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Abstract: In this review, we provide a survey of the application of advanced first-principle methods
on the theoretical modeling and understanding of novel electronic, optical, and magnetic properties
of the spin-orbit coupled Ruddlesden–Popper series of iridates Srn+1 Irn O3n+1 (n = 1, 2, and ∞).
After a brief description of the basic aspects of the adopted methods (noncollinear local spin density
approximation plus an on-site Coulomb interaction (LSDA+U), constrained random phase approximation (cRPA), GW, and Bethe–Salpeter equation (BSE)), we present and discuss select results. We
show that a detailed phase diagrams of the metal–insulator transition and magnetic phase transition
can be constructed by inspecting the evolution of electronic and magnetic properties as a function
of Hubbard U, spin–orbit coupling (SOC) strength, and dimensionality n, which provide clear evidence for the crucial role played by SOC and U in establishing a relativistic (Dirac) Mott–Hubbard
insulating state in Sr2 IrO4 and Sr3 Ir2 O7 . To characterize the ground-state phases, we quantify the
most relevant energy scales fully ab initio—crystal field energy, Hubbard U, and SOC constant of
three compounds—and discuss the quasiparticle band structures in detail by comparing GW and
LSDA+U data. We examine the different magnetic ground states of structurally similar n = 1 and n = 2
compounds and clarify that the origin of the in-plane canted antiferromagnetic (AFM) state of Sr2 IrO4
arises from competition between isotropic exchange and Dzyaloshinskii–Moriya (DM) interactions
whereas the collinear AFM state of Sr3 Ir2 O7 is due to strong interlayer magnetic coupling. Finally, we
report the dimensionality controlled metal–insulator transition across the series by computing their
optical transitions and conductivity spectra at the GW+BSE level from the the quasi two-dimensional
insulating n = 1 and 2 phases to the three-dimensional metallic n = ∞ phase.
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1. Introduction
In the last decade, Ir-based transition metal oxides have become a rapidly evolving
research area and have stimulated intensive interest due to the emergence of novel phases
of matter and exotic quantum phenomena arising from the cooperative interplay among the
crystalline electric field, spin–orbit coupling (SOC), Coulomb repulsion (U), and different
spin–exchange interactions (for reviews, see References [1–7]). Of particular interest is the
Ruddlesden–Popper (RP) series of iridates Srn+1 Irn O3n+1 (n = 1, 2, and ∞) [1,8–12]. It is
found that, as n increases from 1 to ∞, a dimensionality-controlled insulator–metal transition
occurs, revealed by experimentally measured optical conductivity [11] and angle-resolved
photoemission spectroscopy (ARPES) [12], associated with a progressive quenching of longrange magnetic ordering. In particular, the first member of the series, Sr2 IrO4 , provides
a prototypical model system to investigate entanglement of the spin and orbital degrees
of freedom due to a strong SOC, which triggers a novel relativistic Jeff = 1/2 Mott-like
insulating state in an otherwise metallic compound [8–10,13,14], and an unusual in-plane
canted antiferromagnetism (AFM) with a weak net ferromagnetic component [14–17]. The
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small gap (≈0.3 eV [18]) is opened by modest Hubbard interactions (U ≈ 1.5–2 eV [19]) and
by strong spin–orbit coupling (≈0.5 eV [20]). In addition, Sr2 IrO4 exhibits striking structural
and magnetic similarities to high-Tc cuprate superconductors such as La2 CuO4 : these two
compounds share the same quasi-two-dimensional layered perovskite structure and Ir and
Cu have nominal d5 and d9 configurations, with one effective hole per site [15,21]. This
analogy has boosted the search for superconducting states in a new family of compounds,
possibly triggered by doping [22–25] or strain engineering [26]. However, weak evidence
for the onset of sperconducting phases has been produced so far. The n = 2 compound,
Sr3 Ir2 O7 , exhibits structural and electronic properties similar to its sister n = 1 counterpart
Sr2 IrO4 [27,28]; however, unlike Sr2 IrO4 , it shows a c-collinear AFM state and a smaller
insulating gap (0.13 eV [29]) [30–33]. The end member of the RP series is the single
perovskite SrIrO3 . It has a three-dimensional crystal structure, and it has been reported to
exhibit a nonmagnetic correlated state combined with a topological crystalline semimetal
character [7,11,34–36], The topological state is associated with surface states protected by
the lattice symmetry [34,35], a large quasiparticle mass enhancement [11], and an unusual
positive magnetoresistance [36].
In this work, we review some results on first-principle modeling of this RP family,
putting in evidence the capability of advanced electronic structure methods such as noncollinear local spin density approximation plus an on-site Coulomb interaction (LSDA+U),
constrained random phase approximation (cRPA), GW, and the Bethe–Salpter equation
(BSE) to properly account for the novel electronic, magnetic, and optical properties of
iridates. We note that most of the results discussed in this review are extracted from our
past research on iridates and are therefore unavoidably not exhaustive on many articles
dealing with iridates from ab intio perspectives.
2. Methodology
2.1. Noncollinear LSDA+U Model
For a detailed derivation of noncollinear LSDA+U model, we refer to Reference [37].
Here, we just recapitulate the most important aspects of the underlying algorithm—the
proper model Hamiltonian on which the noncollinear LSDA+U model is based. To this
end, we start from a general on-site Hamiltonian describing the interaction Vij,lk between
electrons occupying orbitals i, j, k, l:

Ĥ =

1
† †
ĉ j,ξ ĉk,ξ ĉl,σ ,
∑ ∑ Vij,lk ĉi,σ
2 i,j,k,l
σξ

(1)

where ĉl,σ and ĉ†l,σ , respectively, represent annihilation and creation operators for the orbital
l and the spin σ. Using an analogy with the theory of isotropic elasticity [38], where the fourindex matrix of elastic constants Cijkl has the same symmetry as Vij,lk , the Hamiltonian (1)
for the p-electron cubic harmonic orbital case can be written exactly as [39]


1
J
J
J
Ĥ =
U−
: N̂ 2 : − : M̂2 : + ∑ : (n̂ij )2 : .
(2)
2
2
4
2 i,j
where N̂ = ∑m,σ ĉ†m,σ ĉm,σ is the operator of the total number of electrons on a site; n̂kl =
∑σ ĉ†k,σ ĉl,σ ; and
M̂ =

∑

m,ξ,ξ 0

ĉ†m,ξ σξξ 0 ĉm,ξ 0
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is the total magnetic moment vector operator associated with a site. :: denotes normal
ordering of creation and annihilation operators, and σξξ 0 are the Pauli matrices. The
normally ordered terms in Equation (2) have the following form [37]:
: N̂ 2 :

= N̂ 2 − N̂,
: M̂2 : = M̂2 − 3 N̂,
: M̂z2 : = M̂z2 − N̂,
: (n̂kl )2 : = ∑ ĉ†k,σ ĉ†k,ξ ĉl,ξ ĉl,σ .

(3)

σ,ξ

The first two terms in Equation (2) are essentially the Hamiltonian of the collinear
Stoner model on which the collinear LSDA+U models [40–42] are based

Ĥ =

 J
 J
U 2
N̂ − N̂ −
N̂ 2 − 2 N̂ − M̂2 ,
2
4
4

(4)

where N̂σ = ∑l n̂l,σ , N̂ = N̂↑ + N̂↓ , and M̂ = N̂↑ − N̂↓ , with the exception that, in
Equation (2), the magnetic moment operator is a vector quantity. However, the Hamiltonian
(2) includes an extra third term, required by symmetry and absent in Equation (4). This
term is related to the orbital moment of electrons on a lattice site [39].
Following the derivation given in References [40,42], the noncollinear LSDA+U model
correction from Hamiltonian (2) equals the difference between the exact and mean-field
expectation values of these terms, resulting in [37]
ELSDA+U − ELSDA =

 
 

1
J
J
J
2
U−
− +
n
−
n
m,σ
∑
m,σ ,
2
2
4 2 m,σ

(5)

where each term in square brackets corresponds to a respective term in Hamiltonian (2) and
nmσ is the electron occupation
number of an orbital state m with spin index σ. The last term

( J/2) ∑m,σ nm,σ − n2m,σ , missing in the derivations given in References [40,42], results
from the last term in Equation (2). It is clear from Equation (5) that the terms containing
parameter J cancel each other exactly and that only the term proportional to parameter
U remains.
Generalizing Equation (5) to the case that is invariant with respect to the choice of
electronic orbitals and spin quantization axis results in [37]

=

i
Uh
ELSDA+U − ELSDA =
Trρ − Trρ2
2
#
"
U
σσ
σσ0 σ0 σ
∑ ρmm − ∑0 0 ρmm0 ρm0 m ,
2 m,σ
m,σ;m ,σ

(6)

where ρ is the full orbital and spin-dependent one-electron density matrix. The invariant
orbital- and spin-dependent noncollinear form of LSDA+U potential and double counting
correction become [37]:


δELSDA+U
δELSDA
1
σσ0
σσ0
Vjl =
=
δ δ 0 − ρ jl ,
(7)
0
0 +U
2 jl σσ
δρσσ
δρσσ
lj
lj
and
dc
ELSDA
+U =

U
2

∑0

0

0

σσ
ρσσ
jl ρlj .

(8)

σ,σ ,j,l

This shows that, in addition to correcting the prefactor in the formula, an invariant
noncollinear LSDA+U model requires convoluting the density matrix over the full set of
its orbital and spin indexes.
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It should be noted that, although the noncollinear LSDA+U model derived above is
for the p-electron case, its extension to other types of shells containing correlated electrons
is straightforward by adopting suitable forms of Hamiltonian [39] and it was shown that
the terms containing parameter J also cancel exactly for the d-electron orbitals and other
types of shells. Equations (7) and (8) remain sufficiently accurate and applicable [37].
Having obtained a corrected noncollinear LSDA+U model, the question of how to obtain
the value of parameter U from first-principles remains. The two most common approaches to
quantify U fully ab initio are the linear response method by Cococcioni [43] and cRPA [44–46].
We used cRPA, for which the basic aspects are summarized below.
2.2. Constrained Random Phase Approximation
Initially, the cRPA method [44–46] was designed to calculate the U value in order to
merge density functional theory (DFT) with dynamical mean field theory (DMFT) [47–49]
for the low energy part of the effective electronic Hamiltonian [50–52]. Since the DFT+U
method can be regarded as the static limit of DFT+DMFT in terms of self-energy, the cRPA
method has also been used in the DFT+U method as a way to reduce dependence on the
parameter U in routine DFT+U calculations.
Within the framework of cRPA [44–46,53], the electronic system was subdivided into
two subspaces. One subspace describes the correlated degrees of freedom, which are
dominant close to the Fermi level (called target correlated subspace), and the remaining
part acts as an effective medium, which screens the interaction between the correlated
electrons in the correlated subspace. To avoid double counting, all polarization effects
between the correlated electrons χc that have already been accounted for by the +U term in
DFT+DMFT (or DFT+U) were removed from the total irreducible polarizability χ, leading
to the rest polarizability χr [45,46,53]
χr = χ − χ c .

(9)

The partially screened Coulomb interaction U was then calculated in the random phase
approximation (RPA) but using a “constrained" polarizability, i.e., the rest polarizability
χr [45,46,53]
U −1 = V −1 − χ r ,
(10)
where V is the bare (unscreened) Coulomb interaction. From Equations (9) and (10), it is
trivial to show that the fully screened interaction W can be recovered by
W −1 = V −1 − χ = U −1 − χ c .

(11)

Finally, the matrix elements of U were evaluated by [45,46,53]
Uijkl (ω ) =

ZZ

drdr0 wi∗ (r)w∗j (r0 )U (r, r0 , ω )wk (r)wl (r0 ),

(12)

where w(r) is the atomic-like local orbtials such as the maximally localized Wannier functions [54,55]. Clearly, the partially screened interaction is essentially frequency-dependent.
Its dynamical effects have been discussed in the DFT+DMFT and GW+DMFT methods [56,57]. For the DFT+U method, normally, the orbital-averaged value of static U
is adopted [53]:
1 N N
U = 2 ∑ ∑ Uijij (ω = 0),
(13)
N i j
where N is the number of local orbtials within the correlated subspace.
A final note on cRPA is in place here. If the target correlated states form an isolated
manifold around the Fermi level, the removal of χc from χ in Equation (9) can be performed
straightforwardly either in the plane wave basis [46] or in the Wannier function basis [58,59].
However, when the correlated states are strongly entangled with those non-correlated
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(usually s or p) states of the system, the target correlated subspace becomes not trivially
defined and evaluation of χc must be treated carefully. To address this problem, Miyake
and Aryasetiawan [60] proposed a method that disentangles the states around the Fermi
level such that a minimal basis set in the Bloch domain within a given energy window
is developed. In this method, the calculated effective interactions depend strongly on
the choice of the energy window [60]. In order to achieve a good representation of the
entangled bands, additional non-correlated s/p-like states were suggested to be included
in the Wannier projection and the effective interaction was calculated using a weighted
polarizability, where the weights were defined as probabilities for Bloch states being
correlated [61–63]. Although the form of the polarizability was claimed to follow the
Kubo–Nakano formula for the correlated fluctuation response function [62], it was later
pointed out and shown by Kaltak [64] that the weights should be corrected by taking into
account the contributions to the polarizability from not only the diagonal elements but also
the non-diagonal terms of the correlated projectors. For a more detailed deviation of the
correlated polarizability based on the Kubo–Nakano formulism, we refer to Reference [64].
2.3. The GW Method
Thanks to the cRPA method, LSDA+U becomes de facto a parameter-free method
in the sense that the U value is not taken as an adjustable parameter but calculated from
first-principles. The LSDA+U method has thus been proven to be successful in describing
the ground state properties for many correlated materials. However, the LSDA+U method
is still limited to a one-electron single-determinant picture and cannot be expected to
correct for inherent shortcomings of LSDA [65]. In particular, its descriptions on excited
state properties such as band gaps and optical spectra are often not satisfactory.
The GW approximation to the exchange correlation is derived systematically from
many-body perturbation theory using the Green’s function formalism [66,67] and provides
a good approximation for the self-energy Σ of a many-body system of electrons by including
many-body effects in electron–electron interaction. In this method, the self-energy in real
space and imaginary time domain is approximated by Σ = − GW [66–68], where G is the
single-particle Green’s function and W is the fully screened Coulomb interaction calculated
by Equation (11) within the RPA. The GW method has been widely and successfully applied
to the calculations of quasiparticle energies for many types of systems (for reviews, see
References [69–71]), and the resulting band gaps are often very close to the experimentally
measured values [72–79].
In practical GW calculations, the initial G and W are usually constructed using the DFT
one-electron energies and orbtials. Among many existing different GW variants (e.g., in the
order of increasing complexities, single-shot GW (G0 W0 ) [75], eigenvalue self-consistent
GW (evGW0 ) [78], quasiparticle self-consistent GW (QSGW) [77,80], fully self-consistent
GW (scGW) [81–84], and scGW including vertex corrections [85,86]), the G0 W0 method
is usually the most common choice due to its good compromise between accuracy and
efficiency. To speed up the GW calculations and to extend their applications on large
systems, several efforts and advances in different directions have been made, e.g., by
lowering the number of unoccupied states [87], by completely eliminating the unoccupied
states [88–90], by reducing the scaling with respect to system size [91–94], and by optimizing
existing implementations on current high-performance computing systems [95]. However,
one should keep in mind that the reasonably satisfactory accuracy of the G0 W0 method
mostly arises from error cancellation due to the lack of self-consistency and the absence
of vertex corrections. To achieve a desired accuracy, the starting one-electron energies
and orbtials become particularly important [96,97]. A common practice is to choose a
suitable exchange-correlation functional that can best represent the ground state of the
system under study. For instance, for systems with localized d or f states, DFT+U obtained
one-electron energies and orbitals are usually much closer to the ground state as compared
to DFT and, hence, is a better starting point for subsequent G0 W0 calculations [98,99]. This
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is the case for iridates where we have shown that DFT+U with the U calculated from cRPA
predicts very similar band structures to that of G0 W0 [100].
In addition to good prediction of quasiparticle energies, in particular, band gaps,
the GW method has also seen wide applications in other aspects. For instance, the GW
method enables an elegant combination with DMFT, i.e., GW+DMFT [44,101–103], since
GW self-energy can be diagrammatically formulated in the same many-body framework
as DMFT [48,49]. Therefore, for GW+DMFT, one actually knows which Feynman diagrams
are counted twice, and GW+DMFT thus overcomes the fundamental double counting
problems in LDA+DMFT [52]. Moreover, the RPA routines of GW implementation, with
moderate changes, can be readily applied to the cRPA method as well as the RPA to
the correlation energy [104,105], since all these methods share the common RPA framework. Furthermore, accurate description of screening by the GW method enables it to
be very useful in optical spectra calculations when combined with the Bethe–Salpeter
equation [70,106,106–112], which will be briefly introduced in the next section.
2.4. The Bethe–Salpeter Equation
From an ab initio perspective, the established state-of-the-art method for calculating
neutral excitation energies and optical spectra is to solve the Bethe–Salpeter equation
(BSE) for full reducible two-particle polarizability Π by solving a four-point Dyson-like
equation [70,106,106–112]:
Π−1 = χ−1 − K,
(14)
where χ is the independent irreducible two-particle polarizability and K is the interaction
kernel, which in the W approximation (δΣ/δG ≈ −W) can be expressed as [70,106,106–112]:
K = V − W,

(15)

where V is the unscreened Coulomb interaction and W is the screened exchange interaction.
Diagrammatically, if the ladder diagrams caused by W are not considered, then the BSE
in Equation (14) reduces to the RPA. By taking into account both the bubble and ladder
diagrams, the BSE explicitly accounts for the excitonic effects resulting from electron–hole
interactions. For reviews on BSE, we refer to References [70,113,114].
In order to obtain precise peak positions in optical spectra, accurate calculations of
quasiparticle energies are important, in particular, the size of the band gap. In addition, the
electron–hole interactions have to be properly described. Hence, the natural procedure to
calculate the optical spectra consists in the solution of the BSE using the GW quasiparticle
(QP) energies, adopting the static screening W calculated from the RPA for the electron–
hole interactions [70]. This approach is referred to as GW+BSE and has been widely used
to predict the optical spectra of various systems, e.g., molecules, clusters, semiconductors,
and insulators [115–122].
In practice, the BSE is recast into the following generalized eigenvalue problem [70,123]:


 
X
,
Y

(16)

A ai,bj = (ea − ei )δi,j δa,b + hib | K | aji,

(17)

Bai,bj = hij | K | abi.

(18)

A
B∗

B
A∗

 

X
I
=Ω
Y
0

0
−I

where matrices A and B read [123]

where indices i, j and a, b represent occupied and unoccupied states, respectively. Ω is
the eigenvalues of the BSE, i.e., the excitation energies of the system. X and Y are the
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two-particle electron–hole eigenstates in the product basis for the electron–hole pairs:
ψi (r)ψa∗ (r0 ) and ψa (r)ψi∗ (r0 )


h(r, r0 )| X, Y i = ∑ Xia ψi (r)ψa∗ (r0 ) + Yia ψa (r)ψi∗ (r0 ) .
(19)
i,a

Obviously, Equation (16) is a complex non-Hermitian eigenvalue problem that is
difficult to solve using standard eigenvalue solvers. A common practice to avoid this
difficulty in solid-state physics is to neglect the resonant–antiresonant coupling B, thereby
reducing the problem to a Hermitian eigenvalue problem. This is known as the Tamm–
Dancoff approximation (TDA). Although the full solution in Equation (16) that is beyond
the TDA can be recast into a solvable quadratic Hermitian eigenvalue problem by using the
time-inversion symmetry [123], it was shown that the TDA shows tiny differences in the
optical spectra of solids compared to the full solution of the BSE [123]. In addition, going
beyond TDA is technically intractable, when the spin–orbit coupling is considered [123].
Hence, for the iridates under study where the SOC plays important roles, the TDA has to
be employed [100]. With the BSE eigenvectors X Λ and eigenvalues ΩΛ in the TDA in hand,
the frequency-dependent macroscopic dielectric function can be calculated as [100,123]


1
1
ε(ω ) = 1− lim V (q) ∑
−
ω − ΩΛ + iη
ω + ΩΛ − iη
q→0
Λ
(
) ( )
(20)
Λ
∑ wk ∑hψck |eiq·r |ψvk iXcvk

×

k

×

c.c. ,

v,c

with the oscillator strengths SΛ associated with the optical transitions defined by [100]
"
SΛ = Tr

∑ wk ∑hψck |e
k

v,c

iq·r

Λ
|ψvk i Xcvk





× c.c.

#
.

(21)

where V is the bare Coulomb interaction, η is a positive infinitesimal, and wk is the kpoint weights. ψvk and ψck refer to occupied and unoccupied one-electron wave functions,
respectively. From ε(ω ), the real part of the optical conductivity is then derived by
Re[σ (ω )]

=

ω
Im[ε(ω )].
4π

(22)

Despite of the success of the GW+BSE approach, its high computational cost due to
unfavorable scaling has limited its use to small or moderate systems. Time-dependent
density functional theory (TDDFT) [70,124–126] provides an alternative approach that has
been widely used. In this approach, the interacting polarizability Π is obtained by solving
the following two-point Dyson-like equation [70]
Π−1 = χ−1 − (V + f xc ),

(23)

where f xc is the exchange-correlation kernel, which is defined as the derivative of the
time-dependent exchange-correlation potential vxc with respect to the time-dependent density [70]. Comparing Equations (14) and (15), one clearly sees that the difference between
TDDFT and BSE lies in the interaction kernels, though the two methods are formulated in
different notations (two-point vs. four-point). However, like vxc , the exact f xc is unknown,
and hence, how to explore an approximate but appropriate form for f xc becomes a central
challenging task in the community of TDDFT. Among the existing approximate exchangecorrelation kernels, the nanoquanta kernel [127–130] and bootstrap kernel of Sharma [131]
are particularly successful in yielding a satisfactory description of the excitonic effects.
Nevertheless, the nanoquanta kernel in TDDFT is computationally as expensive as solving
the BSE, since the kernel is essentially derived from the BSE and explicit calculations of the
two-electron four-orbital integrals are needed. The bootstrap kernel is not derived from

cvk

ction, η is a positive ineights. ψvk and ψck refer
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In our calculations, we adopted the experimental lattice parameters and fully relaxed
internal atomic positions using the LSDA+U+SOC method until the forces were smaller
than 0.01 eV/Å. Experimentally measured magnetic orderings (n = 1: in-plane canted
AFM [15,17]; n = 2: c-collinear AFM [30–33], and n = ∞: nonmagnetic [147]) were adopted.
The detailed optimized structural and magnetic data are given in Reference [100].
4.2. Electronic Structures
4.2.1. Interplay between U and SOC
For the RP series of iridates, the spin–orbit coupling, electron–electron correlations,
and spin–exchange interactions operate with comparable strengths, and depending on
their subtle interplay, different phases can develop. Therefore, it is essential to first study
how the interplay between U and SOC influences the electronic and magnetic states as well
as the transition from one phase to another. Figure 2 shows the metal–insulator transition
(MIT) and magnetic phase diagrams of three iridates as a function of Hubbard U and
SOC strength. To characterize the strength of SOC, we introduced a factor λ in the SOC
term of the Hamiltonian. In this way, one can enhance the effect of the SOC by taking
λ >1 or can reduce it by taking λ <1, where λ =1 refers to the self-consistent reference
value. The phase diagram displayed in Figure 2 show that the cooperation of U and SOC
and dimensionality (n) lead to the formation of different phases: (i) In the limit U = 0, all
compounds are nonmagnetic metals (NM-M), It can be seen from Figure 2 that, without
U (U = 0), the three compounds are nonmagnetic metals (NM-M), regardless of the SOC
strength. (ii) In the limit of full quenching of SOC strength λ = 0, a MIT induced by the
electron correlation is only achieved for nonphysically large U > 3 eV. For smaller U, the
systems enter a transient magnetically ordered metal state (AFM-M for n = 1, 2 and a more
complex magnetic-metal state for n = ∞, generally denoted M-M, which will be discussed
later on). (iii) The opening of the gap in the Dirac–Mott insulator, n = 1 and n = 2, is
clearly driven by the cooperative action of SOC and U: The general tendency is that, the
stronger the SOC strength, the smaller the critical interaction Uc required for opening the
gap. For λ =1, a moderate U ≈ 1 eV is sufficient to initiate the MIT in the n = 1 and
n = 2 compounds, whereas a substantially larger value of U ≈ 2 eV is required for SrIrO3
(n = ∞), the only non-insulating member of the considered series. As we will see, the
overall predicted ground state, marked by a cross and corresponding to λ = 1 and U set to
the calculated cRPA value, is in excellent agreement with expectations for each member of
the series. Our calculated phase diagram for SrIrO3 is consistent with the one reported by
Zeb et al. [148].
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To further examine the combined effects of U and SOC, we analyzed the band structures shown in Figure 3. In the nonrelativistic (λ = 0) DFT (U = 0) case (Figure 3(a1,b1,c1)),
all three iridates are metallic due to partial filling of the t52g bands that crosses the Fermi
level. When the SOC is taken into account (Figure 3(a1,b2,c2)), the t2g bands are split
into the upper Jeff = 1/2 and low-lying Jeff = 3/2 bands (blue curves). Due to the similar
crystal structures, Sr2 IrO4 and Sr3 Ir2 O7 show overall analogous electronic dispersions:
the band energies are strongly SOC split at Γ and lifted at the M point. Compared to
the nonrelativistic DFT-calculated t2g bands, the bandwidth of the Jeff = 1/2 manifolds is
largely narrowed by the SOC, giving rise to the enhanced Mott instability. In this situation, even a moderate Hubbard U is able to open the band gap, leading to the Mott MIT
(Figure 3(a3,b3)). In the 3D perovskite SrIrO3 , SOC induces to a k-uniform band-splitting
and leads to the emergence of characteristic Dirac-like crossing at the high-symmetry point
U [148], which is robust against electronic correlation: a moderate U = 1 eV is not sufficient
to destroy the Dirac crossing, as shown in Figure 3(c3).
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transient states distinguished by the degree of splitting between the lower and upper
Jeff = 1/2 bands (Figure 3(d2,d3)). The SOC controls intra-band splitting, causing the
formation of Jeff = 1/2 and Jeff = 3/2 features: U, on the other hand, governs the inter-band
splitting between LHB and UHB.
4.2.2. Quantification of Relevant Energy Scales
To quantify the degree of electronic correlations of three iridates and to determine
the ground state of each compound in the phase diagram, we calculated the Hubbard U
and exchange J by cRPA. The Ir-t2g states are chosen as a target correlated subspace. This
choice has been justified by a good match between the nonmagnetic DFT bands and the
corresponding ones for the Ir-t2g manifold obtained by Wannier interpolation (see Figure 4).
Table 1 summarizes the obtained matrix elements of Uij and Jij . According to Equation (13),
we obtained averaged U values of 1.82, 1.67, and 1.37 eV for Sr2 IrO4 , Sr3 Ir2 O7 , and SrIrO3 ,
respectively. This is expected, since the gradual increase in bandwidth associated with the
increase in dimensionality leads to enhanced screening. With these cRPA values of U, the
corresponding DFT+U-predicted ground state for n = 1, 2, and ∞, marked with a cross in
the phase diagram shown in Figure 2, very well reproduces the experimentally detected
electronic ground state: insulating for n = 1, 2 and being a metal for n = ∞.
Table 1. On-site Coulomb and exchange interactions (in eV) calculated by cRPA for three RP iridates.
Uij = Uijij (ω = 0) and Jij = Uijji (ω = 0) with i and j representing t2g -like Wannier orbitals. See
Equation (12) for the notations used. Reproduced with permission from Reference [100]. Copyright
2018 by the American Physical Society.
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as the eﬀective total angular momentum Leﬀ = −1. The SOC
constant λsoc for three iridates are estimated to be about 0.5
eV, in line with electron spin resonance measurements (0.400.5 eV) [149]. The estimation of the band gap is discussed in
the following session where we assess and compare the GW

tions between Ir-d states and O-2p states.
As already mentioned Sr2 IrO4 and Sr3 Ir2 O7 exhibit very
similar bands. The most noticeable diﬀerence is the splitting at the top of the valence band at Γ induced by the bi-
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To complete the quantification of the other relevant interactions, we also estimated the
crystal field energies 10Dq, the SOC constant λsoc , and the band gap. The data are shown
in Table 2. The 10Dq is evaluated from the central mass of density of states between the
e g and t2g bands without U and SOC. The λsoc is approximated as λsoc ' 2/3ξ soc , with
ξ soc being the SOC energy, which is estimated from the total energy difference with and
without the inclusion of SOC. One can observe that crystal field energies are the largest
energy scale (over 3 eV), and it is thus reasonable to assume the t2g states as the effective
total angular momentum Leff = −1. The SOC constant λsoc for three iridates are estimated
to be about 0.5 eV, in line with electron-spin resonance measurements (0.40–0.5 eV) [149].
Estimation of the band gap is discussed in the following session, where we assess and
compare GW and DFT+U.
Table 2. A summary of the space group, Hubbard U, exchange J, crystal field energy 10Dq, and SOC
constant λsoc (eV) as well as DFT+U+SOC- and GW+SOC-predicted band gaps. The energy unit is in
eV. Experimental gaps are also given for comparison.
Sr2 IrO4

Sr3 Ir2 O7

SrIrO3

Space group

I41 /acd (142)

Ccce (68)

Pbnm (62)

U
J
10Dq
λsoc
Magnetic ordering
DFT+U+SOC gap
GW+SOC gap
Expt. gap

1.82
0.22
3.70
0.47
ab-canted AFM
0.23
0.25
0.30 [18]

1.67
0.22
3.80
0.49
c-collinear AFM
0.14
0.16
0.13 [29]

1.39
0.22
4.24
0.45
NM
metal
metal
metal [146,147]

4.2.3. GW vs. LSDA+U
In this section, we focus on analyzing the ground-state electronic structures in more
detail by comparing the LSDA+U+SOC band structure (computed using the cRPA values
of U) with the quasiparticle energies obtained by GW+SOC.
As shown Figure 5, both approaches reproduce the Jeff = 1/2 spin-orbital Mott insulating state of Sr2 IrO4 and Sr3 Ir2 O7 well and correctly predict SrIrO3 as a semimetal.
The obtained fundamental gaps agree well with experimental measurements (see Table 2).
However, residual differences are observed between the two methods: GW pushes down
the O-2p states by about 0.5 eV, which in turn decreases the hybridizations between Ir-d
states and O-2p states.
As already mentioned, Sr2 IrO4 and Sr3 Ir2 O7 exhibit very similar bands. The most
noticeable difference is the splitting at the top of the valence band at Γ induced by the
bilayer structure in Sr3 Ir2 O7 . The computed splitting energy for Sr3 Ir2 O7 is about 0.23 eV,
consistent with the one obtained by ARPES [28]. It is important to note that, for both Sr2 IrO4
and Sr3 Ir2 O7 , the Jeff = 1/2 LHB and Jeff = 3/2 states are not separated by a well-defined
gap in contrast to the ideal Jeff = 1/2 picture. The band structure of SrIrO3 is semi-metallic
and clearly different from the other two compounds. The most important characteristic
is the Dirac cone at the U point that is protected by the lattice symmetry [148,150]. The
Dirac cone is the only crossing between the conduction and valence band in the entire
Brillouin zone and is associated with a pseudogap at the Fermi energy (see Figure 5f,l), in
agreement with the experimentally measured small charge carrier density [151], proving
the semi-metallic character of SrIrO3 .
We note that, although both GW+SOC and LSDA+U+SOC capture the main features
of three iridates, their descriptions on relative binding energies between the top of the
valence band at Γ and X for Sr2 IrO4 and Sr3 Ir2 O7 are not satisfactory. For instance, ARPES
indicates that the maximum of the LHB at Γ lies 150–250 meV lower compared to X for
both Sr2 IrO4 and Sr3 Ir2 O7 [8,25,28,152,153]. However, LSDA+U+SOC predicts that the
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Γ point is 20 and 70 meV higher in energy than the X points for Sr2 IrO4 and Sr3 Ir2 O7 ,
respectively. GW improves the description only marginally for Sr2 IrO4 , where the top of
the valence band at X is found 10 meV higher than at Γ but fails in reproducing the correct
order for Sr3 Ir2 O7 , even though the QP difference Γ − X is reduced to 40 meV. A second
drawback of the employed level of theory is the reduced degree of electronic correlation for
SrIrO3 . In fact, GW gives a renormalization factor Z for the Jeff = 1/2 bands close to the
Fermi level of 0.61, yielding a mass enhancement of 1.64, far lower than the experimental
value of 6 [11]. This is also reflected by the absence of the characteristic QP peak close to
the Fermi level detected by ARPES [152]. These failures imply that the type and degree of
correlations included in the GW self-energy are not adequate enough to accurately describe
the local band topology of Sr2 IrO4 and Sr3 Ir2 O7 as well as the correlated metallic state of
SrIrO3 and that going beyond the GW approximation is needed, such as DFT+DMFT [154].
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Figure 6. Collapse of the Dirac–Mott gap in electron-doped Sr2 IrO4 (Sr2− x Lax IrO4 ). Comparison
between calculated bands (left, (a,d,g)) and the corresponding Fermi surface [142] (middle, (b,e,h))
with the corresponding experimental Fermi surface [153] (right, (c,f,i)). Reproduced with permission
from Reference [142]. Copyright 2016 by the American Physical Society.

4.3. Magnetic Properties
Now, we turn to a more detailed analysis of the magnetic properties. Figure 7 shows
the representative magnetic orderings for the three iridates predicted by LSDA+U+SOC
calculations. The computed local magnetic moments including the orbital and spin contributions have been given in Reference [100]. Sr2 IrO4 exhibits an in-plane canted antiferromagnetic ordering with a weak ferromagnetic moment within the ab-plane. The
predicted weak ferromagnetic moment is about 0.08 µB /Ir, in line with the magnetic
susceptibility measurements 0.06–0.14 µB /Ir [144,157]. The canting angle of magnetic moment is calculated as 12.5◦ , in accordance with the x-ray resonant scattering measurement
(12.2(8)◦ ) [158].
In contrast to Sr2 IrO4 , Sr3 Ir2 O7 displays an out-of-plane c-collinear antiferromagnetic
ordering, indicating stronger interlayer couplings. which has been confirmed by the
resonant x-ray diffraction [30,32,33]. The nearly zero in-plane magnetic moment is also in
agreement with tiny hysteresis in the magnetic susceptibility experiments [30].
Although the magnetic ground state of SrIrO3 is nonmagnetic, its magnetic ordering
in the magnetic regime is more complicated due to its distorted three-dimensional crystal
structure (see Figure 1c). As illustrated in Figure 7c, the magnetic ordering depends strongly
on U and λ. For instance, for U = 2.0 and λ = 0.4, the system shows a canted antiferromagnetic
order with a large ferromagnetic component in the ab plane (Figure 7(c1)). As λ increases to
1.0, the system becomes a canted A-type antiferromagnet and the moments are largely aligned
to the c axis (Figure 7(c2)). Keeping λ = 1.0 and increasing U (compare Figure 7(c2,c3)), the
agenetic moments are aligned in a very different way, but the average magnetization per unit
cell is zero.
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spins, aids the stabilization of the AFM ordering. The DM interaction, which prefers an
orthogonal coupling of the spins, assists the formation of a canted spin arrangement. The
SSA is smaller than isotropic and DM interactions but favors in-plane magnetism at small
canting angles. As expected, the evolution of the DM and isotropic exchange energies
follows a different trend with respect to θs . The formation of the in-plane canted AFM state
at θs = 14.4◦ is the result of the subtle competition between these three terms: JS2 , Dz S2 ,
and K.

10

Figure 8. The spin-dependent total energy as a function of the in-plane spin canting angle θs
decomposed over the isotropic AFM exchange (EX), SSA, and DM contributions.The zero is set such
that the DM energy becomes zero for θs = 0◦ . Reproduced with permission from Reference [14].
Copyright 2015 by the American Physical Society.

FIG. 8. The spin-dependent total energy as a function of the in-plane
spin canting angle θ s decomposed over the isotropic AFM exchange
The ab-canted AFM state in Sr2 IrO4 represents a stable magnetic ground state, but
(EX),it has
SSA
DM
contributions.The
is set such
such
that changes
the DM
beenand
found
that it
is susceptible to externalzero
perturbation
as small
in
◦
the octahedral
tetragonal
distortions
[10,14],
and
doping
[142].
Two
energy
becomesrotation
zero angle
for θ[160],
=0
.
s
different types of magnetic phase transition have been predicted: ab-canted to ab-collinear
by reducing the octahedral rotation angle and a transition to a c-collinear ordering by
increasing the octahedral tetragonal distortion (c/a ≈ 1.1). The former has been confirmed
by high-pressure experimental findings [14,160].
Next, we turn to the c-collinear AFM magnetism of Sr3 Ir2 O7 . Based on the microscopic
model Hamiltonian approach, Kim [33] showed that the spin–flop transition in Sr3 Ir2 O7
is due to strong competition among intra- and interlayer bond-directional pseudodipolar
interactions of the spin-orbit-entangled Jeff = 1/2 moments. Hence, a natural interesting
question is how the magnetic ordering changes with respect to the interlayer distance,
which directly controls the competition and balance between intra- and interlayer magentic
couplings. Therefore, we performed an theoretical experiment by artificially
increasing
the
2
4
interlayer distance while keeping the other local structures fixed, followed by noncollinear
self-consistent total energy calculations adopting two different spin configurations: abcanted AFM and c-collinear
3 2 AFM.
7 Figure 9 shows the total energy difference between the

and increasing U [compare Fig. 7(c2) and Fig. 7(c3)], the
agenetic moments are aligned in a very diﬀerent way but the
average magnetization per unit cell is zero.
Having obtained the magnetic ground states for three iridates, we are now in a position to explain why Sr IrO exhibits an unusual ab-canted AFM, whereas the structurally similar compound Sr Ir O shows a c-collinear AFM. The former have been largely discussed in Ref. [14]. Here, we just
summarize the main points. To study the anisotropic mag-
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The ab-canted AFM state in Sr2 IrO4 represents a stable
magnetic ground state, but it has been found that it is susceptible to external perturbation such as small changes of17 ofthe
26
octahedra rotation angle [160], tetragonal distortions [10, 14]
and doping [142]. Two diﬀerent types of magnetic phase tranab-canted AFM and c-collinear AFM phases as a function of the interlayer distance. In the
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for elongation
ofphase
theduec toaxis
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1.1).magnetic
The coupling
latter (see
hasFigure
been
energetically stable
the reduced
9).
Our theoretical experiment thus suggests the important role played by interlayer coupling
confirmed
by high-pressure experimental finding [14, 160].
in the formation of the c-collinear AFM state of Sr3 Ir2 O7 .

Figure 9. The total energy difference between the ab-canted AFM and c-collinear AFM phases as
a function of the interlayer distance, which is schematically shown in the inset. The ground-state
structure is marked as GS.

FIG. 9. (color online) The total energy diﬀerence between the ab4.4.AFM
Optical Spectra
canted
and c-collinear AFM phases as a function of the inTo conclude with the presentation of the fundamental properties of the RP iridates
terlayer
distance, which is schematically shown in the inset. The
family, we briefly survey the optical characteristics in this section.
Figure structure
10 shows our is
computed
optical
for the considered iridates through
ground-state
marked
byconductivity
GS.
the solution of the BSE using the QP energies and screened interactions W derived from
the GW calculations. For comparison, DMFT-calculated results [154] and experimental
data [18,31,36] are also given. We found that all the compounds are characterized by a
double-peak structure (α and β), consistent with the experiments [18,31,36]. However, the
agreement depends on the level of theory and is material-dependent. For instance, though
2 7BSE and RPA are able to reproduce the two dominant peaks, a good quantitative
both
agreement with experiments is only obtained at the BSE level for Sr2 IrO4 and Sr3 Ir2 O7 ,
for which the calculated and measured α and β transitions are centered almost at the
2 7excitation energies. As compared to RPA, the dramatic redshift of the α and β peaks
same
predicted by BSE indicates strong excitonic effects, but no bound exciton is discerned
in our BSE calculations. A double-peak structure was also observed in SrIrO3 , which is
qualitatively consistent
eﬀ with the recent experimental findings by Fujioka [36]. However,
the agreement between theory and experiment is less satisfactory compared to the n = 1
and n = 2 cases. For example, the calculated α and β peaks are centered at higher energies
than the experimental ones [36] and the Drude peak is broader and more intense. We note
that, for SrIrO3 , the DMFT calculations [154] reproduce relatively well the β peak but that
the α peak is not detected.

Next we turn to the c-collinear AFM magnetism of
Sr3 Ir O . Based on microscopic model Hamiltonian approach, Kim [33] has shown that the spin-flop transition in
Sr3 Ir O is due to strong competition among intra- and interlayer bond-directional pseudodipolar interactions of the spinorbit entangled J =1/2 moments. Hence, a natural interesting question is how the magnetic ordering changes with respect to the interlayer distance, which directly controls the
competition and balance between intra- and interlayer magentic couplings. Therefore, we performed an theoretical experiment by artificially increasing the interlayer distance, but
keeping other local structures fixed, followed by noncollinear
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12

Figure 10. The experimental and calculated optical conductivity spectra σ(ω) of (a) Sr2 IrO4 , (b) Sr3 Ir2 O7 , and (c) SrIrO3 .
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crystals, degradation in ambient conditions, sensitivity to lithographic processing, and
presence of oxygen vacancies) that make it difficult to perform systematic and reproducible
measurements of transport properties [161–163]. This clearly hinders a direct comparison
with theory. In fact, depending on the specific type of sample (polycrystalline [36] or SrIrO3
films grown on MgO [11] or SrTiO3 [164]), different optical conductivity spectra have been
reported in the literature which differ even in fundamental aspects such as the presence or
absence of an α peak.
Finally, we found that, by going from n = 1 to n = ∞, the α and β peaks are progressively shifted towards lower energies, in agreement with experimental observations [11].
This trend is correlated with the progressive decrease in interaction U (see Table 2) and
with the gradual closing of the GW gap [100].
5. Conclusions
In summary, we reviewed the fundamental properties of RP series of iridates
Srn+1 Irn O3n+1 (n = 1, 2 and ∞) using an array of advanced methodological approaches:
fully relativistic noncollinear LSDA+U, cRPA, GW+SOC, and BSE+SOC. Besides collecting
the results that we obtained in the last five years in a thematically focused context, we
also included some original results, specifically a complete U/SOC phase diagram and
an analysis of the band structures disentangling the role of U and SOC. In addition, we
extended the quantification of the most relevant energy scales of all three compounds.
For three compounds, the estimated crystal field energy (about 4 eV) represents the
dominant energy scale, and therefore, the low-energy physics can be described by using the
low-lying t2g states of Ir only. The SOC strength is relatively small (≈0.5 eV) but comparable
to the strength of the Hubbard U (≈1.5 eV) quantified by cRPA. The MIT transition with
respect to the intermingled interactions of SOC and U provide clear evidence for the
relativistic Mott–Hubbard character of the insulating state in the n = 1 and n = 2 phases.
A comparative study between LSDA+U+SOC and GW+SOC shows that both methods
yield similar band structures except that GW pushes down the O-2p states by about 0.5 eV
and demonstrates that the predicted band gaps for Sr2 IrO4 and Sr3 Ir2 O7 are in excellent
agreement with the measurements. However, both methods fail to describe the correlated
semi-metallic state of SrIrO3 , incorrectly predicting a pseudogap at the Fermi level, and GW
finds a mass enhancement of only 1.64, largely underestimated compared to experimental
estimations.
Because of similar quasi-2D layered crystal structures, Sr2 IrO4 and Sr3 Ir2 O7 exhibit
overall similar properties, in particular in terms of the MIT phase diagrams, electronic band
structures, and optical conductivity spectra, whereas their magnetic properties are radically
different. The formation of an ab-canted AFM state in Sr2 IrO4 is a result of intermingled
competition between the isotropic exchange, single-ion anisotropy, and DM interactions,
and new magnetic phases (in-plane collinear AFM ordering and c-collinear AFM ordering)
can be developed by tuning the balance of these magnetic interactions through octahedral
distortions (octahedral rotations and tetragonal distortions). The c-collinear AFM ground
state of Sr3 Ir2 O7 is very robust due to strong interlayer magnetic coupling. The spin phase
transition to the ab-canted AFM phase can only be achieved by increasing the interplayer
distance to a very large and experimentally unobtainable value.
The computed GW+BSE optical conductivity spectra of three iridates show strong
excitonic effects and reproduce the experimentally observed double-peak structure very
well, in particular for Sr2 IrO4 and Sr3 Ir2 O7 . However, for SrIrO3 , the description is less
satisfactory, since GW does not account well for the correlated metallic state of SrIrO3
and going beyond GW is necessary. Our analysis describes well the progressive redshift
of the main optical peaks as a function of dimensionality n, which is correlated with the
gradual decrease in electronic correlation U and gradual closing of the band gaps towards
the metallic n = ∞ limit.
The major physics of the bulk phases of RP iridates are presently very well understood.
Some discrepancies in the interpretation of the optical and electronic properties of the 3D
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end member remain, which will hopefully be resolved in forthcoming studies. One of
the most interesting conceptual and technologically relevant questions that has started to
attract the scientific community is the possibility to modify and functionalize the intrinsic
properties of RP iridates by means of strain engineering [165–167], which will possibly
further widen the interest on iridates.
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Şaşıoğlu, E.; Friedrich, C.; Blügel, S. Effective Coulomb interaction in transition metals from constrained random-phase
approximation. Phys. Rev. B 2011, 83, 121101. [CrossRef]
Shih, B.C.; Zhang, Y.; Zhang, W.; Zhang, P. Screened Coulomb interaction of localized electrons in solids from first principles.
Phys. Rev. B 2012, 85, 045132. [CrossRef]
Kaltak, M. Merging GW with DMFT. Ph.D. Thesis, University of Vienna, Vienna, Austria, 2015.
Freysoldt, C.; Grabowski, B.; Hickel, T.; Neugebauer, J.; Kresse, G.; Janotti, A.; Van de Walle, C.G. First-principles calculations for
point defects in solids. Rev. Mod. Phys. 2014, 86, 253–305. [CrossRef]
Hedin, L. New Method for Calculating the One-Particle Green’s Function with Application to the Electron-Gas Problem. Phys. Rev.
1965, 139, A796–A823. [CrossRef]
Hedin, L.; Lundqvist, S. Solid State Physics; Academic: New York, NY, USA, 1969.
Rojas, H.N.; Godby, R.W.; Needs, R.J. Space-Time Method for Ab Initio Calculations of Self-Energies and Dielectric Response
Functions of Solids. Phys. Rev. Lett. 1995, 74, 1827–1830. [CrossRef]
Aryasetiawan, F. Advances in Condensed Matter Science; Gordon and Breach: New York, NY, USA, 2000.
Onida, G.; Reining, L.; Rubio, A. Electronic excitations: Density-functional versus many-body Green’s-function approaches.
Rev. Mod. Phys. 2002, 74, 601–659. [CrossRef]
Golze, D.; Dvorak, M.; Rinke, P. The GW Compendium: A Practical Guide to Theoretical Photoemission Spectroscopy. Front. Chem.
2019, 7, 377. [CrossRef] [PubMed]
Strinati, G.; Mattausch, H.J.; Hanke, W. Dynamical Correlation Effects on the Quasiparticle Bloch States of a Covalent Crystal.
Phys. Rev. Lett. 1980, 45, 290–294. [CrossRef]
Strinati, G.; Mattausch, H.J.; Hanke, W. Dynamical aspects of correlation corrections in a covalent crystal. Phys. Rev. B 1982,
25, 2867–2888. [CrossRef]
Hybertsen, M.S.; Louie, S.G. First-Principles Theory of Quasiparticles: Calculation of Band Gaps in Semiconductors and Insulators.
Phys. Rev. Lett. 1985, 55, 1418–1421. [CrossRef] [PubMed]
Hybertsen, M.S.; Louie, S.G. Electron correlation in semiconductors and insulators: Band gaps and quasiparticle energies.
Phys. Rev. B 1986, 34, 5390–5413. [CrossRef] [PubMed]

Appl. Sci. 2021, 11, 2527

76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.

96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.

23 of 26

Aulbur, W.G.; Jonsson, L.; Wilkins, J.W. Quasiparticle Calculations in Solids. Solid State Phys. 1999, 54, 1–218. [CrossRef]
Van Schilfgaarde, M.; Kotani, T.; Faleev, S. Quasiparticle Self-Consistent GW Theory. Phys. Rev. Lett. 2006, 96, 226402. [CrossRef]
[PubMed]
Shishkin, M.; Kresse, G. Self-consistent GW calculations for semiconductors and insulators. Phys. Rev. B 2007, 75, 235102.
[CrossRef]
Ergönenc, Z.; Kim, B.; Liu, P.; Kresse, G.; Franchini, C. Converged GW quasiparticle energies for transition metal oxide perovskites.
Phys. Rev. Mater. 2018, 2, 024601. [CrossRef]
Shishkin, M.; Marsman, M.; Kresse, G. Accurate Quasiparticle Spectra from Self-Consistent GW Calculations with Vertex
Corrections. Phys. Rev. Lett. 2007, 99, 246403. [CrossRef]
Holm, B.; von Barth, U. Fully self-consistent GW self-energy of the electron gas. Phys. Rev. B 1998, 57, 2108–2117. [CrossRef]
Stan, A.; Dahlen, N.E.; van Leeuwen, R. Levels of self-consistency in the GW approximation. J. Chem. Phys. 2009, 130, 114105.
[CrossRef]
Kutepov, A.L. Self-consistent solution of Hedin’s equations: Semiconductors and insulators. Phys. Rev. B 2017, 95, 195120.
[CrossRef]
Grumet, M.; Liu, P.; Kaltak, M.; Klimeš, J.; Kresse, G. Beyond the quasiparticle approximation: Fully self-consistent GW
calculations. Phys. Rev. B 2018, 98, 155143. [CrossRef]
Kutepov, A.L. Electronic structure of Na, K, Si, and LiF from self-consistent solution of Hedin’s equations including vertex
corrections. Phys. Rev. B 2016, 94, 155101. [CrossRef]
Maggio, E.; Kresse, G. GW Vertex Corrected Calculations for Molecular Systems. J. Chem. Theory Comput. 2017, 13, 4765–4778.
[CrossRef] [PubMed]
Bruneval, F.; Gonze, X. Accurate GW self-energies in a plane-wave basis using only a few empty states: Towards large systems.
Phys. Rev. B 2008, 78, 085125. [CrossRef]
Giustino, F.; Cohen, M.L.; Louie, S.G. GW method with the self-consistent Sternheimer equation. Phys. Rev. B 2010, 81, 115105.
[CrossRef]
Govoni, M.; Galli, G. Large Scale GW Calculations. J. Chem. Theory Comput. 2015, 11, 2680–2696. [CrossRef] [PubMed]
Umari, P.; Stenuit, G.; Baroni, S. GW quasiparticle spectra from occupied states only. Phys. Rev. B 2010, 81, 115104. [CrossRef]
Foerster, D.; Koval, P.; Sánchez-Portal, D. An O(N3) implementation of Hedin’s GW approximation for molecules. J. Chem. Phys.
2011, 135, 074105. [CrossRef]
Liu, P.; Kaltak, M.; Klimeš, J.; Kresse, G. Cubic scaling GW: Towards fast quasiparticle calculations. Phys. Rev. B 2016, 94, 165109.
[CrossRef]
Wilhelm, J.; Golze, D.; Talirz, L.; Hutter, J.; Pignedoli, C.A. Toward GW Calculations on Thousands of Atoms. J. Phys. Chem. Lett.
2018, 9, 306–312. [CrossRef]
Kim, M.; Martyna, G.J.; Ismail-Beigi, S. Complex-time shredded propagator method for large-scale GW calculations. Phys. Rev. B
2020, 101, 035139. [CrossRef]
Ben, M.D.; Yang, C.; Li, Z.; da Jornada, F.H.; Louie, S.G.; Deslippe, J. SC ’20: Proceedings of the International Conference for High
Performance Computing, Networking, Storage and Analysis, Atlanta, GA, USA, 9–19 November 2020; IEEE Press: New York, NY,
USA, 2020.
Bruneval, F.; Marques, M.A.L. Benchmarking the Starting Points of the GW Approximation for Molecules. J. Chem. Theory
Comput. 2013, 9, 324–329. [CrossRef]
Fuchs, F.; Furthmüller, J.; Bechstedt, F.; Shishkin, M.; Kresse, G. Quasiparticle band structure based on a generalized Kohn-Sham
scheme. Phys. Rev. B 2007, 76, 115109. [CrossRef]
Jiang, H.; Gomez-Abal, R.I.; Rinke, P.; Scheffler, M. Localized and Itinerant States in Lanthanide Oxides United by GW @ LDA + U.
Phys. Rev. Lett. 2009, 102, 126403. [CrossRef]
Jiang, H.; Gomez-Abal, R.I.; Rinke, P.; Scheffler, M. First-principles modeling of localized d states with the GW@LDA + U
approach. Phys. Rev. B 2010, 82, 045108. [CrossRef]
Liu, P.; Kim, B.; Chen, X.Q.; Sarma, D.D.; Kresse, G.; Franchini, C. Relativistic GW+BSE study of the optical properties of
Ruddlesden-Popper iridates. Phys. Rev. Mater. 2018, 2, 075003. [CrossRef]
Held, K. Electronic structure calculations using dynamical mean field theory. Adv. Phys. 2007, 56, 829–926. [CrossRef]
Boehnke, L.; Nilsson, F.; Aryasetiawan, F.; Werner, P. When strong correlations become weak: Consistent merging of GW and
DMFT. Phys. Rev. B 2016, 94, 201106. [CrossRef]
Nilsson, F.; Boehnke, L.; Werner, P.; Aryasetiawan, F. Multitier self-consistent GW + EDMFT. Phys. Rev. Mater. 2017, 1, 043803.
[CrossRef]
Ren, X.; Rinke, P.; Joas, C.; Scheffler, M. Random-phase approximation and its applications in computational chemistry and
materials science. J. Mater. Sci. 2012, 47, 7447–7471. [CrossRef]
Chen, G.P.; Voora, V.K.; Agee, M.M.; Balasubramani, S.G.; Furche, F. Random-Phase Approximation Methods. Annu. Rev.
Phys. Chem. 2017, 68, 421–445. [CrossRef]
Hanke, W.; Sham, L.J. Many-particle effects in the optical spectrum of a semiconductor. Phys. Rev. B 1980, 21, 4656–4673.
[CrossRef]

Appl. Sci. 2021, 11, 2527

24 of 26

107. Rohlfing, M.; Louie, S.G. Excitonic Effects and the Optical Absorption Spectrum of Hydrogenated Si Clusters. Phys. Rev. Lett.
1998, 80, 3320–3323. [CrossRef]
108. Benedict, L.X.; Shirley, E.L.; Bohn, R.B. Optical Absorption of Insulators and the Electron-Hole Interaction: An Ab Initio
Calculation. Phys. Rev. Lett. 1998, 80, 4514–4517. [CrossRef]
109. Strinati, G. Effects of dynamical screening on resonances at inner-shell thresholds in semiconductors. Phys. Rev. B 1984,
29, 5718–5726. [CrossRef]
110. Rohlfing, M.; Louie, S.G. Electron-Hole Excitations in Semiconductors and Insulators. Phys. Rev. Lett. 1998, 81, 2312–2315.
[CrossRef]
111. Albrecht, S.; Reining, L.; Del Sole, R.; Onida, G. Ab Initio Calculation of Excitonic Effects in the Optical Spectra of Semiconductors.
Phys. Rev. Lett. 1998, 80, 4510–4513. [CrossRef]
112. Bussi, G. Effects of the Electron-Hole Interaction on the Optical Properties of Materials: The Bethe-Salpeter Equation. Phys. Scr.
2004, T109, 141. [CrossRef]
113. Blase, X.; Duchemin, I.; Jacquemin, D. The Bethe-Salpeter equation in chemistry: Relations with TD-DFT, applications and
challenges. Chem. Soc. Rev. 2018, 47, 1022–1043. [CrossRef]
114. Sharifzadeh, S. Many-body perturbation theory for understanding optical excitations in organic molecules and solids. J. Phys.
Condens. Matter 2018, 30, 153002. [CrossRef]
115. Rohlfing, M.; Louie, S.G. Electron-hole excitations and optical spectra from first principles. Phys. Rev. B 2000, 62, 4927–4944.
[CrossRef]
116. Tiago, M.L.; Chelikowsky, J.R. Optical excitations in organic molecules, clusters, and defects studied by first-principles Green’s
function methods. Phys. Rev. B 2006, 73, 205334. [CrossRef]
117. Körbel, S.; Boulanger, P.; Duchemin, I.; Blase, X.; Marques, M.A.L.; Botti, S. Benchmark Many-Body GW and Bethe-Salpeter
Calculations for Small Transition Metal Molecules. J. Chem. Theory Comput. 2014, 10, 3934–3943. [CrossRef] [PubMed]
118. He, J.; Hummer, K.; Franchini, C. Stacking effects on the electronic and optical properties of bilayer transition metal dichalcogenides MoS2 , MoSe2 , WS2 , and WSe2 . Phys. Rev. B 2014, 89, 075409. [CrossRef]
119. Cunningham, B.; Grüning, M.; Azarhoosh, P.; Pashov, D.; van Schilfgaarde, M. Effect of ladder diagrams on optical absorption
spectra in a quasiparticle self-consistent GW framework. Phys. Rev. Mater. 2018, 2, 034603. [CrossRef]
120. Franchini, C.; Sanna, A.; Marsman, M.; Kresse, G. Structural, vibrational, and quasiparticle properties of the Peierls semiconductor
BaBiO3 : A hybrid functional and self-consistent GW + vertex-corrections study. Phys. Rev. B 2010, 81, 085213. [CrossRef]
121. Sponza, L.; Véniard, V.; Sottile, F.; Giorgetti, C.; Reining, L. Role of localized electrons in electron-hole interaction: The case of
SrTiO3 . Phys. Rev. B 2013, 87, 235102. [CrossRef]
122. Gatti, M.; Sottile, F.; Reining, L. Electron-hole interactions in correlated electron materials: Optical properties of vanadium
dioxide from first principles. Phys. Rev. B 2015, 91, 195137. [CrossRef]
123. Sander, T.; Maggio, E.; Kresse, G. Beyond the Tamm-Dancoff approximation for extended systems using exact diagonalization.
Phys. Rev. B 2015, 92, 045209. [CrossRef]
124. Gross, E.K.U.; Kohn, W. Local density-functional theory of frequency-dependent linear response. Phys. Rev. Lett. 1985,
55, 2850–2852. [CrossRef]
125. Runge, E.; Gross, E.K.U. Density-Functional Theory for Time-Dependent Systems. Phys. Rev. Lett. 1984, 52, 997–1000. [CrossRef]
126. Botti, S.; Schindlmayr, A.; Sole, R.D.; Reining, L. Time-dependent density-functional theory for extended systems. Rep. Prog. Phys.
2007, 70, 357–407. [CrossRef]
127. Marini, A.; Del Sole, R.; Rubio, A. Bound Excitons in Time-Dependent Density-Functional Theory: Optical and Energy-Loss
Spectra. Phys. Rev. Lett. 2003, 91, 256402. [CrossRef]
128. Reining, L.; Olevano, V.; Rubio, A.; Onida, G. Excitonic Effects in Solids Described by Time-Dependent Density-Functional
Theory. Phys. Rev. Lett. 2002, 88, 066404. [CrossRef] [PubMed]
129. Sottile, F.; Olevano, V.; Reining, L. Parameter-Free Calculation of Response Functions in Time-Dependent Density-Functional
Theory. Phys. Rev. Lett. 2003, 91, 056402. [CrossRef] [PubMed]
130. Adragna, G.; Del Sole, R.; Marini, A. Ab initio calculation of the exchange-correlation kernel in extended systems. Phys. Rev. B
2003, 68, 165108. [CrossRef]
131. Sharma, S.; Dewhurst, J.K.; Sanna, A.; Gross, E.K.U. Bootstrap Approximation for the Exchange-Correlation Kernel of TimeDependent Density-Functional Theory. Phys. Rev. Lett. 2011, 107, 186401. [CrossRef] [PubMed]
132. Rigamonti, S.; Botti, S.; Veniard, V.; Draxl, C.; Reining, L.; Sottile, F. Estimating Excitonic Effects in the Absorption Spectra of
Solids: Problems and Insight from a Guided Iteration Scheme. Phys. Rev. Lett. 2015, 114, 146402. [CrossRef]
133. Yang, Z.H.; Sottile, F.; Ullrich, C.A. Simple screened exact-exchange approach for excitonic properties in solids. Phys. Rev. B 2015,
92, 035202. [CrossRef]
134. Refaely-Abramson, S.; Jain, M.; Sharifzadeh, S.; Neaton, J.B.; Kronik, L. Solid-state optical absorption from optimally tuned
time-dependent range-separated hybrid density functional theory. Phys. Rev. B 2015, 92, 081204. [CrossRef]
135. Wing, D.; Haber, J.B.; Noff, R.; Barker, B.; Egger, D.A.; Ramasubramaniam, A.; Louie, S.G.; Neaton, J.B.; Kronik, L. Comparing
time-dependent density functional theory with many-body perturbation theory for semiconductors: Screened range-separated
hybrids and the GW plus Bethe-Salpeter approach. Phys. Rev. Mater. 2019, 3, 064603. [CrossRef]

Appl. Sci. 2021, 11, 2527

25 of 26

136. Sun, J.; Yang, J.; Ullrich, C.A. Low-cost alternatives to the Bethe-Salpeter equation: Towards simple hybrid functionals for
excitonic effects in solids. Phys. Rev. Res. 2020, 2, 013091. [CrossRef]
137. Bokdam, M.; Sander, T.; Stroppa, A.; Picozzi, S.; Sarma, D.D.; Franchini, C.; Kresse, G. Role of Polar Phonons in the Photo Excited
State of Metal Halide Perovskites. Sci. Rep. 2016, 6, 28618. [CrossRef]
138. Tal, A.; Liu, P.; Kresse, G.; Pasquarello, A. Accurate optical spectra through time-dependent density functional theory based on
screening-dependent hybrid functionals. Phys. Rev. Res. 2020, 2, 032019. [CrossRef]
139. Kresse, G.; Hafner, J. Ab initio. Phys. Rev. B 1993, 47, 558–561. [CrossRef]
140. Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set.
Phys. Rev. B 1996, 54, 11169–11186. [CrossRef]
141. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
[CrossRef]
142. Liu, P.; Reticcioli, M.; Kim, B.; Continenza, A.; Kresse, G.; Sarma, D.D.; Chen, X.Q.; Franchini, C. Electron and hole doping in
the relativistic Mott insulator Sr2 IrO4 : A first-principles study using band unfolding technique. Phys. Rev. B 2016, 94, 195145.
[CrossRef]
143. Beznosikov, B.V.; Aleksandrov, K.S. Perovskite-like crystals of the Ruddlesden-Popper series. Crystallogr. Rep. 2000, 45, 792–798.
[CrossRef]
144. Crawford, M.K.; Subramanian, M.A.; Harlow, R.L.; Fernandez-Baca, J.A.; Wang, Z.R.; Johnston, D.C. Structural and magnetic
studies of Sr2 IrO4 . Phys. Rev. B 1994, 49, 9198–9201. [CrossRef]
145. Subramanian, M.; Crawford, M.; Harlow, R. Single crystal structure determination of double layered strontium iridium oxide
[Sr3Ir2O7]. Mater. Res. Bull. 1994, 29, 645–650. [CrossRef]
146. Longo, J.; Kafalas, J.; Arnott, R. Structure and properties of the high and low pressure forms of SrIrO3. J. Solid State Chem. 1971,
3, 174–179. [CrossRef]
147. Zhao, J.G.; Yang, L.X.; Yu, Y.; Li, F.Y.; Yu, R.C.; Fang, Z.; Chen, L.C.; Jin, C.Q. High-pressure synthesis of orthorhombic SrIrO3
perovskite and its positive magnetoresistance. J. Appl. Phys. 2008, 103, 103706. [CrossRef]
148. Zeb, M.A.; Kee, H.Y. Interplay between spin-orbit coupling and Hubbard interaction in SrIrO3 and related Pbnm perovskite
oxides. Phys. Rev. B 2012, 86, 085149. [CrossRef]
149. Andlauer, B.; Schneider, J.; Tolksdorf, W. Optical Absorption, Fluorescence, and Electron Spin Resonance of Ir4+ on Octahedral
Sites in Y3Ga5O12. Phys. Status Solidi B 1976, 73, 533–540. [CrossRef]
150. Carter, J.M.; Shankar, V.V.; Zeb, M.A.; Kee, H.Y. Semimetal and Topological Insulator in Perovskite Iridates. Phys. Rev. B 2012,
85, 115105. [CrossRef]
151. Liu, Y.; Masumoto, H.; Goto, T. Structural, Electrical and Optical Characterization of SrIrO3 Thin Films Prepared by Laser-Ablation.
Mater. Trans. 2005, 46, 100. [CrossRef]
152. Nie, Y.F.; King, P.D.C.; Kim, C.H.; Uchida, M.; Wei, H.I.; Faeth, B.D.; Ruf, J.P.; Ruff, J.P.C.; Xie, L.; Pan, X.; et al. Interplay of
Spin-Orbit Interactions, Dimensionality, and Octahedral Rotations in Semimetallic SrIrO3 . Phys. Rev. Lett. 2015, 114, 016401.
[CrossRef]
153. De la Torre, A.; McKeown Walker, S.; Bruno, F.Y.; Riccó, S.; Wang, Z.; Gutierrez Lezama, I.; Scheerer, G.; Giriat, G.; Jaccard, D.;
Berthod, C.; et al. Collapse of the Mott Gap and Emergence of a Nodal Liquid in Lightly Doped Sr2 IrO4 . Phys. Rev. Lett. 2015,
115, 176402. [CrossRef]
154. Zhang, H.; Haule, K.; Vanderbilt, D. Effective J =1/2 Insulating State in Ruddlesden-Popper Iridates: An LDA+DMFT Study.
Phys. Rev. Lett. 2013, 111, 246402. [CrossRef]
155. Cao, Y.; Wang, Q.; Waugh, J.A.; Reber, T.J.; Li, H.; Zhou, X.; Parham, S.; Plumb, N.C.; Rotenberg, E.; Bostwick, A.; et al. Hallmarks
of the Mott-metal crossover in the hole-doped pseudospin-1/2 Mott insulator Sr2IrO4. Nat. Commun. 2016, 7, 11367. [CrossRef]
156. Brouet, V.; Mansart, J.; Perfetti, L.; Piovera, C.; Vobornik, I.; Le Fèvre, P.; Bertran, F.M.C.; Riggs, S.C.; Shapiro, M.C.;
Giraldo-Gallo, P.; et al. Transfer of spectral weight across the gap of Sr2 IrO4 induced by La doping. Phys. Rev. B 2015, 92, 081117.
[CrossRef]
157. Cao, G.; Bolivar, J.; McCall, S.; Crow, J.E.; Guertin, R.P. Weak ferromagnetism, metal-to-nonmetal transition, and negative
differential resistivity in single-crystal Sr2 IrO4 . Phys. Rev. B 1998, 57, R11039–R11042. [CrossRef]
158. Boseggia, S.; Walker, H.C.; Vale, J.; Springell, R.; Feng, Z.; Perry, R.S.; Sala, M.M.; Ronnow, H.M.; Collins, S.P.; McMorrow, D.F.
Locking of iridium magnetic moments to the correlated rotation of oxygen octahedra in Sr2 IrO4 revealed by x-ray resonant
scattering. J. Phys. Condens. Matter 2013, 25, 422202. [CrossRef]
159. Kim, B.H.; Khaliullin, G.; Min, B.I. Magnetic Couplings, Optical Spectra, and Spin-Orbit Exciton in 5d Electron Mott Insulator
Sr2 IrO4 . Phys. Rev. Lett. 2012, 109, 167205. [CrossRef]
160. Haskel, D.; Fabbris, G.; Zhernenkov, M.; Kong, P.P.; Jin, C.Q.; Cao, G.; van Veenendaal, M. Pressure Tuning of the Spin-Orbit
Coupled Ground State in Sr2 IrO4 . Phys. Rev. Lett. 2012, 109, 027204. [CrossRef]
161. Groenendijk, D.J.; Manca, N.; Mattoni, G.; Kootstra, L.; Gariglio, S.; Huang, Y.; van Heumen, E.; Caviglia, A.D. Epitaxial growth
and thermodynamic stability of SrIrO3/SrTiO3 heterostructures. Appl. Phys. Lett. 2016, 109, 041906. [CrossRef]
162. Nishio, K.; Hwang, H.Y.; Hikita, Y. Thermodynamic guiding principles in selective synthesis of strontium iridate RuddlesdenPopper epitaxial films. APL Mater. 2016, 4, 036102. [CrossRef]

Appl. Sci. 2021, 11, 2527

26 of 26

163. Sung, N.H.; Gretarsson, H.; Proepper, D.; Porras, J.; Tacon, M.L.; Boris, A.V.; Keimer, B.; Kim, B.J. Crystal growth and intrinsic
magnetic behaviour of Sr2IrO4. Philos. Mag. (Abingdon) 2016, 96, 413–426. [CrossRef]
164. Kim, S.Y.; Kim, C.H.; Sandilands, L.J.; Sohn, C.H.; Matsuno, J.; Takagi, H.; Kim, K.W.; Lee, Y.S.; Moon, S.J.; Noh, T.W. Manipulation of electronic structure via alteration of local orbital environment in [(SrIrO3 )m , (SrTiO3 )](m = 1, 2, and ∞) superlattices.
Phys. Rev. B 2016, 94, 245113. [CrossRef]
165. Paris, E.; Tseng, Y.; Pärschke, E.M.; Zhang, W.; Upton, M.H.; Efimenko, A.; Rolfs, K.; McNally, D.E.; Maurel, L.; Naamneh, M.;
et al. Strain engineering of the charge and spin-orbital interactions in Sr2IrO4. Proc. Natl. Acad. Sci. USA 2020, 117, 24764–24770.
[CrossRef]
166. Kim, B.; Liu, P.; Franchini, C. Magnetic properties of bilayer Sr3 Ir2 O7 : Role of epitaxial strain and oxygen vacancies. Phys. Rev. B
2017, 95, 024406. [CrossRef]
167. Kim, B.; Liu, P.; Franchini, C. Dimensionality-strain phase diagram of strontium iridates. Phys. Rev. B 2017, 95, 115111. [CrossRef]

