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Determination of the local structure of the La0.5−xNa0.5+xFe2As2 superconductor
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We have studied the local structure of La0.5−xNa0.5+xFe2As2 superconductor by As K-edge x-ray absorption
fine structure measurements as a function of temperature in a wide range of hole doping (x = 0.0 to 0.35).
A substantial change in the local structure around the arsenic atom has been observed with doping. The axial
As-Asa bond length is found to be >∼3.12 Å, indicating that the system is in its collapsed tetragonal phase.
The temperature-dependent mean square relative displacements reveal that the As-Fe bond is relatively weak
in the undoped sample; however, it gets stronger with hole doping. On the other hand, the axial As-Asa bond
tends to get weaker in the optimally doped regime (x = 0.25–0.35), suggesting the possible role of increased
As atom displacements in the axial direction in the superconducting phase of these materials. Consistently,
the arsenic height from the Fe-Fe plane shows a gradual increase in the optimally doped regime. Apart from
providing a quantitative information on the local structure of La0.5−xNa0.5+xFe2As2, the results suggest a vital
role of electron-lattice coupling and axial As atom displacements in the superconductivity of these iron-based
materials.
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I. INTRODUCTION

The discovery of superconductivity in the iron pnictides
[1] has opened frontiers in the fundamental science and ways
to design layered functional materials. Indeed, the discov-
ery has been instrumental in developing a large number of
iron-based superconductors characterized by a variety of dif-
ferent structures and physical properties [2–4]. Among iron
pnictides, the most known structures are the so-called 1111
(ReFeAsO, where Re stands for rare-earth elements), 122
(AeFe2As2, where Ae stands for alkaline earth, i.e., Ca, Sr, or
Ba), and recently grown 1144 (AeAFe4As4, with A being an
alkaline atom, i.e., Na or K) [5]. The highest superconducting
transition temperature (Tc) >∼50 K has been found in the
electron-doped 1111 system, realized through a partial sub-
stitution in the ReO block layers [2–4]. On the other hand, the
122 system has been grown with both electron and hole dop-
ing, the latter being more suitable in which Ae2+ is substituted
by A+, while the earlier suffers a substitutional disorder in the
FeAs active layer (e.g., substitution of Fe by Co). The 1144 is
a hybrid system with an ordered stacking of two different 122
structures, i.e., AeFe2As2 and AFe2As2, with the stability of
the 1144 structure depending on the size difference between
the Ae and A ions [6,7]. The 1144 system shows self-doped
superconductivity with a maximum Tc of ∼36 K [5,6].

Recently, a 122-type pnictide with a chemical formula of
La0.5−xNa0.5+xFe2As2 has been synthesized [8,9]. In this sys-
tem, electron and hole doping can be controlled by changing a
relative concentration of La and Na in the block layer without
making any direct alteration/substitution in the electronically
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active FeAs layer. Indeed, Fe is expected to be in the Fe2+

state for the parent compound (x = 0), like the undoped
122 structures, and control over the substitution of La3+ by
Na+ permits us to manipulate the charge density in the FeAs
layer by a single parameter. Therefore, La0.5−xNa0.5+xFe2As2

has been considered a highly suitable system to explore the
electron-hole asymmetry without any direct alteration of the
FeAs layer [8–11]. The maximum Tc of this system has
been found to be ∼27 K by hole doping [8,9]. The parent
compound shows antiferromagnetic order at low temperature,
while the normal state properties of both electron- and hole-
doped La0.5−xNa0.5+xFe2As2 are argued to be driven by spin
fluctuations [12].

Apart from the above, there are several features of this 122
structure. These peculiar features are indicated by a series of
studies, e.g., heavily electron-doped LaFe2As2 (i.e., x = −0.5)
exists in two different crystallographic phases; the as-grown
sample exhibits a shorter crystallographic c parameter than
the same sample annealed [13]. These are so-called collapsed-
tetragonal (CT) and uncollapsed-tetragonal (UT) phases of
the 122 system [14,15]. The UT phase of LaFe2As2 exhibits
superconductivity at ∼12.1 K, while the CT phase is non-
superconducting [13]. This recalls the classical case of the
CT phase in CaFe2As2 showing filamentary superconductiv-
ity [16] with the important role of the axial As-As bonding
[17–19]. It is also known that the iron magnetic moment gets
suppressed in the CT phase [20], and it remains debated if the
magnetism drives the collapse or the As-As dimerization is
the cause of the suppressed magnetism [17–21]. The Fermi
surface of LaFe2As2 is different with the well-known hole
pockets near the zone center missing [13]. It has been argued
that the hole Fermi surface is there but hidden; that can be
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seen by artificial removal of La 5d orbitals in the theoretical
calculations [22].

On the other hand, it is known that electronic states near the
Fermi surface in the iron-based superconductors are highly
sensitive to the atomic displacements [3,23–25]. This aspect
has been widely studied by different experimental techniques
focusing on the local structure. The superconductivity and
magnetism are found to be coupled to the local structure
parameters [23–25]. Indeed, the local structure measurements
have provided direct information on the magneto-elastic
interactions in these materials [26,27]. In addition, supercon-
ductivity has been introduced with a Tc ∼ 10 K in an undoped
122 system by superlattice engineering in which the As-Fe-As
angle is optimized to the one in a regular tetrahedron [28].
It should be recalled that the local structure does have a
direct role in the electronic nematicity, i.e., controlling the
Fe 3 dxz,yz orbitals at the Fermi surface due to broken Fe-Fe
lattice symmetry [29]. The nematic fluctuations are believed
to enhance the superconductivity in these materials. Further-
more, the nematicity in the iron-based superconductors has
been found to have short-range character [30]. For example,
hole-doped (Sr,Na)Fe2As2 shows orthorhombic fluctuations
as a function of doping, with the coherence length of these
fluctuations ranging between 1 and 3 nm [30,31]. Recently,
a mesoscopic nematic wave has also been observed in the
122 system [32], further underlining the importance of the
local structure. Therefore, quantitative information on the lo-
cal structure of La0.5−xNa0.5+xFe2As2 is expected to be an
important ingredient to address the physics of these materi-
als. In La0.5−xNa0.5+xFe2As2, the relative change of La/Na
concentration induces variation in the chemical pressure and
hence the local atomic displacements that may have some
intimate relationship with the superconductivity of the system.

Here, in light of the above, we have studied the local
structure of La0.5−xNa0.5+xFe2As2 (x = 0, 0.1, 0.15, 0.2, 0.25,
0.3, and 0.35) by extended x-ray absorption fine structure
(EXAFS) measurements as a function of temperature. EXAFS
enables us to obtain the quantitative local structure surround-
ing the selected atom in the system, and in this paper, we
have chosen arsenic as the central atom. The results reveal a
systematic evolution of local bond characteristics as a function
of doping with a significant effect on the axial As-Asa bond
length that is found to be consistent with a partial CT phase.
While the covalent As-Fe bond gets stronger with increasing
doping, the axial As-Asa bond suffers a substantial weaken-
ing with a concomitant increase in the arsenic height in the
optimally doped superconducting regime. The results suggest
the possible role of axial displacements of As atoms in the
superconducting phase.

II. EXPERIMENTAL DETAILS

X-ray absorption measurements were performed on
a series of well-characterized polycrystalline samples of
La0.5−xNa0.5+xFe2As2 (x = 0, 0.1, 0.15, 0.2, 0.25, 0.3,
and 0.35) prepared by the solid-state reaction method.
The details on the sample preparation, characterization,
and their structural, electrical, and magnetic transport can
be found elsewhere [8]. Temperature-dependent As K-edge
(∼11 867 eV) x-ray absorption measurements were performed

in the transmission mode at the CLAESS beamline [33]
of the 3 GeV ALBA synchrotron in Cerdanyola del Valles
(Barcelona). The synchrotron radiation emitted by a multipole
wiggler source was monochromatized by a Si(311) double-
crystal monochromator. The samples were finely powdered
and mixed uniformly in an organic matrix (cellulose) before
pressing into pellets of 7 mm diameter, with their thickness
optimized for the As K-edge x-ray absorption jump close
to unity. The pellets of the samples were all mounted on
the same sample holder attached to the cold finger of a
continuous flow liquid nitrogen cooled cryostat, and the tem-
perature was maintained constant within ±1 K during each
measurement. A standard x-ray absorption setup with three
ionization chambers mounted in series was used to measure
the energy-dependent absorption coefficient of the samples
and a reference sample. Three to four absorption scans were
acquired at each temperature to ensure the spectral repro-
ducibility and high signal-to-noise ratio.

III. RESULTS AND DISCUSSIONS

The x-ray absorption spectra were measured at seven
different temperatures in the range of 80–300 K on seven
different samples covering the hole-doped part of the phase
diagram of La0.5−xNa0.5+xFe2As2 [8]. A standard procedure
using the method based on polynomial spline function fit
to the pre-edge subtracted spectra was used to extract the
EXAFS oscillations [34,35]. Examples of the EXAFS oscil-
lations extracted from the x-ray absorption spectra for several
samples are shown at selected temperatures in Fig. 1 as a
function of wave vector (k). The oscillations are multiplied
by k3 to enhance the high k region. This is to make sure
there is an acceptable EXAFS signal at high k values. The
signal is clearly visible above the noise level also at higher
temperature. There are some evident changes in the EXAFS
oscillations apart from the thermal damping, indicating evolu-
tion of the local structure with doping and temperature. Some
of these changes can be easily recognized in the real space
atomic distribution provided by Fourier transform (FT) of the
EXAFS oscillations.

The FT magnitudes of the EXAFS oscillations at different
temperatures for the selected samples are displayed in Fig. 2.
The FTs of the k3-weighted EXAFS are performed in the k
range of 2.5–17.5 Å−1 using a Gaussian window. The same
scale has been used to display the FT magnitudes of differ-
ent samples. The FTs represent the partial atomic function
around the As atom in the La0.5−xNa0.5+xFe2As2 structure.
The structure unit cell, shown in Fig. 2 as an inset of the
upper panel, contains four Fe atoms as nearest neighbors
of arsenic, and their contribution appears as the main peak
in the FT magnitudes. The contributions of the next-nearest
neighbors La/Na and the axial As appear mixed, producing
a minimum and a weak peak structure in the FTs. This is
followed by the contribution of four in-plane As atoms (mixed
with the contribution of four As atoms in the next layer),
appearing as a peak structure in the FTs at ∼3.50 Å. The
farther atom contributions are mixed with multiple scatterings
appearing beyond ∼3.5 Å. Apart from a systematic thermal
damping, the effect of hole doping on the local structure
around the As atom is evident from an overall damping of
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FIG. 1. As K-edge extended x-ray absorption fine structure
(EXAFS) oscillations (weighted by k3) for selected samples of
La0.5−xNa0.5+xFe2As2 (x = 0.0, 0.1, 0.2, and 0.3) at representative
temperatures.

FT peaks with increasing doping. For example, the main peak
in the FT magnitude, representing the As-Fe shell, is much
weaker for the doped samples. Incidentally, the FT magnitude
hardly shows any appreciable signal beyond 4 Å; that is an
indication of large overall local configurational disorder in
La0.5−xNa0.5+xFe2As2.

The local structural parameters are quantified by EXAFS
model fits, for which the conventional approach based on
single-scattering approximation [34,35] has been used. The
structural parameters obtained by diffraction [8] were used as
the starting input parameters for the non-linear least-square
fits carried out using the standard EXAFS equation [34,35]:
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∑
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FIG. 2. Fourier transform (FT) magnitudes of As K-edge
extended x-ray absorption fine structure (EXAFS) oscillations
(weighted by k3) for selected samples of La0.5−xNa0.5+xFe2As2. The
FTs, performed using a Gaussian window in the k range of 2.5–17.5
Å−1, are shown as a function of temperature. The model fits to the
FTs are also shown by solid lines. The crystal structure is shown in
the upper panel with the near neighbor distances indicated. EXAFS
oscillations with model fits are shown for a representative tempera-
ture as insets.

024519-3



G. M. PUGLIESE et al. PHYSICAL REVIEW B 105, 024519 (2022)

120 180 240 300

x=0.10

120 180 240 300

x=0.30

120 180 240 300

x=0.25

120 180 240 300

x=0.15

120 180 240 300

Temperature (K)

x=0.20

2.375

2.380

2.385

2.390

2.395

120 180 240 300

x=0.00

La
0.5-x

Na
0.5+x

Fe
2
As

2

R
 (

Å
)

120 180 240 300

x=0.35

FIG. 3. As-Fe bond lengths in La0.5−xNa0.5+xFe2As2, obtained by extended x-ray absorption fine structure (EXAFS) analysis, are shown as
a function of temperature for nominal values of doping. The error bars represent maximum standard deviation, estimated by analyzing different
EXAFS scans for any given temperature on each sample. The solid lines are the linear interpolations, while the dashed lines are to guide the
changes as a function of doping.

where Ri is the distance between the absorber and scatterer
atoms, Ni is the number of near neighbors at distance Ri from
the absorber, λ is the mean free path of the photoelectron,
fi(k, Ri ) is the scattering amplitude, and δi is the phase shift.
Here, S2

0 is the EXAFS reduction factor due to many-body
effects, and σ 2

i describes the mean-square relative displace-
ments (MSRDs) of the absorber-scatterer pair. The model
contains five shells including nearest neighbor Fe atoms (i.e.,
As-Fe distance ∼2.38 Å), second nearest neighbor La atoms
(i.e., As-La distance ∼3.05 Å), one axial As atom (i.e., As-
Asa distance ∼3.10 Å), four As atoms within the As-As layer
(i.e., As-Asp distance ∼3.84 Å), and four As atoms located in
the next layer (i.e., As-Asn distance ∼3.95 Å). For simplicity,
the contribution of Na has been ignored, as this is expected
to be small with respect to the scattering factor of La. The
scattering amplitudes and phase shifts were calculated using
FEFF code [36], while the WINXAS package [37] was used for
the model fits. The same results were obtained using the EX-
CURVE 9.275 code (with calculated backscattering amplitudes
and phase shift functions) [38]. The radial distances Ri and
the corresponding σ 2

i were treated as fit parameters, while
the coordination numbers were fixed to the nominal values.
The S2

0 was fixed to 0.9, while the energy threshold (E0) was
fixed after fits on reference scans and optimized for each
samples. The k range used for the five shells fits was 2.5–17.5
Å−1, while the R range was 1.4–4 Å; therefore, the number
of independent data points Nind ∼(2�k�R)/π [34,35] was
∼25 (�k = 15 Å−1, and �R = 2.6 Å), greater than the fit
parameters (10) used in the model. Figure 2 includes the five
shell model fits in the real space (solid line). The insets of
Fig. 2 (lower, lower middle, and upper middle panels) dis-
play k-space EXAFS fit at a representative temperature (T =
200 K).

The temperature dependence of the arsenic nearest neigh-
bor As-Fe distance is shown in Fig. 3. The room-temperature
values of the As-Fe distance is ∼2.385 Å, consistent with
the mean distance measured by diffraction [8,9]. The As-Fe
bond tends to thermally shrink for all dopings with decreasing
temperature. The linear thermal expansion coefficient of this
bond is ∼1 − 2 × 10−5 K−1, showing a small but evident

variation with doping. The distance hardly shows any doping
dependence for x � 0.25 at low temperature and tends to
increase beyond this, while at room temperature, it appears
to be almost constant. Thus, the overall shrinkage is smaller
for the samples showing optimum transition temperature for
x � 0.25; that is apparent from Fig. 3.

One of the key parameters in the 122 structure is the axial
As-Asa bond, regarded as an order parameter for the CT
phase transition [8,13]. It has been reported that an As-Asa

bond length shorter than ∼3.15 Å represents a CT phase in
LaFe2As2, while it is a UT phase beyond this [13]. Although,
the CT phase of CaFe2As2 has been found to show much
shorter As-Asa bond length, the boundary between the CT
to the UT is expected to be ∼3.11 Å [14,15,17–19]. The
information on the As-Asa bond is readily available in the As
K-edge EXAFS, and we have determined the same as a func-
tion of temperature. We show the temperature dependence of
the As-Asa bond length for different samples in Fig. 4(a).
The As-Asa bond appears significantly affected by doping and
temperature; however, it remains in the range of ∼3.06–3.12
Å, confirming that all the samples studied here are in their CT
phase. This bond length tends to decrease with doping and
shows a negative local linear expansion of ∼−2 × 10−4 K−1.
The linear expansion of this bond is significantly different
for the sample with x = 0.35, being ∼−3.5 × 10−4 K−1. It
is possible that small impurity contents are responsible for
this deviation since this sample lies near the solubility limit
[8]. Nevertheless, the axial As-Asa bond length (at room
temperature) tends to contract with doping, and hence, the
local magnetic moment is expected to be lower [20] for the
optimally doped system. This appears consistent with spin
fluctuations reported in nuclear spin relaxation measurements
on the optimally doped system [12]. Here, we should mention
that the As-La distance hardly shows any temperature depen-
dence and is found to be ∼3.05 Å (not shown).

The temperature dependence of the local As-Asp bond
(representing the in-plane lattice parameter) is shown in
Fig. 4(b). The As-Asp bond length also tends to decrease
with doping and has a tendency of negative linear thermal
expansion for the samples in the optimally doped region.
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FIG. 4. (a) Axial As-Asa bond lengths and (b) in-plane As-Asp

bond lengths (in-plane lattice parameter) in La0.5−xNa0.5+xFe2As2 are
shown as a function of temperature. The temperature dependence of
the anion height (hAs), determined by the As-Fe and in-plane As-Asp

bond lengths, is shown for different samples in panel (c). The solid
lines are linear interpolation of the temperature dependence. For a
clear view of the temperature dependence, error bars are not shown
for each data point; instead, maximum uncertainty bars are included
in each panel.

Indeed, while linear expansion of this bond for the undoped
sample is ∼7 × 10−6 K−1, it is in the range of ∼−3 to −7
×10−4 K−1 for the optimally doped samples. The anion height
(and As-Fe-As bond angle) is an important local structure
parameter in the iron-based superconductors, and the Tc is
known to be empirically related to it [25]. We can evaluate
the anion (As) height with respect to the Fe-Fe plane (hAs;
and the As-Fe-As angle) using the trigonometric relationship
for the tetragonal lattice with As-Fe and As-Asp bond lengths
being the inputs. The As-Fe-As bond angle is in the range
of 107–109◦, suggesting almost perfect tetrahedral FeAs4 ar-
rangement in La0.5−xNa0.5+xFe2As2. The hAs as a function of

temperature for different samples is shown in Fig. 4(c). As
expected from the temperature dependence of the input pa-
rameters, the hAs shows a significant change with temperature.
The hAs appears to have larger temperature dependence for the
optimally doped system than the undoped samples.

In addition to bond lengths, EXAFS provides informa-
tion on the local vibrational properties through the MSRD
parameter (σ 2

i ) of near neighbors. Temperature-dependent
measurements permit us to obtain information on the corre-
lated atomic displacements characterizing the intrinsic nature
of interatomic bonds. The σ 2

i is a sum of the temperature-
independent term σ 2

0 , describing the configurational disorder
and the temperature-dependent contribution σ 2(T ), related
with the bonding characteristics, i.e., σ 2

i (T ) = σ 2
0 + σ 2(T ).

Generally, the Einstein model describes satisfactorily the tem-
perature dependence of σ 2

i for short bonds in which the
anharmonic effects are negligible. The model equation to de-
scribe the temperature dependence of σ 2

i can be written as
[39,40]

σ 2(T ) = σ 2
0 + h̄2

2kBμθE
coth

(
θE

2T

)
,

with μ being the reduced mass of the atoms involved in the
bonding and kB the Boltzmann constant. The θE is the Einstein
temperature, i.e., the Einstein frequency of the atomic pairs
(ωE = kBθE/h̄), that can be used to determine the effective
bond stretching force constant through κ = μω2

E. We show
σ 2

i of Fe-As, As-Asa, and As-Asp bond lengths in Fig. 5
as a function of temperature for the different samples. For
consistency, the Einstein model fits have been used for all
the bonds with θE and σ 2

0 being the fit parameters. These fits
appear as solid lines in Fig. 5.

The As-Fe bond is well described by the Einstein model
with the θE ∼ 307 K for the undoped sample (x = 0.0) that
suffers a substantial change with the maximum being for
the optimally doped samples (for x = 0.25–0.35). The σ 2

0 ,
describing the static disorder, is small (σ 2

0 = 0.0005 Å2) for
x = 0.0; that changes with doping up to ∼0.0019 Å2 for x
= 0.35, indicating increased configurational disorder in the
As-Fe displacements. These values of θE are like the ones
found in other pnictides for the As-Fe bonds [27,41–48].
The As-Fe bond stretching is likely to be associated with
the infrared active stretching mode (of Eu symmetry); that
has been observed at ∼250 cm−1 in the optical studies of
iron-based superconductors [49–51]. We can determine the
effective bond-stretching force constant κ , i.e., the bond stiff-
ness as a function of doping. The κAs-Fe is ∼5.3 eV/Å2 for the
As-Fe bonds in x = 0.0; that evolves up to ∼6.8 eV/Å2 with
doping. Since this mode is argued to be one of the important
ones for the superconductivity in the iron pnictides, the obser-
vation of the hardening with hole doping is interesting due to
its direct implication on the Fe 3d-As 4p orbital overlap and
hence the electronic transport properties.

It is apparent from Fig. 5 that axial As-Asa and in-plane
As-Asp bonds are substantially weaker than the As-Fe bond.
Incidentally, the temperature-dependent σ 2

i of As-Asa and
As-Asp bonds are characterized by similar θE ∼ 214 K for x
= 0.0. Unlike the As-Fe bond, the axial As-Asa bond reveals
a substantial softening when doped, with the θE reducing to
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∼166 K for x = 0.35. The As-Asp bond suffers a gradual
hardening with doping as the case of the As-Fe bond. Indeed,
the θE of this bond is ∼214 K for the undoped sample (x =
0.0); that increases up to ∼241 K for x = 0.35. Again, the σ 2

0
increases with doping, a mere indication of the increase in an
overall configurational disorder due to substitution. We have
summarized these local structure parameters in Table I.

Let us discuss the doping dependence of the θE. Figure 6
shows the doping dependence of θE for the three bonds to-
gether with the doping dependence of the As height (at room
temperature) and the Tc [Figs. 6(a) and 6(b)]. As discussed
above, the θE of the As-Fe bond [Fig. 6(c)] increases gradually
with doping; however, it tends to saturate for the optimally
doped samples (x = 0.25–0.35), where the superconducting
transition temperature [Fig. 6(b)] remains almost doping in-
dependent [8,9]. On the other hand, the θE of the axial As-Asa

bond [Fig. 6(d)] appears to show an opposite trend, i.e., the θE

of this bond is hardly changing with doping in the interval of
underdoping but shows a significant decrease in the optimally
doped regime. The large decrease in the θE of the axial As-
Asa bond suggests that this bond is softer in the optimally
doped regime. Instead, the θE of the in-plane As-Asp bond
[Fig. 6(d)] shows a gradual increase, indicating increased in-
plane atomic correlations in the optimally doped regime. The
above observations should have some direct effect on the As

height. The doping dependence of the As height is plotted
as a function of doping (at room temperature) in Fig. 6(a),
showing a gradual increase with doping. Therefore, while the
θE of the axial As-Asa bond shows a gradual decrease with
doping (i.e., the bond is more flexible for the superconducting
samples), the As height tends to increase. The fact that the
As-Asa distance gets softer in the optimally doped regime and
As height gets elongated would suggest that axial motion of
As atoms has some important role in the superconductivity of
these materials; that should be explored further in detail by
theoretical calculations.

Coming back to the axial As-Asa bond length that shows a
contraction with doping, this appears to contradict the soft-
ening since the shorter axial As-Asa bond is expected to
be stronger in the CT phase due to increased dimerization.
Therefore, the flexibility of this bond in the superconducting
samples could be related with the hardening of the As-Fe
bond, i.e., stronger overlap of Fe 3d and As 4p orbitals, while
any possible As-Asa dimerization may have limited effect.
This is consistent with the theoretical calculations indicating
axial As-Asa bonding to be highly sensitive to the As-Fe bond,
the Fe 3d-As 4p orbital overlap [17,19], and the suppressed
antiferromagnetic order. Although the mean axial As-Asa

bond gets shorter with doping, it is more flexible, a mere indi-
cation of the role of the axial motion of the As atom in these

TABLE I. The local structure parameters of La0.5−xNa0.5+xFe2As2 determined from As K-edge EXAFS. The distances (Ri), with the
maximum error of ±0.003 Å, are provided at room temperature (300 K), while the Einstein temperatures (θE) are determined by the temperature
dependence of σ 2

i , i.e., also related with the stretching bond stiffness κ (see text). The temperature-independent terms (σ 2
0 ) are also included in

the table.

La0.5−xNa0.5+xFe2As2 As-Fe As-Asa As-Asp

x θE (Å) κ (eV/Å2) σ 2
0 (Å2) θE (Å) κ (eV/Å2) σ 2

0 (Å2) θE (Å) κ (eV/Å2) σ 2
0 (Å2)

0.00 307 ± 8 5.3 ± 0.1 0.0005(2) 214 ± 6 3.0 ± 0.1 0.0001(1) 214 ± 8 3.0 ± 0.1 0.0002(2)
0.10 321 ± 7 5.8 ± 0.1 0.0006(3) 207 ± 6 2.9 ± 0.1 0.0001(1) 227 ± 8 3.4 ± 0.1 0.0007(4)
0.15 324 ± 9 6.0 ± 0.2 0.0006(3) 212 ± 6 3.0 ± 0.1 0.0001(1) 226 ± 9 3.4 ± 0.1 0.0006(4)
0.20 334 ± 9 6.3 ± 0.2 0.0009(3) 213 ± 6 3.0 ± 0.1 0.0001(1) 228 ± 9 3.4 ± 0.1 0.0011(4)
0.25 336 ± 8 6.4 ± 0.2 0.0011(4) 196 ± 6 2.6 ± 0.1 0.0001(1) 237 ± 10 3.7 ± 0.2 0.0019(4)
0.30 339 ± 9 6.5 ± 0.2 0.0016(3) 191 ± 8 2.4 ± 0.1 0.0001(1) 225 ± 10 3.4 ± 0.2 0.0024(4)
0.35 345 ± 9 6.8 ± 0.2 0.0019(4) 166 ± 4 1.8 ± 0.1 0.0001(1) 241 ± 12 3.9 ± 0.2 0.0030(5)
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FIG. 6. (a) The doping-dependent anion height (hAs in
La0.5−xNa0.5+xFe2As2 at room temperature. (b) The Tc vs doping
phase diagram [8]. (c) The Einstein temperature (θE) of the As-Fe
bond. (d) The θE of axial As-Asa and in-plane As-Asp bonds as a
function of doping.

materials. This would be consistent with the increased anion
height in the optimally doped regime, as shown in Fig. 6(a).
This agrees well with the ab initio calculations showing the
optimized As height to increase continuously with hole dop-
ing [52], however remaining constant in the electron doped
regime.

The As-Fe bond gets stronger with doping, and hence, a
stronger As 4p-Fe 3d orbital hybridization is expected. This
information is available in the x-ray absorption near edge
structure (XANES) region of the As K-edge absorption spec-
tra. Indeed, XANES probes higher order atomic correlation
function; thus, it is highly sensitive to the local geometry
and the valence electronic states [34,35]. We have plotted the
As K-edge XANES spectra of La0.5−xNa0.5+xFe2As2 at room
temperature in Fig. 7 for all the samples. The spectra are nor-
malized with respect to the atomic absorption estimated from
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FIG. 7. Normalized As K-edge x-ray absorption near edge struc-
ture (XANES) spectra of La0.5−xNa0.5+xFe2As2 at room temperature.
There are two main features denoted by A and B. The left inset
shows a zoom over the main peak feature A. The right inset shows
the intensity of feature A as a function of doping. The error bars in
the intensity represent maximum error estimated by analyzing four
different scans for each sample.

the high-energy part of the absorption spectra. The XANES
spectra are characterized by two main spectral features, a peak
feature A and a broad feature B. The peak feature A, well
separated from the broad structure B, is related to the dipole
allowed transition from the As 1s level to the unoccupied As
4p admixed with the Fe 3d states, while the structure B is
a multiple-scattering feature involving admixed states from
different near neighbor orbitals [53–55] and hence a sensitive
probe of the local geometry. The feature B reveals a shift
toward higher energy; that is consistent with a decreased in-
plane lattice parameter in the system as a function of doping
[8]. Both features show changes in the spectral intensity with
doping; however, the change in the peak feature A intensity
is substantial (see, e.g., a zoom over the peak A in the left
inset). The peak feature A provides a direct measure of the
unoccupied electronic states and hence a measure of the over-
lap between As 4p and Fe 3d orbitals in the valence band.
We have plotted the spectral intensity of the peak feature A
as a function of doping in the inset (right) of Fig. 7. The peak
feature A shows a gradual increase in the spectral intensity
as a function of doping, with a maximum change being ∼8%
of the normalized absorption. Being a probe of As 4p states,
this behavior suggests that the electronic structure of 4p states
changes with the hardening of the As-Fe bond [Fig. 6(c)]. The
stronger (weaker) overlap corresponds to a stronger (weaker)
As-Fe bond and hence higher (lower) spectral intensity of the
feature A in the As K-edge XANES. Therefore, the changes
in the XANES features are consistent with the local structure
of the As-Fe bond stiffness in La0.5−xNa0.5+xFe2As2.
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Finally, it is interesting to note the analogy between dif-
ferent families of superconductors showing importance of
the axial atomic correlations. For example, in copper oxide
superconductors, the axial Cu-O bond has a direct corre-
lation with the superconducting transition temperature [56].
Indeed, it has been found that the axial Cu-O distance con-
trols the formation of an admixed state involving Cu 4s, Cu
3d3z2−r2 , and axial oxygen 2pz orbitals; that induces charge
localization/delocalization [57]. Incidentally, BiS2-based su-
perconductors also show a direct correlation between Tc and
the axial Bi-S distance, where the axial Bi-S distance controls
the admixing of Bi 6s, Bi 6pz, and axial S 3pz orbitals and
hence the charge transfer [58]. Therefore, axial As atom cor-
relations reflected through As height and hence the As 4pz

orbitals in the iron-based superconductors appear to have a
similar role as axial oxygen in cuprates and axial sulfur in
BiS2-based superconductors.

IV. CONCLUSIONS

In summary, the local structure of the
La0.5−xNa0.5+xFe2As2 superconductor has been studied

as a function of temperature and doping. The measurements
reveal a substantial change in the local structure with the near
neighbor bonds evolving systematically with the hole doping
and temperature. The axial As-Asa bond length indicates the
system to be in the CT phase. The As-Fe bond is relatively
weak in the undoped samples; that gets stronger with doping.
The axial As-Asa bond is found to get weaker in the optimally
doped regime. The arsenic height shows an increase in the
optimally doped superconducting phase, while it remains
almost constant in undoped or underdoped samples. The
results suggests the vital role of axial As atom fluctuations
in the superconductivity of these iron-based materials. Such
fluctuations are expected to be important in the context
of the short-range nematicity and mesoscopic order in the
iron-based superconductors.
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