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Resonant inelastic x-ray scattering of the J.; = % Mott insulator Sr,IrQ;,
from density functional theory
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We have investigated the electronic structure of Sr,IrO,4 within density functional theory using the generalized
gradient approximation while considering strong Coulomb correlations in the framework of the fully relativistic
spin-polarized Dirac linear muffin-tin orbital band-structure method. We have investigated x-ray absorption
spectra, x-ray magnetic circular dichroism, and resonant inelastic x-ray scattering (RIXS) spectra at the Ir K,
L3, M5, Ms, and O K edges. The calculated results are in good agreement with experimental data. The RIXS
spectrum of SrIrO, at the Ir L3 edge possesses a sharp feature <1.5 eV corresponding to transitions within
the Ir #,, levels. The excitation located from 2 to 5 eV is due to f,, — e, transitions. The third wide structure
situated at 5—12 eV appears due to charge transfer transitions. We have found that the theory reproduces well the
shape and energy position of the low-energy feature in the oxygen O K RIXS spectrum, but to obtain the correct
positions of the second and third peaks, a self-interaction-correction-like orbital-dependent potential V; must be
included in the Hamiltonian to correct the position of the oxygen 2p band. We have found that the dependence
of the RIXS spectrum at the oxygen K edge on the incident photon energy and the momentum transfer vector Q
is much stronger than the correspondent dependence at the Ir L; edge.
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I. INTRODUCTION

In 5d transition metal compounds, the energy scale of
the spin-orbit coupling (SOC) is comparable with the on-
site Coulomb interaction and the crystal-field energy. Due to
the strong competition between these interactions, fascinating
electronic states can arise. SOC in such systems splits the #,,
orbitals into a quartet (Jegs = %) and a doublet (Josr = %) [1-3].
In 5d° (Ir*") iridium oxides, the quartet Jog = % is fully oc-
cupied, and the relatively narrow Jegr = % doublet occupied by
one electron can be split by moderate Hubbard U,g with open-
ing a small band gap called the relativistic Mott gap [4-6].
Iridates have been at the center of an intensive search in recent
years for phenomena such as topological insulators [7-10],
Mott insulators [1,4,5,11,12], Weyl semimetals [13—15], and
quantum spin liquids [1,16].

Among iridium compounds, Sr;IrOy, a single-layer mem-
ber of the Ruddlesden-Popper series iridates, is of special
interest. It has a quasi-two-dimensional (2D) square-lattice
perovskite structure and is a spin-orbit Jeg = % Mott insula-
tor [4]. Additionally, it has structural and physical similarities
with La,CuQy, a parent compound to high-7, cuprates, such
as the presence of a pseudogap [4,17,18], similar Fermi
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surfaces and Fermi arcs (in electron- and hole-doped com-
pounds) [19,20], d-wave symmetry [21,22], electron-boson
coupling [23], and similarities in the magnetic ordering and
magnetic excitations [24,25]. However, the superconductivity
in Sr,1rO4 has not been found yet [26].

There are some energy band calculations for Sr,IrO4
[4,5,27—41]. Propper et al. [42] presented the energy band
structure and optical spectra calculated in the U-corrected
local spin density approximation (LSDA+U) approach in the
frame of the fully relativistic linear muffin-tin orbital (LMTO)
method. They found that the best agreement between the
calculated and experimental optical absorption spectra was
obtained for Hubbard Uy = 1.3eV. The authors analyzed
the experimental spectra in terms of Je = % and % interband
transitions. Martins et al. [5], Arita et al. [29], Liu et al. [33],
and Zhang et al. [31] presented the energy band structure
calculations for SrpIrO4 using dynamical mean field theory
(DMFT) as well as the U-corrected generalized gradient ap-
proximation (GGA+U ) method. Within DMFT, the insulating
gap was found to be equal to 0.4 eV [31], in good agreement
with the calculations of Propper et al. [42]. The GGA+U
band structures are in fairly good agreement with the DMFT
spectral functions; however, there are some differences. In
the DMFT calculation, the topmost valence state at the X
point is ~40 meV closer to Er than the first valence state
at the I point, in agreement with recent angle-resolved pho-
toemission spectroscopy (ARPES) measurements [30] but in
contrast with the GGA+U results [31]. This is because the
filled orbitals (here, Jogr = %) tend to be repelled from the
Fermi level in DMFT. The dispersion of the energy bands is
more pronounced in the GGA+U calculations in comparison
with the DMFT spectral functions, especially for empty #,

Published by the American Physical Society


https://orcid.org/0000-0003-3410-1582
https://orcid.org/0000-0001-5674-4058
https://orcid.org/0000-0003-1839-0134
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.165120&domain=pdf&date_stamp=2024-04-10
https://doi.org/10.1103/PhysRevB.109.165120
https://creativecommons.org/licenses/by/4.0/

ANTONOV, KUKUSTA, AND BEKENOV

PHYSICAL REVIEW B 109, 165120 (2024)

states. The band gaps slightly differ from each other in some
symmetry points. On the other hand, the DMFT approach pro-
duces a similar optical conductivity spectrum to the LSDA+U
optical spectrum in Ref. [42].

In this paper, we focus our attention on the resonant in-
elastic x-ray scattering (RIXS) properties in Sr,IrO4. Since
the publication by Kao et al. on NiO [43], the RIXS method
has shown remarkable progress in condensed matter physics
research as a spectroscopic technique to record the momentum
and energy dependence of inelastically scattered photons in
complex materials [44]. RIXS nowadays has rapidly come to
the forefront of experimental photon science. It provides a
direct probe of spin and orbital states and dynamics. RIXS
has a number of unique features in comparison with other
spectroscopic techniques. It covers a large scattering phase
space and requires only small sample volumes. It also is
bulk sensitive, polarization dependent, as well as element and
orbital specific [44].

Depending on the x-ray resonant energy, RIXS can be
divided into two classes: soft and hard x rays [44]. For
high-atomic-number transition metal elements, such as 5d
transition metal compounds, the K- and L-edge resonant ener-
gies are in the hard x-ray region. For such spectra, high-quality
single crystals are needed as the key optical elements. The
RIXS resolution crucially depends on the availability of a
high-quality single crystal with a Bragg diffraction peak close
to backscattering at the energy of the L edge of the targeted
element. This requirement severely limits the application of
RIXS, and thus, by far the majority of hard x-ray RIXS
studies have been focused on 5d iridates [45-50] and os-
mates [51-53]. In a soft RIXS setup, the x-ray energy range is
usually below ~2 keV [54]. The L edges of the 3d transition
metal elements all fall below this energy scale. The energy
resolution in the soft x-ray region is relatively high. For exam-
ple, the combined energy resolution was 150 meV at the Ni L3
edge (~850eV) in Ta,NiSes [55]. The best energy resolution
currently achieved for RIXS at the oxygen K edge (~530eV)
of the common ligand atoms is ~45-50 meV [56,57], which
is much better than the majority of 5d elements probed using
L-edge RIXS in the hard x-ray region to date. We should
mention, however, that in recent years, experimentalists have
achieved remarkable progress in increasing the resolution for
hard RIXS spectra. For example, Kim et al. [58] have ob-
tained the total resolution of 34.2 meV at the Ir L3 edge in
SrpIrO4. Such a resolution permits direct measurements of
single-magnon excitations as well as other many-body exci-
tations in strongly correlated systems.

In the x-ray absorption spectroscopy (XAS), x-ray mag-
netic circular dichroism (XMCD), and RIXS processes at the
O K edge, the 1s-core level is involved. The exchange splitting
of the 1s-core state is extremely small, and SOC is absent in
the O 1s orbitals; therefore, only the exchange and spin-orbit
splitting of the 2p states is responsible for the observed spectra
at the oxygen K edge. On the other hand, the oxygen valence
2p states of the surrounding ligand atoms are sensitive to the
electronic states at neighboring sites because of their delocal-
ized nature. They strongly hybridize with the 5d orbitals. Due
to such hybridization combined with high SOC at the 5d ion,
information on the elementary excitations can be extracted
using an indirect RIXS process at the O K edge [57]. Although

O K RIXS has a much smaller penetration depth (~100 nm)
than 5d L RIXS, comparison between O K and Ir L3 spec-
tra measured on SrpIrO4 suggests that they have comparable
counting efficiency [57]. The lower penetration depth of soft
x-rays has its own advantages, providing high sensitivity to
ultrathin samples such as films. Soft x-ray RIXS at the O
K edge is a promising method for studying the electronic
and magnetic excitations in 5d compounds. There are several
experimental investigations of the RIXS spectra at the oxygen
K edge [54,57-59] in Sr,IrOy4. The Ir L3 RIXS spectra in this
oxide are investigated in Refs. [24,58-63].

We carry out here a detailed study of the electronic struc-
ture, XAS, XMCD, and RIXS spectra of Sr,IrO4 in terms of
the density functional theory (DFT). Our study sheds light
on the important role of band structure effects and transition
metal 5d — oxygen 2p hybridization in the spectral properties
in 5d oxides. The energy band structure and the spectra of
SrpIrO4 are investigated in the ab initio approach using the
fully relativistic spin-polarized Dirac LMTO band-structure
method. We use both the generalized gradient approximation
(GGA) and the GGA+U approach to assess the sensitivity
of the RIXS results to different treatment of the correlated
electrons.

This paper is organized as follows. The crystal structure
of Sr,IrO4 and computational details are presented in Sec. 1.
Section III presents the electronic and magnetic structures of
Sr,IrOy4. In Sec. IV, the theoretical investigations of the XAS,
XMCD, and RIXS spectra of Sr,IrO4 at the Ir K, L3, M3, and
M5 edges are presented; the theoretical results are compared
with experimental measurements. In Sec. V, we present the
theoretical investigations of the XAS and RIXS spectra at the
O K edge. Finally, the results are summarized in Sec. VI.

II. COMPUTATIONAL DETAILS
A. XMCD

Magneto-optical (MO) effects refer to various changes in
the polarization state of light upon interaction with materials
possessing a net magnetic moment, including rotation of the
plane of linearly polarized light (Faraday, Kerr rotation), and
the complementary differential absorption of left and right
circularly polarized light (circular dichroism). In the near-
visible spectral range, these effects result from excitation of
electrons in the conduction band. Near x-ray absorption edges,
or resonances, MO effects can be enhanced by transitions
from well-defined atomic core levels to transition symmetry-
selected valence states.

Within the one-particle approximation, the absorption co-
efficient ,u}\-(w) for incident x-ray polarization A and photon
energy hw can be determined as the probability of electronic
transitions from initial core states with the total angular mo-
mentum j to final unoccupied Bloch states:

Wi @) =Y > (W T | W )

mj  nk

XB(Enk - Ejmj - hw)Q(Enk - EF)’ (1)

where W, and Ej,,, are the wave function and the energy of a
core state with the projection of the total angular momentum
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m;; W, and E, are the wave function and the energy of a
valence state in the nth band with the wave vector k; and Er
is the Fermi energy.

Here, IT; is the electron-photon interaction operator in the
dipole approximation:

I, = —exa;, @

where « are the Dirac matrices, and a, is the A polariza-
tion unit vector of the photon vector potential, with ay =
l/ﬁ(l, £i,0),a; = (0,0, 1). Here, + and — denote, respec-
tively, left and right circular photon polarizations with respect
to the magnetization direction in the solid. Then x-ray mag-
netic circular and linear dichroisms are given by . — p_ and
w — (uy + n-)/2, respectively. More detailed expressions
of the matrix elements in the electric dipole approximation
may be found in Refs. [64—-66]. The matrix elements due
to magnetic dipole and electric quadrupole corrections are
presented in Ref. [66].

B. RIXS

In the direct RIXS process [44], the incoming photon with
energy fiwgx, momentum 7k, and polarization € excites the
solid from the ground state |g) with energy E, to the interme-
diate state |I) with energy Ej. During relaxation, an outgoing
photon with energy fiwy, momentum 7K', and polarization
€’ is emitted, and the solid is in state |f) with energy Ej.
As a result, an excitation with energy fiw = hwy — hwy and
momentum fiq = ik — 7k’ is created. Our implementation
of the code for the calculation of the RIXS intensity uses
Dirac four-component basis functions [67] in the perturbative
approach [68]. RIXS is the second-order process, and its in-
tensity is given by

2

18], )1
I,k K, e ¢) o 3|30 e DT le)
t o1 E, — E

x 8(Ef — Eg — hw), 3)

where the RIXS perturbation operator in the dipole approxi-
mation is given by the lattice sum H; _ = Y, &e exp(—ikR),
where « are the Dirac matrices. The sum over the intermediate
states |I) includes the contributions from different spin-split
core states at the given absorption edge. The matrix elements
of the RIXS process in the frame of the fully relativistic Dirac
LMTO method were presented in Ref. [69].

C. Crystal structure

The powder neutron diffraction measurements show that
Sr,IrO4 possesses the tetragonal 14, /acd perovskite structure
(group number 142) [Fig. 1(a)] [70]. The IrO¢ octahedra in
SrpIrOy4 are rigidly aligned, just as the CuOg octahedra in
cuprates, rotated by ~11° about the ¢ axis in the a-b plane
[Fig. 1(b)], and have a local distortion of 4.5% axial elonga-
tion.

Atomic positions of SryIrO4 at 10 K (the lattice constants
a=5.48164 A, ¢ = 25.80019 A) for Sr, I, Oy, and O, are (0,
1250, (0, 1, D), (0, 1, z0), and (x, x + 1, o), respectively,
with x = 0.1996, zs, = 0.5506, and zp = 0.4548 [70]. The
oxygen atoms surrounding the Ir sites provide an octahedral

OSr
@I
@ O,
® 0,

(b)

FIG. 1. (a) The schematic representation of the body-centered
tetragonal [4;/acd (group number 142) Sr,IrO, crystal struc-
ture [70]; (b) the positions of ions in the IrO, plane perpendicular
to the ¢ axis.

environment. The Ir-O; and Ir-O, interatomic distances are
equal to 2.05886 and 1.97704 A, respectively. Around each Ir
atom, there are eight Sr atoms with the Ir-Sr distance dy.s; =
3.34615 A. The Ir-Ir distance dj,.j; = 3.87610 A.
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Note that, in our electronic structure calculations, we rely
on experimentally measured internal parameters x, zs;, and
Zo and lattice constants because they are well established for
this material and are probably still more accurate than those
obtained from DFT can be.

D. Calculation details

The details of the computational method are described in
our previous papers [69,71-73], and here, we only mention
several aspects. The band structure calculations were per-
formed using the fully relativistic LMTO method [65,74].
This implementation of the LMTO method uses four-
component basis functions constructed by solving the Dirac
equation inside an atomic sphere [67]. The exchange-
correlation functional of the GGA type was used in the version
of Perdew, Burke, and Ernzerhof [75]. The Brillouin zone
integration was performed using the improved tetrahedron
method [76]. The basis consisted of Ir and Sr s, p, d, and f
and O s, p, and d LMTOs.

To consider the electron-electron correlation effects, we
used in this paper the relativistic generalization of the rota-
tionally invariant version of the LSDA+U method [77] which
considers that, in the presence of spin-orbit coupling, the
occupation matrix of localized electrons becomes nondiago-
nal in spin indexes. Hubbard U was considered an external
parameter and varied from 0.65 to 3.65 eV. We used in our cal-
culations the value of exchange Hund coupling Jy = 0.65eV
obtained from constrained LSDA calculations [78,79]. Thus,
the parameter Ueyr = U — Jy, which roughly determines the
splitting between the lower and upper Hubbard bands, varied
between 0 and 3.0 eV. We adjusted the value of U to achieve
the best agreement with the experiment.

In the RIXS process, an electron is promoted from a core
level to an intermediate state, leaving a core hole. As a result,
the electronic structure of this state differs from that of the
ground state. To reproduce the experimental spectrum, the
self-consistent calculations should be carried out including a
core hole. Usually, the core-hole effect has no impact on the
shape of XAS at the L, 3 edges of 5d systems and just a minor
effect on the XMCD spectra at these edges [65]. However, the
core hole has a strong effect on the RIXS spectra in transition
metal compounds [69,80]; therefore, we consider it.

III. ELECTRONIC AND MAGNETIC STRUCTURES

We performed GGA, GGA+SO, and GGA+SO-+U calcu-
lations of the electronic and magnetic structures of SryIrOy4
for the experimental crystal structure [70]. Our GGA+SO
band structure calculations show that the canted noncollinear
(NC) antiferromagnetic (AFM) configuration with the spins
in the ab plane (see Fig. 2) possesses the lowest total energy
in comparison with the nonmagnetic, ferromagnetic (FM), or
AFM configuration along the ¢ direction (Table I). The NC
angles equal to 6y, = 90°, ¢r,, = 13.8° and Oy, = 90°, ¢rr, =
166.2° are in good agreement with experimental values of
12.8° £ 0.8° [81] and 13° &£ 1° [82] (for the Ir; site) and with
previous DFT results [4,83]. This NC-AFM,;, configuration
produces a weak net magnetic moment M of ~0.09 ug/Ir
(experimental M = 0.06-0.1 pug/Ir [11,84]).

° |2
H I,
@ o,
? ® 0,

(b)

FIG. 2. (a) The canted noncollinear AFM,,, ordering in Sr,IrO,
calculated in the GGA+SO+U calculations; (b) the orientation of
the Ir magnetic moments in the IrO, plane perpendicular to the ¢
axis.

Figure 3 establishes a picture of the SOC-driven Mott tran-
sition in Sr,IrOy4. In the absence of SOC, the partially filled
bands of predominantly #,, orbital character would lead to a
metallic ground state [Figs. 3(a)-3(d)].

165120-4



RESONANT INELASTIC X-RAY SCATTERING OF THE ...

PHYSICAL REVIEW B 109, 165120 (2024)

GGA FM spinup

i

Energy (eV)
N N o
yANEE A
%

TABLE I. The total energy Ei per formula unit (in eV) calcu-
lated in the GGA for the nonmagnetic configuration (NMgga) and
the GGA+SO for NMgga+so, FMgo1, AFMqg;, and the canted NC
AFM ordering in the ab plane (NC-AFM,;) defined relative to the
NC-AFM,; configuration.

NMgca NMgca+so FMoo1 AFMyo NC-AFM,;,

0.459

1.184 0.135 0.003 0.0

Energy (eV)

N L o
AN

)
%

M IT
GGA AFM
;
5 | %4@
8 ||
[ I\
1 fﬁ
2
M IT
;
S 0 ey
)
e L
g A
7] e
&1L
2] et e . ' '
Mr X M IT P N T o 1 2 3 4
N
<9
>
=
[0
C
w

FIG. 3. The t,, energy band structure of Sr,IrO, calculated in
the generalized gradient approximation (GGA) approach without
spin-orbit coupling (SOC) for the ferromagnetic (FM) ordering for
the (a) spin-up and (b) spin-down states. (c) Energy bands for the
antiferromagnetic (AFM) ordering in the GGA approach. (d) Fully
relativistic Dirac GGA+SO approach. The bands crossing the Fermi
level which have almost pure ds;, character (open red circles) are
formed by 1,, states with Jo; = % (e) 1, energy bands calculated
in the GGA+SO+U approach with Uy = 1.2eV for the canted
noncollinear AFM,;, ordering.

The fully relativistic GGA+SO bands are presented in
Fig. 3(d) by circles proportional in size to their orbital char-
acter projected onto the basis set of Ir d3/, (the relativistic
quantum number k = 2, the blue curve) and ds;» (k = =3,
the red curve) states. In the strong SOC limit, the f,, band
splits into effective total angular momentum Jegr = % doublet
and Jog = % quartet bands. As a result, with the filled Jeg = %
band and one remaining electron in the Jeg = % band, the sys-
tem is effectively reduced to a half-filled Jeir = % single-band
system. The functions of the J.g = % quartet are dominated by

d3» states with some weight of ds;, ones. The Jer = % func-
tions are almost completely given by the linear combinations
of ds;, states [Fig. 3(d)]. The Je = % spin-orbit integrated
states form a narrow band so that even small Hubbard U
opens up a Mott gap, making SrIrOy4 a Jeip = % Mott insulator
[Fig. 3(e)].

The GGA+SOCHU solution captures the salient features
of the insulating state of Sr,IrOy, reproducing the electronic
band structure measured by ARPES [4] and the canted AFM
structure measured by resonant x-ray scattering (RXS) [11].
From these calculations, the insulating gap clearly opens
up only as a result of the combined effects of SOC and
Hubbard U. However, there has been much debate over the
correlation effects that drive the gap opening and whether
SrIrO4 can be classified as a genuine Mott insulator or a
Slater insulator [29], where the gap opens up primarily be-
cause of magnetic order. Although there have been several
experimental reports concerning this issue, these results are
still controversial. The temperature dependence of the gap
below Ty seems to be consistent with typical Slater-type
behavior [27,29,85-87]. On the other hand, the temperature
dependence of the resistivity shows no significant changes
at Néel temperature 7y [88], strongly indicating that SryIrO4
is a Mott-type insulator. Additionally, the scanning tunneling
spectroscopy shows an unusually large intrinsic insulating gap
of 620 meV [89,90]. Such a big gap implies that SrIrOy is
unlikely a Slater insulator since the magnetic coupling energy
is merely ~60 meV [24,84], which is too small to account
for the large gap. Additionally, while the long-range magnetic
ordering temperature is Ty = 240 K, resistivity measurements
do not reveal a metallic state up to 600 K [88], suggesting that
the magnetic ordering is unlikely the source of the insulating
behavior. Moreover, the time-resolved photocarrier dynam-
ics experiments suggest that Slater and Mott characteristics
coexist in SrpIrO4 [91]. Many theoretical and experimental
studies also conclude that Sr,IrO4 has mixed Slater and Mott
peculiarities [26,91,92]. The results of the theoretical study
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FIG. 4. The phase diagram in the U, -SOC plane for Sr,IrOy.
The solid-circled line presents critical Ug, values calculated in the
GGA+SO+U approach for the canted NC-AFM,,, order for which
the energy band opens up. This line separates metal and Mott insula-
tor states connected via a first-order phase transition.

of the insulating mechanism in a multiorbital Hubbard model
using a variational Monte Carlo method obtained by Watanabe
et al. [93] indicate that SryIrO4 is a moderately correlated
AFM insulator located between Slater- and Mott-type insu-
lators.

Our theoretical calculations show that, for the nonmagnetic
solution, the energy gap does not open up for any, even very
large, Hubbard parameter U in Sr,IrO4. For the FM ordering
without SOC, the gap opens up at the critical value Ug; =
4.0eV. The phase transition from the FM to AFM ordering
leads to a significant reduction of the density of states (DOS)
at Er, which is situated close to the local minimum [see
Fig. 3(c)]. Therefore, for the collinear AFM ordering without
SOC, the gap opens up at smaller Ug = 2.2¢eV. With SOC,
the gap opens up at U = 1.7eV and 0.64 eV for the collinear
FM and AFM ordering, respectively. For the ground state NC
canted NC-AFM,,;, ordering, the gap opens up for even smaller
UG = 0.58¢eV. We can conclude that the magnetic ordering
plays an important role in the gap formation in Sr,IrOy; there-
fore, this oxide has mixed Slater and Mott character.

Figure 4 presents a phase diagram in the U.s-SOC plane
for Sr,1rOy4. To obtain this diagram, we tune the SOC term for
the Ir 5d orbitals. A scaling factor X in the SOC term of the
Hamiltonian is introduced in the second variational step [94].
In this way, we can enhance the effect of SOC by taking
A > 1 or reduce it by taking A < 1. For A = 0, there is no
SOC at all, while A = 1 refers to the self-consistent reference
value. The solid-circled line in Fig. 4 separates metal and
Mott insulator states, which are connected via a first-order
phase transition, calculated in the GGA+SO+U approach for
the canted NC-AFM,;, order. The energy gap opens up for
UG =2.1eVfordi =0andfor A =22 withUg = 0eV. The
greater the value of Uy, the lower the value of A is for the
phase transition.

Figure 5 presents the experimentally measured real part of
the optical conductivity (open magenta circles), oy, [95] for
the energy <2 eV in SrpIrO4 compared with the theoretical
spectra calculated in the GGA+SO-+U approach for different

1.5
1 — Uy =056V
= | — Ug=076V
£ 1 —— Ug=1.08V
© 1.0+ — Ug=1.26eV
o] T NN NN — Ugy=15eV
o N L \ AT T
o 1 VAR e,
RN I B AT ANy G VY
<05 1/ AN /77 W\ e
X 4
©
0.0 T T T T T T T T T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0

Energy (eV)

FIG. 5. The experimentally measured real part of the optical
conductivity (open magenta circles), o,,, [95] (in 10° Q7! cm™')
in SrIrO4 of the in-plane response compared with the theoretical
spectra calculated in the GGA+SO+U approach for different U
values.

U.sr values. The experimental optical absorption consists of
two peaks at ~0.5 and 1.0 eV. We found that the low-energy
peak is derived from transitions between initial and final bands
formed by pure Je = % states near band boundaries, e.g.,
around the X point or the P-N high-symmetry line. The AFM
ordering of Ir moments within the ab plane stabilized by
the on-site Coulomb repulsion U causes a gap opening near
the zone boundary between two pairs of bands which show
nearly parallel dispersion which ensures high joint DOS for
the interband transitions responsible for the low-energy peak.
This is in line with previous theoretical calculations [31,42]
and experimental photoemission results [30]. The high-energy
peak located ~1 eV is dominated by a contribution from
transitions with Jeg = % initial states. Our calculations give
the lower absorption peak about twice as strong as the higher-
energy one, while in the experimental spectra the strength is
approximately the same for both. A similar trend was also
observed by Propper et al. [42] and Kim et al. [96]. The
latter authors relate this to an interband mixing of Jei = %

and Jofr = % states, which reflects the itinerancy of the system,
i.e., the hybridization of Ir 5d states via neighboring oxygen
2p states. It is interesting to note that the DMFT+U approach
used by Zhang et al. [31] improves the relative intensities be-
tween the low- and high-energy peaks of o},,. We found that
the best agreement between the calculated and experimentally
measured energy positions of the optical absorption peaks can
be achieved for U = 1.2eV (Fig. 5). This value is slightly
smaller in comparison with the result of Propper et al. [42] of
1.3 eV due to different exchange-correlation potentials used:
the GGA type in the version of Perdew, Burke, and Ernzer-
hof [75] in our work and the Perdew-Wang LDA type [97] in
Ref. [42].

Figure 6 presents the partial DOS in Sr;IrO4 calculated
in the GGA+SO+-U approach with Uy = 1.2eV. Five elec-
trons occupy the f,,-type low-energy band (LEB) manifold in
the energy interval from —1.5eV to Ef in SrpIrO4. The empty
I, states [the upper-energy band (UEB)] consist of one peak
and occupy the energy range from 0.41 to 0.82 eV (see Fig. 6).
The e,-type states of Ir are distributed far above the Fermi
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FIG. 6. The partial density of states (DOS) for Sr,1rO4 calculated
in the GGA+SO+U (Uer = 1.2eV) approach.

level from 2.2 to 5.1 eV. The 4d states of Sr ions are mostly
situated above the Fermi level from 5.3 to 10.8 eV.

The electronic structures of apical O; and in-plane O,
ions significantly differ from each other. The apical O; 2s
states consist of two very narrow peaks situated at —15.1 and
—14.4eV. The in-plane O, 2s states possess a relatively wider
two peak structure from —17.9 to —16.5eV. The O; 2p states
are situated just below Ir LEB between —3.5 and —2.1eV.
There is also a narrow peak at —5.2eV. The in-plane O, 2p
states occupy a relatively wide energy interval from —8.7 to
—3.6eV. The small peaks in the close vicinity of the Fermi
level from —1.5eV to Er and from 0.41 to 0.82 eV are due
to the strong hybridization between O 2p and Ir #,, LEB and
UEB, respectively.

Ly
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FIG. 7. The experimental x-ray absorption (upper panels) and
x-ray magnetic circular dichroism (XMCD) spectra (lower panels)
at the Ir L, 5 edges in the Sr,IrO4 thin film (magenta circles) [98]
measured at 6 K under a 0.8 T magnetic field compared with the
theoretically calculated spectra in the GGA+SO+U approach (full
blue curves). The dotted black curves in the upper panels show the
background scattering intensity.

The occupation number of 5d electrons in the Ir atomic
sphere in Sr,IrOy is equal to 6.3, which is much larger than
the expected value of five #,, electrons. The excessive charge
is provided by the tails of oxygen 2p states. These 5dg states
are located at the bottom of oxygen 2p states from —8.7 to
—3.1eV and play an essential role in the RIXS spectrum at
the Ir L3 edge (see Sec. IV).

The theoretically calculated spin M, orbital M;, and total
M) magnetic moments using the GGA+SO+U approach
(Uegr = 1.2eV) for the AFM solution are equal to 0.2647 ug,
0.4447 g, and 0.7094 ug, respectively. The spin and orbital
magnetic moments at the Sr site are relatively small (M, =
0.0007 pup and M; = 0.0015 pp). The magnetic moments for
apical Oy ions are equal to My = 0.0294 ug, M; = 0.0254 ug.
For in-plane O, ions the magnetic moments almost vanish.

IV. Ir XMCD AND RIXS SPECTRA
A. L; and M3 edges

Figure 7 presents the experimentally measured XAS (the
upper panel) and XMCD spectra (the lower panel) at the Ir L, 3
edges for Sr,1rO4 [98] (open circles) compared with the theo-
retically calculated ones in the GGA+SO+U (Ugr = 1.2eV)
approach (full blue curves). The theoretically calculated Ir
L, 3 XAS and XMCD spectra are in good agreement with the
experiment. The isotropic XAS spectra are dominated by the
empty e, states with a smaller contribution from the empty #,,
orbitals at lower energy. The XMCD spectra, however, mainly
come from the #,, orbitals (Jeir = %). This results in a shift
between the maxima of the XAS and XMCD spectra.

Due to the importance of SOC effects in iridates, it is
natural to quantify the strength of the SO interactions in these
compounds. One method of accomplishing this is provided
by the XAS. Van der Laan and Thole showed that the so-
called branching ratio (BR) = I, /I, (I1,, is the integrated
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intensity of the isotropic XAS at the L, 3 edges) is an im-
portant quantity in the study of 5d oxides related to the SO
interaction [99]. The BR is directly related to the ground-state
expectation value of the angular part of the spin-orbit coupling
(L -S) through BR =2+ r)/(1 —r), with r = (L -S)/n,
and ny, is the number of holes in 5d states [99]. As a result,
XAS provides a direct probe of SO interactions, which is
complementary to other techniques such as the magnetic sus-
ceptibility, electron paramagnetic resonance, and Mossbauer
spectroscopy (which probe SOC through the value of the
Lande g factor). In the limit of negligible SOC effects the sta-
tistical branching ratio BR = 2, and the L3 white line is twice
the size of the L, feature [99]. The measured BR in SryIrOy4
is ~4.1 [98], which differs significantly from the statistical
BR = 2 in the absence of orbital magnetization in 5d states.
A strong deviation from 2 indicates a strong coupling between
the local orbital and spin moments. Our DFT calculations
produce BR = 3.56 for the GGA+SO+U (Usr = 1.2eV)
approach, which is rather close to the experimental data of
Haskel et al. [98].

The RIXS spectra at Ir L, 3 occur from a local excitation
between the filled and empty 5d states. More precisely, the
incoming photon excites a 2pj, core electron (L, spectrum)
or 2p3,, one (L3 spectrum) into an empty 5d state which is
followed by the de-excitation from the occupied 5d state into
the core level. Because of the dipole selection rules, apart
from 651/, states (which have a small contribution to RIXS
due to relatively small 2p — 6s matrix elements [65]), only
5ds, states occur for L, RIXS, whereas for L3 RIXS, 5ds,,
states also contribute. Although the 2p3;, — 5d3, radial
matrix elements are only slightly smaller than the 2p3,» —
5ds), ones, the angular matrix elements strongly suppress the
2p3;» — Sd3; contribution [65]. Therefore, the RIXS spec-
trum at the Ir L3 edge can be viewed as interband transitions
between 5ds, states.

Figure 8 shows the theoretical RIXS spectrum of SrpIrOq4
at the Ir L3 edge for ), — 1, transitions in comparison with
different experimental data. The energy resolution of RIXS
used in the earlier study of Ishii ez al. [60] (exper. 1) was insuf-
ficient to resolve the dispersion and the intrinsic linewidth of
the low-energy modes associated with the intra-,, excitations.
The measurements of J. Kim et al. [24] (exper. 2) and Clancy
et al. [63] (exper. 3) are very similar, and additionally, an
elastic peak centered at zero energy possesses two peaks o
and B at 0.2 and 0.6 eV, respectively. Our calculations are
in good agreement with these measurements. We found that
the low-energy peak « is due to interband transitions between
occupied and empty Ir Jegr = % states (the dashed red curve).
These transitions also contribute to the second high-energy
peak B together with J3,, — Ji,; transitions (the dashed
green curve).

Kim et al. [100] detected three peaks A, B, and C at
0.1, 0.5, and 0.6 eV, respectively (expers. 5, 6, and 7 in
Fig. 8). These three RIXS spectra were measured at three
different incident angles ¢ of 8°, 45°, and 82°. They cor-
respond to three-dimensional Q of (—3.5, 3, 25.5), (0.5, O,
34), and (3.5, 3, 25.5), respectively, in reciprocal lattice units.
The peak B shows strong dependency of its intensity on ¢
through the change in the incident and outgoing x-ray polar-
izations relative to the sample surface and thereby the RIXS

i
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FIG. 8. The theoretical resonant inelastic x-ray scattering (RIXS)
spectrum of Sr,IrO, at the Ir L3 edge for t,, — 15, transitions (the full
red curve) and transitions between J.g states (dashed blue and green
curves) calculated in the GGA+SO+U approach (Ugy = 1.2€V) in
comparison with different experimental data: exper. 1 [60], exper.
2 [24], exper. 3 [63], exper. 4 [58], exper. 5 [100], exper. 6 [100], and
exper. 7 [100].

matrix elements. This peak B is strongly enhanced (com-
pletely suppressed) by tuning ¢ to the normal (grazing)
incidence geometry. The energy position of the peak C in
the Kim ez al. [100] measurements coincides with the peak
B from the measurements in Refs. [24,63] (expers. 2 and 3).
These peaks have the same physical origin. It is interesting
to note that recent measurements with very high resolution of
Kim et al. [58] (exper. 4 in Fig. 8) show all the peaks A, «,
B, and B (= C). Due to the strong dependence of the RIXS
spectrum at the Ir L3 edge on the momentum transfer vector
Q and polarization, the peaks A and B can be detected only for
specific experimental geometry.

The peak A at ~0.1 eV was attributed in Ref. [100] to
magnon excitations. We can note that Nichols er al. [89]
also detected a single-magnon excitation at the energy of
0.105 eV using scanning tunneling microscope measure-
ments. The peak B was attributed to an excitonic excitation
in Refs. [58,100]. The NC-AFM,,;, ordering stabilized by the
on-site Coulomb repulsion U causes a gap opening near the
zone boundary between two pairs of bands which show nearly
parallel dispersion [see Fig. 3(e)], which can indicate possible
creation of an exciton in SryIrO4. The theoretical descrip-
tion of magnon and exciton spectra demands a many-body
approach beyond the one-particle approximation, such as the
Bethe-Salpiter equation for exciton spectra and calculations
of the magnon dispersion and the electron-magnon interaction
for magnon spectra.

There have been several attempts in the literature to cal-
culate the exciton and magnetic excitations in SryIrO4. Most
of such theoretical investigations have been carried out within
localized spin models [24,101-104]. The magnon dispersion
in SrpIrO4 has been theoretically studied in terms of the Je¢
= % quantum Heisenberg AFM on a square lattice by Kim
et al. [24]. Igarashi and Nagao [105] introduced a multiorbital
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tight-binding model and calculated the one-electron energy
band within the Hartree-Fock approximation and the Green’s
functions for particle-hole pair excitations within the random
phase approximation. The RIXS spectra were evaluated from
the Green’s functions within the fast collision approximation.
Analyzing the low-energy region, the authors found a two-
peak structure which may be interpreted as the split modes of
a magnon. They also obtained several §-function peaks, which
arise from the bound states around the bottom of the energy
continuum. They may be called exciton modes. Although
these characteristics are in qualitative agreement with the ex-
periment, the full description of the L;-edge RIXS spectrum
was not obtained. In another approach, the exciton dispersion
was obtained in analogy with the hole motion in an AFM
background [24,96]; however, the bare exciton dispersion was
neglected in this approach. Mohapatra et al. [36] and Moha-
patra and Singh [106,107] investigated correlated motion of
interorbital particle-hole excitations across the renormalized
SO gap, along with detailed comparison with RIXS data for
the spin-orbit exciton modes in St,1rOy.

We should mention that RIXS spectra can also be very
sensitive to sample quality. For example, the insulating en-
ergy gap A in SrpIrO4 (after subtraction of magnon and
other possible many-body excitations) can vary strongly for
different samples. The gaps as low as ~0.1eV have been
reported [70,108]. On the other hand, ARPES measurements
do not agree with this value since the maximum of the valance
band is already lower than —0.1 eV [4,30]. Optical conduc-
tivity and RIXS studies both yield A < 0.4 eV [4,24,27].
Dai et al. [90] have presented scanning tunneling microscopy
and spectroscopy experiments on SrIrOy4. Their local DOS
(LDOS) measurements show a rather large intrinsic gap of
0.62 eV.

An approach from first principles for a unified description
of both magnon and exciton excitations on the same footing
with considering RIXS matrix elements is highly desirable.

Figure 9 (the lower panel) shows the experimental RIXS
spectrum (open green circles) measured by Ishii et al. [60]
at the Ir L3 edge in SrIrO4 in a wide energy interval up to
7.5 eV compared with the theoretically calculated one in the
GGA+SO+U approach (U = 1.2¢eV). The intensive peak
at ~3.4 eV (the red curve in Fig. 9) is due to #,, — e, transi-
tions. The next fine structure from 4.5 to 12 eV (the magenta
curve) is due to 5dg — tp,, €, transitions.

Figure 9 (the upper panel) shows the theoretically calcu-
lated RIXS spectrum at the Ir M3 edge in SrIrO4. The M3
spectrum possesses very similar fine structures as the Ir L
spectrum but with much smaller intensity due to correspond-
ing matrix elements.

Figure 10 shows the Ir L3 RIXS spectrum as a function of
incident photon energy E; above the corresponding edge with
the momentum transfer vector Q = (0, 0, 33) in reciprocal
lattice units. We found that the low-energy fine structure cor-
responding to intra-f,, excitations is slightly decreased when
the incident photon energy changes from 11 210 to 11 212 eV,
while the high-energy peak corresponding to the #, — e,
transitions is monotonically increased (the upper panel of
Fig. 10). A similar trend was observed in the measurements of
Ishii ez al. [60]. They measured the RIXS spectra of Sr,IrO4 at
two representative incident photon energies in the interval of
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FIG. 9. Lower panel: Experimental resonant inelastic x-ray scat-
tering (RIXS) spectrum (open green circles) measured by Ishii
etal. [60] at the Ir L3 edge in Sr,IrO, compared with the theoretically
calculated one in the GGA+SO+U approach (U = 1.2eV). Upper
panel: Theoretically calculated partial interband transitions at the Ir
M35 edge in SrpIrOy.
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FIG. 10. The resonant inelastic x-ray scattering (RIXS) spectra
as a function of incident photon energy E; calculated at the Ir L;
edge in Sr,IrO, with the momentum transfer vector Q = (0, 0, 33) in
reciprocal lattice units.
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FIG. 11. The resonant inelastic x-ray scattering (RIXS) spectra
at the Ir L3 edge in Sr,IrO4 calculated as a function of Q, (the upper
panel) and Q. (the lower panel) with the momentum transfer vector
Q = (0, Qy, Q,) in reciprocal lattice units for incident photon energy
hiwy, = 11210eV.

3 eV and discovered that, with increasing E;, the low-energy
peak is decreased, but the high-energy peak is increased [for
the same momentum transfer vector Q = (0, 0, 33)]. The lower
panel of Fig. 10 shows the Ir L3 RIXS spectrum as a function
of incident photon energy in the larger energy interval from
11 210 to 11 218 eV. With increasing E;, the low-energy peak
is steadily decreased, but the high-energy peak shows more
complex behavior. First, the intensity of the peak is increased
but then decreased with changing the relative intensity of the
two peaks at 3 and 5 eV.

It is widely believed that d-d excitations show only
small momentum transfer vector Q dependence in 5d tran-
sition metal compounds [45,109]. Particularly, SryIrO4 has
a layered-perovskite structure; therefore, the momentum de-
pendence along the ¢ axis is expected to be small, as in
high-T; cuprates [110]. Indeed, as we see in the lower panel of
Fig. 11, the RIXS spectra are almost identical for the transfer
vectors Q = (0, 0, 33) and (0, 0, 25). Similar dependence
was observed also in the measurements of Ishii er al. [60].
The upper panel of Fig. 11 shows the RIXS spectra at the Ir
Ls edge in Sr,IrOy4 calculated as a function of Q, with the
momentum transfer vector Q = (0, Q,, 33) for incident photon
energy fiwy, = 11210eV. We found that, with increasing Q,,
the first low-energy peak is increased, and the high-energy fine
structure is decreased. Analyzing Fig. 11, we can conclude
that the momentum dependence of the excitations in SryIrOy4
is rather small, as it was earlier observed in other iridates such
as Sr3CulrOg [45] or InyIr,O5 [109].
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FIG. 12. The Ir 6p (the lower panel) and 5f (the upper panel)
partial densities of states (DOSs) [in states/(atom eV)] in Sr,IrO4
calculated in GGA+SO+U (Ugs = 1.2€V).

B. K and M5 edges

Let us consider now the RIXS spectra at the Ir K and M5
edges. We present in Fig. 12 the Ir 6p (the lower panel) and
5f (the upper panel) partial DOSs in a wide energy interval
from —20 to 52 eV. We distinguish several groups of the
bands. The group a is derived from the hybridization of Ir
6p and 5f states with oxygen 2s states. The group b is due
to the hybridization with oxygen 2p states. The groups ¢ and
d are from the hybridization with the Ir #,, LEB and UEB,
respectively. The group e comes from the hybridization with
Ir e, states. The group f comes from the hybridization with
Sr 4f states. The structure g is the Ir 5f bands themselves
(the upper panel of Fig. 12) and the effect of the hybridization
between Ir 6p and 5 states (the lower panel Fig. 12).

Figure 13 presents the theoretically calculated Ir K (the
lower panel) and Ir M5 (the upper panel) RIXS spectra of
SrpIrO4. The spectra significantly differ from each other and
from the RIXS spectra at the Ir L3 and M3 edges. The par-
tial contributions from different interband transitions are also
presented in Fig. 13. Due to significantly smaller spatial lo-
calization of the Ir 5f orbitals in comparison with the 6p
one, the peaks a, b, ¢, d, and e, which originate from the
hybridization with oxygen 2s and 2p and Ir 1, and e, states,
respectively, have much smaller intensity in the Ir 5f partial
DOSs in comparison with the Ir 6p one (Fig. 12). However,
transitions a +b+c — d + e (the peak o) have similar
intensity for both K and Ms spectra due to corresponding
matrix elements. These peaks are much weaker, however, than
the corresponding 1, — 12, e, transitions in the Ir L3 RIXS
spectrum (Fig. 9). The major intensity in the Ir Ms RIXS spec-
trum comes from transitions between the b-type bands and the
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FIG. 13. The theoretically calculated resonant inelastic x-ray
scattering (RIXS) spectrum of Sr,IrO, at the Ir K (the lower panel)
and M (the upper panel) edges.

Ir 5f bands (b — g). The small high-energy peak § is due to
transitions a + ¢ — f + g. The largest contribution to the Ir
K RIXS spectrum is made by interband transitions b — f
(the double peak ). Such transitions are much weaker in the
Ir M5 RIXS spectrum.

Experimental measurements of the RIXS spectra at the Ir
K and M5 edges are highly desirable.

V. O XAS AND RIXS SPECTRA

The RIXS spectra at the O K edge in Sr;IrO4 were mea-
sured by Liu et al. [54], Lu et al. [57], Paris et al. [59], and
Kim et al. [58]. The last three investigations concentrate on
the analysis of low-energy excitations <1.2 eV. Liu et al. [54]
presented the RIXS spectrum up to 12 eV using circular and
polarizations of the incident beam. The O K RIXS spectrum
consists of a peak centered at zero energy loss, which com-
prises the elastic line and other low-energy features such as
phonons, magnons, etc., and three major inelastic excitations
at 0.7, 3.5, and ~6.2 eV. We found that the first low-energy
feature is due to the interband transitions between occupied
and empty O, states, which appear as a result of the strong
hybridization between oxygen 2p states with Ir #,, LEB and
UEB in close vicinity to the Fermi level (see Fig. 6); therefore,
the oxygen K RIXS spectroscopy can be used for the estima-
tion of the energy band gap and positions of Ir 5¢ Hubbard
bands. The next two peaks at ~3.5 and 6.2 eV reflect the inter-
band transitions from the occupied O 2p states and the empty
oxygen states which originate from the hybridization with Ir
h, and e, states, respectively. We found that the theory repro-
duces well the shape and energy position of the low-energy
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FIG. 14. (The upper panel) The experimental resonant inelastic
x-ray scattering (RIXS) spectrum (open magenta circles) measured
by Liu et al. [54] at the O K edge in Sr,IrO4 compared with the
theoretically calculated ones in the GGA+SO+U+SIC approach
(Uer = 1.2 €V, Voz,, = —3eV). (The lower panel) The experimental
RIXS spectrum (open magenta circles) measured by Liu ef al. [54]
at the O K edge in Sr,IrO, compared with the theoretically calcu-
lated ones in the GGA+SO+U+SIC approach (Uer = 1.2¢eV) for
different parameters V.

feature, but the second and third peaks are shifted toward
smaller energy in comparison with the experimental measure-
ments. It means that the DFT calculations cannot produce the
correct energy position of the oxygen 2p bands. These bands
are almost fully occupied in Sr,IrOy; therefore, they cannot be
described by the GGA+U method. To reproduce the correct
energy position of the oxygen 2p band in SryIrO4 we used
a self-interaction-correction (SIC)-like procedure as proposed
by Kaneko et al. [111], where the valence bands are shifted
downward by adding a SIC-like orbital-dependent potential
V; into the Hamiltonian. We used V; as an adjusted parameter
to produce the correct energy position of the oxygen 2p bands.
We found that the best agreement with the experiment can be
achieved for Vp,, = —3.0¢V (see the lower panel of Fig. 14).

Figure 15 presents the valence band photoemission spec-
trum of Sr,IrO4 [112] compared with the total DOS calculated
in the GGA+SO+U+SIC approach (Ut = 1.2eV). Two
dominant peaks at around —1 and —3.2eV are observed,
which might be attributed to the photoemission from Ir .
and oxygen 2p states, respectively [112]. Like in the case
of O K RIXS spectrum, the GGA+SO+U approach cannot
reproduce the correct energy position of the peak at —3.2 eV.
However, the SIC-like approach with Vp,, = —3 eV improves
the situation.

Figure 16 presents the RIXS spectra as a function of
incident photon energy E; calculated at the O K edge in
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FIG. 15. The valence band photoemission spectrum of
SrpIrO4 [112] compared with total density of states (DOS)
calculated in the GGA+SO+U +SIC approach (U = 1.2eV) for
different parameters V;.

SrpIrO4 with circular polarization. We found much stronger
dependence on the incident photon energy in the case of the
O K RIXS spectrum in comparison with the corresponding
dependence at the Ir L3 edge (compare Figs. 10 and 16). With
increasing the incident photon energy, both peaks at 0.7 and
3.5 eV are increased; the latter one is increased dramatically.
This occurs in a small energy interval for E; of 0.6 eV from
529.0 to 529.6 eV.

Figure 17 shows the RIXS spectra at the O K edge in
SryIrOy4 calculated as a function of Qy (the upper panel) and
Q. (the lower panel) with the momentum transfer vector Q
= (0, Q,, Q;). With decreasing parameters Q, and Q_, the
intensity of the major peak at 3.5 eV is decreased, but the
low-energy peak at 0.7 eV is increased. There is also a strong
change in the shape of the low-energy peak at 0.7 eV and the
third peak at ~6.2 eV with the change of the parameter Q,.

Figure 18 presents the experimental O K polarization-
dependent XAS (open magenta circles) [4] compared with
the theoretically calculated ones in the GGA+4SO+U+SIC
approach (Ue = 1.2€V, Vp,, = —3¢€V). Due to the quasi-2D
structure of SrIrOy, there is strong anisotropy in the XAS.
There are two small peaks a and b at 529.1 and 529.9 eV and
a larger peak c at ~531.8 eV for the E L ¢ polarization and
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" — 529 eV

— 529.2eV
T — 529.3 6V

|
|
|
|
|
|
|
|
|
|
|
|
|
|
| !
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

—_
o
I

i — 5204 eV
-—- 5295 eV
- 529.6 eV

Ok RIXS (arb. units)
[6)]

o
|

0 5 10
(
FIG. 16. The resonant inelastic x-ray scattering (RIXS) spectra

as a function of incident photon energy calculated at the O K edge in
Sr,IrO, with circular polarization.

— (0, 5,10)
— (0,2,10)
— (0,0, 10)

N
o
I
T

—
(3}
I
T

Ok RIXS (arb. units)
o -
o o

o
o

—_ —_
o (¢}
I I
T T

Ok RIXS (arb. units)
o
o1

o
o

Energy (eV)

FIG. 17. The resonant inelastic x-ray scattering (RIXS) spectra
at the O K edge in Sr,IrO, calculated as a function of Q, (the upper
panel) and Q. (the lower panel) with the momentum transfer vector
Q = (0, Qy, Q,) in reciprocal lattice units for incident photon energy
fiwy, = 529eV.
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absorption spectroscopy (XAS) spectra (open magenta circles) [4]
in SrpIrO4 compared with the theoretically calculated ones in the
GGA+SO + U+SIC approach (U = 1.2V, Vo,, = —3eV).
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only two peaks A and B for E || ¢ at 529.9 and 531.3 eV. We
found that the low-energy peak a for E L ¢ and the large peak
BforE || care derived from the apical oxygens O;. The peaks
b and A are due to the 1s — 2p x-ray absorption by the in-
plane O, oxygens. The theory reproduces the experimentally
measured XAS spectra relatively well.

VI. CONCLUSIONS

To summarize, we have investigated the electronic and
magnetic structures of SryIrO4 in the frame of the fully rela-
tivistic spin-polarized Dirac approach. We have also presented
comprehensive theoretical calculations of the XAS, XMCD,
and RIXS spectra at the Ir K, L3, M3, and Ms and oxygen K
edges.

The delicate interplay between electron correlations, SOC,
intersite hoppings, and a crystal field splitting leads to a
strongly competing ground state for Sr,1rO4. Although each Ir
site accommodates five electrons, Sr,IrO4 exhibits insulating
behavior at all temperatures with an optical gap of A < 0.4eV
at room temperature. Below 240 K, canted AFM order sets
in, with a small FM saturation moment. Our band structure
calculations show that the canted NC AFM configuration with
the spins in the ab plane possesses the lowest total energy in
comparison with the nonmagnetic, FM, or AFM configuration
along the c direction. Small net magnetization in Sr,IrO4 can
be explained by the canted AFM solution.

A remarkably large branching ratio BR = I, /I, = 3.56
indicates a strong SO effect in SrIrO4. Strong SOC splits the

1, manifold into a lower Jefr = % quartet and an upper Jogr = %

doublet. The functions of the Je = % quartet are dominated

by d3, states with some weight of ds/, ones, and the Jo+ = %
functions are almost completely given by linear combinations
of ds, states.

The energy gap in SrIrO4 opens up only with considering
Hubbard electron-electron correlations, but on the other hand,
the value of U; strongly depends on the magnetic ordering;
therefore, Sr,IrO4 has mixed Slater and Mott character repre-
senting the uniqueness of SrpIrOy.

The theoretically calculated Ir L3 RIXS spectrum is in good
agreement with the experiment. We found that the low-energy
peak corresponds to intra-,, excitations. This fine structure

has a two-peak structure. The low-energy peak at 0.2 eV is
due to interband transitions between occupied and empty Ir
Joir = % states. These transitions also contribute to the second
high-energy peak at ~0.6 eV together with J3» — Ji;2
transitions. The intensive peak at ~3.4 €V is due to 1, — e,
transitions. The next fine structure from 4.5 to 12 eV is due to
5do — (4 + e,) transitions. Due to the strong dependence of
the RIXS spectrum at the Ir L3 edge on the momentum transfer
vector Q and polarization, some measurements show addi-
tional peaks <0.6 eV at specific geometry conditions and very
high instrumental resolution. These peaks can be attributed to
exciton and magnon excitations. The theoretical investigation
of such excitations demands special consideration beyond the
one-particle approximation.

The RIXS spectrum of SrpIrO4 at the O K edge consists
of three major inelastic excitations at 0.7, 3.5, and ~6.2 eV.
We found that the first low-energy feature is due to interband
transitions between occupied and empty Oy, states, which
appear as a result of the strong hybridization between oxygen
2p states with Ir #,, LEB and UEB in close vicinity to the
Fermi level. The next two peaks at ~3.5 and 6.2 eV reflect
the interband transitions from the occupied O 2p states to
the empty oxygen states which originate from the hybridiza-
tion with Ir 5, and e, states, respectively. We found that the
theory reproduces well the shape and energy position of the
low-energy feature, but to obtain the correct positions of the
second and third peaks, a SIC-like orbital-dependent poten-
tial V; must be included into the Hamiltonian to correct the
position of the oxygen 2p band.

The RIXS spectra at the Ir K and M5 edges occupy a very
wide energy interval up to 60 eV which is almost six times
larger than, for example, the occupation of the Ir L3 and M3
or oxygen K spectra. The major contributions to the Ir Ms
RIXS spectrum comes from interband transitions into empty
Ir 5f bands. The Ir K spectrum reflects the energy distribution
of different states (oxygen 2s and 2p, Ir 5d and 5f, and Sr
4d and 4f) due to extended character of Ir 6p orbitals. The
experimental measurements of the RIXS spectra at the Ir K
and Ms edges can be very prospective in the near future.
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