 (weighted by k2) at 20K and 280K
(open circles) along with the two-shells model fits (solid lines). The
real part of the FT at 280K with the model fit is also included. The
fit window in real space is 1.2–3.0Å.

crystal of CaKFe4As4 [47], likely to be due to intrinsic aniso-
tropy of the atomic vibrations in the system. The Fe-As
bondlength shows negligible change by the partial substitution
of Sr (Alkaline earth) in place of K (Alkaline metal). Indeed,

Figure 4. Temperature dependence of the local Fe–As bondlengths
determined by the Fe K-edge EXAFS analysis for CaKFe4As4,
CaK0.9Sr0.1Fe4As4, CaK0.9Ba0.1Fe4As4, and Ca0.9Na0.1K
0.9Ba0.1Fe4As4. The dashed line is a smooth curve that also
underlines the thermal expansion of Fe–As bonds.

the Fe-As bond (~2.384Å) as well as the linear thermal expan-
sion coefficient (αFe–As ∼ 1.1× 10−5 K−1) is similar to the
one in the pristine CaKFe4As4. It should be recalled that the
Sr2+ (1.32Å) is much smaller than K1+ (1.52Å) and hence a
substantial chemical pressure due to the size difference can be
expected. In addition, there is a partial removal of hole con-
centration in the FeAs layer. However, these factors seem to
have limited effect on the covalent Fe–As bondlength itself.
Similarly, the Ba (Alkaline earth) substitution in place of K
has limited effect on the Fe-As bondlength (~2.387Å) with
the linear thermal expansion (αFe-As ∼ 1.3× 10−5 K−1) being
very similar. Also in this case, hole concentration in the FeAs
layer should be reduced apart from the smaller size difference
between the Ba2+ (1.49 Å) and the K1+ (1.52 Å). The simul-
taneous substitution of Na and Ba in place of Ca andK respect-
ively is a charge compensation process considering that Na1+

(1.16 Å) is substituted for Ca2+ (1.14 Å) and Ba2+ for K1+

with the size difference being smaller than the earlier cases.
Indeed, the Fe–As bondlength (~2.388 Å) shows negligible
change as the others, and the linear thermal expansion coef-
ficient (αFe–As ∼ 6.7× 10−6 K−1) remains similar. Therefore,
the strongest bondlength in the 1144 system is hardly affected
by the substitutions.

Unlike the Fe–As, the Fe–Fe bondlengths shown in figure 5,
seem more sensitive to the substitutions, appearing differ-
ent for differently substituted samples. The mean Fe–Fe
bondlength in CaKFe4As4 is ~2.719Å, consistent with the
previous EXAFS study on a single crystal sample [47].
Apparently, the Fe–Fe bondlength tends to change anom-
alously with temperature. The mean value of the Fe-Fe
bondlength in CaK0.9Sr0.1Fe4As4 (~2.732Å) is significantly
longer than the one in CaKFe4As4. This shows that the nom-
inal Sr substitution in place of K expands the in-plane Fe–
Fe lattice keeping the Fe–As bondlength almost unaffected.
This is consistent with the diffraction studies [37] showing
expanded a-axis in the Sr substituted sample with respect to
the pristine CaKFe4As4. Similar to CaK0.9Sr0.1Fe4As4, the Ba-
substituted CaK0.9Ba0.1Fe4As4 also shows slight expansion of
the in-plane lattice with the Fe–Fe distance being ~2.723Å,
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Figure 5. Temperature dependence of Fe–Fe bondlengths for
CaKFe4As4, CaK0.9Sr0.1Fe4As4, CaK0.9Ba0.1Fe4As4, and Ca0.9Na
0.1K0.9Ba0.1Fe4As4 as a function of temperature. The dashed line is
a smooth curve to guide the eyes.

slightly shorter than the one in CaK0.9Sr0.1Fe4As4, likely to
be due to smaller size difference between Ba and K. Again,
slightly longer Fe–Fe bondlength with respect to the pristine
CaKFe4As4 is consistent with the diffraction results show-
ing expansion of the a-axis in the Ba substituted sample [37].
Finally, in charge compensated Ca0.9Na0.1K0.9Ba0.1Fe4As4,
the Fe–Fe distance is ~2.724Å, similar to the Ba substi-
tuted sample but longer than the one in the pristine 1144
system. This is consistent with the smaller size difference,
however, inconsistent with the diffraction studies showing
a-axis of the system to be very similar to the one in
CaKFe4As4. However, it is worth recalling that diffraction pro-
files for Ca0.9Na0.1K0.9Ba0.1Fe4As4 are much broader [37] and
a detailed analysis of the diffraction data is desirable to obtain
complete information on the lattice parameters in a crystallo-
graphically disordered system.

The As height above the Fe–Fe plane hAs in the FeAs4 tetra-
hedron is commonly used to describe the correlation between
the local structure and the superconductivity in FeSCs [48]. It
is possible to determine hz from a simple geometrical relation-
ship assuming tetragonal symmetry, i.e.;

hz =

√
R2
Fe−As −

1
2
R2
Fe−Fe. (3)

The mean As anion heights (hz), determined using the
local Fe–As and Fe–Fe bondlengths, are shown in figure 6.
Although small, the hz shows a tendency of shrinkage with
decreasing temperature before tending to elongate across
~100K. This temperature behavior of the As height should
be characteristic of CaKFe4As4 family as the same trend has
been seen in the earlier work in which polarized EXAFS on a
single crystal sample was used [47]. It is possible that the sys-
tem goes through the half collapsed phase transition [27, 28]
below ~100K in which the local As–As bonding affects the hz
value. However, unlike the earlier study on CaKFe4As4 [47],
we do not see any change below Tc within the experimental
uncertainties.

The mean anion height in the pristine CaKFe4As4 is
~1.415Å, consistent with the diffraction results, however,

Figure 6. Temperature dependence of mean As height above the Fe
plane obtained from least-square fitting of the Fe K-edge EXAFS
oscillations for CaKFe4As4, CaK0.9Sr0.1Fe4As4, CaK0.9Ba
0.1Fe4As4, and Ca0.9Na0.1K0.9Ba0.1Fe4As4. The dashed line is a
smooth curve to guide the eyes.

slightly longer than the one measured by EXAFS in
single crystal sample [47]. The hz in CaK0.9Sr0.1Fe4As4
is much shorter, being ~1.400Å. Instead, the mean anion
heights in CaK0.9Ba0.1Fe4As4 and in charge compensated
Ca0.9Na0.1K0.9Ba0.1Fe4As4 (~1.413Å and ~1.412Å respect-
ively) are very similar but tend to be shorter than the one in the
pristine CaKFe4As4. Apparently, the empirical relationship
[48] between the anion height and the Tc behavior is not applic-
able to the present systems. The pristine CaKFe4As4 with
the anion height ~1.415Å shows Tc ∼ 35K and should be
located at the right side of the empirical relationship curve
[48]. The Tc ∼ 32K is lower for CaK0.9Sr0.1Fe4As4 [33, 36]
showing lower hz. Similarly, the Tc of charge compensated
Ca0.9Na0.1K0.9Ba0.1Fe4As4 with the anion height very sim-
ilar to the pristine 1144 is slightly lower (~34K) and, once
more the reduced Tc of this system with respect to the pristine
CaKFe4As4 cannot be described by the empirical relationship.
Finally, CaK0.9Ba0.1Fe4As4 is characterized by lower Tc than
the one for the pristine 1144 system while the anion height is
almost similar (or slightly lower). Again, this is further indic-
ation that, within the same family of FeSCs, the anion height
may not be the unique parameter and the local strain should
have some optimum value as well as the charge density in the
multi-component superconductors.

Further insight into the local disorder and bond character
(i.e. orbital overlap) can be obtained from the σ2

i parameter,
i.e. the MSRDs of the pair of atoms. The σ2

i is the sum of
a temperature independent term σ2

0 , describing the configur-
ational disorder, and a temperature dependent term, related to
the bond character, i.e. σ2 = σ2

0 +σ2(T). The σ2(T) is well
described by the correlated Einstein model equation [41, 49],
i.e.;

σ2 (T) =
h̄2

2µkBΘE
coth

(
ΘE

2T

)
(4)

where µ is the reduced mass of the atomic pair, kB is the
Boltzmann’s constant and ΘE is the Einstein temperature,
related with the frequency of the Einstein mode by kBΘE =
h̄ωE. The σ2

i parameter for the Fe–As and Fe–Fe pairs as a
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Figure 7. Mean square relative displacements (MSRD) of the
Fe–As (circles) and Fe–Fe (squares) pairs as a function of
temperature in CaKFe4As4, CaK0.9Sr0.1Fe4As4, CaK0.9Ba0.1Fe4As4,
and Ca0.9Na0.1K0.9Ba0.1Fe4As4. The dashed lines represent the
Einstein model fits on the experimental data.

function of temperature is shown in figure 7. The temperat-
ure behavior of the σ2

i is satisfactorily described by the correl-
ated Einstein model equation (equation (4)) permitting us to
determine the Einstein temperature for the atomic pairs, i.e. the
bond stiffness κ = µω2

E, as summarized in table 1.
The Einstein temperature of Fe–As bond is hardly affected

by the Ba substitution at the K site. Indeed, the ΘE ∼ 312K
for the pristine 1144 system, similar to the value reported in
a previous study [47], does not differ from the one for the Ba
substituted system (ΘE ∼ 313K). This indicates that the par-
tial charge extraction (substitution of K1+ by Ba2+) with small
size difference has negligible effect on the Fe–As bond stiff-
ness, i.e. Fe 3d-As 4p orbital overlap. Instead, we can see that
the substitution of Sr leads to a substantial change in the Fe–
As bond stiffness with the ΘE being ∼342K for this bond in
CaK0.9Sr0.1Fe4As4. The only difference between the Ba and
Sr is the size difference, and the Ba substitution hardly affects
the Fe–As stiffness while the Sr substitution does. Therefore,
the chemical pressure reduces the As height and increases the
Fe 3d-As 4p orbitals hybridization. In the charge compensated
Ca0.9Na0.1K0.9Ba0.1Fe4As4 system, the Fe–As bond is charac-
terized by ΘE ∼ 323K. The substitution at the K site hardly
affects the Fe–As bond rigidity while the substitution at the Ca
site does, suggesting contrasting role of theAlkaline earths and
Alkaline metals in defining the properties of the Fe–As bond
network in 1144 superconductors.

X-ray absorption near edge structure (XANES) is a sens-
itive probe of the local geometry and the valence electronic
states [40] and provides useful information on the orbitals
hybridization. Figure 8 shows the Fe K-edge XANES of the
four samples at T = 20K. The spectra are normalized with
respect to the atomic absorption, estimated via a linear fit far
from the absorption edge jumps. Themain spectral features are

denoted as P, A1, A2, B and C. The spectral differences with
respect to the pristine CaKFe4As4 are also shown reflecting the
changing local geometry and the valence electronic states by
the aliovalent substitution. The spectral differences are mainly
in the region of the peaks P, A1, A2 with the maximum differ-
ence being ~6%.

The Fe K-edge absorption process is mainly described by
the Fe 1s →4p dipole transition in the continuum. In addition,
a quadrupole transition in the unoccupied Fe 3d orbitals is pos-
sible that appears as a pre-peak P. The peak P also contains
dipole contribution due to local distortions [50] mixing d and
p-symmetry orbitals [51]. A zoom over the peak P for the four
samples is compared in the inset of figure 8. The quadrupole
1s → 3d transition is expected to be weak, however, due to
the hybridization of the Fe 3d orbitals with the As 4p the peak
P appears significantly intense in the FeSCs [51, 52]. On the
other hand, the features A1, A2, B and C are due to transitions
in the continuum and sensitive to the local geometry of the
system.

The XANES differences clearly show that the local geo-
metry is substantially affected by the aliovalent substitution.
It appears that Sr substitution introduces largest change in the
local geometry with A1 and A2 being most intense. The charge
compensating Na and Ba substitutions and Ba substitution
appear to have almost the same magnitude of local geomet-
rical effect. On the other hand, peak P is most intense for the
Sr substituted sample and least intense for the Ba substituted
sample while remains unaltered for the charge compensated
sample. This is a direct evidence of increased hybridization of
the 3d and the As 4p orbitals, consistent with the conclusion
drawn by EXAFS on the basis of measured As height.

Within the experimental uncertainties, the Fe-Fe bond char-
acter (i.e. the bond stiffness) remains the same for CaKFe4As4,
CaK0.9Ba0.1Fe4As4, and Ca0.9Na0.1K0.9Ba0.1Fe4As4 samples
with the ΘE of this bond being ~216K, ~216K and ~218K
respectively. However, the same bond tends to be stiffer in
CaK0.9Sr0.1Fe4As4 with ΘE ∼ 229 K. The Einstein temperat-
ures for the Fe-Fe bond are consistent with the earlier stud-
ies on Fe-pnictides [53, 54] including the 1144 system [47].
Therefore, it can be safely stated that the small substitu-
tion in CaKFe4As4 has negligible effect on the Fe-Fe bond
character. The local structure parameters are summarized in
table 1.

Here, it is worth recalling that the stability of 1144 structure
is primarily driven by the size effect and the charge density [11,
19, 20]. In charge compensated Ca0.9Na0.1K0.9Ba0.1Fe4As4,
the transition temperature is not affected with respect to the
pristine 1144 system indicating that hole concentration in the
FeAs layer is likely be the primary factor for the supercon-
ductivity in the system within its stability range. In fact, the
substitutions of Ba and Sr affect the hole concentration, and
hence a substantial reduction in Tc from ~35K to ~31K should
be understandable. However, it should be interesting to see
how the size difference affects the transition temperature. This
question is also relevant considering the fact that the Tc is
hardly affected under small external pressure [27, 28]. On
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Table 1. The local structure parameters of CaKFe4As4, CaK0.9Sr0.1Fe4As4, CaK0.9Ba0.1Fe4As4, and Ca0.9Na0.1K0.9Ba0.1Fe4As4 determined
from the Fe K-edge EXAFS. The transition temperatures (Tc (onset)) are also included.

CaKFe4As4 CaK0.9Sr0.1Fe4As4
Tc = 35K Tc = 32K

ΘE(K) κ(eVÅ−2) σ2
0(Å

2) ΘE(K) κ(eVÅ−2) σ2
0(Å

2)

Fe–As 312 ± 18 5.5(3) 0.0007(2) 342 ± 30 6.6(6) 0.0006(3)
Fe–Fe 216 ± 15 2.3(2) 0.0022(5) 229 ± 12 2.6(1) 0.0017(4)

CaK0.9Ba0.1Fe4As4 Ca0.9Na0.1K0.9Ba0.1Fe4As4
Tc = 31K Tc = 34K

ΘE(K) κ(eVÅ−2) σ2
0(Å

2) ΘE(K) κ(eVÅ−2) σ2
0(Å

2)

Fe–As 313 ± 20 5.6(4) 0.0007(3) 323 ± 27 5.9(5) 0.0007(3)
Fe–Fe 216 ± 15 2.3(2) 0.0019(5) 218±10 2.4(1) 0.0016(4)

Figure 8. Normalized XANES spectra of CaKFe4As4 (black), CaK0.9Sr0.1Fe4As4 (blue, denoted as Sr), CaK0.9Ba0.1Fe4As4 (red, denoted as
Ba), and Ca0.9Na0.1K0.9Ba0.1Fe4As4 (green, denoted as NaBa). The spectra are artificially shifted just for the visualization. The inset shows
a zoom over the peak P. The lower panel displays the XANES differences with respect to the pristine CaKFe4As4.
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the other hand, the size difference should be directly affect-
ing the local structure. Here, it is worth recalling that the
1144 system is stable for smaller ∆a and larger ∆c with a
and c being the average lattice parameters for the 122 sub-
structures in the 1144 system [11, 19, 20]. At the local scale,
the Fe–Fe distance for the Sr substituted CaK0.9Sr0.1Fe4As4
differs substantially from the one in the pristine CaKFe4As4
with the anion height being much lower. This suggests that
Sr substituted CaK0.9Sr0.1Fe4As4 may be less stable due to
the larger size difference between K and Sr Thus, it is likely
that the Sr substituted system is characterized by a local tex-
turing and filamentary superconductivity. This will be con-
sistent with the stiffer Fe–As bonds in the Sr substituted
CaK0.9Sr0.1Fe4As4. On the other hand, having K and Ba being
almost of similar size, Ba substituted CaK0.9Ba0.1Fe4As4, in
which bond characteristics are very similar to the one of
the pristine sample, is likely to be more stable than the Sr
substituted sample. Although small, the σ2 of CaKFe4As4,
CaK0.9Ba0.1Fe4As4, and Ca0.9Na0.1K0.9Ba0.1Fe4As4 samples
tends to decrease below T ~ 50K. Such a tendency is not seen
in CaK0.9Sr0.1Fe4As4 sample, likely to be due to possible fil-
amentary superconductivity. Incidentally, the configurational
disorder suffers limited effect by small substitutions as evid-
ent from similar values of σ2

0 for the two bonds in different
samples (see table 1).

4. Summary

In summary, we have analyzed the local structure
of CaKFe4As4 superconductors with different aliova-
lent substitution of the Ca and K sites, namely
CaKFe4As4, CaK0.9Sr0.1Fe4As4, CaK0.9Ba0.1Fe4As4, and
Ca0.9Na0.1K0.9Ba0.1Fe4As4, as a function of temperature. Our
primary emphasis has been on the Fe–As network within this
hybrid system, as the local structure of this network plays
a crucial role in the electronic transport properties of these
materials. For the purpose, we have exploited Fe K-edge
EXAFS to determine the local near neighbor bondlengths
(Fe–As and Fe–Fe) and their stiffness. The EXAFS analyses
reveal that, while the Fe–As bondlength is hardly affected by
the substitutions, its stiffness differs in the differently sub-
stituted samples. The Fe–Fe bondlength suffers substantial
change thereby the As anion height above the Fe plane (hz),
an empirical parameter often used to describe the local struc-
ture versus the Tc in the FeSC. We have found that the Fe–Fe
bond stiffness is only marginally affected by the aliovalent
substitution. However, it is worth noticing that the bond stiff-
ness is affected when the size difference between the Alkaline
earth and the Alkaline metal is large. This indicates that the
strain effect due to size difference should have larger effect
on the local structure and the stability of the 1144 struc-
ture. It is interesting to observe that the anion height mani-
fests a peculiar temperature dependence, similar for all the
samples, with an apparent anomaly below ~100K, possibly
due to half collapsed tetragonal phase transition involving
As–As axial bonding [27, 28]. Such a change in As–As
bonding is expected to affect [27] the fluctuating hedgehog

spin vortex states [55] below this temperature. This obser-
vation further underlines magnetoelastic sensitivity of these
materials.
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