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We perform a combined experimental-theoretical study of the Fe-oxychalcogenides (FeOCh) se-
ries La2O2Fe2OM 2 (M =S, Se), which are among the latest Fe-based materials with the potential
to show unconventional high-Tc superconductivity (HTSC). A combination of incoherent Hubbard
features in X-ray absorption (XAS) and resonant inelastic X-ray scattering (RIXS) spectra, as well
as resitivity data, reveal that the parent FeOCh are correlation-driven insulators. To uncover mi-
croscopics underlying these findings, we perform local density approximation-plus-dynamical mean
field theory (LDA+DMFT) calculations that reveal a novel Mott-Kondo insulating state. Based
upon good agreement between theory and a range of data, we propose that FeOCh may constitute
a new, ideal testing ground to explore HTSC arising from a strange metal proximate to a novel
selective-Mott quantum criticality.

PACS numbers: 74.70.Xa, 74.70.-b, 74.25.F-, 74.25.Jb

INTRODUCTION

Since the discovery [1] of high-temperature superconductivity (HTSC) in iron pnictides (FePn), a fundamental
question has been whether the iron pnictides are weakly correlated metals or bad metals in close proximity to Mott
localization [2, 3]. These competing ideas must imply very different mechanisms of Fe-based HTSC. The Mottness
view proposes that strong, orbitally-selective electron correlation is relevant to HTSC, while the competing itinerant
view holds that antiferromagnetic (AFM) order and superconductivity (SC) originate from a Kohn-Luttinger-like
Fermi surface (FS) nesting mechanism with weak electronic correlations [4]. Early insights suggested the importance
of varying the strength [2, 5] of electron correlations using chemical substitutions to understand the relevance of Mott
localization to iron HTSC. Since then, more evidence has accumulated in support of this proposal; FeSe is a bad-metal
without AF order [6], while parent Fe-oxychalcogenides are electrical insulators [7, 8].

Most pnictide superconductors exhibit bad-metal normal states with hints of novel quantum criticality. The discov-
ery of HTSC in alkaline iron selenides A1−xFe2−ySe2, where A = K, Tl, Cs and Rb (referred to as ”245s”) intensified
this basic debate, because SC with Tc = 30 K emerges from doping an AFM insulating state occuring due to Fe-
vacancy induced band narrowing [9]. Studying more of such materials to further develop a complete description
of the general electronic phase diagram of iron superconductors is warranted. With this in mind, we investigated
iron oxychalcogenides such as X 2OFe2O2M 2 [X =(La, Na, Ba), (M =(S, Se)] [10] because of (i) their similarities to
LaFeOAs (1111) materials and (ii) the opportunity to study materials with slightly larger electron correlation than
the pnicitides [7]. Moreover, La2O2Fe2OM 2 (M =S, Se) offer the option to tune the strength of electronic correlations
through disorder-free chalcogen exchange of S and Se. The FeOCh consist of stacked double-layered units La2O2 and
Fe2O(S, Se)2 as shown in Appendix A. The Fe2O(S, Se)2 unit contains an Fe-M layer that is similar to the FeAs
layer in the pnictides. The rare-earth layer also contains an additional O(1) atom. Chalcogen substitution results in
a slightly expanded Fe-square-lattice unit cell of La2O2Fe2OM 2 compared to that of LaOFeAs [10]. The consequent
decrease in the electronic bandwidth W increases the Hubbard U, offering a disorder-free parameter to subtly vary
U/W across a critical value for a Mott insulator phase.

In this paper, we first substantiate this reasoning by presenting measurements of the unoccupied and occupied Fe
and Oxygen density-of-states (DOS) obtained by soft X-ray absorption (XAS) and resonant inelastic X-ray scattering
(RIXS). Strong Fe moment localization that can be tuned with chalcogen replacement, and, more crucially, the
observation of incoherent Fe spectral weight due to Hubbard band formation marks the FeOCh as correlation-driven
insulators. The incoherent spectral weight undergoes a resonant enhancement in both the RIXS data and the Lower
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FIG. 1: (Color online) (a) O 1s XAS and (b) O Kα RIXS data for La2O2Fe2OM 2, (M = S, Se). RIXS intensity data was
collected using photons with incident energies of 532 and 534 eV. In (c) the electrical resistivity versus temperature T data
and the simulated resistivity calculated using LDA + DMFT is shown.

Hubbard Band (LHB) spectral weight analysis, indicating the Mott insulating character of both La2O2Fe2OS2 and
La2O2Fe2OSe2. In addition, we show that these materials orbital-selective Mott-Kondo insulators (MKI). [11] We
discuss how these findings imply HTSC arising from an incoherent metal proximate to novel selective-Mott quantum
criticality.

EXPERIMENTAL

We investigated well characterized La2O2Fe2OM 2 M =(S, Se) polycrystalline materials, with nominal compositions,
that were fabricated using solid state reactions methods described earlier [7]. High purity La2O3, Fe and (S, Se)
powders were used as starting materials and laboratory X-ray and neutron powder diffraction data showed that these
materials were single phase in agreement with the literature. [12]

XAS and RIXS spectra for the FeOCh were collected in a polarization averaged condition. In order to reduce the
possibility of oxidation, iron oxychalcogenide samples were sheared under a pressure of 10−6 Torr in a pre-chamber
immediately before being placed in the ultra-high vacuum experimental chamber. All presentend X-ray measurements
were performed in the paramagnetic (PM) state above 150 K. The Advanced Light Source beamlines 7.0.1 and 8.0.1
delivered X-ray beams of 100 micron spot-sizes and energy resolutions of 0.2 eV (0.2 eV) and 0.5 eV (0.6 eV) for
oxygen(iron) X-ray absorption and emission, respectively. The oxygen K -edge XAS intensity is proportional to the
unoccupied p-weighted DOS resulting from the ∆l = ±1 dipole selection rule for X-ray photon absorption. If the
Fe-O related bond is partially covalent, O 2p states hybridize with Fe 3d orbitals and hence the pre-threshold for
absorption, i.e., the low energy fine structure, reveals itself in ligand-to-metal charge transfer excitations [13]. XAS is
sensitive to metal atom coordination geometry and 3d occupation (oxidation state).

RESULTS: RIXS

Fig. 1, top panel (a), shows the O K XAS profiles of La2O2Fe2OM 2 (M = S, Se). The Oxygen pre-edge feature
at 530 eV has different intensities for M = S and Se. This aspect of the XAS data is reminiscent of doped pnictide
spectra in which the 530 eV absorption feature evolves as a function of charge doping. [14] Here we focus on the energy
regime near the absorption edge in order to investigate RIXS processes. O Kα-edge RIXS spectral data obtained using
incident X-ray energies of 532 and 534 eV are presented in Fig. 1 (b). The prominent peak is due to non-hybridizing
O 2p states referred to as the Oxygen main band peak. In addition, the Oxygen RIXS spectra of La2O2Fe2OS2

contain a high energy peak located to the left of the main band peak. Oxygen projected density function theory
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FIG. 2: (Color online) The Fe L2,3-edge XAS profiles of La2O2Fe2OM 2, (M = S, Se) is shown in panel (a) where the inset
contains a magnified view of the upper Hubbard bands. The arrows indicate the X-ray absorption features at the photon
energies, 707.4 and 708.8 eV, used to collect the Fe RIXS data in (b). The data are plotted with a vertical offset for clarity.
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FIG. 3: (Color online) Orbital-resolved LDA density-of-states (DOS) for the Fe d orbitals of La2O2Fe2OSe2 as well as
LDA+DMFT results for different values of U (with U ′ = U − 2JH) and fixed JH = 0.7 eV. Notice the narrow bands in
the LDA DOS. Compared to the LDA results, large spectral weight transfer along with electronic localization is visible in the
LDA+DMFT spectral functions for U ≥ 4 eV.

(DFT) calculations indicate that this spectral weight is due to O(2) atoms located in the Fe plane (see Ref. [7]).
Based on this, we assign the high energy O Kα-edge RIXS intensity observed in La2O2Fe2OS2 ( 522 eV) to Oxygen
states bonded to Fe states that form a LHB (see below). The striking absence of such a high energy feature in the
Oxygen RIXS data of La2O2Fe2OSe2 suggests that the extent of Fe-O hybridization DOS is different for M = S and
M =Se compounds. The difference in Oxygen spectral weight (near 522 eV) La2O2Fe2O(S,Se)2 RIXS spectra may be
consistent with resistivity data (Fig. 1 (b)) which shows M = S to be a better insulator than M = Se.

In Fig. 2 (a), we show the Fe L2,3-edge XAS spectra for both La2O2Fe2OS2 and La2O2Fe2OSe2. A magnification
(inset) of the region near the Fermi level, presented in Fig. 2 (a), reveal a clear difference in the iron conduction band
weight of the two materials. La2O2Fe2OSe2 has enhanced spectral weight at pre-edge just above EF , and this must
ultimately be related to details of the correlated electronic structure changes upon replacement of S by Se. Fe XAS
data is consistent with both RIXS and bulk measurements that show M = Se to be less strongly correlated than M = S
(Appendix A). Resonant inelastic X-ray scattering (RIXS) intensity data, see Fig. 2 (b), were collected using incident
X-ray energies tuned to near- and off-resonance Fe X-ray absorption features at 707.4 eV and 708.8 eV, respectively
(see Appendix A). RIXS intensity results from a second-order (i.e., two-step) photon-in, photon-out process that can
be can be described by the Kramers-Heisenberg (KH) relationship. [15] The KH expression requires the enhancement
of the scattering intensity when incident photon energy matches X-ray absorption edge energies. The RIXS data for
M = S shows correlation induced broad features in the high energy spectral region that form the LHB. [14, 16, 17]
In the RIXS data, for both M = S, Se, there is a high intensity Fe 3d metal valence band peak. Near 700 eV, a
broad shoulder in the high energy spectral region is resonantly enhanced. The spectra reveal incoherent electronic
excitations involving 3d Fe electrons. These are electron correlation satellites formed by multi-particle excitations
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FIG. 4: (Color online) Orbital-resolved imaginary parts of the DMFT self-energies for the Fe d orbitals of La2O2Fe2OSe2 for
different values of U and JH = 0.7 eV.

among localized states, and indicate the stronger electronic correlations that generate a correlated insulator in the
FeOCh.

RESULTS: THEORY

The experimental results above mark the FeOCh as correlated, bandwidth-control driven insulators [18]. The
multi-orbital FeOCh posses strong inter-orbital charge transfer, correlations and crystal field effects all of which
make proper characterization of the insulating state a non-trivial issue. To explain the microscopics underlying the
experimental data, we performed LDA+DMFT calculations for the FeOCh closely following earlier work [8, 11]. LDA
calculations were conducted within the linear muffin-tin orbitals (LMTO) scheme. The one-electron Hamiltonian

reads H0 =
∑
k,a,σ εa(k)c†k,a,σck,a,σ with a = xy, xz, yz, x2 − y2, 3z2 − r2 label (diagonalized in orbital basis) five Fe

3d bands. We retain only the d states, since the non-d orbital DOS have negligible or no weight at EF . An important
aspect of our study is readily visible in Fig. 3 which shows a sizable reduction of the LDA bandwidth relative to that
of FeSe (which is itself an incoherent bad-metal [19]), induced by hybridization with O states and distorting effects
of the La-layers. Another interesting aspect, in contrast to Fe-arsenides, is that the xz − yz orbital degeneracy in
the tetragonal structure is explicitly removed at the outset. Thus, in FeOCh, an electronic nematic (EN) instability
linked to ferro-orbital order and its potentially related criticality is not relevant. Finally, clear lower-dimensional band
structural features are visible in ρxzLDA(ω) (quasi-1D) and ρxyLDA(ω) (2D van-Hove singular) near the Fermi energy,
EF (= 0). Enhancement of the effective U/W ratio in such an intrinsically anisotropic setting should now naturally
favor the Mott insulator state in FeOCh. To substantiate this, DMFT calculations were performed using the multi-
orbital iterated perturbation theory (MO-IPT) as an impurity solver. Though not exact, MO-IPT has a proven record
of providing reliable results for a number of correlated systems [20], and is a very efficient and fast solver for arbitrary
T and band-filling. The full Hamiltonian is H = H0 +H1 with H1 = U

∑
i,a nia↓nia↑+

∑
i,a 6=b[U

′nianib−JHSia ·Sib],
with U ′ = (U−2JH) being the inter-orbital Coulomb term and JH the local Hund’s coupling. Though U ' 4.0−5.0 eV
and JH = 0.7 eV are expected, we vary 3.0 ≤ U ≤ 5.0 to get more insight.

In Fig. 3, we show the total many-body local spectral function (DOS) for the M = Se case. A clear transition from a
bad-metal state at U = 3.0 eV to a correlated insulator for U = 4.0, 5.0 eV occurs. Looking closely at the self-energies
in Fig. 4, however, a remarkable aspect stands out: ImΣa(ω = EF ) vanishes in the region of the Mott gap, instead
of having a pole, as would occur in a true Mott insulator. This aspect is more reminiscent of a correlated Kondo
insulator, where the gap arises due to combined effects of electronic correlations and sizable interband hybridization
(Appendix B). Thus, the semiconducting behavior of the La2OFe2O2M2 (M =S, Se) is, in our approach, that of a
correlated Kondo insulator. A semiconducting gap opens up because of the orbital-dependent hybridization-induced
Kondo effect, but in contrast to usual band semiconductors, correlation effects in conjunction with band structure
details play a crucial role. As is apparent from the orbital-resolved self-energies, sizable correlation effects manifest
themselves immediately above the (small) gap scale as sharp pole structures, betraying underlying Mottness in the
system. While this novel finding is somewhat unexpected, proximity to a true Mott state is seen by observing that the
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FIG. 5: (Color online) Total LDA+DMFT XAS spectrum of La2OFe2O2M2 (M =S, Se), showing the changes in the upper Hub-
bard band upon chalcogen substitution matches the behavior observed in the experimental data. Inset shows the corresponding
total LDA+DMFT spectral function for U =5.0 eV and JH =0.7 eV.

pole structures in ImΣa(ω) with a = xz, yz, 3z2−r2 lie only slightly above EF . Thus, because the system is correlated,
spectral redistribution in response to additional small perturbations (e.g., longer-range Coulomb interactions in an
insulator) can drive it into a true Mott insulating phase. More importantly, electron doping will also cause large-
scale orbital-selective (see Appendix C) spectral weight transfer, leading to orbital-selective Mott transition (OSMT),
wherein a subset of orbital states remain (Mott) gapped in an incoherent metallic state [8]. Such states can exhibit
novel quantum criticality associated with an end-point of the OSMT. Whether HTSC near such novel criticality occurs
in suitably doped FeOCh is an open issue.

Fig. 5 shows the predicted LDA+DMFT XAS spectra. The relevant effects of core-hole scattering on XAS lineshapes
have been incorporated by consistently adapting the procedure of Pardini et al. [21] within our DMFT approach.
Several important features stand out: (i) there is good semi-quantitative agreement with the Fe-edge XAS data up to
3.0 eV above EF where the predicted spectral weight differences between M =S and M =Se closely match the observed
spectra. (ii) The theory successfully predicts the smearing of features observed at lower energy (0.0 < ω < 2.0 eV)
and higher energy (3.0 eV peak) for M =S relative to M =Se. The prediction of enhanced spectral weight at the
pre-edge just above EF for M =S relative to M =Se agrees with XAS and resistivity data which show M =S to be
more correlated than M =Se. Given the LDA+DMFT spectral functions

Aa(k, ω) = − 1
π Im

[
1

ω−Σa(ω)−εk,a

]
(with a = xy, xz, yz, x2 − y2, 3z2 − r2) the dc resistivity, computed within the

Kubo formalism, [22] is expressed exactly (since vertex corrections to σ(T ) rigorously vanish in DMFT) [23] as
ρdc(T ) ≡ 1/σ(T ) with

σ(T ) =
π

T

∑
a

∫
dερ(0)

a (ε)

∫
dωA2

a(ε, ω)f(ω)[1− f(ω)] . (1)

Here, ρ
(0)
a (ε) is the LDA one-particle density of states (DOS) of the a-bands and f(ω) is the Fermi function. The

observed features in ρdc(T ) must then originate from the spectral changes: showing how this provides a compelling
LDA+DMFT description of experimantal data is our focus in this work. LDA+DMFT resistivities (using the Kubo
formalism and neglecting vertex corrections to the conductivity, [24]) for M =S, Se show very good accord with

experiment (where ρ
(M)
dc (T ) in the PM phase. This is a strong internal self-consistency check of our novel proposal.

DISCUSSION

We now discuss the implications of our findings for possible HTSC in suitably doped or pressurized systems. Both
are expected to tune the Fe-O hybridization: since we find a correlated Mott-Kondo insulator, this must non-trivially
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reconstruct the Fe-d states. In La2O2Fe2OSe2, suppression of oxygen Hubbard-band spectral weight presages the
onset of bad-metallicity even as the localization of the Fe 3d states is preserved. This may provide clues to metallize
FeOCh by manipulating the Oxygen and chalcogen states which hybridize with Fe-d states. This is an exciting
perspective because if HTSC results, as in the 245s, it would reinforce the fundamental challenge to the itinerancy
perspective in pnictide HTSC research. Specifically, since strong correlations have now obliterated the LDA FS as
above, large-scale orbital-selective redistribution of spectral weight upon carrier doping is expected to lead to OSMT
and FS involving only a subset of original d-orbitals. The LDA FS and its nesting features would no longer serve as a
guide for rationalizing instabilities to novel order(s). Instead, strong electronic scattering between the partially (Mott)
localized and itinerant subsets of the many-body spectral functions generically extinguishes the Landau quasiparticle
(QP) pole at EF . In the absence of a QP description of the normal state, the tenability of the FS nesting scenario is
called into question.

We note that the presented results also qualitatively agree with recent findings concerning the nature of magnetism
in these systems. Notwithstanding the irrelevance of orbital-correlation driven electronic nematicity in the FeOCh,
multi-orbital effects indeed seem to be important in this system. The report of anisotropic features, and, in particular,
D = 2 Ising-like criticality [25] in the AF transition supports an important role in underlying multi-orbital electronic
hopping processes in the Mott insulator, since these are known [26] to produce J1 − J2 − J ′2-like spin Hamiltonians
with ferromagnetic J1(J2) and AF J2(J ′2) describing magnetism in Fe-based systems. The small value of the ordered
sublattice moment, in contrast to the observed high-spin (S = 2) on Fe-sites, implicates a reduction of the ordered
moment due to quantum fluctuations and geoemtric frustration implied by the spin model above. This involves
both orbital fluctuations arising in an effective-Kugel-Khomskii view [27] in a correlated insulator, as well as the
sizable frustration with competing (different signs) super-exchanges, arising from multi-orbital correlations via the
Goodenough-Kanamori-Anderson (GKA) rules. Both coupled sp[in-orbital physics and frustration now arise from
a small t/U expansion in second-order perturbation theory in the setting of the strongly geometrically frustrated
multi-orbital hopping matrix elements in our multi-band Hubbard model.

However, our main point is to suggest that upon suitable doping, AF order will be suppressed. Given the multi-
orbital physics at work, we also expect an orbital-selective Mott transition (OSMT) to occur around a critical doping
level. Such a metal would have no adiabatic connection with the band (LDA) Fermi surface anymore: it generally
has no coherent Landau quasiparticles, resulting in bad-metallicity and non-FL behavior. In light of widespread
occurence of the maximization of the SC Tc close to such selective-Mott transitions in cuprates and some f -electron-
based systems [28], we anticipate a related quantum criticality associated with such a non-FL metallic state to have
novel and profound consequences for possible unconventional superconductivity.

CONCLUSION

Using a combination experiments and first-principles correlated electronic structure calculations, we present evidence
for a novel Mott-Kondo insulator in the FeOCh systems. Agreement between experiment and theory suggest that
FeOCh can be tuned into orbital-selective (bad) metals that may be intrinsically unstable to HTSC. In view of
similarities to other systems where HTSC is found near doping induced insulator-to-bad metal transitions, this work
provides an impetus to consider likenesses between Fe-based systems and the cuprates. As with the 245 materials,
we suggest that FeOCh are ideal candidates for testing this novel proposal in the Fe-pnictide context. The observed
development of incoherent features in XAS and RIXS spectra arises from Mott localized states. If these can be
appropriately doped by the manipulation of the Fe-ligand bond by pressurization or appropriate chemical substitution,
it is likely that strong orbitally-selective scattering will nearly extinguish the Landau-Fermi liquid quasiparticles,
leading to the emergence of an incoherent pseudogapped metal reminiscent of underdoped cuprates [8]. Whether
novel quantum criticality associated with a selective-Mott transition will be observed with the development of HTSC
in FeOCh is of great interest. [29] Our findings provide a compelling motivation to produce and study doped or
pressurized iron oxychalcogenides.
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APPENDIX A: Materials and Experiment

The iron oxychalcogenide La2O2Fe2OS2, shown in Fig. 6, posseses a structure that is similar to that of the iron
pnictides REFeAO (1111) where RE = (La, Nd, Sm, Pr, Ce, Gd). However, an Oxygen atom in the iron plaquette
causes the iron oxychalcogenides (FeOCh) to have a larger Fe unit cell compared to the pnictides. In addition, the RE
planes of FeOCh contain an oxygen atom. Fig. 6 allows a direct comparison of (FeOCh) with BaFe2As2 (122) and
PrFeAsO (1111). The FeOCh are reminiscent of the high-Tc cuprates where a RE -O layer separates the transition
metal layers. A careful consideration of the FeOCh structure shows that the xz−yz orbital degeneracy, characteristic
of the 1111, 11 and 122 Fe pnictides, is absent in this material class. Therefore, the proposals of ferro-orbital order
and quantum criticality associated with critical end-point(s) of electronic nematic transitions are not relevant in the
iron oxychalcogenides. These overall similarities and differences make the FeOCh interesting in the context of (i) the
intense discussion regarding the amount of correlation in the Fe-based systems, and (ii) the potential observation of
HTSC in doped FeOCh.

A / La / Pr

As / S

Fe

O1

O2

AFe2As2La2O2Fe2OS2 PrFeAsO

FIG. 6: (Color online) Atomic arrangement of La2O2Fe2OSe2, AFe2As2 (A = Ba, K, Cs, Sr and Ca) and PrFeOAs.

Synchrotron-based X-ray photons were tuned the O Kα (Fe L2,3)-edges to excite electrons from the O 1s(Fe 2p)
level, providing direct information on bandstructural and excitation spectra for Fe-chalcogen layers. It is well-accepted
that X-ray absorption and emission spectroscopy can be used to measure how the electronic DOS changes as a function
of electronic correlation in d- and f -band compounds [15]. Having characterized these DOS of La2OFe2O2M 2 (M =S,
Se) both experimentally and theoretically, we show that a consistent description of observed correlation features
(Hubbard bands) mandates that the FeOCh be viewed to have sizable electron correlation. This also suggests that
the slightly less correlated 1111, 11 and 122 systems are better described within a similar sizable correlation view, but
in a regime with a slightly reduced effective (U/W ) ratio, and thus contributes significantly to the debate regarding
degree of correlations in Fe-based systems.

In addition, we performed resonant X-ray emission spectroscopy (or RIXS) experiments. In RIXS, the incident
X-ray energy is tuned to be equal to that of an absorption edge of a material. Under the resonant condition, it is
possible to obtain a resonantly enhanced scattering cross section for the inelastic X-ray scattering processes. This
means that spectral features that are excitonic in nature e.g. collective excitations and many-body interactions can
have enhanced spectral intensities which allows them to be detected in the scattered profile. In the main text we
present Fe L3-edge RIXS data from La2O2Fe2OSe2 and La2O2Fe2OS2 that reveals high-energy, correlation induced
excitation features. This spectral weight, shown in Fig. 7, is analogous to a Raman excitation since its intensity
and spectral position are dependent on the incident energy of the X-ray photons. Such features are the result of
interactions between Mott localized Fe d electrons and represent incoherent spectral weight in the Fe electronic DOS.
Fig. 7 compares the Fe L3-edge RIXS data of Fe-metal, BaFe2As2 and La2O2Fe2O(S, Se)2. All three spectra exhibit
a dominant flourescence peak that results from the refilling of the core-hole, created during the X-ray absorption
process, in the 2p3/2 state; however, the electron correlation peak structure in FeOCh is not observed in Fe-metal or
BaFe2As2.



8

a) b)

In
te

n
si

ty
 [

ar
b
. 
u
n
it

s]

715710705700695690

 La2O2Fe2OSe2

 BaFe2As2

 Fe-metal

 
 

715710705700695690

Photon Energy [eV]

 La2O2Fe2OS2

 BaFe2As2

 Fe-metal

FIG. 7: (Color online) Iron L3 RIXS spectral profiles of the occupied denisty of states for a) La2O2Fe2OSe2 and b) La2O2Fe2OS2

compared to BaFe2As2 and Fe-metal. High energy, incoherent spectral weight due to electron correlation is visible in the iron
oxychalcogenides. The spectral data was collected using X-rays with an incident energy of 707.4 eV .

Using Fe 2p XAS, we observe that replacing the S chalcogen with Se leads to the appearance of a prominent upper
Hubbard band (UHB) in the Fe 2p DOS. We rationalize this within LDA+DMFT (see Fig. 5) in terms of changes in
correlated electronic structure upon chalcogen replacement.

The O Kα-edge and Fe L3-edge RIXS can be understood collectively to show a simultaneous, dual behavior of
the La2O2Fe2O(S, Se)2. The Fe correlation behavior is observed to occur in both materials. On the other hand,
O RIXS and transport data show that the extent of correlation can be adjusted through chalcogen substitution.
The FeOCh appear to accomodate a selectivity of the electron correlation such that some Fe-O states can exhibit
correlation-induced spectral while others do not. We understand this effect using LDA+DMFT which indicate that
La2O2Fe2O(S, Se)2 exhibit orbital selective Mott insulating behavior. Further, we argue that doping FeOCh should
induce orbital-selection Mott-insulator transitions.

APPENDIX B: MOTT-KONDO INSULATING STATE

A correlated Kondo insulator has the following characteristics. Kondo insulators are adiabatically connected to non-
interacting semiconductors [30], but are nevertheless strongly correlated systems. Immediately above the hybridization
induced insulating gap, the underlying strongly correlated nature of the (d-band) electronic states manifests itself.
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FIG. 8: (Color online) Orbital-resolved LDA+DMFT self-energies (real parts) for La2O2Fe2OSe2, showing dynamical correlation
fingerprints in all correlated orbitals. Our results for U = 5.0 eV testify a Mott-Kondo insulating state in La2O2Fe2OSe2.

Hence, sizable correlations exist above the one-particle gap scale [31]. On the other hand, in effectively Mott-localized
electronic systems the insulating state arises because electron hopping from one site to another is inhibited by strong
local Coulomb repulsion. In a Mott insulator (MI), electron hopping is blocked altogether. Doped variants of the
MI may result in a metallic state that can vary from a FL to an orbital-selective, non-FL depending on the band
structural details like crystal-field induced orbital-level splittings, strength of on-site electron-electron interactions,
doping and temperature. According to our LDA+DMFT treatment, the combined Mott-Kondo insulating state in
FeOCh arises from the interplay between strong on-site (Mott-Hubbard) and inter-orbital Coulomb correlations in a
system characterized by orbital polarization at the one particle level. On the other hand, it has been recently realized
that inter-orbital (effectively Falicov-Kimball-like [32] in the selective metal where a co-existence of itinerant and lo-
calized d-states is found) electronic interactions together with inter-orbital one-electron hybridization effectively mixes
different orbital degrees of freedom, providing a source of correlation induced hybridization band gaps [33]. Though
this insulating state is thus due to the influence of one-electron hybridization and is adiabatically connected to a band
insulator, it preserves specific features associated with strong correlations just above the gap. Thus, the insulating
features seen in Fig. 3 are indeed linked to strong frequency dependence of ReΣa(ω) (see Fig. 8) in a system with
ImΣa(ω) = 0 in the gap region as in Fig. 4. While some iron-based superconductors show mixed Mott and Kondo
insulating states [11], the insulating state in FeOCh is a true manifestantion of a Mott-Kondo insulating state since the
hybridization gap is associated with vanishing ImΣa(ω), rather than its divergence, in the region of the insulating gap.
The strong energy-dependence of the real parts of the orbital-resolved self-energies induces orbital-selective effective

electron mass enhancement (
m∗
α

me
= 1 − d

dωReΣα(ω)|ω=0), providing explicit evidence of sizable correlation-induced
orbital-selective electronic localization [34] in La2OFe2O2M 2 (M =S, Se).

Since we also find that the imaginary parts of the orbital-resolved self-energies have a pole structure very close
to ω = 0, it is very conceivable, as discussed in the text, that sizable orbital-selective spectral weight transfer upon
suitable doping can lead to an OSMT [33], where a subset of orbital states remain (Mott-like) insulating while the
remainder turn metallic. In the generic case, this will lead to bad-metallicity and breakdown of the Landau FL picture.
Future study should show whether this obtains in the FeOCh. If it indeed does, it must have far-reaching implications
for the instabilites of such an incoherent metal to competing, unconventional orders. Given the lack of one-to-one
correspondence between the Fermi surface(s) emerging in such a picture in relation to LDA calculations, this would also
pre-empt traditional ”weak-coupling” BCS-like mechanisms for onset of antiferromagnetism and superconductivity.
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APPENDIX C: ORBITAL SELECTIVITY

What is the microscopic origin of the orbital-selective features found in the DMFT solution of La2OFe2O2M 2

(M =S, Se) systems? To further clarify this aspect, we recall that in multi-orbital (MO) systems, the orbital-resolved
hopping matrix elements (diagonalized in the LDA) are sensitive functions of orbital orientation in the real crystal
structure. Moreover, the d bands are usually shifted relative to each other because of the action of the crystal field,
and the six d electrons in iron-based superconducting materials are distributed among all d orbitals. In the case
of La2OFe2O2M 2 systems it induces strong orbital polarization within the d-orbital multiplet, see Fig. 3. In this
situation, MO correlations cause various intimately linked changes: The static MO Hartree shifts, which depends
upon the occupations of each orbital as well as on the inter-orbital correlations [U ′ and JH ] renormalizes the on-site
energies of each orbital in different ways. In particular, it causes inter-orbital charge transfer between the different
d-orbitals, self-consistently modifying their energies and occupations. [35] As seen in Fig. 3, the lower-lying orbital(s)
in LDA are pushed further up by the MO-Hartree shifts, the amount of which is determined by their occupation(s)
and by the values of U,U ′ relative to their respective LDA band width(s), and to the bare crystal field splittings.
As common to strongly correlated electron systems, the dynamical correlations associated with U, U ′, JH result in
a large-scale transfer of dynamical spectral weight (SWT) accompanying the above changes. When the system is
strongly correlated, small changes in the LDA band structure induced by MO electronic correlations (or by changes
in external perturbations) induce large changes in SWT, drastically modifying LDA lineshapes. Our XAS and RIXS
results for the La2OFe2O2M 2 systems bear this expectation very well.

On general grounds, as U,U ′ increases a subset of d-orbitals gets selectively Mott localized. The metallic phase
is then the orbital-selective metal found in various contexts. [36–38] Once this selective localization occurs within
DMFT, the low energy physical response is governed by strong scattering between the effectively Mott-localized and
the renormalized, itinerant components of the matrix spectral function. The problem is thus effectively mapped
onto a generalized spinful Falicov-Kimball [32] type of model, as has been noticed in earlier works. [36–38] Within
DMFT, the itinerant fermion spectral function then shows a low-energy pseudogapped form, while the localized
spectral function shows a power-law fall-off as a function of energy, as long as the renormalized Fermi energy (EF )
is pinned to the renormalized orbital energy of the localized orbital(s). This is understood from the mapping of the
corresponding impurity model to that of the “X-ray edge”, [39] where the orthogonality catastrophe destroys Fermi
liquid behavior. [40] The spectral functions then exhibit asymmetric continuua at low energy, instead of symmetric
Abrikosov-Suhl Kondo resonance features at low energies, and the metallic phase is non-Fermi liquid.

A strong coupling method as used here will yield the antiferromagnetic (AF) ordered ground state at low temper-
atures, in analogy with one-band Hubbard model studies, where the AF ordered state at half-filling remains the Néel
ordered state, evolving from Goodenough-Kanamori-Anderson [20] type of interactions. However, our findings for the
paramagnetic Kondo-Mott insulating state are in accord with an earlier MO LDA+DMFT work, [8] which was the
first to recognize the realistic strong coupling aspect of Fe-oxychalcogenides. As shown here, the frequency-dependence
of the self-energy implies stabilization of the Kondo-Mott insulating state, and consideration of the instability of such
an state to a metallic or to a superconducting (SC) state leads to a fully reconstructed Fermi surface (which pre-empts
a weak-coupling starting point) and to a strongly frequency-dependent superconducting gap function. (We plan to
explore these aspects in future works on the Fe-oxychalcogenides family.)
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[17] A. Koitzsch, R. Kraus, T. Kroll, M. Knupfer, B. Büchner, H. Eschrig, D. R. Batchelor, G. L. Sun, D. L. Sun, and C. T.

Lin, Phys. Rev. B 81, 174519 (2010).
[18] M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70, 1039 (1998).
[19] L. Craco, M. S. Laad, and S. Leoni, Europhys. Lett. 91, 27001 (2010).
[20] A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg, Rev. Mod. Phys. 68, 13 (1996).
[21] L. Pardini, V. Bellini, and F. Manghi, J. of Phys.: Condensed Matter 23, 215601 (2011).
[22] K. Haule and G. Kotliar, New Journal of Physics 11, 025021 (2009).
[23] A. Khurana, Phys. Rev. Lett. 64, 1990.
[24] J. M. Tomczak and S. Biermann, J. Phys.: Condensed Matter 21, 064209 (2009).
[25] E. E. McCabe, C. Stock, E. E. Rodriguez, A. S. Wills, J. W. Taylor, and J. S. O. Evans, Phys. Rev. B 89, 100402 (2014).
[26] P. Phillips, T.-P. Choy, and R. G. Leigh, Rep. on Prog. in Phys. 72, 036501 (2009).
[27] K. I. Kugel and D. I. Khomskii, JETP 37, 725 (1973).
[28] T. Park, F. Ronning, H. Q. Yuan, M. B. Salamon, R. Movshovich, J. L. Sarrao, and J. D. Thompson, Nature 440, 65

(2006).
[29] G. Giovannetti, L. de’ Medici, M. Aichhorn, and M. Capone, Phys. Rev. B 91, 085124 (2015).
[30] M. Dzero, K. Sun, V. Galitski, and P. Coleman, Phys. Rev. Lett. 104, 106408 (2010).
[31] L. Craco, Phys. Rev. B 77, 125122 (2008).
[32] L. M. Falicov and J. C. Kimball, Phys. Rev. Lett. 22, 997 (1969).
[33] V. Stanev and P. B. Littlewood, Phys. Rev. B 87, 161122 (2013).
[34] Q. Yin, A. Kutepov, K. Haule, G. Kotliar, S. Y. Savrasov, and W. E. Pickett, Phys. Rev. B 84, 195111 (2011).
[35] M. S. Laad, L. Craco, S. Leoni, and H. Rosner, Phys. Rev. B 79, 024515 (2009).
[36] S. Biermann, L. de’ Medici, and A. Georges, Phys. Rev. Lett. 95, 206401 (2005).
[37] M. S. Laad, L. Craco, and E. Müller-Hartmann, Phys. Rev. Lett. 91, 156402 (2003).
[38] M. S. Laad, L. Craco, and E. Müller-Hartmann, Phys. Rev. B 73, 045109 (2006).
[39] P. W. Anderson, Phys. Rev. Lett. 18, 1049 (1967).
[40] Combescot, M. and Nozires, P., J. Phys. France 32, 913 (1971).


