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The 4d and 5d transition metal oxides have become important members of the emerging quantum materials
family due to the competition between on-site Coulomb repulsion (U) and spin-orbit coupling (SOC). Specit-
ically, the systems with d°> electronic configuration in an octahedral environment are found to be capable of
possessing invariant semimetallic state and perturbations can lead to diverse magnetic phases. In this work, by
formulating a multiband Hubbard model and performing SOC tunable density functional theory4-U calculations
on prototypes SrlrO; and CalrO; and extending the analysis to other isostructural and isovalent compounds,
we present eight quantum phases that can be observed in the family of low-spin d> perovskites. In the cubic
configuration, the U-SOC phase diagram shows stabilization of nonmagnetic metal phase in the weak U regime
irrespective of the strength of SOC with the doubly degenerate f,,-J;,, states occupying the Fermi surface.
However, the system become ferromagnetic metal with increasing U while the SOC is maintained low. As
the SOC increases, the moderate and higher values of U makes the transition to an antiferromagnetic metal and
eventually to an antiferromagnetic insulating state. The GdFeOs-type orthorhombic distortion through tilting
and rotation of the octahedra reform the #,, states through orbital intermixing to introduce a noncollinear spin
arrangement. In the weak correlation regime, the nonmagnetic metal phase transform to ferromagnetic metal
phase for weak SOC and an invariant Dirac semimetal phase for the strong SOC. On increasing the correlation
strength, the ferromagnetic metal phase becomes insulating while the Dirac semimetal phase becomes a canted
antiferromagnetic metal and finally transform to the canted antiferromagnetic insulating phase. Interestingly, in
the higher U and higher SOC regimes the normal-spin (S;) component vanishes to form a pure coplanar spin
arrangement. The presence of several soft phase boundaries makes the family of d° perovskites an ideal platform

to study electronic and magnetic phase transitions under external stimuli.

DOLI: 10.1103/PhysRevB.105.045127

I. INTRODUCTION

In the past decade the discovery that spin-orbit coupling
leads to the formation of symmetry protected conducting
surface or edge states in a wide range of topological class
of compounds, has attracted a great deal of attention among
the researchers working in quantum many-body theory [1,2].
Spin-orbit coupling (SOC) is a relativistic effect and it is
treated as a small perturbation in solids. But for systems with
heavy elements, it varies as fourth power of the atomic number
and therefore it has an intriguing influence on the electronic
and magnetic structure of such systems. In the family of cor-
related oxide systems, where the on-site Coulomb repulsion
with other competing interactions such as Hund’s coupling
(Jg), crystal field (A) and electron hopping strength (¢) create
arich electronic and magnetic phase diagram, the presence of
SOC bridges the symmetry protected topologically invariant
states and magnetism. Moving down the periodic table from
3d to 4d to 5d elements, while the SOC increases, the d
orbitals become more spatially extended to reduce the correla-
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tion strength U. For the 5d families of oxides, both SOC and
U becomes comparable and these two competing interactions
give rise to emergent phenomena.

For the experimenters and theoreticians alike, the family
of iridates, one of the 5d oxide families, have become a
test bed for exploring these emergent phenomena that in-
cludes the topological Mott insulator [3], fractional Chern
insulator [4], Kitaev’s celebrated spin liquid phase [5-7],
Dirac and Weyl semimetals [8,9], axion insulator [10], and
high-T. superconductivity. For example, pyrochlore iridates
exhibit topological semimetal and Mott insulating phases
[11-13]. The honeycomb iridates host unconventional mag-
netic and spin liquid phases [14—18]. The monolayer and
bilayer Ruddlesden-Popper strontium iridates, SryIrO4 and
Sr3Ir,O7, exhibit canted in-plane and collinear out-of-plane
antiferromagnetic (AF) insulating state [19-23].

Among the family of iridates, the orthorhomic pervoskite
iridates with chemical formula AIrOs, constitutes a large
class of anisotropic oxides with exceptionally wide range of
properties. In these oxides the IrOg octahedra is distorted as
compared to the symmetric cubic structure. These class of
oxides with Pbnm space group symmetry was proposed to
realize a new class of metal dubbed topologically crystalline
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metal with flat surface state and phase transition to other
nontrivial phases in the presence of external field has been
theoretically proposed [24]. For example, SrIrO3 and CalrO;
are paramagntic Dirac semimetals (DSM) [25-28]. Carter
et al. [29] showed that SrlrOs; undergoes a phase transition
from semimetal to strong topological insulator by breaking the
mirror symmetry. BalrO; is a Pauli paramagnetic metal with
Fermi liquid ground state below 6 K [30]. In comparison to
the AlIrOs;, the other 3d and 4d perovskites with isolvalent e
configuration, where the SOC is weak and electron correlation
is strong, have different electronic and magnetic phases in
their ground state. For example, SrCoO; and CaCoOj3 exhibits
a high-spin ferromagnetic metal (FM) state whereas StRhO3
and YRuOj3 exhibits low-spin (LS) FM and a canted antifer-
romagnetic insulator (CAFI) ground state [31-34].

For the perovskites, due to strong octahedral crystal field
the d orbital degeneracy gets lifted giving rise to a t, and
e, manifold. In the presence of SOC the #,, manifold splits
into spin-orbital entangled pseudospin Jeir = 3/2 and Jeip =
1/2 states. In the case of a d° (Ir*h) configuration, the Jeg
= 3/2 states are completely occupied and the ground state is
constituted of the Jer = 1/2 pseudospin. These narrow Jeg
= 1/2 bands formed due to strong SOC are more susceptible
to Mott localization by U, due to reduced bandwidth, which
implies that stronger the SOC is, weak critical U (U.) will be
required to make a transition from metal to a spin-orbit cou-
pled Mott insulator. By carrying out first-principles density
functional theory (DFT) calculations within the framework
of local density approximation (LDA)+U on the prototype
system SrlrOs, Zeb et al. [35] presented an electronic phase
diagram in the U-SOC configuration space, and broadly sug-
gested three domains. These are magnetic metals in the weak
to intermediate SOC and weak to high U regime, nonmagnetic
metal (NM) or DSM in the weak to intermediate U and weak
to high SOC regime, and magnetic insulator in the weak to
high SOC and intermediate to high U regime.

The aforementioned discussion on the electronic structure
of orthorhombic perovskites suggest that a much more intri-
cate phase diagram needs to be constructed for the family
of d> oxides in the U-SOC space in order to explore the
emerging quantum phases in this family. Firstly, it needs to be
revisited if in the absence of SOC, the system remains metallic
even for very high U. Secondly, in the absence of collinear
spin arrangement questions arise whether subdomains with
nontrivial quantum states exist within the four proposed broad
domains. Thirdly, the role of structural distortions — from
the isotropic cubic configuration to symmetry lowered or-
thorhombic configuration — needs to be examined in building
the phase diagram as it is known to be a key player in driving
the electronic and magnetic phase transitions in the perovskite
family [36-43].

In this work we have employed a multiband Hubbard
model which is solved self-consistently in the mean-field
framework and validated the results with DFT+U calcula-
tions to establish a detailed phase diagram discovering the
earlier unexplored subdomains. The present study establishes
the complex interplay among SOC, U, A and structural dis-
tortions to explain the formation of collinear and noncollinear
magnetism as well as metallic, insulating, and nontrivial
semiemtallic phases in the family of LS d° perovskites.
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FIG. 1. (a) Crystal structure of orthorhombic SrlrO;. (b) Corre-
sponding bulk Brillouin zone with high symmetric k points. (c) Bulk
electronic structure of SrlrO; obtained using DFT+U with Uy =
0 and A/A¢ = 1. Here, X, is the real SOC strength with magnitude
0.43 eV, respectively. The Fermi level is set to be 0. A Dirac node
appears at the high symmetric k point U revealing the semimetallic
nature of SrlrO;. (d) Schematic illustration of the effect of crystal
field, SOC and on-site Coulomb repulsion on the Ir-d states.

II. STRUCTURAL AND COMPUTATIONAL DETAILS

Bulk SrIrO; crystallizes in an orthorhombic pervoskite
crystal structure (space group Pbnm) with the GdFeOs-type
lattice distortion as shown in Fig. 1(a). The IrO¢ octahedra
undergoes a staggered rotation about the ¢ axis by an angle
0, = 153.53°, followed by another rotation about the [110]
direction by tilt angle 6, = 156.52°. Due to these tilt and
rotations of the IrOg octahedra, the unit cell gets doubled in
the ab as well as in the ac plane due to «/iao X ﬁao X 2ay
supercell geometry where ag is the nearest-neighbor (NN)
Ir-Ir distance. Hence, SrIrO; contains four formula units per
unit cell leading to four inequivalent Ir sublattices (A,B,C,D).
The two signs on each Ir sublattice represents the sense of
the rotation and tilting of the octahedra, clockwise (+) or
anticlockwise (—). The experimental lattice parameters are a
=556 A, b =559 A, and ¢ = 7.88 A [44]. In order to
study the effect of correlation and SOC on the electronic and
magnetic phases in bulk SrIrO3;, we developed a multiband
Hubbard model and solved it self-consistently as discussed
in Sec. IV and also carried out comprehensive DFT calcu-
lations in the U-SOC space. The calculations are performed
using plane-wave based projector augmented wave (PAW)
method [45,46] as implemented in Vienna ab initio simulation
package (VASP) [47] within the Perdew-Burke — Ernzerhof
generalized gradient approximation for exchange-correlation
functional. In this study, the SOC A is varied in units of
Lo, where X¢ is the real SOC strength (=0.43 eV) as ob-
tained from the self-consistent field calculations to achieve
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the ground state. The Brillouin zone integrations are carried
out using 8 x 8 x 4 Monkhorost-Pack k mesh which yields
256 k points in the irreducible part of the Brilluion zone. The
kinetic energy cutoff for plane-wave basis set was chosen to
be 500 eV. The strong correlation effect is incorporated via an
effective on-site correlation parameter Uy = U — J through
the rotationally invariant approach introduced by Dudarev
[48].

III. GROUND STATE ELECTRONIC STRUCTURE
OF SrIrO;

The ground state electronic structure, as shown in Fig. 1(c),
implies that bulk SrIrO; exhibits nonmagnetic semimetallic
ground state with a Dirac node at the high symmetry point
U. This is due to the combined effect of cubic asymmetry,
octahedral crystal field, and SOC towards the removal of
degeneracy in the d manifold as illustrated in Fig. 1(d). Due
to a strong octahedral crystal field, the fivefold degenerate d
states split into a higher-energy and unoccupied e, doublet and
a lower-energy t, triplet. While the e, states are unaffected by
the SOC, the 15, manifold is further SOC splitinto a Jess = 1/2
doublet (m; = = 1/2) and a Joit =3/2 (m; = £ 3/2, £ 1/2)
quartet, hence, forming three Kramer’s pair. The expressions
|/, mj) are given by

‘%,:l:%>:%(Iyz,&)i|xy,o):|:i|xz,6)), @))]
B i%> = %(b’z, G) F2lxy,0)£ilxz,5)), (2
3,3\ _ 1 L \
E’ §> - E(D’Za U) l|XZ,U>), ( )

where £ corresponds to spin o = 1/, respectively. With
lowering in symmetry through 6, and 6, two pairs of bands
make a linear crossing at the high symmetry point U to create
double Dirac nodes resulting in a DSM phase. It has been
reported that the two Dirac nodes may not be degenerate in
energy and in that case the cones may penetrate to form a
nodal ring [35]. Through our model Hamiltonian in Sec. 1V,
we will attribute the formation of the DSM phase due to the
development of #,4-¢, interaction in the next-nearest neighbor-
hood (NNN) due to tilting and rotation of octahedra. Besides
the crystal field and SOC, the on-site Coulomb repulsion is
also deterministic of the electronic structure of the d° (Ir**)
compounds. Four out of five d electrons occupy the Je =
3/2 state, leaving one electron in the J.s = 1/2 state [see
Fig. 1(d)]. The on-site repulsion further splits this degenerate
state to create a lower Hubbard (LHB) and upper Hubbard
(UHB) subband. However, experimental studies [25,26,49]
including angle-resolved photoemission spectroscopy mea-
surements show that the SrIrOs is a paramagnetic semimetal.
This demonstrates that the competition between SOC and U
can lead to a plethora of electronic and magnetic phases for
the d° perovskites.

Apart from the perovskite structure, several other iridates
and iridatelike systems with d> configuration and with sim-
ilar octahedral complexes, exhibit a wide range of magnetic
phases with spin anisotropy [16,19,50-53]. Therefore, we
utilize SrIrO; as a prototype to build a platform so that the

emerging quantum phases in the U-SOC configuration space
can be envisaged and analyzed. The phase diagram will be
discussed in detail in Sec. V.

IV. MULTIBAND HUBBARD MODEL

Across the iridates family, it has been shown that the
competition between U and A influences the eigen states
substantially. To get a flavor of it in the single pervoskite struc-
ture, we employ a mean-field based multiband Hubbard model
Hamiltonian to explore the nontrivial/trivial phases emerging
in the weak/strong U-SOC regime. To start with, we first con-
sider a tight binding (TB) model with SOC, where a minimal
basis set formed by Ir-d orbitals (xy,yz,xz,x> — y%,3z> — r?)
has been considered. The five orbital basis set, instead of 5
based three orbital, introduces f>5-¢, intermixing due to finite
0, and 6, in the distorted frame leading to significant altering
of the band structure.

To extract the NN, NNN ¢ and 7 hopping interactions
and SOC strength, a TB model for undistorted SrIrOj is
formulated and then using these parameters and transforming
the hopping matrices in the rotated basis (as explained in
Appendix A), the effect of distortion on the electronic and
magnetic properties has been examined. In the second quanti-
zation notation, the TB 4+ SOC component of the Hamiltonian
is given by

+
Hrg_soc = E €i,aC; 4Ciia

i,o

+ Z t,-,a,j,,g(cia’acj,g,ﬂ+h.c.)

i,j.a,B,0

+4 > ao|L-S|p5)c) cps (4

a,B,0,6

Here, i(j), a(B) are site and orbital indices, respectively.
The parameters €;, and t, ;s represents the on-site energy
and strength of hopping integrals, respectively. The SOC is
added in the third term of the Hamiltonian with A denoting its
strength. In compact form, for a single formula unit as is the
case with cubic perovskite structure, H is given by

5x5 5x5
_ HT ) HN
H= . (5)
H5><5 HSXS
1 W
Here, Hyy = H,, and H;| = (H};)" to ensure the time
reversal (TR) invariance of the Hamiltonian. For the four for-
mula unit («/an x +/2ay x 2ag) supercell, which builds the
primitive unit cell of the orthorhombic phase, the augmented

Hamiltonian representing four-Ir (A,B,C,D) sublattices then
takes the shape of

20%20 20%20
H = HM HN (6)
- H20x20  [y20x20 :
% I

The TB component built with Slater-Koster formalism [54]
is further elaborated in Appendix A.

For the distorted case, with finite 6, and 0;, as defined
through Fig. 1(a), the hopping matrices are obtained by using
the following transformation:

Hrp = R" HpR, N
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where R is the transformation matrix and can be calcu-
lated using rotation matrix for the cubic harmonics (L = 2)

J

2(1 + cos6,) 575 Sin 26,
_ﬁi sin 26; %(20052 6, +cosb, — 1)
R(O;) = %ﬁsinze, —1(2cos?6, — cos, — 1)
0 \/% sin 6,
—\/g sin® 6, \/g sin 26;
cos 26, 0 0 sin26, O
0 cos 6, sin 6, 0 0
R(6,) = 0 —sinf, cos6, 0 01. 9
— sin 20, 0 0 cos26, O
0 0 0 0 1

The values of the on-site energy (¢), hopping strength (¢)
and SOC strength () are obtained by fitting the TB+SOC
bands with the DFT4SOC bands for the undistorted case as
shown in Figs. 2(a) and 2(b). The fitted values are listed in
Table 1. TB bands, as shown in Fig. 2, capture very well the
essential features of the DFT band structure. In this LS (tzsgeg)
configuration, while the overlapping of the ;; and e, bands 1s
prominent in the undistorted frame [Figs. 2(a) and 2(b)], they
are very well segregated in the distorted frame [Fig. 2(c)] and
this is very well captured in our TB model [Fig. 2(d)]. The
distortion also introduces a DSM phase as linear bands cross
each other at the high symmetry point U in the vicinity of the
Fermi energy (EF).
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FIG. 2. DFT (blue) and TB (red) band structures for undistorted
(a),(b) and distorted (c),(d) SrIrO; with A = 0.43 eV, respectively.
Segregation of 7,, and e, states, as well as the formation of DSM
phase, due to distortion of the octahedra.

[Eq. (A3) of Appendix A]. For the rotation and tilting, as
appropriate for SrlrOs, it is, respectively, defined as

bz sin26, 0 ~/3sine,
—%(2C0S2 6, —cosb, — 1) —\% sin 6, —\/gsin%‘,
1(2cos? 6, + cos, — 1) —\/% sin 6, \/gsin 20, |- ®
\/% sin 6, cos 6; 0

—\/g sin 26, 0

3 w2
1—§s1n 6,

Having formulated the kinetic part of the Hamiltonian, we
now consider the interacting part of the Hamiltonian (H,)
which is described in terms of the multiorbital Hubbard-
Kanamori formalism [55]:

Hypy=U Zni,a,Tni,a,¢ + <U' - JTH) Z ni oM g

i,a ia<p

20y Y Siy Sy =H +H + Hs.

La<p

(10)

Here, the first two terms gives the energy cost of having
the electrons in the same or different orbitals at the same
lattice site. The third term defines the Hund’s rule coupling
that favors the ferromagnetic alignment of spins in the orbitals
at the same lattice site. The relation U’ = U - 2Jy between the
Kanamori parameters [56] has been used here.

In the Hartree approximation, H;, H,, and H; can be de-
coupled as

Hy ~ U (it (i) + Nis) (Riat) = (i) i)

. (11)

Hy,~U Z (o (nig) +nipnia) — (Mia)(nig)), (12)

La<p

Ju
-5 Z (Miay (ipg) +1ip 4 (Niar)

i,a<p

H,

&

— Nia (Mip.)) — i) (Miet)
— Nig, (Nip1) — Nip 4 (Niay)
+ gy (nipy) +nip (i)
= (i1 ) (nip1) + (ia,1)(nip,))

+ (i, ) (Mipy) — (Mg ) (Mi, ), (13)

TABLEI. Calculated values of on-site energy, interaction param-
eters and SOC strength in units of eV. The parameters €; and €, give
the values of onsite energy for #,, and e, states, respectively. For the
undistorted case, we have considered identical hopping strengths,
(NN 1), £, (NNN o) and #3 (NNN 1) for #,, - 15, interactions, #; (NN
0),ts (NNN o), ts (NNN 1) for eg-¢, interactions and #; (NNN o)
for t54-e, interactions, as relevant for the cubic symmetry.

€1 € 131 123 13 1y 15 11 17 A

-0.79 24 -038 —-0.13 0.04 —-085 —-05 0.1 0.04 043
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FIG. 3. Electronic band structures obtained for the undistorted
structure (first column) and for the distorted structure (second
coloumn) with ¢+ = 0.38 eV defined as the energy scale unit.
(a),(b) without SOC and high U, (c),(d) with SOC and low U, and
(e),(f) with SOC and moderate U value.

where, n; o = njq 4+ + 14, is the total charge density of
orbital « at site i.
Hence, the total Hamiltonian is given by

H = Hrp_soc + Hin. (14)

It is solved self-consistently in the momentum space by
employing the Hartree approximation as described above. The
U-SOC space give rise to different magnetic phases, as shown
in Fig. 3, beyond the semimetallic nonmagnetic phase. We set
Ju /U = 0.2 as relevant for 4d /5d oxides [57] and t = ¢; as the
energy scale unit. For A = 0, a FM phase [see Fig. 3(a)], with
highly dispersive bands (higher mobility) stabilizes. For even
higher U values, a FM state remains stable for the undistorted
case.

With SOC, the system shows intriguing magnetic phases
where the Jos = 1/2 states determine the ground state. For
lower U values, a weak G-type antiferromagnetic metal (G-
AFM) state [Fig. 3(c)] with broken Dirac node forms the
ground state. It is due to breaking of the TR symmetry.
Here, the SOC induces the spin degeneracy and strengthens
the localization and hence decreases the mobility. The weak
G-AFM state has small hole and electron pockets which
disappears on further increasing U and a gap is opened in
the Jor = 1/2 spectrum to stabilize a G-type antiferromag-
netic insulator (G-AFI) phase [Fig. 3(e)]. Finite distortion
induces anisotropy in the orbital (f2¢) occupancies with onsite
Coulomb repulsion enhances the spin split and drives the sys-
tem to a ferromagnetic insulator (FI) phase [Fig. 3(b)]. Hence,

competition between U, SOC and structural distortion alters
the magnetic and electronic phase of the system substantially.
Recent studies on iridates and their superlattices emphasize
the crucial role of distortion induced anisotropic spin inter-
actions leading to noncollinear magnetic phases [42,43,58].
However, the current model is based on collinear magnetism
and therefore cannot predict noncollinear phases due to the
absence of exchange terms in the Hamiltonian. Therefore, we
carried out pseudopotential based DFT calculations to explore
the novel electronic and magnetic states in the U-SOC domain
and build the quantum phase diagram of d° pervoskites in the
LS state by taking SrIrO; as a prototype.

V. DFT4+U+SOC ELECTRONIC STRUCTURE

Through Fig. 4, we will analyze the electronic structure
evolution as a function of U and SOC. In the ground state, we
estimated the SOC strength Ay to be 0.43 eV by measuring
the split between Jer = 1/2 and Jr = 3/2 states which is
equal to 3/2 Ay [see Fig. 1(d)]. In order to examine the role
of A, we scaled it in units of Ag. For A/Ay = U = 0, it is a
pure octahedral crystal field effect where the d orbitals split
into lower-lying and partially occupied threefold degenerate
te and upper-lying twofold degenerate e, states as shown in
Figs. 4(a) and 4(b). Due to imbalance in the population of
the states in two different spin channels the system becomes
a Stoner ferromagnet. As A/Ag increases, real spin states of
the 7, manifold evolve and give rise to pseudospin states
with the formation of spin-orbit entangled Jir = 1/2 states
lying in the vicinity of the Er and Jo = 3/2 states lying
below in the valence band. For weak A/\g, the four Jo =
1/2 pairs, corresponding to the four-Ir sublattices, create two
set of fourfold degenerate bands along the k path U-R. These
two sets merge at the high symmetry point U with increasing
SOC to form a DSM phase [see Figs. 4(e), 4(g) and 4(i)].

With increasing correlation effect, say for Ugr = 3 eV and
no SOC, as shown in Figs. 4(c) and 4(d), the on-site repulsion
Unyny increases the spin split to form a gap which in turn
makes the system a FI. This phase is very well captured by the
model Hamiltonian described in the previous section. As SOC
competes with U, Figs. 4(f), 4(h) and, 4(j), the four Joir = 1/2
pairs create lower and upper Hubbard subbands, which breaks
the Dirac node to form a gap and concurrently stabilizes the
system in a CAFI state. The band gap rises from 0.23 eV at
A/ag =0to 0.93 eV at A/A¢ = 2, manifesting the amplified
effect of correlations as the SOC strength increases. The spin
anisotropy and the overall phases predicted in the U-SOC
domain will be elaborated further in the next subsection.

Bulk phase diagram

The phase diagram for the orthorhombic SrIrO3 spanned in
U-SOC space, as evaluated from the DFT4-U+SOC calcula-
tions is presented in Fig. 5. It shows five distinct phases: (i)
collinear FM as shown in blue, (ii) collinear FI as shown in
maroon, (iii) canted antiferromagnetic semimetal (CAFS) as
shown in grey, (iv) CAFI as shown in red, and (v) DSM as
shown in green. Let us first examine the weak SOC regime
(A/r, £ 0.2). Up to Uy =~ 2.5 eV, the system remains a
FM with collinear magnetic ordering as shown in Fig. 6(a).
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FIG. 4. Evolution of bulk electronic structure as a function of U,y and SOC. The upper and lower rows represents the band structure
without and with U for four values of A/Xq, namely, 0 (a)-(d), 0.6 (e), (f), 1 (g), (h), and 2 (i), (j). (Upper row) Mixing of up-spin and
down-spin states with increasing A/, leading to the formation of DSM phase. (Lower row) Amplified effect of correlations with increasing
A/Ao. Enhanced spin splitting leads to a gap opening and stabilize the system in a ferromagnetic insulator state for A = 0 and in a canted

antiferromagnetic insulator state for finite A /Xo.

This results from the imbalance of the population of partially
occupied fp, states in the up-spin and down-spin channels
as already explained through Figs. 4(a) and 4(b) in the pre-
vious subsection. With further increase in U, the system
undergoes a transition from FM to FI because of the fact
that with enhanced spin split the earlier partially occupied
band in the up-spin channel is now occupied completely
whereas in the down spin channel it becomes empty [see
Figs. 4(c) and 4(d)]. The FI phase, as predicted from our
model and DFT calculations, was not captured in the earlier
study [35] where the stability of the metallic phase for all U
in the non-SOC regime was reported. It may be noted that
the authors there have carried out the calculations using the
full-potential linearized augmented-plane-wave method with
LDA exchange-correlation functional. The strength of the lo-
cal magnetic moment at Ir depends on U. It increases from
0.27 up at Uy = 0 eV to 0.72 up at Uy = 4 eV. With the
LS state, the saturated magnetic moment is 1 ;g which can be
realized for a further higher value of U. The LS state favors
the ferromagnetic order over the antiferrromagnetic one.
With finite X /X, the up-spin and down-spin states mix to
form spin-orbit entangled pseudospin Jer = 1/2 and Jeir =
3/2 states. The former occupy the Er and hence determine
the electronic and magnetic phase of the system. For the
intermediate range (0.4 < A/A¢p < 1.4), the lower value of
U.sr maintains the metallicity and at the same time weakens
the magnetic state with the formation of a DSM phase. It is
important to note that the electron hopping, SOC and on-site
Coulomb repulsion are in the same energy scale and hence any
perturbation can give rise to a different quantum phase. Here,
we show that even weak Uy transforms the DSM to CAFS
phase suggesting this weakly correlated perovskite is near
to the magnetic instability. The on-site Coulomb repulsion
facilitate the noncollinear ordering of the spin-orbit entangled
states as the planar-spin (S,) component increase in magni-
tude in proportion to A/Ao which can be observed from the

spin-intensity map shown in the middle panel of Fig. 5. The
on-site repulsion also strengthens the localization to stabilize
the CAFI phase as can be seen from the phase diagram.

For the large /Ay regime (A/Xg = 1.4), the system ex-
hibits either DSM for low U or CAFI phase for lower and
higher Ue values. In the latter case, the S; component grad-
ually vanishes with SOC (see Fig. 5 middle panel) to create
a transition from the collinear along z to non-coplanar and
canted to pure co-planar spin arrangement. This transition
is schematically illustrated in Fig. 6. Earlier studies have
presented an unusual trend where it has been suggested that
higher value of U is required to induce metal-to-insulator
transition for the higher value of SOC [35]. However, as
expected, in this study we observe that a lower U value is
sufficient to stabilize a CAFI phase.

The 4d pervoskites StRhO3;, LaRuO3, and YRuO; and
the 5d perovskites are reported to be having LS d° electonic
configuration and all of them undergo GdFeOj3-type distortion
of varied order. Their electronic and magnetic phases can
be mapped to the phase diagram of Fig. 5. The compounds
SrRhOj; [33] and LaRuOj3 [59], with weak SOC and moderate
correlation exhibits FM ground state and can be placed in
the region (0.2 < A/Ag < 04,1 < U < 2 eV). The
compound YRuOj; [34] exhibits CAFI phase and lies in the
0.6 < A/Ag <0.8,3 < Uy < 4eV)zone. Like SrIrOs;,
CalrO3 [27] stabilizes in nonmagnetic DSM phase and lies
inthe (0.8 < A/ < 1,0 < U < 0.5¢eV) zone of the
phase diagram. In Appendix C, we have compared the phase
diagrams of SrIrO3 and CalrO; (see Fig. 11) to demonstrate
the generality of the electronic structure evolving out of com-
petition between electron-electron correlation and SOC.

To identify the division of role between SOC and structural
distortions in establishing quantum phases, here, we have
computed the phase diagram for undistorted (cubic) SrIrO; in
the U-SOC space (see Fig. 7). Most significantly, we observe
that the non-collinear spin ordering is missing and the entire
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FIG. 5. (Top row) The electronic and magnetic phase diagram of
orthorhombic SrlrO; as a function of Ui and SOC. (Middle and
bottom rows) The planar and normal component of spin moment
(S, and S;) and orbital moment (L, and L;), respectively. The stars
represent the ground state of LS d° pervoskites. The green star
represents CalrOs, the blue star represents LaRuO; and SrRhO3, and
the red star represents YRuOj3, respectively.

phase diagram is spanned by collinear magnetic phases. There
are four distinct phases observed and these are (i) FM, as
shown in blue (ii) G-AFM, as shown in magenta, (iii) G-AFI,
as shown in lime, and (iv) NM, as shown in cyan. In the
weak SOC (A/Ag < 0.2) and weak U regime, the system

FIG. 6. Schematic illustrating evolution of magnetic ordering in
bulk SrIrO; at Uy = 4 eV with (a) A/x = 0, (b) A/Ay = 1, and
(c) &/ o = 2, respectively.
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FIG. 7. The electronic and magnetic phase diagram of undis-
torted (cubic) SrlrO; as a function of U,y and SOC. The star with

cyan color represents the ground state of LS d> pervoskite BalrO;,
respectively.

stabilizes in the NM state contrary to the FM phase, driven
by small but finite moment, in the distorted structure. As the
strength of on-site Coloumb repulsion increases, unlike the
case of distorted structure, here no phase transition occurs and
the system remains in the FM phase. The FM phase, for higher
U values, is well captured by our model Hamiltonian for
the undistorted structure. In Appendix D, we have analyzed
the orbital and spin resolved density of states (DOS) to show
the robustness of the metallic phase for higher values of Usg.
For the intermediate SOC strength (0.4 < A/A¢ < 1.6), there
is a narrow domain in which G-AFM phase stabilizes. In the
strong U limit, transition from G-AFM to G-AFI phase occurs
where the U, value for metal-insulator transition is found to
be high as compared to the distorted case. For example, U,
varies from 1 to 2 eV, whereas, for the undistorted case, a
higher U, between 2 to 4 eV is required for metal-insulator
transition. The bandwidth, a measure of extent of localization,
in a Hubbard model weakens the hopping integral roughly
by a factor of 1/U. The distortion also weakens the hop-
ping integral. Therefore, the metal-insulator transition can be
achieved with a lower value of U for the distorted structure.
For the large SOC domain (A/Ay > 1.6), the system exhibits
either NM phase for lower U values or G-AFI phase for
intermediate and higher Uy values. The compound BalrO;
[30], like SrIrOs3, exhibits Pauli paramagnetic ground state and
can be mapped to the region (0.8 < A/ < 1,0 U <
1 eV) in the phase diagram.

VI. ORIGIN OF NONCOLLINEAR MAGNETISM: EFFECT
OF ROTATION AND TILTING

Absence of planar-spin component in the cubic SrIrO;
implies that distortion is the key to the stabilization of non-
collinear spin ordering. The effect of distortions on magnetic
ordering is also observed in iridates and their superlattices.
For example, Sr3Ir,O; exhibits a robust c-axis collinear anti-
ferromagnetic ordering with negligible 6, = 179.5° [23,60]
but on the other side, the bilayer superlattice 2SIO/1STO,
exhibits c-axis canted AF ordering which is attributed to
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the presence of finite 6, (*172°). It has been reported that
further enhancement of 6, beyond 172° can even drive the
2SI0/1STO through a quantum critical point where out-of-
plane collinear to in-plane canted magnetic phase transition
occurs [61]. Therefore, to analyze the effect of structural dis-
tortions on the LS state of d° pervoskites, we have provided
a quantitative measure of it by creating a geometrical design,
described in Appendix B where the 6, and 6, can be varied
smoothly.

For /A9 = 1 and U = 4 eV, the planar and normal spin
and orbital moments are plotted as a function of 6, and 6, in
Fig. 8. In the absence of tilting, 6, = 180°, see Figs. 8(a) and
8(b), the system always favors collinear spin ordering with
vanishing S, and L, components. As far as S, is concerned,
it increases with 6, for , = 180°, hence, increasing the total
magnetization of the system. Finite tilting [see Figs. 8(c), 8(e)
and 8(g)] leads to a noncoplanar spin arrangement where S,
decreases sharply with increasing S, component up to 6, =
170°. With further increase in 6,, S, component decreases
whereas S, component increases and finally both components
become comparable for higher values of 6,. More or less the
L, component also follows the same trend as the S, with
increase in 6, but with a magnitude larger as compare to the
S, [see Figs. 8(d), 8(f) and 8(h)]. However, for 6, = 150°,
the L, component vanishes completely suggesting quenching
of the L, component for higher 6,. The isospin reorientation
with tilting and rotation that we get from this first-principles
study is attributed to the orbital mixing hoppings arising in

the distorted frame. Many body models are being designed
to relate such spin anisotropy to the Kitaev-type interactions
developed due to octahedral tilting [58].

VII. SUMMARY AND OUTLOOK

To summarize, we developed a multiband model Hamilto-
nian and performed density functional calculations to study
the electronic and magnetic structure of SrIrO; and examined
the role of on-site Coulomb repulsion and spin-orbit coupling
in the cubic and distorted structural framework. Furthermore,
we used SrlrO; as a prototype to examine the electronic
structure of low-spin d° perovskites in general by building
a phase diagram and also smoothly varied the rotation and
tilting of the IrO¢ octahedra to bring a third dimension into it.
Our study reveals that there are eight quantum phases, namely,
nonmagnetic metal, nonmagnetic Dirac semimetal, ferromag-
netic metal, ferromagnetic insulator, G-type antiferromagnetic
metal, G-type antiferromagnetic insulator, canted antiferro-
magnetic semimetal, and canted antiferromagnetic insulator
as shown in Figs. 5 and 7 of the main text. The mechanism
driving such phases are explained in detail. Further, we find
that each of them form a soft boundary to allow a continuous
phase transition from one phase to the other by varying the
interaction strengths. The phase diagram is validated by map-
ping the ground state of the reported low-spin d> perovskites
CalrOs;, BalrO3, StTRhO3, and YRuOj in the phase diagrams.

By scanning the periodic table, we see that low-spin d°
transition metal oxide perovskites can be designed by ex-
ploring the following group combinations: I-X, II-IX, III-VIII
(KPdO3, RbPdO3;, MgRhO;, ScRuO3, ScOsO3; and YOsOs,
etc.). Theoretically, the thermodynamical stability of such
systems can be examined and experimental synthesis can be
attempted with the advent of state of the art synthesis tech-
niques such as atom by atom deposition methods and high
pressure methods. Furthermore, the two formula unit double
perovskite transition metal oxides with d° state can be thought
of as sister members where similar competing interactions
govern the system. In this way, the phases proposed in the
phase diagram can be achieved. The interaction strengths can
be varied under external stimuli such as pressure and strain,
as well as through changing the chemical composition, design
of heterostructures, etc. to induce quantum phase transition in
these systems. As a whole, we believe that the present study
will trigger experimental and theoretical studies to envisage
novel quantum phases and applications.
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APPENDIX A: TRANSFORMATION OF HOPPING
MATRICES UNDER ROTATION AND TILTING OF
OCTAHEDRA

In this Appendix we briefly explain the transformation of
TB matrices for hopping between different sublattices under
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rotation and tilting of octahedra. Distortion can be described
in the form of octahedral rotation and tilting which varies from
one Ir site to the another as shown in Fig. 1(a). Here, + or —
signs on each Ir site indicates the clockwise or counterclock-
wise rotation and tilting of octahedra. The transformation of
hopping matrices is determined by a site dependent 5 x 5
rotation matrix [Eq. (A4)] [62,63]. Denoting unrotated and
rotated basis in the order (xy, yz, xz, x>-y?,3z2-r%) for the A
sublattice as |«) and |&’), for the B sublattice as |8) and
|B), so that |&’) = R |a) and |B’) = R’ |B), where R
and R’ are corresponding rotation matrices for the A and B
sublattices, the hopping integral in the rotated basis is then
given by

Hyp = (|HI|B) = (a|R"HR'|B). (AD)

J

B> cosa +2y)/2
—B" % cos(2a —2y)/2

B’ sin B cos(2 + y)
+pB’_sin Bcosa — y)

—p!, sin B cos(a + 2y)
—pB’_sin B cos(a — 2y)

BB cos(@ +7)
+B_ Bl cos(a — y)

B, sin B sin(a + 2y)
+pB"_sin B sin(a — 2y)

=B B sin(a + y)
—BLB sin(e — y)

—B, 7 sina + 2y)/2
+pB.%sinQRa — 2y)/2

— B!, sin BsinQa + y)
—pB’_sin BsinQRa — y)

—+/3sin? B sin2y V3sin2psiny

where 8/, =1+ cosf and B =2cosf £ 1.
In the rotated basis, the TB hopping matrices between A to
B sublattice can be obtained by using the following equation:
Hag = R"(—0,, —0,)HAsR(6,, —6,) (A5)

where Hag is the Hamiltonian is the unrotated basis. In com-
pact form Hpg is expressed as

Mgt
H _ HAB HAB
AT\ gy
AB

with Hl =H}} and H}; = H}l = 0. The submatrix A in
the expanded form is given by

(A6)

ki Fy 0 0 0 0

0 koFi  k3F, 0 0

H/Ig — 0 kE,  kF; 0 0 , (A7)
0 0 0 kF kb
0 0 0 ksF>  keFy

Hence, the Hamiltonian in the rotated basis is given by

H =RTHR'. (A2)
The total rotation matrix for each site for Ir site can be de-
scribed as the multiplication of two individual rotation and tilt
matrices. The product is given by

R(6r, 6;) = R(6,)R(6}), (A3)
where R(6,) denotes the pure rotation about the z axis, whereas
R(6,) denotes the rotation about the crystal axis a. For pure
rotation about the z axis, the Euler angles («,8,y) = (6,,0,0),
whereas for tilting («,8,y) = (—45°, 6;,45°), respectively.
Using these Euler angles, R(6,) and R(6,) can be obtained

using R given by
B, sin B sin(2a + ) ﬂ/+2 sin(2a + 2y)/2 /3sin? B
—B._sinBsinQa —y) +B._%sinQQa —2y)/2 sin 2o
B B sin(a + y) — B!, sin B sin(a + 2y ) V3sina
—BL B sin(a — y) +B’_sin B sin(a — 2y) sin 28
B B cos(a +y) —p!, sin B cos(a + 2y) V3cosa |,
—B_ B cos(a — ) +pB"_sin B cos(a — 2y) sin 28
B sin B cos2ar + y) ﬂ;z cosRa +2y)/2 V/3sin? B
—B sinBcosQa —y) B *cosa —2y)/2 cos 2a
—+/3sin2B cos y V/3sin? B cos 2y 2 —3sin’
(A4)
[
where
Fi = cos(ky/2) cos(ky/2),
F, = sin(k,/2)sin(k,/2),
ki =41, k=21, (AS8)
ks = =2t;, kg4 =31,
ks = \/§Z‘4, ke = t4.

Similarly, hopping between A to A sublattice is given by

Haa = R" (—0,, =6, )HAaR(—6,, —6,), (A9)
where
kF 0 0 0 ksFy
0 keFg O 0 0
HIl=| 0 0 kFs O 0 |. (AL0)
0 0 0 kioFs O
k8F4 0 0 0 k11F3
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and the corresponding dispersions and hopping strength are
given as

F; = cosk, + cosk,,

F, = cosk, — cosky,

Fs =cosk,, Fs=cosk,, (A11)
3 V3
k1 = =th, k ——ty,
1=75h 8 7 b
1
ko =2t3, kio=2t5, k= Ets-

Similarly, the transformation and corresponding sublattice
hopping matrices for interlayer coupling are given by

Hac = R (—6,, —6,)HAcR(—6;, 6,), (A12)
Hxp = R" (=6,, —0)HApR(6;. 6,), (A13)
0 0 0 0 0
0 kpF 0 0 0
Hl=10 0 ko 0 0 |, (Al14)
0 0 0 0 0
0 0 0 0 kizF;
kuulFy  kisFir kisFio 0 0
kisFii  kisFy  kinFo  kigFio  kioFiy
HI) = | kisFo  kinFs  kisFs  kisFii  kioFi |,
0 kigFio  kisFii kol kaiko
0 kioFi1  kioFio  kaFo  knlg
(A15)

and the corresponding dispersion relations and hopping
strength are given as

Fy = cos(k./2),

Fg = cos(ky/2) cos(ky/2)cos(k,/2),

Fy = sin(k,/2) sin(k,/2) cos(k;/2),

Fio = sin(k,/2) sin(k;/2) cos(k,/2),

Fi1 = sin(k,/2) sin(k;/2) cos(k./2),

kio =2t1, ki3 =21,

kis =483, ks = —2v28, (A16)

kis = 3tz + 213),

3 3
kig = —ﬁl‘% kg = —\/;l‘%

3
koo = (§t5 + 2f6>, kot = (—+/3t5 + 216),

t
ko = <§5 + 6t6>.

ki7 = =3t — 213),

FIG. 9. Schematic illustration of geometrical design for inducing
rotation in the ab plane. Here, a (= ﬁao) and o are the lattice
parameters of the undistorted and distorted structures, respectively.

APPENDIX B: GEOMETRICAL DESIGN FOR INDUCING
ROTATION AND TILTING

The geometrical design for inducing rotation in the ab
plane is shown in Fig. 9. This geometrical design differs
from the equilibrium orthorhombic structure (see Fig. 10).
For the former, the Ir-O bond lengths are uniform while the
Ir-O-Ir bond-angles vary to facilitate the rotation and tilting.
However, for the latter both bond-lengths and bond angles
are anisotropic to minimize the energy. Therefore, this geo-
metrical design can explicitly examine the effect of rotation
and tilting on spin ordering. To do a quantitative measure

ab-plane bc-plane

FIG. 10. Planar view of ab and bc planes for (a),(b) real
orthorhombic structure, and (c),(d) for the designed supercell
geometry.
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FIG. 11. Electronic band structures of CalrO; marked on bulk
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of it, we have specifically considered the case of bc plane
tilting only. For analyzing the effect of structural distortions,
a ﬁao X ﬁao X 2ag supercell is designed. Further distor-
tion is induced in the supercell geometry by displacing the
oxygen atoms in the ab (for rotation) as well in the bc (for
tilting) plane keeping the Ir-O bond length fixed. The ge-
ometrical design for inducing rotation is shown in Fig. 9.
For facilitating 6,, oxygen atoms are displaced from their
mean position O(x,y) to O'(x’, ¥'). In this process the lattice
parameter changes from a to a’ to maintain the constant bond
length. By using similar geometry the tilting is designed in
the bc plane. The lattice parameter for distorted structure and

20 A
_ e S1|rO;
Nho=0 Calr0,
1o N
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-~
>
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=
[
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=
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<
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FIG. 12. Energy difference between G-type antiferromagnetic
and ferromagnetic states as a function of U for experimentaly
synthesized structures of SrlrO; and CalrOsz at A /1y = 0.
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FIG. 13. Spin and orbital resolved density of states for undis-

torted (left column) and distorted SIO (right column) for /Xy = 0
and Ugr = 0, 2, 4 and 6 eV, respectively.

the coordinates of displaced oxygen atoms are related to each
other by the following equations

, d cos(¢+45°),
=7

B1
2ﬁcos¢ ®1)
,  d'sin(¢ + 45°),
= B2
Y 22 cos ¢ B2
a = acosg. (B3)

APPENDIX C: COMPARISON BETWEEN BULK
CalrO; AND SriIrO;

We have carried out calculations using the experimentally
synthesized structure of CalrO3 [64] to examine the possible
phases that this compound exhibits in the Ug-X space. From
the structural point of view CalrO3; and SrIrO; differ largely
through tilting and rotation angles (8, and 6;). For the former
these are 153° and 156° while for the latter these are 141° and
143°.
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For comparison, instead of replicating the full phase dia-
gram of SIO (see Fig. 5) we have picked multiple points from
each domain and calculated the electronic structure on these
points to validate the acceptability of the phase diagram. The
results are shown in Fig. 11. We indeed found the stabilization
of five phases: FM, G-AFI, CAFS, CAFI, and DSM. The
electronic structure of few selective points are marked on the
bulk phase diagram of SIO and are shown in Fig. 11. The
ground state DSM phase of CIO is very well captured (see the
band structure in the bottom pannel). Also, as seen in the case
of SIO, the CAFI phase stabilizes for intermediate and higher
values of A/Xy and Ugs. Here, the boundaries of the phase
diagrams should not be treated as hard boundaries and they
might vary depending on the compound and due to different
rotation and tilting angles. As can be seen from Fig. 12, in the
case of CIO, we find that the system stabilizes in the G-AFI
state beyond U,y = 3 eV whereas for SIO the G-AFI state
stabilizes beyond 6 eV. These G-AFI states are formed with
low-spin d states.

APPENDIX D: ROBUSTNESS OF THE CUBIC METALLIC
PHASE

In Fig. 13, we have plotted the spin and orbital resolved
DOS as a function of U and for A/Ag = 0. As can be clearly
seen from the DOS of cubic (undistorted) SIO, for Uy = O,
the e, states are highly delocalized (bandwidth is ~ 6 eV)
and nearly unoccupied. For such states the role of on-site
Coulomb repulsion U is negligible which indeed is reflected
for higher values of Ue. In fact, with stronger Uesr, the e,
states are now completely unoccupied. As a result the sys-
tem will always stabilize in a low-spin (z5,¢,”) metallic state.
When we introduce the experimentally observed distortions,
reduced hopping decreases the bandwidth (see column 2 of
Fig. 13). However, the e, bandwidth is still large and there
is a distortion induced bandgap which keeps the e, states
unoccupied. In this case increasing U creates lower and
upper Hubbard bands (LHB and UHB) out of the ¢,, states
and a new band gap emerges at the Fermi level [see Figs. 13(f)
and 13(e)].
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