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Abstract
A carrier doping by a hydrogen substitution in LaFeAsO1−xHx is known to cause two
superconducting (SC) domes with the magnetic order at both end sides of the doping. In
contrast, SmFeAsO1−xHx has a similar phase diagram but shows single SC dome. Here, we
investigated the electronic and crystal structures for iron oxynitride LnFeAsO1−xHx (Ln = La,
Sm) with the range of x = 0–0.5 by using x-ray absorption spectroscopy, x-ray emission
spectroscopy, and x-ray diffraction. For both compounds, we observed that the pre-edge peaks
of x-ray absorption spectra near the Fe-K edge were reduced in intensity on doping. The
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character arises from the weaker As–Fe hybridization with the longer As–Fe distance in the
higher doped region. We can reproduce the spectra near the Fe-K edge according to the
Anderson impurity model with realistic valence structures using the local-density
approximation (LDA) plus dynamical mean-field theory (DMFT). For Ln = Sm, the
integrated-absolute difference (IAD) analysis from x-ray Fe-Kβ emission spectra increases
significantly. This is attributed to the enhancement of magnetic moment of Fe 3d electrons
stemming from the localized picture in the higher doped region. A theoretical simulation
implementing the self-consistent vertex-correction method reveals that the single dome
superconducting phase for Ln = Sm arises from a better nesting condition in comparison with
Ln = La.

Keywords: pnictides and chalcogenides, electronic structure, x-ray absorption spectra, x-ray
diffraction, electronic structure calculations, iron superconductors, crystal structure
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1. Introduction

Since the discovery of iron-based superconductors [1], var-
ious types of structural series have been reported [2]. The
‘1111’ series, LnFeAsO (Ln = lanthanide), is the prototype
iron-based superconductor, which has a ZrCuSiAs-type struc-
ture with alternating stacks of conducting FeAs4 units and
charge reserver (O, H)La4 layers [2]. The non-doped LnFeAsO
involves tetragonal to orthorhombic structural transitions at
120–160 K followed by a paramagnetic (PM) to antiferro-
magnetic (AFM) transition. We call the magnetic ordered state
with the orthorhombic structure as the parent phase. As a
result of doping the electron by O2− substitution to the F−

(x < 0.2), the superconducting (SC) state emerges in place of
the magnetic and orthorhombicstructural phases. An advanced
doping method with the dopant (H−) surpassed the doping
limit at x = 0.2 in 1111 materials and unveiled the bipar-
tite magnetic parent phases at x ∼ 0 (AFM1) and x ∼ 0.5
(AFM2) and the two superconducting (SC) phases with
Tc, max = 26 K at x ∼ 0.08 (SC1) and Tc, max = 36 K
at x ∼ 0.35 for LaFeAsO1−xHx [3–10]. Different magnetic
structures and distinctive magnetic moments for AFM1 and
AFM2 were found from the neutron diffraction measurements
[8, 11]. LaFeAsO1−xHx and LaFeAsO1−xFx have the same
electronic/magnetic phase diagrams [1, 4]. Since the distinc-
tive magnetic parent phases of AFM1 and AFM2 adjacent to
the respective SC1 and SC2, we consider that the origin of
superconductivities should come from different mechanisms.
The AFM quantum criticality is also observed near x ∼ 0.5
from NMR study [12]. In the iron-based superconductors, the-
oretical works have been proposed that the paring mechanism
of superconductivity is mediated by the fluctuations of the spin
density wave (SDW) due to the Fermi surfaces (FS) nesting
[13, 14]. Another theoretical work using the self-consistent

vertex–correction (SC-VC) method proposed that the spin +
orbital fluctuation drives the superconductivity [15–19].

Unlike to Ln = La, SmFeAsO1−xHx exhibits a single SC
phase with holding two magnetic parent phases [20–22]. The
magnetic moments was determined to be 0.66μB/Fe at x = 0
(AFM1) and 2.73μB/Fe at x = 0.73 (AFM2). The normal state
resistivity implies that Ln = La is regarded as a Fermi liq-
uid in the lower doped region and a non-Fermi liquid in the
higher doped region, whereas Ln = Sm behaves a non-Fermi
liquid character in resistivity over the entire doped region.
Concerning the distinctive character of the SC dome and
the normal state resistivity between Ln = La and Sm, one
might expect to the different nesting condition for both com-
pounds. Moreover, a local or itinerant picture of Fe spin state
should be elucidated because the embedding the Fe magnetic
moment, formed by the local Hund’s coupling into metallic
host with itinerant As 4p states, gives rise to an anomalous
metal–Hund’s metal–with the non-Fermi liquid character. The
origin of superconductivity remains a controversial subject
albeit the tremendous efforts in this system thus far; thereby
the further investigation on the microscopic electronic states
is required.

In this paper, we examined electronic and crystal structures
for LnFeAsO1−xHx (Ln = La and Sm) over the entire doping
range of x using x-ray emission spectroscopy (XES), high-
resolution x-ray absorption spectroscopy (XAS), and x-ray
diffraction (XRD). Based on high-resolution XAS measured
by the partial-fluorescence yield mode (PFY-XAS) [23, 24] at
the Fe K- and As K-edges, we can analyze the change of Fe
3d states and the hybridization of Fe and As 4p states on dop-
ing as discussed in literature [25, 26]. Moreover, we calculated
the PFY-XAS spectra at Fe K-edge based on the Anderson
impurity model (AIM) combined with the DFT band structure.
The Fe Kβ XES measurement is a state of the art method to
probe the local Fe spin state [27, 28]. Additionally, we discuss
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the difference in the nesting condition for Ln = La and Sm
using the SC-VC approach. At each section we will provide
a comparison between LaFeAsO1−xHx and SmFeAsO1−xHx

systems.

2. Experiments and methods

Polycrystals of LaFeAsO1−xHx (x = 0, 0.07, 0.14, 0.25, 0.35,
0.4, 0.49, and 0.51) and SmFeAsO1−xHx (x = 0, 0.22, 0.59,
and 0.65) were prepared by the high-pressure method as
reported in the literature [4]. All the spectroscopy and diffrac-
tion measurements were performed at BL11XU and BL12XU,
SPring-8 using the undulator beam monochromatized by a
cryogenically-cooled double crystal Si(111) monochromator
[27, 29]. A channel-cut Si(400) monochromator was also used
after the double crystal monochromator at BL11XU. Johann-
type spectrometers were equipped with a spherically bent
Si(531) analyzer of radius of ∼1 m for Fe Kβ emission and
Si(844) for As Kβ emission at BL12XU and three-diced and
bent Ge(620) analyzers of radius of ∼2 m for Fe Kβ emission
at BL11XU. A Si solid state detector (Amptech) and a PILA-
TUS area detector [30] were used to analyze the Fe emission
of the 3p→ 1s de-excitation at the Fe and As K-absorption
edges. The PILATUS detector has an advantage to reduce the
background and can measure higher count rate compared to the
other detectors such as a SSD and a scintillation counter. For
the PFY-XAS spectra, As Kβ emission was employed instead
of the Kα emission [25, 26] because the As 3p electrons are
prone to the outer shell electrons in comparison with the 2p
electrons. At the emitted photon energy of 7.6 keV the overall
energy resolution was set to be 0.9 eV at BL12XU and 1.2 eV
at BL11XU. The intensities of the spectra were normalized by
those of the incident beam. The incident photon flux was mea-
sured to be on the order of 1.0 ×1013 photons s−1 at 7.1 keV
and 1.3×1013 photons/s at 11.8 keV at BL12XU by a pin diode
detector. After a Kirkpatrick–Baez (K–B) mirror, they were
reduced to be 50%–60% of the intensity. The photon flux was
estimated to be 7 ×1012 photons s−1 at 7.1 keV at BL11XU.
The errors of the intensity and energy of each component of
the PFY-XAS spectrum come from the statistical errors of the
total counts and the fit errors.

Fe Kβ emission spectra involves a main Kβ1,3 and a
weak satellite of Kβ ′ components. The relative intensity of
the Kβ ′ peak is a measure of the spin state [31, 32]. The
integrated-absolute difference (IAD) based on a reference
material FeCrAs [28]in the Fe Kβ emission spectra exhibits
closely correlation to the spin state of d electrons and the
magnetic moment [33, 34].

The IAD analysis was performed in the following way [35]:
(i) match the center of mass spectra between the sample and
reference exactly after extracting the background, (ii) take dif-
ference between them, (iii) integrate the absolute value of the
difference. The intensity was normalized by the area of the Kβ
spectrum. The error of IAD represents the statistical error of
the total counts. The XRD measurements were carried out for
Ln = La at x = 0, 0.07, 0.35, and 0.51 and Ln = Sm at x = 0,
0.22, and 0.65 at SPring-8 BL12B2 equipped with a CCD area
detector at room temperature. 2D images were integrated to

yield 2θ-intensity data on FIT2D program [36]. The crystal
structures were determined using the Rietveld method on the
RIETAN-FP program [37, 38].

3. Results and discussion

3.1. PFY-XAS

Figures 1(a) and (b) display the PFY-XAS spectra and its
expanded view near the pre-edge around the Fe-K absorp-
tion edge for LaFeAsO1−xHx at room temperature and ambient
pressure. The pre-edge peak on PFY-XAS spectrum satisfies
the sum of the electric dipole and quadrupole intensities, where
the Fe 4p character is mixed into the Fe 3d orbitals due to the
loss of inversion symmetry locally on the tetra-coordination
of Fe. The intensity of the pre-edge peak diminishes with dop-
ing the electron, i.e. the increase of x, as shown in figure 1(b).
We consider that the observation arises from the decrease of
the Fe(3d)–As(4p) hybridization with the elongation of As–Fe
distance on doping. Moreover, the position of pre-edge peak
shifts to low energy side on doping; this is explained as a
result that the doped electron fills the empty states of Fe d
orbitals. Figure 1(c) exhibits the deconvolution of PFY-XAS
spectra based on the Voigt function with an arctan-like back-
ground. Two components, P1a and P1b, were required to fit
the pre-edge peak [35, 39]. Figure 1(d) presents the x depen-
dence of the intensity and the energy for P1 peak (P1 = P1a
+ P1b), which exhibits suddenly reductions above x = 0.4 at
around the vanishing point of SC2. Since the narrow 3dxy band
is regarded as the half-filled regime in the higher doped region
[9], the above findings are related to a strong depression of the
coherent scale arising from the increase of effective Coulomb
repulsion. We will discuss the source of the P1 peak shift from
the theoretical calculation in the subsequent subsection.

Figures 1(e), (f ), (h), and (i) give the PFY-XAS spectra and
their expanded view at the Fe-K and As-K absorption edges
for Ln = Sm, respectively. We observed the decrease of inten-
sity and the lower shift of relative energy of the pre-edge peak
on doping, as demonstrated in figure 1(g). As described in the
above for Ln = La, the findings arise from the decrease of the
Fe(3d)–As(4p) hybridization and the introduction of electron
to the empty states of Fe d orbitals toward the higher doped
region.

In both LaFeAsO1−xHx and SmFeAsO1−xHx , the absorp-
tion edge of the PFY-XAS spectra at the Fe-K edge shifted
slightly to the lower energy with x. The Fe–As bond length
increased with the electron doping as shown below. This indi-
cates that the Fe valence decreases with the electron dop-
ing, resulting in the weaker covalency. The intensity of P1a
decreased rapidly with x, while that of P1b increased slightly.
[35] Thus, the hydrogen substitution to the oxygen site causes
the electron carrier doping to the Fe d band, resulting in the
decrease of the total intensity of the pre-edge peak.

Figure 1(j) exhibits the deconvolution of As-K PFY-XAS
spectra, where the P4, P5, and P6 peaks correspond to the
density of states (DOS) of As p states [25]. We found the
intensity decrease and the relative energy shift of the P4 pre-
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Figure 1. Carrier doping dependence of the PFY-XAS spectra for LaFeAsO1−xHx and SmFeAsO1−xHx at room temperature and ambient
pressure. (a) and (e) PFY-XAS spectra at the Fe-K absorption edge. (b) and (f) Expanded views of the PFY-XAS spectra around the
pre-edge peak. (c) A fit example of the PFY-XAS spectrum at the Fe-K absorption edge. (d) and (g) The intensity and relative energy shift of
the P1 peak of the PFY-XAS spectra at the Fe-K absorption edge (h) PFY-XAS spectra at the As-K absorption edge. (i) Expanded view of
the PFY-XAS spectra around the As-K absorption edge. ( j) A fit example of the PFY-XAS spectrum at the As-K absorption edge.
(k) Relative energy shift of the P4 peak at the As-K absorption edge. Grey- and yellow-colored areas in (d), (g), and (k) correspond to the
AFM and superconducting regions, respectively, where the maximum value of the vertical axis scales to be 150 K in (d) [20, 22] and 100 K
in (g) and (k) [40–43]. The dark and light gray areas in figures 1(g) and (k) represent the AFM phases determined from the measurements of
heat capacity and power neutron diffraction, respectively [22].

peak, as demonstrated in figure 1(k). The spectral feature at
x = 0.59 at the As-K absorption edge was very different from
others and the absorption edge shifted to the lower energy at
x = 0.59 as shown in figure 1(i). It is interesting to clarify the
fact that these results are coincident with the disappearance of
the superconductivity at x = 0.59 in SmFeAsO1−xHx .

3.2. Kβ XES

Figures 2(a) and (e) show the Fe Kβ XES spectra for Ln = La
and Sm, respectively. Figures 2(b) and (f) plot the relative
intensity estimated by subtracting the reference FeCrAs from
the data for the respective La and Sm. Figures 2(c) and (g) are
expanded view around a peak of the Fe Kβ XES spectra for the
respective La and Sm. Figures 2(d) and (h) display the IAD val-
ues estimated by the integration of the relative intensity for the
respective La and Sm. Figures 2(d) and (h) for the respective
La and Sm illustrate the IAD values and the magnetic moments

estimated from the corresponding IADs as discussed in litera-
ture [33, 34]. The IAD values for Ln = La were insensitive to
x except x = 0.25, while the IAD values for Ln = Sm gained
its intensity at x = 0.59. Looking at it from a different view-
point, the magnetic moment became larger where Tc becomes
lower at x = 0.25 for La and the superconductivity disappears
for Sm. We checked the temperature dependence of the IAD
values of for La at x = 0, 0.35, 0.51, and 0.62 (the data are not
shown here); however, no significant changes were observed
within the experimental errors.

The neutron diffraction measurements have indicated the
magnetic ordered moment of 0.63 (x = 0) and 1.21μB/Fe
(x = 0.51) for Ln = La, and 0.66 (x = 0), 0.77 (x = 0.56),
and 2.77μB/Fe (x = 0.73) for Ln = Sm [8, 11, 22, 44]. The
IAD values in the low-doping range give the magnetic moment
of 0.50μB (x = 0) for La, and 0.78 (x = 0) and 1.35μB (x =
0.59) for Sm, which agrees with the neutron data. How-
ever, the magnetic moments from IAD deviated from the
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Figure 2. (a) and (e) Carrier doping dependence of the Fe Kβ XES spectra for LaFeAsO1−xHx and SmFeAsO1−xHx , respectively. (b) and
(f) Differences of the intensity of the spectra for the spectrum of FeCrAs. (c) and (g) Expanded views around the peaks in (a) and (e). (d) and
(h) IAD values with the magnetic moment [28, 33]. Grey- and yellow-colored areas in (d) and (h) correspond to the AFM and superconducting
regions, respectively, where the maximum value of the vertical axis scales to be 150 K in (d) [20, 22] and 100 K in (h) [40–43].
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Figure 3. Results of the impurity Anderson model calculations of
the PFY-XAS spectra at Fe-K absorption edge. (a) K-XAS spectra
(black solid line) for x = 0.0 with the DT (blue dotted line) and the
QT (red dashed line). (b) K-XAS for x = 0 (red solid line), 0.20
(blue dotted) and 0.51 (black dashed line). The relative photon
energy positions of the calculated spectra are aligned so that the
absorption edges become the same energy position indicated by the
red arrow. (c) Expanded view of (b) near the pre-edge peak and
absorption edge.

neutron data in the higher doped region for both La and
Sm.

The magnetic moments from the inelastic neutron scat-
tering, XES, and photoelectron spectroscopy are prone to be
higher than those from neutron diffraction, NMR, μSR, and
Mössbauer methods [45]. Our results, however, indicate lower
magnetic moments in higher x in comparison with the neutron
diffraction [8, 11, 22]. The origin of the satellite, Kβ ′ of the
Kβ1,3 spectrum, is mainly considered as the exchange inter-
action between 3p hole and 3d electron. [33] The intensity
of Kβ ′ may be weakened with the mixing of the 3d orbitals.
Here, we propose a possible scenario for explaining the devi-
ation between the different measurements: since XES probes
the localized magnetic moment on the atom, it is insensitive
to detect the valence itinerant electrons contributing the spin
moment above AFM, where the IAD is considered to give the
minimum value of the magnetic moment [45, 46]. Moreover,
the neutron diffraction measurement was carried out below the
TN in contrast to our measurement above TN. We thus suggest
that the neutron diffraction results assess the magnetic moment
of the localized- plus itinerant-components, and IAD assesses
only the localized magnetic moment.

The band calculations for Ln = La indicated the strong FS
nesting between the electron and hole bands in the lower doped
region and the weak FS nesting in the higher doped region [4].
The orbital fluctuation caused by the d band degeneration was
dominant because the energy of the anti-dxy orbital decreased
with x and those of anti-dxy, dyz,zz, and dxy matched each other
around x = 0.36 [4]. Ion radius of Sm ion is smaller than that
of La ion, and as a consequence of this in LaFeAsO1−xHx the
crystal structure is deviated from the regular tetrahedron crys-
tal structure as shown below, while in SmFeAsO1−xHx locates
near the ideal regular tetrahedron crystal structure. Thus, in
SmFeAsO1−xHx the energy difference among the d orbitals
is small, so the orbital fluctuation which may lead to the sin-
gle dome superconductivity is enhanced. As will be described
later, the shape of FeAs4 in the SC region deviates from the
regular tetrahedron for Ln = La and it approaches the regular
one for Ln = Sm. Accordingly, we infer that the Fe d bands
are nearly degenerate for Ln = Sm with the higher-Tc, which
reminds us of that the orbital fluctuation mechanism works for
the high-Tc superconductivity.

The inelastic neutron scattering has pointed that the electron
doping enhances the localized picture in Ln = La system [47].
Moreover, the d–p hybridization becomes weaker along with
the elongation of the As–Fe distance with increasing the x. The
higher IAD value at x = 0.59 of SmFeAsO1−xHx than those at
x = 0 and 0.22 in figure 2(h) also suggests the more localized
magnet moment at AFM2. We thus infer that the electron dop-
ing alters the magnetic character from itinerant to localized
nature in the 1111 system.
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Figure 4. (a) Definition of the As height from the Fe basal plane, the As–Fe distance, and As–Fe–As angles. (b) and (c) Carrier doping
dependence of the As height and As–Fe–As angles for LaFeAsO1−xHx and SmFeAsO1−xHx , respectively. Grey- and yellow-colored areas
in (b) and (c) correspond to the AFM and superconducting regions, respectively, where the maximum value of the vertical axis scales to be
150 K in (b) [20, 22] and 100 K in (c) [40–43].

3.3. Anderson impurity model calculations

To study the PFY-XAS features at the Fe K-edge, especially
the change in the pre-peak with x, we perform a theoretical
simulation using AIM. The AIM describes the excited Fe site
as an impurity which hybridizes with the valence states in the
rest of the crystal. The valence states are constructed from
the band structure calculation using local-density approxima-
tion (LDA) + dynamical mean-field theory (DMFT) [48–51].
In LDA + DMFT, the local distortion of the FeAs4 tetra-
hedron, which is almost pure Td symmetry at x = 0.51 and
D2d symmetry at x = 0 for Ln = La, was taken into account
in the LDA band structures. The LDA bands obtained using
WIEN2k code [52] are mapped onto a tight-binding model
spanning Fe 3d, As 4p, and O 2p states using wien2wannier
[53] and wannier90 [54]. Then, the DMFT calculation for the
tight-binding model was performed, see details in references
[48, 49, 55]. Finally, we compute the Fe K-edge spectra using
the AIM with the hybridization function which encodes the
valence states described in LDA + DMFT. The configuration
interaction (CI) solver with the Lanczos algorithm was used
to compute the spectral intensities in AIM [49, 50, 55]. The
six configurations of d7, d8v , d9v2, d6c, d7vc, d8v2c are used
to represent the ground state, where v and c denote a valence
hole below Fermi energy EF and a conduction electron above
EF, respectively. The contribution of the quadrupole transi-
tion (QT) was calculated separately from that of the dipole
transition (DT). The final state of QT was described by lin-
ear combination of configurations of sd8, sd9L, sd10v2, sd7c,

sd8vc, sd9v2c (s is an electron in the 1s shell). We calculate
the DT as the convolution of the Fe 4p partial DOS multi-
plied by the matrix element of optical transition using WIEN2k
code [52] with the Fe 1s XPS calculated by AIM. This treat-
ment of DT [56] is justified by the fact that the main screening
channel of the final state in DT is given not by the excited Fe
4p electron but by electrons on the surrounding ligands to the
Fe 3d states because of much weaker 1s core-hole potential
for the excited 4p electron than that for the Fe 3d electrons
in DT. Then the final state of 1s XPS in the DT calculation
is described by sd7, sd8v , sd9v2, sd6c, sd7vc, sd8v2c. Note
that the local distortion of FeAs4 for the x values of 0, 0.20,
and 0.51 are taken into account both in the hybridization func-
tion of AIM and in the 4p partial DOS. The Hubbard U and
Hund’s J parameters on the Fe 3d shell are taken from ref-
erence [57]. The parameters used for the core-valence inter-
actions in AIM can be found in supplementary information
(https://stacks.iop.org/JPCM/33/255602/mmedia) [35].

Figure 3(a) shows the K-XAS spectrum (black line) calcu-
lated by AIM for x = 0. The contributions from the DT (blue
line) and the QT (red line) are shown together. We find that the
spectral features in the experimental data are well reproduced
over the entire energy range. Figure 3(b) shows the results cal-
culated for x = 0 (red), 0.20 (blue) and 0.51 (black). Here
the relative photon energies are aligned to the experimental
absorption edges indicated by the arrow. The AIM calcula-
tion qualitatively reproduces the shift of the pre-peak to the
low-energy side as well as the decrease of its intensity with
increasing x from 0 to 0.51 observed in the experimental data.
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Figure 5. Fermi surface mappings of (a) x = 0, (b) x = 0.2, and (c) x = 0.4 of LaFeAsO1−xHx and SmFeAsO1−xHx obtained by first
principles calculations. [35] e-FS and h-FS correspond to electron Fermi surface and hole Fermi surface, respectively. (d) The eigen value of
the gap equation (Eliashberg equation) of the superconductivity as a function of x for LaFeAsO1−xHx and SmFeAsO1−xHx [15–19].

Given the reasonable agreement with the experimental data,
we discuss the change of the Fe d states with increasing x.
The elongation of Fe–As bonds weakens the covalent bonding
between the two. With this, one could expect a charge trans-
fer from Fe to As sites, and thus an increase of the Fe K-edge
and a decrease of As K-edge absorption intensities. Though the
latter is observed in the As K-edge absorption, see figure 1(k)
for Ln = Sm, the Fe K-edge XAS results show an opposite
trend with x, the intensities decrease for both Ln = La and
Sm. The integrated weights in the configurations with N = 6,
7, 8 electrons on the Fe 3d shell are as follows (%): 16.8, 42.9,
31.4 for x = 0; 12.0, 39.0, 37.5 for x = 0.20; 7.9, 31.6, 43.6
for x = 0.51. Thus, the weights of the configurations with 8
electrons in Fe 3d shell increase nearly monotonically with the
electron doping (x). The average Fe d electron number is 7.32,
7.43, and 7.70 for x = 0, 0.20, 0.51, respectively. Therefore, the

doped electrons mainly go to the empty states of Fe 3d states,
which overcompensates a possible hole doping from As to Fe
sites due to the elongation of Fe–As bonds. Thus, both the Fe
and As K-edge absorption intensities can be decreased with the
carrier doping x. The discussion above is consistent with the
valence structure obtained in LDA + DMFT, see supplemen-
tary information [35], showing the low-energy empty states are
dominated by Fe 3d states. The anti-bonding states with large
As 4p contributions are pushed to well above EF due to a large
Fe–As hybridization. Thus, a direct electron doping to the As
4p states is expected to be rather small.

3.4. Crystal structure

Figure 4 depicts the representative structural parameters via
crystal structure analyses. Figure 4(a) signifies the As height
from the Fe basal plane, the As–Fe distance, and As–Fe–As
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angles that are strongly tied to the electronic structure as
discussed in the previous theoretical work [58].

The As height of Ln = La increased with increasing x, as
shown in figure 4(b), which agrees well in the literature [59].
As described above, the As–Fe distance increased with the
carrier doping and thus it is intuitively understood that the Fe
3d–As 4p hybridization may decrease. [22, 59] The decrease
of the hybridization with x was also supported by the band
structure calculations [9].

Carrier-doping dependence of the lattice constants agrees
well with the previously-measured ones [3, 20, 60, 61] (see
the supplementary information [35]). The doping dependence
of the As height and As–Fe–As angle of Ln = Sm are
shown figure 4(c). Both the As–Fe–As angle and As height at
x = 0.65 deviate largely from ideal values of an angle of
109.5◦ [62] and a height of ∼1.38 Å [63]. This anomaly at
x = 0.65 corresponds to the change in the PFY-XAS spectra at
the As-K absorption edge and the increase of the IAD values at
x = 0.59. The anomaly of the crystal and electronic structures
possibly correlates to the suppression of the superconductivity
at x ∼ 0.6.

An intriguing result of calculation for Ln = Sm was pro-
posed by Iimura et al [22] positing that t1dxy , which is a
nearest-neighbor hopping parameter of the Fe-3dxy orbital,
fades away to zero, leading to the enhancement of electron
correlation. Our results of SmFeAsO1−xDx showed the very
different electronic structure at x = 0.59 and support the the-
ory. Such reduction in the t1dxy parameters was attributed to
the longer Fe–anion and the shorter Fe–Fe bond lengths, but
they showed that the indirect electron doping was more signifi-
cant than the structural changes. Present results of the electron
doping caused the both changes in the crystal and electronic
structures: the increase of the As–Fe distance, the decrease of
the p–d hybridization, more localized magnet at AFM2. We
consider that the calculation agrees with our findings that the
decrease of p–d hybridization and the localized picture in the
higher doped region.

3.5. Origin of a single dome superconductivity

A small carrier doping may weaken the nesting condition with
reducing the spin susceptibility. The carrier doping also sup-
pressed the AFM order in LnFeAsO1−xHx . A similar phe-
nomenon has been observed in the electron doping with Co
substitution to Fe site in BaFe2As2, where a few % Co sub-
stitution suppressed the AFM order and superconductivity
appeared [26, 64]. Onari et al [15] theoretically suggested that
in LaFeAsO1−xHx the anion-height instability was a key factor
for high-Tc superconductivity; the C4 isostructural phase tran-
sition at x ∼ 0.5 changed the anion-height with decreasing the
temperature, and the non-nematic O3z2−r2 order, while the C2

transition at x ∼ 0 induced nematic order and did not show a
sizable change in the anion-height.

Let us move on the difference of SC domes for Ln = La
and Sm. We examined the spin-fluctuation-mediated orbital
order based on the SC–VC method for Ln = La and Sm
[15]. In the method, the VC for the irreducible charge (orbital)
susceptibility was estimated self-consistently. The orbital sus-

ceptibility was enhanced by the interference of the spin
fluctuations mainly due to the Aslamazov–Larkin type VC.
Figures 5(a)–(c) illustrate the FS mappings for Ln = La and
Sm (x = 0.1, 0.2, and 0.4), respectively (more-detailed map-
pings are shown in reference [35]). We found a larger hole-type
FS at M point and better nesting condition for Ln= Sm in com-
parison with Ln = Sm. Figure 5(d) plots the eigen value (λE)
of the gap equation (Eliashberg equation) of the superconduc-
tivity based on s++ superconductivity, where λE is a measure
of Tc [15, 17–19]. The λE for Ln = Sm was larger than that for
Ln = La, resulting in a single SC dome for Ln = Sm. Suzuki
et al also reported similar theoretical results; the stable hole
Fermi surface is larger for Sm1111 than for La1111 [65].

4. Conclusion

Carrier doping dependence of electronic and crystal struc-
tures of LnFeAsO1−xHx (Ln = La, Sm) were studied in detail.
For Ln = La and Sm, the intensity of the pre-edge peak at
the Fe-K absorption edge decreased with the electron dop-
ing while the As–Fe distance increased with decreasing the
As–Fe hybridization. The impurity Anderson model repro-
duced well the experimental spectra at the Fe-K absorption
edge. For Ln = Sm the IAD values became large and shifted
to higher-spin state at x = 0.59, corresponding to the anomaly
of the As height and As–Fe–As angle, and this implies more
localized nature in magnetism at AFM2. The theory with the
SC–VC method suggests the single dome superconductivity in
Sm1111 arises from the better nesting condition than the case
of La1111.
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