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We predict that iron-based superconductors discovered near d6 configuration (5 Fe 3d orbitals filled by

6 electrons) is located on the foot of an unexpectedly large dome of correlated electron matter centered at

the Mott insulator at d5 (namely, half filling). This is based on the many-variable variational Monte Carlo

results for ab initio low-energy models derived by the downfolding. The d5 Mott proximity extends to

subsequent emergence of incoherent metals, orbital differentiations due to the Mott physics, and Hund’s

rule coupling, followed by antiferromagnetic quantum criticality, in quantitative accordance with available

experiments.
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Introduction.—Iron-based superconductors discovered
in 2008 [1] soon proved to encompass different families
of pnictides such as LaFeAsO and BaFe2As2 and chalco-
genides such as FeSe and FeTe, where the superconduc-
tivity was discovered mostly under electron or hole doping
as in the cuprate superconductors [2]. The backbone latti-
ces are commonly built from a stacking of iron square-
lattice layers. The band structures consisting mainly of the
Fe 3d orbitals located near the Fermi level are also similar
among the families [3]. However, physical properties
strongly depend on the families and have a diversity in
magnetic, transport, and superconducting properties [4].

The antiferromagnetic (AF) order is, in most cases,
found close to the superconductivity, while the ordered
magnetic moment has a diversity from zero up to � 2�B

[5–8] whose origin is not entirely clear. Another diversity
is found in the coherence of the metallic carrier. The
incoherent (‘‘bad metallic’’) conduction with small Drude
weight [9–12], enhanced mass in de Haas–van Alphen
measurement [13], strongly renormalized quasiparticle
peak in ARPES [14], unconventional AF fluctuations
[15], and a typical Mott-Hubbard splitting (emergence of
the lower Hubbard band) [16] have been claimed in several
compounds, while the correlation effects are less clear in
other cases [17,18]. Such a rich diversity is characteristic in
contrast to the cuprate superconductors, in which strong
correlation effects are common and universal. In this
Letter, we first show that the diversity emerges indeed
from the variation in the electron correlation.

The strength of electron correlation in the present
materials is presently under hot debate partly because of
this diversity. Firm and accurate calculations with full
account of not only dynamical but also spatial fluctuation
effects are desired. However, ab initio analyses with full
account of spatial correlation effects require demanding
calculations and to our knowledge are very few [19,20].

In this Letter, we employ an ab initio method [19] by a
hybrid combination of density functional theory with

accurate solvers for the downfolded effective low-energy
model. Here, we employ the many-variable variational
Monte Carlo (MVMC) method [21,22] for the solver. See
[23], S.1 and S.3, for details of the whole method. The
method enables us to examine strong correlation effects in
an ab initio way fully with dynamical as well as spatial
fluctuation effects. We find that the real iron-based super-
conductors are on the foot of a large dome structure
centered around the d5 Mott insulator, whose proximity
effects generate various correlation phenomena of the real
superconductors. This sheds new light on the understand-
ing of the electron correlation effects in the iron-based
materials.
In general, to vary and control electronic properties in

correlated electron systems, two important routes are
known [24]. One is the bandwidth (or equivalently
effective-Coulomb-interaction) control and the other is
the filling control. The former directly controls the ratio
between the kinetic and interaction energies of electrons,
while the latter tunes the distance from the ‘‘commensurate
filling’’ (a simple fractional number of band filling enhan-
ces the electron correlation as in the Mott insulator).
We show that both play key roles in the iron-based
superconductors.
Model.—The derived ab initio parameters for the present

effective models by the downfolding procedure [3,25] of
the Fe 3d orbitals consist of the transfer integrals ti;j;�;� of

an electron between the orbital � on the site i, and � on j,
together with the orbital-dependent onsite direct-Coulomb
(U�;�) and the exchange (J�;�) interactions. The ratio of

the effective interactions (so called U representing the
orbital average of U�;�) to the bandwidth (or averaged

transfer t) substantially (approximately 50%) increases in
the order from LaFePO, LaFeAsO, BaFe2As2, FeTe to
FeSe [3]. This is physically well understood by the increas-
ing distance h between an iron layer and the neighboring
pnictogen or chalcogen atoms, which alters the chemical
bonding of the Fe 3d Wannier orbitals with the pnictogen
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or chalcogen p orbitals from more covalent to more ionic
in this order. This makes the Fe 3d Wannier orbitals more
localized and the screening by pnictogen or chalcogen p
and other orbitals less effective. Therefore, the family
dependence offers a good example of the interaction
control.

The interaction U�;� strongly depends on the orbitals�,

�, and compounds. Nevertheless, all the derived ab initio
models are reasonably well reproduced from that of a
particular compound, say LaFeAsO, by a single parameter
� which scales all the interactions, U�;� and J�;�, uni-

formly (see [23], S.2). In fact, � is a measure of the electron
correlation.

Result.—In Fig. 1(a), we show the ordered magnetic
moment of the AF ordermðqpeakÞ (red circles) as a function
of �, calculated by MVMC method with the extrapolation
to the thermodynamic limit. Here, � ¼ 1 represents the
ab initio model for LaFeAsO, while by uniformly scaling
all the interaction strength by � without changing transfers
except for orbital levels (see [23], S.1), the interaction
control is monitored. We also plot the MVMC result of
the real ab initiomodels for LaFePO, BaFe2As2, and FeTe,
as black-framed yellow diamonds, at corresponding �
values (see [23], S.2) [22]. We note that we have derived
and solved the 2D ab initio models for the first time here
for the 4 compounds. On the other hand, in the previous
study [22], we have treated the ab initio model only for
LaFeAsO and only after a uniform scaling of both the
interaction parameters for the dimensional downfolding
and the La 4f screening, by using the downfolded model
derived in Ref. [26]. The result for the ab initio models of
FeTe shows the double-stripe order degenerate with the
simple stripe with a nearly equal ordered moment. All the
other results shown here indicate the stripe-ordered ground
states. The agreement with the experimental results with
the correct AF quantum critical point proves the accuracy
of the present scheme. Similar quantitative agreements
with the experiments have been suggested in earlier studies
[22,27].

The uncertainties in these �-scaling plots for results of
the experiments (blue asterisks) and the ab initio models
are indicated by horizontal error bars. Here, the uncertainty
arises from the fact that two independent ab initio-model
derivations give a slight difference (� 5%) [3], together
with the error caused by details of orbital variations
ignored in the uniform � scaling (� 5%).

Quantum critical point of the AF transition appears at
around ð�� 0:95Þ. The overall agreement among the
�-scaled models, ab initio models, and the experiments
show that the material dependence of the magnetism is
well described by the variation of the correlation strength
represented by the single parameter �.

In addition to the interaction control, they may be sub-
stituted by other elements so that carriers are doped by
holes or electrons (namely the filling control) as compared

to the mother materials at d6. This simultaneous possibility
of the interaction and filling controls makes the iron-based
superconductors valuable and unique in comparison to the
cuprates (mainly, filling control only) or organic conduc-
tors (mainly, bandwidth control only) [28]. Furthermore,
nearly degenerate five 3d orbitals enable us to examine

FIG. 1 (color). (a) Magnetic ordered moment mðqpeakÞ at the
Bragg wave number qpeak (for the pattern, see right) calculated

by MVMC simulations (red circles). The result at � ¼ 1 repre-
sents that of the ab initio model for LaFeAsO while the �
dependence illustrates the results of the models obtained by
uniformly scaling the interaction strengths by �. The black-
framed yellow diamonds indicate the results of the ab initio
models, where they are plotted at the corresponding �. The
plotted results are those in the thermodynamic limit after the
size extrapolation. Experimentally observed values [5–8] are
also plotted at corresponding � by asterisks, where FeTe shows
double-stripe and others show stripe orders in agreement with
our ab initio results. (b) Magnetic ordered moment in the plane
of � and doping concentration �. The data are plotted in the cross
sections for � ¼ 1 as well as for � ¼ 0. It shows a peak at d5

(� ¼ �1:0) and decreases monotonically over d6 (� ¼ 0),
which forms a large half-dome structure peaked at d5. The
MVMC results of the ab initio models are shown by black-
framed yellow diamonds. The green and blue shaded regions
represent the G-type and stripe-type AF orders, respectively, as
is illustrated in the right panel of Fig. 1(a). There exist two first-
order transitions (black dashed lines), one indicated by the jumps
in the ordered moment around �� 0:17 and the other at the
transition between the G-type and stripe around ���0:22,
which signals large charge fluctuations under phase-separation
effects. In the present short-ranged-interaction model, the phase
separation indeed occurs in the gray shaded regions.
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multiorbital effects, that are absent in the cuprates and the
organic conductors.

In the plane of � as well as the doping concentration �,
the magnetic ordered moment mðqpeakÞ is plotted in

Fig. 1(b). Here, as in �, � monitors the doping effect, if
the real material could be purely doped without changing
other parameters such as the transfers. By this monitoring,
we can elucidate physics of the filling control. As we
clarify later, we caution that it does not simply mean the
substitution effect of the real material, because the real
substitution may change other parameters. Although the
region near the d5 configuration has not been experimen-
tally realized so far, our monitoring of the filling control
predicts that the iron-based superconductors around � ¼ 0
(d6) are located in the foot of a large dome centered at � ¼
�1:0 (d5). It was formerly believed that metallic ‘‘valleys’’
at noninteger fillings intervene the insulators formed at
each integer filling (see for instance Fig. 65 of Ref. [24]).
In marked contrast, the monotonic decrease in mðqpeakÞ
from d5 over d6 supports that the electron correlation of the
iron-based superconductors around d6 emerges just as a
proximity effect of the d5 Mott insulator without a good
metallic region between d5 and d6 for the retained inter-
action strength. Ishida and Liebsch pointed out the strong
correlation effect near d5 in their single-site dynamical-
mean-field study for a theoretical model, in terms of the
‘‘spin freezing’’ [29]. Our result indicates, instead of the
spin freezing, that a big dome of antiferromagnetically
ordered phase emerges, which was unable to be studied
in their single-site study.

Indeed the orbital-resolved momentum distribution
n�ðkÞ in Fig. 2 shows that the clear jump manifested at
the Fermi surface of good metals becomes less and less
clear with decreasing electron concentration from
d6 (� ¼ 0) toward d5 (� ¼ �1). The reason for the strong
incoherence toward d5 is that all the orbitals become nearly
half filling at d5. Such a strong commensurability leads to a
solid Mott insulator. The large dome structure is a conse-
quence of an overwhelming strong proximity of the d5

(half-filled) Mott insulator, which blankets the d6 commen-
surability. Furthermore, signatures of several first-order
transitions seen in Fig. 1(b) in the filling control signal
large charge fluctuations with tendency toward the phase
separation and incoherence.

Another important aspect found in the doping depen-
dence is the switching in the magnetic order, the transition
from the stripe to G-type orders at ���0:22 [Fig. 1(b)],
which is explained by the geometrical frustration effects:
The ratio of the diagonal next-nearest (t0) to the nearest-
neighbor (t) transfers, i.e., t0=t measures the frustration
effect. In fact, dYZ=dZX and dX2�Y2 orbitals have t0=t�
1:0, while for dXY and dZ2 orbitals t0=t� 0:1 [3], where the
orbitals are labeled in the representation of the folded
Brillouin zone [3]. Around d6, the frustrated dX2�Y2 is
dominant because of the differentiated pinning to half

filling, while near d5, all the orbitals are pinned to half
filling and dXY and dZ2 become the more important players
because of the larger effective interactions, which favors
the G-type order. Nearby G-type order is suggestive of
proposed nodes in the pairing symmetry of heavily hole
doped KFe2As2 [30,31]. In this connection, the double-
stripe-type order at ð�=2; �=2Þ experimentally observed
for FeTe is also accounted for by the involvement of the
less frustrated dZ2 orbital.
To further understand the proximity effect of d5

Mott physics, we monitor the effects of Coulomb (U)

FIG. 2 (color). Filling dependence of orbital-resolved momen-
tum distribution n�ðkÞ � hcy�;kc�;ki plotted for the ‘‘unfolded’’

Brillouin zone (BZ), where the creation and annihilation opera-
tors of an electron at the orbital � and the wave number k are
denoted by cy�;k and c�;k, respectively. In the bottom left, the

unfolded BZ (with the coordinates kx and ky) and folded BZ

(with kX and kY) are depicted by the red and black lines,
respectively. In the bottom right, the Fermi surfaces of the local
density approximation band structures are shown by the red
curve, which can be identified in the corresponding sharp
changes in n�ðkÞ for � ¼ dYZ=ZX and dX2�Y2 on the top panels.

Note that the orbitals are represented according to the folded BZ.
Fade out of sharp boundaries in n�ðkÞ, representing the Fermi
pockets, are seen especially for dYZ=ZX and dX2�Y2 together with

dZ2 , which signals strong renormalizations of quasiparticles
with bad metallic behavior when � decreases progressively to
negative.
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and exchange (J) interactions separately by the scaling
parameters �U and �J, respectively. Figure 3 reveals that
U and J comparably contribute at d6 in enhancing the
ordered magnetic moment. The Hund’s rule coupling J
retains the metallic but AF order even far away from half
filling (d5) contrary to the quick collapse of the AF order in
the cuprates. The present result conforms with a suggestion
of an importance of J away from half filling [32]. We see
below that J between dX2�Y2 and dZ2 orbitals is crucial in
the iron families.

Around d6, large spin and orbital fluctuations are promi-
nent with the nearby magnetic quantum critical point.
Figs. 3(b) and 3(c) illustrate that the dX2�Y2 orbital is under
the strongest correlation effects indicated by the smallest
double occupation [panel (b)] and a remarkable pinning
around half filling [(c)] even for relatively small �, though
the effective Coulomb interaction on the dX2�Y2 is the
smallest even at � ¼ 1 [25]; i.e., the onsite intraorbital
interaction for the dX2�Y2 orbital is 1.68 eV in comparison
to 2.24–2.75 eV for other intraorbital values. (See Table I in
[23].) This puzzle is solved by the largest bare density of
states at the Fermi level (see Fig. 3 of Ref. [3]), which

sensitively allows the electron correlation through the
electron-hole polarizations. When � increases around � ¼
1 (realistic for LaFeAsO), the dZ2 orbital quickly follows
up the dX2�Y2 , because the dX2�Y2 orbital has the largest
Hund’s rule coupling J with dZ2 (0.43 eV in comparison to
0.23 eV with dXY and 0.35 eV with dYZ=ZX). The moment at

the dZ2 orbital grows, dragged by dX2�Y2 through J. We
confirmed that such orbital differentiations occur com-
monly in the ab initio models for other families [16]. The
strong crossover from low to high magnetic moments by
changing from LaFeAsO, BaFe2As2 through FeTe is
accounted by this interplay of dX2�Y2 and dZ2 orbitals.
One might suspect that the disappearance of the mag-

netic order in hole doped Ba1�xKxFe2As2 at x� 0:4 [33]
appears to contradict the present result. However, K doping
does not work as a simple filling control but yields more
complicated effects, because the Fe square lattice shrinks
upon the K doping. This simultaneously enhances the
bandwidth (nearly 10%) and works also as the bandwidth
control driving into weak correlation regime. At � ¼ �1
and � ¼ 1, we obtained the d5 Mott insulator with a large
Mott gap (� 2:2 eV) with a high ordered moment
(� 2:5�B). It implies a connection with a G-type AF
insulator in isostructural but d5 compound LaMnPO [34].
Summary.—We have shown that the underlying proxim-

ity effects of the d5 Mott insulator governs the electronic
structures of iron-based superconductors, which are
located around d6 filling. When the Mott proximity is
weakened, strong orbital and spin fluctuations take place
before the verge to weakly correlated metals. This is indeed
the high-Tc superconducting region around the d

6 filling. It
shares a common character with the cuprates, while a new
aspect here is an involvement of the orbital fluctuation and
differentiation under the big umbrella of the d5 Mott
insulator. Although d6 is commensurate filling, the Dirac
nodes in the band dispersions maintain the metal for an
unexpectedly wide region [22,35], while the interactions
develop the antiferromagnetism. The AF quantum critical
points accompany the strong crossover of the orbital
polarization as well and the superconducting mechanism
has to be clarified under this circumstance. We propose to
focus particularly on the role of the dX2�Y2 and dZ2 orbitals
as the leading players, in contrast to the dYZ=dZX orbitals in
the nesting picture. In the present results, the d5 dominance
washes away the subtlety of the nesting. Experimental
clarification of the large dome structure in the full band-
width and filling controls in the range fromd5 to d6 is highly
desired to clarify the whole perspective of the electron
correlation effect in the iron-based superconductors.
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FIG. 3 (color online). (a) Magnetic ordered moments in the
plane of �U and �J for system size Ns ¼ 6� 6, which is
expected to be close to the thermodynamic limit. Here, �J

(�U) scales exchange (Coulomb) interactions from the
ab initio model for LaFeAsO at �U ¼ �J ¼ 1. The sharp change
in the ordered magnetic moment is triggered by a synergy effect
of the direct Coulomb (�U) and the exchange (�J) interactions
and the two interactions comparably contribute. (b) Orbital-
resolved double occupation D� defined by probability of simul-
taneous occupation of up and down spin electrons on the �
orbital at the same site. (c) Orbital occupation n� defined by the
averaged density of electrons on the orbital � as a function of �
at filling � ¼ 0ðd6Þ. Antiferromagnetic phase is represented as
shaded region. System sizes 8� 8 for (b) and (c) are sufficient to
well represent these quantities in the thermodynamic limit. Near
the realistic parameter � ¼ 1, strong correlation of the dX2�Y2

orbital synergetically starts involving the dZ2 orbital through the
Hund’s rule coupling, which drives the dZ2 into the state close to
half filling n ¼ 1 with reduced D.
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