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The electronic structures of the UT and CT phases of both LaFe2As2 and the counterpart CaFe2As2 are studied
by density functional theory and tight-binding models. We find the 4p states of As contribute substantially to the
relative instability between (π, π, π ) and (0, 0, π ) of Pauli susceptibility χ0, which may result in fluctuations
mediating the pairing between electrons. This means that considering only the 3d states of Fe is not enough
to capture the superconducting properties of iron-based superconductors. This finding is supported by the even
higher relative instability at (π, π, π ) of interorbital Pauli susceptibility between the 3d orbital of Fe and 4p
orbital of As compared with the total intraorbital and interorbital Pauli susceptibility from the 3d orbital of
Fe, indicating that the 4p states of As affect χ0 considerably. Moreover, while the 3d states of Ca are found
to contribute positively to the relative instability at (π, π, π ), the 5d states of La contribute negatively to the
relative instability at (π, π, π ), illustrating the the 3d states of Ca and 5d states of La play contrary contributions
to superconductivity. Our results provide qualitative criteria for the superconducting properties of LaFe2As2 and
CaFe2As2, and they reveal that both the 4p states of As and interlayer cation states should not be neglected in
further studies on superconductivity of iron-based superconductors.

DOI: 10.1103/PhysRevMaterials.7.044801

I. INTRODUCTION

A distinguishing feature of the iron-based superconductor
is that electrons occupy multiple orbitals [1–3]. It is generally
believed that 3d states of Fe which locate close to the Fermi
level control the magnetic and superconducting properties of
iron-based superconductors [4,5]. In this general context, dif-
ferent models have been constructed to capture the electronic
pairing mechanism of iron-based superconductors, such as
the two-orbital model [6,7], three-orbital model [8,9], and
five-orbital model [10,11]. The 4p orbital of As or Se were
also included in the so-called d-p model in some iron-based
superconductors due to the strong hybridization between the d
and p states [12]. Later it is found iron germanides have a gen-
eral tendency toward ferromagnetism due to the intercalating
species [13]. However, an appealing question still subsistent
is what role of 4p states of As and the interlayer cation states
play on the superconducting properties of iron-based super-
conductors.

Recently a new 122-type iron-based superconductor
LaFe2As2 attracts much attention to study the effect of dop-
ing and structural distortion on superconductivity [14–19].
Due to different crystal growth and annealing conditions,
LaFe2As2 can be grown in the collapsed tetragonal (CT)
phase and uncollapsed tetragonal (UT) phase. The UT phase
of LaFe2As2 show superconductivity at 12.1K, while neither
superconductivity nor long-range magnetic order was found
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in the CT phase of LaFe2As2 [14]. Contrasting properties
exist in the counterpart CaFe2As2, the UT phase of CaFe2As2

at atmospheric pressure shows stripe-type antiferromagnetic
order at low temperature [20,21]. Superconductivity emerges
with Tc up to 12 K by nonhydrostatic pressure for CaFe2As2

[22]. Later it is found the uncollapsed stabilized tetrago-
nal phase(UT′) under uniaxial pressure is responsible for
superconductivity [23]. The CT phases of both LaFe2As2

and CaFe2As2 are nonmagnetic and nonsuperconducting
[14,21,24]. Analogous structures with diverse magnetic and
superconducting properties in these iron-based materials de-
serve a comparative DFT calculation.

Compared with CaFe2As2, there is one more valence 5d
electron of La in LaFe2As2. The effects of the 5d states of La
on the electronic structure and the doping level of the 5d elec-
tron have been studied by DFT and DFT + DMFT [15,16]. So
far, however, a direct relation between superconductivity and
the intercalating cations Ca or La in these 122 type iron-based
superconductors is still lacking.

In this paper, we derive important qualitative relations be-
tween the orbital resolved Pauli susceptibility χ0 and magnetic
or superconducting properties of a series 122 type iron-based
superconductors. We apply density functional calculations to
both the UT and CT phases of LaFe2As2 and CaFe2As2. By
constructing tight-binding models including the 3d orbital of
Fe, 4p orbital of As, and 3d orbital of Ca or 5d orbital of La
from electronic structures obtained by DFT calculations, we
identify the usually overlooked 4p states of As contributing
substantially to the relative instability between (π, π, π ) and
(0, 0, π ) of Pauli susceptibility χ0 in both the UT phase of
LaFe2As2 and the CT phase of CaFe2As2. Moreover, the 3d

2475-9953/2023/7(4)/044801(9) 044801-1 ©2023 American Physical Society

https://orcid.org/0000-0002-0233-4843
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.7.044801&domain=pdf&date_stamp=2023-04-03
https://doi.org/10.1103/PhysRevMaterials.7.044801


DING, PAN, ZHAO, AND ZHANG PHYSICAL REVIEW MATERIALS 7, 044801 (2023)

FIG. 1. Comparison of band structure calculated from density functional theory and effective tight-binding model for the UT phase of
LaFe2As2 (a), the CT phase of LaFe2As2 (b), the UT phase of CaFe2As2 (c), the UT′ phase of CaFe2As2 (d), and the reciprocal points in the
bulk Brillouin zone are � (0, 0, 0), X (0, π, 0), M (π, π, 0), Z (0, 0, π ), R (0, π, π ), and A (π, π, π ). Comparison of DOS calculated from
density functional theory and effective tight-binding model for the UT phase of LaFe2As2 (e), the CT phase of LaFe2As2 (f), the UT phase of
CaFe2As2 (g), and the UT′ phase of CaFe2As2 (h). Partial density of states for the UT phase of LaFe2As2 (i), the CT phase of LaFe2As2 (j),
the UT phase of CaFe2As2 (k), and the UT′ phase of CaFe2As2 (l).

orbital of Ca and the 5d orbital of La usually been classified
as charge reservoirs are found to affect oppositely to the insta-
bility at (π, π, π ). While the 3d states of Ca help to enhance
the relative instability at (π, π, π ) of χ0, the 5d states of La
weaken the relative instability at (π, π, π ) of χ0, which may
suppress Tc of superconductivity in LaFe2As2. Furthermore,
we find the 5d electron of La does not dope to the 3d orbital of
Fe, instead, electrons are re-distributed among the partial or-
bitals in the different phases LaFe2As2 and CaFe2As2, which
results in different orbital resolved particle-hole excitations in
these iron-based materials.

II. DETAILS OF OUR CALCULATIONS

DFT calculations were performed using the full potential
linearized augmented plane-wave method as implemented in
the WIEN2K code [25]. The generalized gradient approxima-
tion of Perdew-Burke-Ernzerhhor for exchange-correlation
potentials [26] was adopted. To determine the orbital resolved
particle-hole excitation properties, tight-binding models from
maximally localized Wannier functions [27,28] including the
3d orbital of Fe, the 4p orbital of As, and the 3d orbital
of Ca or the 5d orbital of La were constructed. We can see
both the band structure and the density states of the effective
tight-binding model are well consistent with density func-

tional theory as shown in Figs. 1(a)–1(h), The experimental
lattice structures [14] were used for UT and CT phases of
LaFe2As2, The experimental lattice structures of CaFe2As2

[20] were used for the CT phase with a = 3.9724 Å, c =
10.683 Å, the UT′ phase(uncollapsed tetragonal phase at
a pressure p = 0.63 GPa) with a = 3.8944 Å, c = 11.530 Å
and the UT phase (uncollapsed tetragonal phase at a pressure
p = 0 GPa) with a = 3.8915 Å, c = 11.690 Å. we found the
conclusion did not alter when the other experiment lattice
structure of CaFe2As2 was used [29].The coordinate system
we adopted points along the iron diagonal, which is the same
as experimental works, and the conclusions of our paper are
independent on the coordinates we choose.

The Pauli susceptibility [30] is defined as

χ
pr;st
0 (k, ω) = − 1

N

∑

k,μν

as
μ(k)ap∗

μ (k)ar
ν (k + q)at∗

ν (k + q)

ω + Eν (k + q) − Eμ(k) + i0+

×{ f [Eν (k + q)] − f [Eμ(k)]}, (1)

where matrix elements as
μ(k) = 〈s|μk〉 connect the orbital and

the band spaces and are the components of the eigenvectors
obtained from diagonalization of an effective tight-binding
Hamiltonian derived from the DFT band structure via con-
struction of maximally-localized Wannier functions. Here
f (E ) is the Fermi distribution function, p, r, s, t are the orbital
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FIG. 2. Pauli susceptibilities with constant matrix element approximation χ0(q, ω = 0) (a). The schematic superconducting(SC),
nonsuperconducting and nonmagnetic phase diagram of LaFe2As2 (b). The schematic superconducting(SC), antiferromagnetic(AFM), non-
superconducting and nonmagnetic phase diagram of CaFe2As2 (c). The relative intensity of χ0(q, ω = 0) between (π, π, π ) and (0, 0, π ) in
different energy windows [-Min,Max] for the UT phase of LaFe2As2 (d), the UT phase of CaFe2As2 (e), and the UT′ phase of CaFe2As2 (f).

indices and μ, ν the band indices. q and k are the momentum
vectors in the Brillouin zone, and N is the number of Fe lattice
sites. It is found that off-diagonal elements of Pauli suscep-
tibility are negligibly small compared to the diagonal (p =
s, r = t) elements representing intraorbital and interorbital
particle-hole excitations [31]. So in this paper, we focus on
the intraorbital and interorbital particle-hole excitations and
discuss their relations with magnetism and superconductivity.
In fact, it is the relative intensity of Pauli susceptibility at some
specific point in the Brillouin Zone determines the instability
of the system, so in this paper we take the intensity of the
Pauli susceptibility at (0, 0, π ) as the reference and discuss the
relative intensity of Pauli susceptibility in different cases. We
fix qz = π in the calculations and checked that the conclusions
drawn below will not be changed if qz = 0 is fixed.

The orbital occupation number is calculated by

nim = c†
imcim, (2)

where c†
im(cim) creates(annihilates) an electron in orbital m of

site i.

III. RESULTS AND DISCUSSIONS

The Pauli susceptibility signifying the particle-hole ex-
citations is essential to understand the magnetism and
superconductivity of iron-based superconductors [30–33].
Here we compare the Pauli susceptibility χ0(q, ω = 0) with
constant matrix element approximation of both LaFe2As2

and CaFe2As2 in Fig. 2(a). The schematic phase diagrams
of the two compounds are shown in Figs. 2(b) and 2(c). As
is known, the Pauli susceptibilities within constant matrix
elements approximation, where all the matrix elements in
Eq. (1) are fixed to be one, can be used to quantify the nesting
properties of the Fermi surfaces [34,35]. A peak present in

this Pauli susceptibility denotes that the Fermi surfaces are
well nested by shifting a wave vector given by the position
of the peak, and Pauli susceptibility brings more quantitative
information than the Fermi surfaces. We can see the UT
CaFe2As2 show a prominent peak at (π, π, π ), supporting
the stripe-type magnetic order at low temperature [20,21].
Although the peak at (π, π, π ) is obviously suppressed in
UT′ CaFe2As2 and UT LaFe2As2, there is still notable in-
tensity around (π, π, π ), which can provide the paring glue
below Tc of superconductivity. Our results are consistent with
the calculated noninteracting susceptibility of UT LaFe2As2
[15], and support the scenario that the uncollapsed tetragonal
phase of CaFe2As2 stabilized by nonhydrostatic pressure is re-
sponsible for superconductivity as previous studies suggested
[23,36]. For the nonsuperconducting and nonmagnetic CT
LaFe2As2 and CT CaFe2As2, we can see no prominent peaks
appear in χ0(q, ω = 0), implying no prominent instability in
CT LaFe2As2 and CT CaFe2As2. Our results prove the view
that spin fluctuations from itinerant electrons are essential to
superconductivity for both LaFe2As2 and CaFe2As2.

To clarify which states around the Fermi level determine
the properties of χ0(q, ω = 0) in these materials, we study
the evolution of the relative intensity at (π, π, π ) of χ0 with
different energy windows around the Fermi level for UT phase
of LaFe2As2 and both UT and UT′ phases of CaFe2As2 as
shown in Figs. 2(d)–2(f). Interestingly, the particle-hole exci-
tations are unexpectedly found to condense at (0, 0, π ) rather
than (π, π, π ) if only the states in a small energy window are
calculated. We can see as the energy window become larger,
the relative intensity at (π, π, π ) changes from negative to
positive and become converged at about 5 eV. So only if
the states in large enough energy windows are involved, then
the particle-hole excitation condenses at (π, π, π ), strongly
suggesting considering only the states next to the Fermi level
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FIG. 3. Atom resolved Pauli susceptibilities for the UT phase of LaFe2As2 (a), (b) and for the UT′ phase of CaFe2As2 (c), (d).

is not enough to capture the accurate instability of iron-based
superconductors. We can see from the band structures as
shown in Figs. 1(a)–1(d) and the density of states as shown
Figs. 1(i)–1(l) that the 3d orbital from Fe, the 4p orbital from
As, and the 3d orbital from Ca or 5d orbital from La entangle
with each other, so the 4p orbital of As and 5d orbital of
La or 3d orbital in Ca may also play important roles in the
particle-hole excitations of these materials as well as the 3d
orbital from Fe.

We also fix the energy above the Fermi level at 6.0 eV, and
study the evolution of χ0(q, ω = 0) with different energies
below the Fermi level. And we then fix the energy below the
Fermi level at 6.0 eV, and study the evolution of χ0(q, ω = 0)
with different energies above the Fermi level. We can see in
Figs. 2(d)–2(f) the condensations of the particle-hole excita-
tions are also not converged if only the states in a small energy
window above or below the Fermi level is calculated. So both
the states around the Fermi level in a wide energy range are
important to the condensation properties of the particle-hole
excitation.

To clarify how the p orbital of As and the interlayer cation
Ca or La affect the superconducting properties, we study
the interorbital particle-hole excitations χ st ;st

0 (q, ω = 0) be-
tween different atoms for the UT phase of LaFe2As2 and
UT′ phase of CaFe2As2 as shown in Fig. 3. Surprisingly
and interestingly, the total relative intensity at (π, π, π ) of
the interorbital particle-hole excitations χ st ;st

0 (q, ω = 0) be-
tween the 3d orbital of Fe and 4p orbital of As is much
larger than the intraorbital and interorbital particle-hole exci-
tations χ st ;st

0 (q, ω = 0) within the 3d orbital of Fe for both UT
LaFe2As2 and UT′ CaFe2As2 as shown in Figs. 3(a) and 3(c).
Therefore, the interorbital particle-hole excitations between
the 3d orbital of Fe and 4p orbital of As may play a key role

in providing fluctuations for electron-pairing. This is the first
time that such a fundamental relation between the 4p states
of As and χ st ;st

0 (q, ω = 0) for the large relative instability at
(π, π, π ) is derived.

On the other hand, the 5d states of La in the UT phase
of LaFe2As2 and the 3d states of Ca in the UT′ phase of
CaFe2As2 also surprisingly play an essential role in the rel-
ative intensity at (π, π, π ) of χ st ;st

0 (q, ω = 0). We can see
all the relative intensities at (π, π, π ) of χ st ;st

0 (q, ω = 0) in-
volved with the 5d orbital of La are negative in the UT phase
of LaFe2As2 as shown in Fig. 3(b), whereas the interorbital
particle-hole excitations between the 3d orbital of Ca and 3d
orbital of Fe or 4p orbital of As condense positively around
(π, π, π ) in the UT′ phase of CaFe2As2 as shown in Fig. 3(d).
Thus the intercalating cations Ca and La contribute contrarily
to the relative intensities at (π, π, π ) of χ st ;st

0 .
The role of the 3d orbital of Fe, 4p orbital of As and

3d orbital of Ca of 5d orbital of La is further studied by
calculating susceptibility χ st ;st

0 (q, ω = 0) in different energy
windows around the Fermi level. We plot the evolution of the
relative intensity at (π, π, π ) of χ st ;st

0 (q, ω = 0) with different
energy windows for the UT phase of LaFe2As2 and the UT′

phase of CaFe2As2 in Fig. 4, where s and t denote the 3d
orbital of Fe, the 4p orbital of As, and the 3d orbital of Ca
or the 5d orbital of La respectively. For both the UT phase of
LaFe2As2 and the UT′ phase of CaFe2As2, the particle-hole
excitations from 3d electrons of Fe show strong ferromagnetic
instability when the energy window is small, and converge to
condense around (π, π, π ) only when the energy window is
above 3.5 eV. For both the UT phase of LaFe2As2 and the
UT′ phase of CaFe2As2, the relative intensity at (π, π, π ) of
the interorbital susceptibility χ st ;st

0 (q, ω = 0) between the 3d
orbital of Fe and the 4p orbital of As converge at (π, π, π )
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FIG. 4. The relative intensity of atom resolved Pauli susceptibilities in different energy windows [−Min, Max] for the UT phase of
LaFe2As2 (a) and the UT′ phase of CaFe2As2 (b).

when the energy window is above 5 eV. For the UT phase
of LaFe2As2, the relative intensity at (π, π, π ) of interorbital
susceptibility χ st ;st

0 (q, ω = 0) between the 3d orbital of Fe
and the 5d orbital of La is negative when the energy window
is small, and becomes positive when the energy window is
larger than 1.9eV, but finally converge to be negative. For the
UT′ phase of CaFe2As2, the relative intensity at (π, π, π )
of interorbital susceptibility χ st ;st

0 (q, ω = 0) between the 3d
orbital of Fe and the 3d orbital of Ca show maxima at 3.3 eV
and finally converge to be positive. These results indicate that
all the electrons in the 3d orbital of Fe, 4p orbital of As,
and 3d orbital of Ca or 5d orbital of La in a large enough
energy range contribute to the relative intensity at (π, π, π )
of χ st ;st

0 (q, ω = 0). We have further shown in the Appendix B

that some weight that actually sits on the As 4p orbitals was
transferred to Fe 3d orbitals in models without As 4p orbitals,
leading to losing the fact that As 4p orbitals actually contribute
to the instability at (π, π, π ) substantially. Thus to accurately
characterize the instabilities of the compounds we studied, a
large energy window including the As 4p orbitals should be
adopted.

Since both the intraorbital and interorbital particle-hole
excitations can provide the glue for electron-pairing of
superconductivity [30], we further study the interorbital
particle-hole excitations of χ st ;st

0 (q, ω = 0) to extract which
partial orbitals play dominant role in the instability at
(π, π, π ). The primary interorbital Pauli susceptibilities are
plotted in Fig. 5. We can see for UT LaFe2As2, the in-

FIG. 5. The primary interorbital Pauli susceptibilities from the 3d orbital of Fe for the UT phase of LaFe2As2 (a) and the UT′ phase of
CaFe2As2(c). The primary interorbital Pauli susceptibilities between the 3d orbital of Fe and the 4p orbital of As for the UT phase of LaFe2As2

(b) and the UT′ phase of CaFe2As2(d).
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FIG. 6. Intraorbital Pauli susceptibilities of the 3d orbital of Fe for the UT phase of CaFe2As2 (a), the UT′ phase of CaFe2As2 (b), the UT
phase of LaFe2As2 (c), and the CT phase of LaFe2As2 (d).

terorbital particle-hole excitations between dx2−y2 orbital and
dxz or dyz orbital condense around (π, π, π ), while the con-
densation of interorbital particle-hole excitations between
dxz and dyz orbitals around (π, π, π ) is much weaker as
shown in Fig. 5(a). The interorbital particle-hole excitations
between any two orbitals from dx2−y2 orbital, dxz or dyz or-
bital all strongly condense at (π, π, π ) for UT′ CaFe2As2

as shown in Fig. 5(c). It is noteworthy to mention that the
interorbital particle-hole excitations between the 4pz orbital
of As and the 3d orbitals dx2−y2 , dxz or dyz of Fe also show
comparable intensity of condensation at (π, π, π ) for both
UT LaFe2As2 and UT′ CaFe2As2 as shown in Figs. 5(b)
and 5(d), which strongly suggests that the 4pz states of As
may be relevant to superconductivity in these two iron-based
superconductors.

Because magnetism is related to the intraorbital particle-
hole excitations χ

pr;st
0 (q, ω = 0) with p = r = s = t [31], we

now focus on χ tt ;tt
0 to discuss the microscopic origin of

magnetism in these materials. We can see a well-defined in-
stability at (π, π, π ) in the dxz and dyz orbitals in UT phase
of CaFe2As2 as shown in Fig. 6(a), leading to the tendency to
form stripe-type anti-ferromagnetic order at low temperature.
When it comes to the UT′ phase of CaFe2As2 as shown
in Fig. 6(b), χ tt ;tt

0 of dxz and dyz orbital shows a widely
broadened maxima around (π, π, π ), while only a small in-
stability at (π, π, π ) in the dx2−y2 orbital. For the UT phase
of LaFe2As2 only χ tt ;tt

0 of the dx2−y2 orbital show a peak at
(π, π, π ) as shown in Fig. 6(c). So the instability at (π, π, π )
from intraorbital particle-hole excitations in the UT phase of
LaFe2As2 and UT′ phase of CaFe2As2 is not strong enough to
induce the stripe-type anti-ferromagnetic order but may still
provide spin fluctuations helping the electron-pairing together
with instabilities around (π, π, π ) from interorbital particle-
hole excitations. No prominent peak can be observed in the

intraorbital particle-hole excitations of the CT phase of
LaFe2As2 as shown in Fig. 6(d).

Finally we want to discuss the doping effect in these iron-
based materials. It is found that hole doping did not decrease
electron occupations of all the five 3d orbitals of Fe [37].
Here we study the electron doping effect by constructing tight-
binding models consisting of La 5d orbital, Fe 3d orbital, and
As 3p orbital from first-principles calculations as displayed in
Fig. 7. We can see from Fig. 7(a) that electrons in the dxz/dyz,
dx2−y2 and dz2 orbitals increase in the CT phase compared with
the UT phase for LaFe2As2, and this trend also applies to
the UT′ phase compared with the UT phase for CaFe2As2.
Meanwhile, there are more electrons in the dxz/dyz and dz2

orbitals but fewer electrons in the dxy and dz2 orbitals of Fe
in LaFe2As2 compared with CaFe2As2. There are substantial
electrons in the 5d orbital of La and 3d orbital of Ca as shown
in Figs. 7(b) and 7(c). From Figs. 7(d) and 7(e) we can see that
the total electrons in the 3d orbital of Fe in LaFe2As2 are more
than that in CaFe2As2, but the total electrons in the 4p orbital
of As in LaFe2As2 are less than that in CaFe2As2 for the UT
and UT′ phases respectively. The total electron occupations in
the 3d orbital of Fe and 4p orbital of As in CaFe2As2 change
little compared with that in LaFe2As2 as shown in Fig. 7(f).
So the one 5d orbital electron of La does not effectively dope
to the Fe-As layers. The main difference among the various
phases of LaFe2As2 and CaFe2As2 is the re-distribution of
electrons among the partial orbitals, leading to their different
band structures in a wide energy range.

IV. CONCLUSIONS

In this work, we carry out a comparative DFT study on the
different phases of LaFe2As2 and the counterpart CaFe2As2.
The orbital and atom resolved Pauli susceptibilities and their
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FIG. 7. Charge occupations of the five 3d orbitals of Fe (a). Charge occupations of the five 3d orbitals of Ca or 5d orbitals of La (b). The
total charge occupations of the 3d orbitals of Ca or 5d orbitals of La (c). The total charge occupations of the 3d orbitals of Fe (d). The total
charge occupations of the 4p orbitals of As (e). The total charge occupations of the 3d orbitals of Fe and the 4p orbitals of As (f).

relationship with magnetism and superconductivity have been
investigated. The main results of our study are as follows.

(1) We find that the interorbital particle-hole excitations
between the 4p orbital of As and the 3d orbital of Fe play
an important role in the prominent instability at (π, π, π ),
strongly suggesting the 4p states of As are relevant to super-
conductivity in iron-based superconductors.

(2) We also find the 3d states of Ca and 5d states of La play
contrary contributions to the instability at (π, π, π ) which act
as the pairing glue for superconductivity. The 3d states of Ca
enhance the instability at (π, π, π ) while the 5d states of La
weaken the instability at (π, π, π ).

(3) We find the 5d orbital electron of La remains in the 5d
orbital and does not dope to the 3d orbital of Fe, but electrons
re-distribute among the partial orbitals in different phases of
LaFe2As2 and CaFe2As2, which may be the origin of different
magnetic and superconducting properties of these iron-based
materials.

Our results show that the relative condensation intensity
around (π, π, π ) of the particle-hole excitations is a key
parameter in determining superconductivity or magnetism
for LaFe2As2 and CaFe2As2. To our knowledge, the rela-
tionship between the relative instability around (π, π, π ) of
χ st ;st

0 (q, ω = 0) and the 4p states of As or the interlayer
cations states was first found in our work and has never been
revealed before. This means that considering only the 3d states
of Fe is not enough to fully understand superconductivity in
iron-based superconductors. Our results are interesting in two
aspects. First, the signatures of the large relative instability of
χ st ;st

0 (q, ω = 0) related to the 4p states of As or the interlayer
cations states pose a challenge to the models with only 3d
orbital of Fe and prove the need to establish more accu-
rate models. Second, our results also suggest that iron-based

superconductors with strong instability around (π, π, π ) from
interorbital particle-hole excitations but small instability at a
specific point in the Brillouin Zone from intraorbital particle-
hole excitations would show high Tc of superconductivity.

V. THE INPUT FOR WANNIER90 TO CALCULATE
THE EFFECTIVE TIGHT-BINDING MODEL

A 1331 k mesh is used for WANNIER90, and we find the
results show convergence with the k mesh we used in the
paper by testing larger k meshes. The upper bound of the
frozen energy window for the disentanglement is set to be
3.6 eV to preserve exactly the properties of all the compounds
we studied. All other inputs for WANNIER90 are set to be the
default ones.

VI. RESULTS OF THE EFFECTIVE TIGHT-BINDING
MODELS WITHOUT THE P ORBITALS OF AS

The results of a tight-binding model without the As 4p
orbitals for the UT phase of LaFe2As2 as shown in Fig. 8.
A 1331 k mesh is used for WANNIER90, and larger k meshes
have been tested for convergence. The frozen energy window
for the disentanglement is (−0.9 eV, 0.9 eV) for the Fe 3d
orbitals tight-binding model, and (−1.4 eV, 3.6 eV) for the
tight-binding model including Fe 3d orbitals and La 5d or-
bitals. Both the band structures and density of states obtained
from first principles calculation and effective tight-binding
model with only Fe 3d orbitals show general but not perfect
consistency with each other as presented in Figs. 8(a) and 8(c),
indicating the discrepancy of the effective tight-binding model
with only Fe 3d orbitals and the necessity to consider weights
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FIG. 8. Comparison of band structure calculated from density functional theory and effective Fe 3d orbitals tight-binding model (a) and
effective Fe 3d orbitals and La 5d orbitals tight-binding model (b) for the UT phase of LaFe2As2. Comparison of density of states calculated
from density functional theory and effective Fe 3d orbitals tight-binding model (c) and effective Fe 3d orbitals and La 5d orbitals tight-binding
model (d) for the UT phase of LaFe2As2. Comparison of Pauli susceptibilities with constant matrix element approximation derived from
different effective tight-binding models for the UT phase of LaFe2As2 (e), (f). Comparison of the relative intensity of χ0(q, ω = 0) between
(π, π, π ) and (0, 0, π ) in different energy windows [−Min, Max] derived from different effective tight-binding models for the UT phase of
LaFe2As2 (g, h) with Max/Min = (0, 6 eV). Intraorbital Pauli susceptibilities of the 3d orbital of Fe for the UT phase of LaFe2As2 derived
from effective Fe 3d orbitals tight-binding model (i), and from effective Fe 3d orbitals and La 5d orbitals tight-binding model (j). The primary
interorbital Pauli susceptibilities from the 3d orbital of Fe for the UT phase of LaFe2As2 derived from effective Fe 3d orbitals tight-binding
model (k), and from effective Fe 3d orbitals and La 5d orbitals tight-binding model (l).

of each eigenstate contributed from As 4p orbitals and and La
5d orbitals.

The susceptibility with constant matrix element approx-
imation coincide with each other in different tight-binding
models as shown in Figs. 8(e) and 8(f) and converge in smaller
energy windows derived from the models without the As
4p orbitals as shown in Figs. 8(g) and 8(h). However, the
intraorbital and interorbital susceptibilities of Fe 3d orbitals
in Figs. 8(i)–(l) show apparent discrepancies compared with
the results from tight-binding model including Fe 3d orbitals,
La 5d orbitals and As 4p orbitals as shown in Figs. 5(a) and
6(c). As shown in Figs. 8(i) and 8(j), the instability of χ tt ;tt

0 at
(π, π, π ) from dx2−y2 , dxz and dyz orbitals is higher than that in
Fig. 6(c). There is also a broadened maxima around (0, π, π )
of χ tt ;tt

0 from dyz orbital as shown in Fig. 8(i). The reason
for these discrepancies is that contributions to susceptibilities
from the As 4p orbitals and La 5d orbitals are transferred to
the Fe 3d orbitals in the only Fe 3d orbitals model, which
also results in the higher instability around (π, π, π ) of the

interorbital susceptibilities between dx2−y2 orbital and dxz or
dxz orbital, and the negative minimum around (π, π, π ) of
the interorbital susceptibility between dxz and dxz orbitals as
shown in Fig. 8(k).

Now we consider a tight-binding model including Fe 3d
orbitals and La 5d orbitals, and we can see the contributions
to susceptibilities from the As 4p orbitals are transferred to the
Fe 3d orbitals as manifested by the larger instabilities around
(π, π, π ) of both intraorbital and interorbital susceptibilities
from dx2−y2 , dxz and dxz orbitals as shown in Figs. 8(j) and 8(l)
than those shown in Figs. 5(a) and 6(c).
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