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First principles investigation of spin-orbit coupling driven magnetism of the 3d-5d
double-perovskite (Sr/Ca)2FeIrO6
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The interplay of spin-orbit coupling (SOC) with the other energy scales gives rise to various novel and
interesting quantum phenomena in the Ir based double perovskites. In recent findings the double-perovskites
Sr2FeIrO6 (SFIO) and Ca2FeIrO6 (CFIO) have been reported to fall under the category of a SOC driven
antiferromagnetic (AFM) Mott insulator. Using density functional theory based first principles calculations, we
have performed a comparative electronic structure investigation of these compounds. We reveal the microscopic
origin of the difference in the AFM transition temperature observed in the experiments through the calculated
exchange interactions and the Wannier functions. We addressed the role of SOC in dictating the ground state
properties of these two compounds. Although both of the compounds are isoelectronic and isovalent, however,
the effective strength and the impact of SOC is very different and nonmonotonic in these compounds, due to
the delicate balance with the other energy scales. Our study advances the understanding of the nontrivial role of
SOC in driving ground state magnetic properties of the Ir based oxides in general and explores the opportunities
for further designing of the SOC driven quantum phases.
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I. INTRODUCTION

The double-perovskite family with a chemical formula of
A2BB′O6 is widely studied, because of the rich physics it
promises. The presence of two transition metals at sites B
and B′ is responsible for introducing the interplay of dif-
ferent energy scales involved in the problem. Dealing with
this competition might be difficult due to induced complexity,
nevertheless this complexity gives this family its unadulter-
ated fame due to various emergent phenomena such as giant
magnetoresistance [1], metallicity [2], half-metallicity [3],
Dirac-Mott insulator [4], Kitaev spin liquid [5], and many
more.

In this context the 3d-5d combination of the transition
metals in the double perovskite will be very interesting. Due
to the huge difference in the spatial extensions, the former has
a strong electronic correlation effect compared to the latter.
On the other hand, SOC is a relativistic phenomena which
originates due to the interaction of the intrinsic spin angular
momentum of the electron with the orbital angular momentum
embedded into the lattice. The strength of the SOC is an
atomistic property, which is directly proportional to the fourth
power of atomic number (Z4) and hence in the case of 5d ele-
ments it is more prominent and an important energy scale to be
considered [6,7]. Currently a lot of focus has been on the study
of interplay among these two energy scales. Iridate family is
being considered as a strong candidate to probe this interplay
since the order of magnitude of both electronic correlation
and SOC is similar in the case of iridates. On top of that the
simultaneous presence of 3d and 5d elements in the same
double perovskite would provide us the ideal opportunity to
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study the delicate balance of these two energy scales, resulting
in various emergent electronic and magnetic phenomena such
as spin-orbital excitons [8,9], SOC controlled ground state
[10], absence of long range ordering [11], pressure driven
metastability [12], noncollinear multipole moment [13], etc.
Recently this has turned into a very active field of research and
distinct contributions were made to understand the unusual
behavior of SOC driven ground state magnetic properties in
the Ir based materials [14–22]. The existence of magnetic
ground states that do not simply follow the conventional Jeff

prescription [23–26] is also being inspected. In spite of enor-
mous efforts, the vast family of double perovskites are not
well understood at the material specific level and a gray area
exists in understanding the role of SOC in such systems.

Very recently a 3d-5d compound [(Sr1−xCax )2FeIrO6]
was synthesized and shows very interesting electronic and
magnetic properties [27]. It was experimentally found that
Sr2FeIrO6 (SFIO) has two magnetic transitions at 45 and
120 K, where the transition at 120 K is reported to be weak.
On the other hand, Ca2FeIrO6 (CFIO) has a single transition
around 75 K. The magnetic ordering is of antiferromagnetic
(AFM) type which was confirmed by the experiments and
first principles calculations in the previous report [27]. How-
ever, there is no detailed understanding on how this AFM
transition is set in these materials with such varied transition
temperatures. According to common notion the A site cation
should not play any active role in determining the magnetic
properties, however, there are few examples [28,29] where
the A site cation plays an indirect role in determining the
electronic properties. In some cases the nonmagnetic elements
can also play a very crucial role in determining the AFM
transition temperatures [30]. Therefore, in this context it is
very important to understand the magnetic ground state of
the (Sr/Ca)2FeIrO6 at the microscopic level in terms of the
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magnetic exchange interactions. In the previous study [27]
it was also shown that these materials belong to the class of
SOC driven Mott insulators. However, there is no detailed
microscopic analysis of the role played by the SOC in de-
termining the ground state of these materials. Such a study
will be indispensable to have a general understanding of SOC
driven phases at large.

In this study we perform a comparative investigation of
the magnetic ground state in terms of the magnetic exchange
interactions of Sr2FeIrO6 and Ca2FeIrO6. We also discuss the
low energy spin model in terms of the real space hopping
interactions among the different Fe and Ir sites. We found
that the magnetic exchange interactions for the case of CFIO
are much stronger than SFIO, where the latter exhibits a
substantial frustration effect, which explains the higher AFM
transition temperature for the case of CFIO than SFIO, as
observed in the experiments. To have a better understanding
of the calculated exchange interactions in terms of chemical
perspective, we also calculated the corresponding Wannier
function of relevant Fe and Ir orbitals. Moreover, we provide
a detailed and comprehensive analysis of the nonmonotonic
and nontrivial role played by SOC in these two isoelectronic
and isovalent compounds, in terms of magnetic moment, mag-
netization density and calculated SOC matrix elements. Our
findings reveal that although these compounds are isoelec-
tronic and isovalent, however, the effective strength of the
SOC is very different in these two cases, resulting in varied
ground state in these two compounds.

II. CALCULATION METHODOLOGY
AND CRYSTAL STRUCTURE

The density-functional theory (DFT) calculations were
performed within the plane-wave basis set based on a pseu-
dopotential framework as implemented in the Vienna abinitio
simulation package (VASP) [31,32]. The generalized gra-
dient approximation (GGA) exchange-correlation functional
was employed following the Perdew-Burke-Ernzerhof pre-
scription [33]. The experimentally obtained structures were
optimized by relaxing the atomic positions towards equilib-
rium until the Hellmann-Feynman force becomes less than
0.001 eV/Å, keeping the lattice parameters fixed at their
experimentally obtained values. In order to incorporate corre-
lations beyond the scope of GGA, Hubbard U was introduced
by performing GGA+U calculations [34,35] with suitable
values of Ueff (U -JH ) at the Fe (5 eV) and Ir (2 eV) sites.
The effect of SOC is introduced as a full-relativistic correc-
tion term to the Hamiltonian to understand its interplay with
other existing energy scales. The calculations were performed
with a plane-wave cutoff of 500 eV and 8 × 8 × 6 k mesh in
the Brillouin zone was used for self-consistent calculations.
In order to obtain the low energy Hamiltonian, we acquired
an ab-initio derived maximally localized Wannier function
basis [36,37] using downfolding technique. Only the Fe-3d
and Ir-t2g orbitals were kept as active degrees of freedom in
constructing the low energy Hamiltonian and the rest degrees
of freedom were downfolded through the renormalization pro-
cess, so that the resultant low energy Hamiltonian had the
essence of the system as a whole. The constructed Wannier
functions are maximally localized in nature, which is ensured

FIG. 1. Crystal structure of (Sr/Ca)2FeIrO6. Blue and violet
polyhedra represent FeO6 and IrO6 octahedras, respectively. Green
and red spheres represent Sr/Ca and O atoms, respectively. The bond
lengths for the FeO6 and IrO6 octahedras have been mentioned for
SFIO (CFIO).

by setting a low convergence criteria of the gauge-invariant
part of the quadratic spread of the Wannier probability distri-
bution to be 10−10 Å2, during the disentenglement of Bloch
states. We also obtain a well matched mapping of downfolded
Wannier bands on full Bloch states for both SFIO and CFIO
(as shown in Fig. S1 of Supplemental Material [38]).

In the literature [26,39–43] it has been reported that
Sr2FeIrO6 (SFIO) and Ca2FeIrO6 (CFIO) stabilizes as a
triclinic (I 1̄) or monoclinic (P21/n, I2/m) space group. How-
ever, from the total energy calculations we found that the
triclinic space group is energetically lower (≈2 meV/f.u) and
henceforth we used the triclinic (I 1̄) space group for further
calculations. The crystal structure is shown in Fig. 1. Both
structures consist of corner-sharing alternating octahedras of
the Fe and Ir atoms in all three crystallographic directions.
Sr/Ca atoms are present in the void spaces in between these
octahedras. Both the SFIO and CFIO structures are distorted
similar to that of the GdFeO3 type of tilt and rotate structural
distortion. FeO6 and IrO6 octahedras are distorted in nature
and the distortion in terms of bond lengths and bond angles is
more pronounced in the case of CFIO as compared to SFIO.
In SFIO the ∠Fe-O-Ir is 163.6◦ along c axis and 167.2◦ in the
a-b plane. For CFIO it further deviates to 149.7◦ along c axis
and 155.6◦ in the a-b plane. The enhanced structural distortion
in the case of CFIO, as compared to SFIO, can be explained
from the fact that the Ca atom in CFIO has a smaller ionic
radius compared to that of the Sr atom in SFIO.

III. ELECTRONIC STRUCTURE

The total energy calculations exhibit that both SFIO
and CFIO are in AFM ground state. The orbital projected
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FIG. 2. The calculated GGA+U orbital projected density of
states for SFIO (up) and CFIO (down) for the lowest AFM spin
configuration is shown in the left side panel. The red, green, orange,
blue, and cyan lines represent the Fe-t2g, Fe-eg, Ir-t2g, Ir-eg, and
O-2p states, respectively. The Fermi energy is set at zero in the
energy scale. The right panel shows the corresponding energy level
splitting and the occupancy for Fe-3d and Ir-5d states separately. For
simplicity, the spins are arranged in ferromagnetic ordering.

density of states for this configuration is shown in Fig. 2. In
this AFM ground state configuration, the Fe and Ir spins are
antiferromagnetically aligned in the ab plane and ferromag-
netically aligned along the crystallographic c direction. Sr (in
SFIO) and Ca (in CFIO) density of states lie far away from
the Fermi energy level (E f ) which is consistent with them
being in Sr+2 and Ca+2 valence states, respectively. For the
AFM configuration, a very small gap is present at the Fermi
energy level for both SFIO and CFIO. However, this gap is
more pronounced in CFIO as compared to SFIO, due to the
enhanced structural distortion in the former. The calculated
spin magnetic moments at the Fe sites are 4.09 (4.11) μB

for the case of SFIO (CFIO) and at the Ir sites are 1.30
(1.28) μB for the case of SFIO (CFIO). From Fig. 2 it is
clear that the Fe-t2g and Fe-eg states are completely filled in
the majority spin channel (lies around 8 eV below the Fermi
level and not shown in this figure) and completely empty in
the minority spin channel. The Ir t2g are completely filled in
the majority spin channel and partially filled in the minority
spin channel, whereas the Ir-eg states are completely empty in
both spin channels. From the combined findings of DOS and
calculated magnetic moments we can conclude that Fe is in
+3(3d5) electronic state with a high spin state of S = 5

2 and
Ir is in +5(5d4) electronic state with a low spin state S = 1.
The induced magnetic moment at the oxygen sites (∼0.22
μB) is small but non-negligible suggesting there is substantial
hybridization among the Fe/Ir-d states with the O-2p states.

Due to the distorted nature of FeO6 and IrO6 octahedras,
the degeneracy of t2g and eg manifolds are lifted as shown in
the energy level diagram in the right panel of Fig. 2, without
including the spin splitting. The Fe-t2g broadly splits accord-
ing to the lower lying a1g and upper lying eπ

g symmetry. The
energy level splitting of the Fe-d states are alike for both SFIO
and CFIO, except that the bandwidth of CFIO (∼1.4 eV) is
slightly larger than SFIO (∼1.2 eV). The crystal field splitting
between t2g and eg for the Ir-5d states are much larger (∼4 eV)

compared to the Fe-3d states. Therefore, the Fe-d5 electrons
occupy the five d orbitals in the half-filled configuration re-
sulting in high spin S = 5

2 state. On the contrary, due to large
crystal field splitting between t2g and eg at the Ir sites, the Ir-d4

spin prefers to be in the low spin configuration occupying
only t2g manifold resulting in S = 1 spin state. Additionally,
when we include spin-orbit coupling in the calculations, the
spin states of the Fe and Ir remains unchanged; μ

spin
Fe (μspin

Ir ) =
4.11(0.62) μB for SFIO; μ

spin
Fe (μspin

Ir ) = 4.10(0.60) μB for
CFIO, although there are noticeable reductions of the spin
moment at the Ir site due to transfer to the orbital part of the
magnetic moment. The common perception with iridates is
that the electronic structure of iridates should be described in
terms Jeff prescription. However, in the present case we found
that there was substantial magnetic moment at the Ir site, even
in the presence of SOC, which discards the J = 0 state as
expected from the Jeff picture [23–26]. This further aids to
construct the effective low energy spin model Hamiltonian by
taking into account the Fe-d and Ir-t2g states as active degrees
of freedom for the systems.

IV. MAGNETIC EXCHANGE INTERACTIONS

There is a dissimilarity in the AFM transition temperatures
of SFIO and CFIO as reported from recent experimental study.
In this section we provide the microscopic explanation behind
this, by calculating magnetic exchange interactions in terms
of spin models. The popular method of extracting the under-
lying model is to fit bulk magnetization data with assumed
magnetic models. One significant aspect to be noted here is
that this methodology may give rise to nonunique results, due
to the fitting parameters. Therefore, electronic structure level
understanding is needed for the sake of uniqueness. In simple
words, magnetic exchange interaction is the energy differ-
ence between the FM and AFM spin configurations. There
are various methodologies to compute the magnetic exchange
interactions, nevertheless we adopted the methodology based
on the total energy calculations for various spin configura-
tions and mapped those energies on the effective Ising model
[44,45] of the form of ETot=∑

i j Ji jS
z
i Sz

j , where Ji j is the
magnetic exchange interaction between the ith and jth sites
and Sz

i and Sz
j are the effective spins at the corresponding sites.

Although there are various drawbacks of this method like
choosing the correct spin configurations, exchange path, and
exchange-correlation functional, it however gives an estimate
of the value and nature of the magnetic exchange interactions
reasonable enough to explain the physical picture of the var-
ious classes of materials [45–48]. We begun by constructing
a

√
2 × √

2 × 2 supercell from the parent structure contain-
ing eight Fe and eight Ir atoms with a total of 80 atoms in
the supercell. We then considered nine independent possible
exchange interaction pathways as can be seen in Fig. 3. Out
of these nine exchange paths, three are between Fe-Ir, and
three each are between different Fe-Fe and Ir-Ir, respectively,
as shown in Fig. 3. In our calculations we used Sz = 5

2 and
1 for Fe and Ir, respectively. Point to be noted here is that
the exchange paths are mutually coupled with each other,
therefore the obtained algebraic equations for different spin
configurations are also mutually coupled and decoupling them
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FIG. 3. The possible magnetic exchange interaction pathways
are shown in the unit cell of (Sr/Ca)2FeIrO6. The blue and violet
spheres represent Fe and Ir atoms, respectively. J1-J3 represent the
Fe-Ir interactions and J4-J6 depict the Fe-Fe interactions. J ′

4-J ′
6 are

the corresponding pathways between the Ir atoms,which has not been
drawn in the figure in order to keep it simple. The Sr and O atoms
are not shown in the figure for the sake of clarity.

will require more number of the algebraic equations than the
number of J’s. For our calculation we considered 24 possible
spin configurations for both SFIO and CFIO. The total energy
expression for the most simplest ferromagnetic configura-
tion can be written as EFM = −80J1 − 60J2 − 60J3 − 25J4 −
75J5 − 50J6 − 16J ′

4 − 48J ′
5 − 32J ′

6.
In a similar manner we constructed the algebraic equa-

tions for other spin configurations. These equations were
solved simultaneously to obtain the values of exchange inter-
action J’s. The J values thus calculated using U Fe

eff = 5 eV and
U Ir

eff = 2 eV for both SFIO and CFIO are shown in Table I.
We found that the exchange interaction strengths for SFIO are
smaller compared to that of the corresponding J’s of CFIO.
This is in close agreement with the fact that the transition

TABLE I. The GGA+U (U Fe
eff = 5 eV and U Ir

eff = 2 eV) calcu-
lated magnetic exchange interactions for different paths for SFIO and
CFIO, as shown in Fig. 3. The values listed in the table are calculated
from the

√
2 × √

2 × 2 supercell as mentioned in the main text.

SFIO CFIO
J’s Interaction paths J (meV) Type J (meV) Type

J1 Fe-Ir in-plane 15.6 FM 23.2 AFM
J2 Fe-Ir out-of-plane 6.5 AFM 16.9 FM
J3 Fe-Ir out-of-plane 7.9 AFM 15.6 FM
J4 Fe-Fe in-plane 24 AFM 30.7 AFM
J5 Fe-Fe out-of-plane 7.4 FM 55.9 AFM
J6 Fe-Fe out-of-plane 10.4 AFM 10.5 AFM
J ′

4 Ir-Ir in-plane 2.1 FM 5.7 FM
J ′

5 Ir-Ir out-of-plane 71.4 AFM 75.7 AFM
J ′

6 Ir-Ir out-of-plane 4.1 FM 11.9 FM

temperature for CFIO (75 K) is found to be greater than
that of SFIO (45 K). We calculated three different types of
exchange interactions; intersublattice (J1, J2 and J3) between
Fe and Ir, intrasublattices between different Fe (J4, J5, and
J6) and Ir (J ′

4, J ′
5, and J ′

6) sites, respectively. From Table I we
can see that for SFIO the intersublattice Fe-O-Ir in-plane FM
superexchange interaction (i.e., J1) is stronger than the other
Fe-Ir out-of-plane AFM superexchange interactions (i.e., J2

and J3). For the case of CFIO, we also observed the same
trend, i.e., the J1 is stronger than the J2 and J3, however,
nearest neighbor Fe-O-Ir (J1) superexchange is AFM type,
whereas the out-of-plane exchange interactions (i.e., J2 and
J3) are of the FM type and the strengths are stronger in
the case of CFIO than the SFIO. We also found that the
Fe and Ir intrasublattice interactions are stronger than the
Fe-Ir intersublattice interactions. For example, the in-plane
Fe-O-Ir-O-Fe (J4) and out-of-plane Ir-O-Fe-O-Ir (J ′

5) super-
superexchange interactions are the strongest intrasublattice
interactions for SFIO and out-of-plane Fe-O-Ir-O-Fe (J5) and
Ir-O-Fe-O-Ir (J ′

5) super-superexchange interactions are the
strongest intrasublattice interactions for CFIO. All these su-
perexchange interactions are of the AFM type in nature. From
this we can infer that the intersublattice (Fe-Ir) orders in a
different manner as compared to the intrasublattices (Fe-Fe
or Ir-Ir). An interesting fact is that for both SFIO and CFIO
the in-plane Ir-Ir FM superexchange interaction (J ′

4) is much
smaller than that of the out-of-plane AFM interaction (J ′

5). For
the in-plane FM interaction the electrons need to hop from the
Ir-t2g subband to the Ir-eg subband, which are separated by
the large crystal field splitting of around 4 eV and therefore
is less probable. On the contrary, the electron hopping within
the Ir-t2g manifold is more probable, which leads to the AFM
interactions along the out-of plane direction. Point to be noted
is that the most dominant exchange interaction is the Ir-O-Fe-
O-Ir out-of-plane interaction (J ′

5) for both SFIO and CFIO,
due to the fact that 5d-Ir orbitals are much more extended than
3d-Fe orbitals. We also crosschecked the calculated J values
for both SFIO and CFIO with other combinations of the U
values at both Fe and Ir sites as shown in Tables S2 and S3
in Supplemental Material [38]. We found that although with
the variation of U , the obtained J values varies as expected,
however the type of the interactions and the major trend of
J’s remain unchanged. Since, for these two materials, SOC
is a crucial energy scale, it is indeed essential to check the
exchange interactions in the presence of SOC. Consequently
we calculated the magnetic exchange interactions, including
SOC in the total energy calculations (GGA+U+SOC), as
shown in the Supplemental Material Table S1 [38]. In spite
of the fact that there is a change in the absolute values
as compared to the GGA+U results, there is no alteration
in the basic trend of J values with the inclusion of the
SOC.

In order to have a comprehensive picture of exchange inter-
actions, we calculated the intraplane and interplane hopping
matrix corresponding to the exchange interactions paths for
SFIO shown in Table II. The Fe-Ir, Fe-Fe, and Ir-Ir hopping
matrices are 3 × 5, 5 × 5, and 3 × 3 matrices, respectively,
as all five d orbitals for Fe and only three t2g orbitals for
Ir are active degrees of freedom. Comparing the dominant
interactions for the Fe-Ir sublattice, we find that the in-plane
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TABLE II. List of hopping interactions between Fe-Ir, Fe-Fe, and Ir-Ir atoms in SFIO. Fe-Ir interactions are defined among the five Fe-d
and three Ir-t2g. Fe-Fe interactions are defined among the five Fe-d orbitals and Ir-Ir interactions are defined among the three Ir-t2g orbitals.

Interacting sites In-plane matrix Out-of-plane matrix

Fe-Ir =

⎛
⎜⎜⎜⎝

dxy dyz d3z2−r2 dxz dx2−y2

dxy 0.28 0.03 0.02 0.02 0.10

dyz −0.02 −0.11 0.01 −0.08 0.03

dxz −0.02 −0.10 −0.00 −0.10 0.00

⎞
⎟⎟⎟⎠

⎛
⎜⎜⎜⎝

dxy dyz d3z2−r2 dxz dx2−y2

dxy 0.07 −0.00 −0.04 −0.01 0.08

dyz −0.00 −0.11 0.00 0.11 0.00

dxz −0.02 0.06 0.01 −0.08 0.01

⎞
⎟⎟⎟⎠

Fe-Fe =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

dxy dyz d3z2−r2 dxz dx2−y2

dxy −0.17 0.01 0.01 0.01 −0.00

dyz 0.01 −0.00 0.00 0.00 0.01

d3z2−r2 0.01 0.00 −0.03 −0.01 0.00

dxz 0.01 0.00 −0.01 −0.01 0.00

dx2−y2 −0.00 0.01 0.00 0.00 0.03

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

dxy dyz d3z2−r2 dxz dx2−y2

dxy −0.15 0.00 0.00 0.01 0.00

dyz 0.00 −0.01 0.00 0.00 0.00

d3z2−r2 0.00 0.00 −0.05 −0.01 −0.01

dxz 0.01 0.00 −0.01 0.00 −0.00

dx2−y2 0.00 0.00 −0.01 −0.00 0.03

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

Ir-Ir =

⎛
⎜⎜⎜⎝

dxy dyz dxz

dxy −0.11 −0.01 −0.01

dyz −0.01 0.07 0.00

dxz −0.01 0.00 −0.00

⎞
⎟⎟⎟⎠

⎛
⎜⎜⎜⎝

dxy dyz dxz

dxy −0.21 −0.01 −0.01

dyz −0.01 −0.02 −0.00

dxz −0.01 −0.00 0.02

⎞
⎟⎟⎟⎠

interaction is much stronger than the out-of-plane interaction.
A similar kind of trend can also be visualized in the case of the
Fe-Fe sublattice. However, in the case of the Ir-Ir sublattice,
the trend is opposite, i.e., the out-of-plane interactions are
much stronger than in-plane interactions. A very important
realization is that the electronic hopping integrals are in com-
plete agreement with the calculated values of J from the total
energy calculations mentioned in Table I.

The above trend of exchange interactions can be addition-
ally understood via the chemical perspective by looking at
the corresponding Wannier functions, constructed using five
Fe-d orbitals and three Ir-t2g orbitals, as shown in Figs. 4
and 5 for SFIO and CFIO, respectively. The rationality be-
hind choosing these orbitals and integrating out the Sr/Ca,
O, and Ir-eg orbitals is that they are the active orbitals near
the Fermi energy and are responsible for magnetism in these
materials. Although in general Wannier functions are not
uniquely defined due to their complexity, and their nature de-

pends on various technical details; however, the construction
of the maximally localized Wannier orbitals provides a way
to uniquely define Wannier orbitals that incorporates effects
of ligand orbitals such as O-2p. These maximally localized
Wannier functions are broadly used to understand chemical
nature and interactions and are able to satisfactorily provide
a chemical picture of the effective superexchange interaction
paths for a wide range of complex materials [30,46,49–57].
In the present case, to describe the superexchange interactions
between two magnetic sites, the uniquely defined maximally
localized Wannier orbitals are constructed in the basis set of
Fe-3d and Ir-t2g orbitals, where the effect of the O-2p ligands
in the superexchange interactions are taken care through the
renormalization effect.

The central part of the maximally localized Wannier func-
tions are shaped according to the plotted Fe-3d or Ir-5d orbital
characters, whereas the tails situated at other atoms show the
effect of the orbitals which were renormalized. The weight of

FIG. 4. SFIO Wannier functions of (a) Fe-3dyz (b) Fe-3dx2−y2 , and (c) Ir-5dxz centered at Fe and Ir sites, respectively. The exchange
interactions J4-J6, J1-J4, and J ′

5-J ′
6 are shown in (a)–(c) respectively. Yellow and green color lobes represent isosurfaces with positive and

negative signs. Color convention of the atoms is the same as that of Figs. 1 and 3.
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FIG. 5. CFIO Wannier functions of (a) Fe-3dyz, (b) Fe-3dx2−y2 , and (c) Ir-5dxz centered at Fe and Ir sites, respectively. The exchange
interactions J4-J6, J1-J4, and J ′

5-J ′
6 are shown in (a)–(c), respectively. Yellow and green color lobes represent isosurfaces with positive and

negative signs. Color convention of the atoms is the same as that of Figs. 1 and 3.

the tails at neighboring atoms dictates the strength of the inter-
action between the connected atomic sites. Figure 4(a) shows
the central part is of the Fe-3dyz orbital character and the tails
situated at different Fe and Ir sites indicate the strength of
the interaction with the central Fe site. It shows that for the
SFIO Fe-O-Ir-O-Fe in-plane AFM interactions (J4) are much
stronger than Fe-O-Ir-O-Fe out-of-plane FM interactions (J5),
as shown in Fig. 4(a), whereas for CFIO, J5 is stronger than
the J4 as indicated by the weightage of the tail part connecting
to the respective Fe sites in Fig. 5(a). The strong in-plane Fe-
Fe AFM superexchange interactions are expected due to the
half-filled d orbitals. Moving towards the intersublattice (Fe
and Ir) interaction, the nearest neighbor interaction through
Fe-O-Ir superexchange path (J1) is the strongest for both SFIO
and CFIO among other intersublattice interactions (i.e., J2 and
J3). Point to be noted is that, from Figs. 4(b) and 5(b) we can
see that the Fe-O-Ir (J1) and Fe-O-Ir-O-Fe interaction (J4)
are almost of the same order of magnitude as reflected by
the similar weightage of the tail. An interesting observation
is that in both SFIO and CFIO the Ir-O-Fe-O-Ir out-of plane
interaction (J ′

5) is the strongest among all other interactions,
which can be understood from the extended nature of the 5d
orbitals of the Ir and that can be verified from Figs. 4(c) and
5(c).

The comparative trend of the magnetic ground state of
SFIO and CFIO can be understood from the qualitative trend
of the evaluated magnetic exchange interactions. Using the
spin configuration shown in Fig. 6, the competition among
the different exchange interactions can be understood. For the
case of CFIO, in these given spin configurations the strongest
intrasublattice interactions, i.e., AFM J5 and J ′

5 superexchange
interactions between Fe-O-Ir-O-Fe and Ir-O-Fe-O-Ir sites,
respectively, can be satisfied simultaneously. Moreover, the
intersublattice interactions, i.e., AFM J1 and FM J2 superex-
change between Fe-O-Ir, can also be satisfied. The Ir-Ir long
range weak FM J ′

6 interaction also gets satisfied, however,
next-nearest neighbor Fe-Fe AFM superexchange interaction
along J6 is not satisfied due the competition with the strong
FM J2 interaction. Since J2 is stronger then J6, in this competi-
tion, J2 wins over J6, establishing the given spin configuration.
However, for the case of SFIO, most of the exchange interac-
tions tabulated in Table I cannot be satisfied simultaneously,

except for the strongest Ir-O-Fe-O-Ir AFM superexchange
interaction J ′

5 due to strong competition. All these contra-
dictory exchange interactions introduce vigorous competition
among the different FM and AFM exchange interactions of
SFIO, which leads to strong frustration in the system, which

FIG. 6. The exchange interactions of hopping paths J1, J2, J5,
J ′

5, J6, and J ′
6 presented in a schematic way, in the lowest AFM

spin configuration. The same spin configuration was employed to
reproduce the DOS in Fig. 2. The atoms color convention is the same
as that of Figs. 1 and 3.
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FIG. 7. The variation of the magnetic moment at the Ir site with respect to the change in SOC strength scaling factor (α). (a)–(c) The spin
magnetic moment along mx , my, and mz, respectively. (d)–(f) The orbital magnetic moment along ox , oy, and oz, respectively. The circle (dark
line) and square (light line) represent the SFIO and CFIO, respectively. The parent strength (α = 1) of the SOC has been marked by a vertical
dotted line. (g) The magnetization density (mx) at the Ir site for SFIO, (h) the magnetization density (mz) at the Ir site for CFIO, at parent SOC
strength (α = 1), and (i) the magnetization density (mz) at the Ir site for SFIO, at α = 0.1.

is clearly more dominating than the CFIO compound, and is
also consistent with the experimental observations [27]. To
overcome the strong frustration, SFIO exhibits long range
AFM ordering at much lower temperature (45 K) than CFIO
(75 K), which has been observed in the experiments. An
important point that needs to be highlighted here is that the
dominant exchange interactions of SFIO are quite compat-
ible with the experimental measurements obtained through
neutron diffraction. For example, the nature of the strong
intrasublattices interactions (AFM J4, FM J5, AFM J6, and
AFM J ′

5) are consistent with each other.

V. ROLE OF THE SPIN-ORBIT COUPLING

Next we would like to investigate the effect of SOC on
the emerging electronic structure of both SFIO and CFIO.
Since in both SFIO and CFIO Ir is in the same electronic
configuration, ideally the effect of SOC should be the same,
as SOC is an intrinsic atomic property. However, the effect
of SOC is very different on SFIO as compared to CFIO
which can be visualized in the magnetization density plots
with GGA+U+SOC in Figs. 7(g) and 7(h). One of the major
differences that one can see from Fig. 7 is that the Ir magne-
tization density is majorly along the mx component for SFIO
and in the mx-mz plane for CFIO. The other major difference
is in the shape of Ir magnetization density between SFIO
and CFIO. For the case of SFIO the magnetization density
shapes [Fig. 7(g)] are very similar, to what one can expect for

the d4 electronic configuration at the t2g manifold. However,
in the case of CFIO, the shape of the magnetization density
[Fig. 7(h)] is more distorted than what one can expect from the
d4 electronic configuration at the t2g manifold. The distorted
shape is due to the competition between the strength of SOC
and the crystal structural distortion. For the case of CFIO the
structural distortion is more prominent than the SFIO, which
dilutes the effective strength of the SOC in the case of CFIO
as compared to SFIO.

To understand the different role played by SOC in more
detail, we performed a comparative investigation of the elec-
tronic structures by tuning the strength of SOC for both SFIO
and CFIO in our calculations. In our attempt to do so, we
varied the SOC strength scale factor (α) from 0.1 to 4.0. By
changing the α we could tune the strength of the SOC from
0.1 times to 4 times of the original SOC strength. We cross-
checked our methodology by matching the magnetization
density plot of GGA+U+SOC at α = 0.1 with the GGA+U
magnetization density plot and found them to be consistent
[23]. As expected, we did not find any major changes in the
magnetic moment at the Fe site for both SFIO and CFIO,
with the variation in SOC strength scale factor α. However,
a nonmonotonic variation of the spin and orbital magnetic
moments at Ir site was seen, which is quite similar for both
SFIO and CFIO, shown in Figs. 7(a)–7(f). With α = 1, i.e., the
parent strength of the SOC, the Ir spin moment is completely
aligned in the mx component for SFIO, while Ir spin moments
are in the mx-mz component for CFIO. When we decreased the
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value of α from 1, mx component initially increased and then
decreased close to zero, whereas the mz component increased
close to the saturation value, as shown in Figs. 7(a)–7(c). A
very interesting variation trend was found for the case of the
orbital moment as a function of α, as shown in Figs. 7(d)–7(f).
For SFIO, the x component of the orbital moment (ox) is dom-
inating, whereas in the case of the CFIO the orbital moment is
distributed between the ox and oz components for α = 1. As
we reduced the scale factor of SOC strength of α, the orbital
moment initially increased and then decreased for both SFIO
and CFIO. However, one fascinating observation is that the
variation of the z component of spin and orbital moments
behave very differently for the case of SFIO, as compared
to CFIO. Moreover, their magnitudes are also quite different.
Remarkably, when we increased the α from 1, we found that
the moment decreased close to zero, which indicated that with
the increase of strength of SOC the energy gap within the t2g

manifold increased, pushing the d4 electronic configuration to
the low spin state. Point to be noted is that the peak values of
the magnetic moments for the case of SFIO is much higher
than that of CFIO.

The effect of the SOC is more prominent on the Ir states
compared to the Fe states. We calculated the magnetization or
spin density at the Ir sites by changing the SOC strength (α).
The investigation of the shape of the outermost orbitals (in
this case the spin density) carries very important information
about the effect of the SOC on the orbitals as it modifies the
shape of the orbitals after combining with the spin degrees of
freedom. In literature, specifically for the case of iridates, the
modification in the shape of the orbitals has been discussed to
understand the effect of the SOC [7,23,58,59]. In the current
scenario the magnetization density, or more explicitly the spin
density, plays an equivalent role. In the present case, both
SFIO and CFIO have the same spin and charge state, so it
is interesting to compare the magnetization or spin density,
where the other factors such as SOC modifies the shape of
the complex orbitals. The magnetization or spin density gives
us the information of the outermost partially filled orbitals,
which is responsible for magnetism. In the presence of SOC,
the orbital and spin degrees of freedom are coupled, therefore
the shape will no longer be similar to that of the only orbital
characteristic and carries the information about the effect of
SOC.

Comparing the shape of the magnetization or spin densities
[Figs. 7(g)–7(i)], it is very clear that the shape of the Ir magne-
tization density of SFIO has become more distorted [Fig. 7(i)]
with reduced SOC strength scale factor (α = 0.1) compared
to the magnetization density [Fig. 7(g)] with parent SOC
strength (α = 1), due the enhanced competition between the
SOC and the structural distortion, as the parent SOC strength
has weakened at α = 0.1. A more engrossing fact is that if
we compare Fig. 7(h) with Fig. 7(i), i.e., CFIO magnetiza-
tion density with α = 1 and SFIO magnetization density with
α = 0.1, the shape looks very similar to each other, except
size of the isosurface, which is due to the difference in spin
moments. This exercise indicated that the effective strength
of the SOC is larger in the case of SFIO compared to that
of CFIO. A possible explanation of this could be the fact
that the larger structural distortion in CFIO competes with
SOC to decrease its relative strength. In the present case,

due to competition with the structural distortion, the relative
strength of the SOC gets modified differently in the case of
SFIO and CFIO. As we know that the SOC is an intrinsic
property of the elements, which is proportional to the Z4 of
the element. SFIO and CFIO are isoelectronic and isovalent
materials, where we can expect the behavior/effect of the
SOC should be the same. Nonetheless, due to the competition
with other energy scales, the SOC driven shape of the spin
density is more distorted in the case of CFIO than SFIO. Now
when we reduce the α, which is equivalent to the reduction
of the relative strength of SOC for SFIO, the shape of the
spin density of SFIO replicates that of CFIO with parent SOC
strength.

To further analyze the discrete effect of SOC on SFIO and
CFIO, we computed the eigenvalues through the diagonal-
izing the spin-averaged SOC matrix [60] for the Ir-d states,
at two different strengths of SOC, say parent strength, i.e.,
(α = 1) in (1) and (2) and double of the parent strength, i.e.,
(α = 2) in (3) and (4) for SFIO and CFIO, respectively,

HSFIO
SOC (α = 1) = (−0.264, 0.171, 0.082, 0.062,−0.051),

(1)

HCFIO
SOC (α = 1) = (−0.243, 0.166, 0.084,−0.076, 0.069),

(2)

HSFIO
SOC (α = 2) = (−0.776, 0.488, 0.308,−0.253, 0.233),

(3)

HCFIO
SOC (α = 2) = (−0.768, 0.511, 0.337,−0.286, 0.206).

(4)

Although in both cases, Ir is in the same nominal valance
and charge states, we obtain a different set of eigenvalues
for SFIO and CFIO. Moreover, the ordering of the sign of
the eigenvalues differ for the case of the HSFIO

SOC (α = 1) and
HCFIO

SOC (α = 1), which indicates that SOC affects SFIO and
CFIO in nonidentical fashion. When we compare the eigen-
values at double of the parent SOC strength, i.e., with α = 2,
we find that the ordering of the sign of the eigenvalues of SFIO
is similar to that of the CFIO. With twice the SOC strength, the
orbitals of SFIO behave equivalently to those of CFIO. This
exercise demonstrates that the effect of SOC on the specific
orbitals vary in the case of SFIO and CFIO. At the same time,
it implies that the role played by SOC, in competition to other
energy scales, is not equivalent in both of these materials due
to the delicate balance in the energy scales.

VI. CONCLUSION

In conclusion, we studied the ground state magnetic
properties of Sr2FeIrO6 and Ca2FeIrO6 and the effect of
SOC using ab − initio first principles calculations. From the
calculated magnetic exchange interaction and the Wannier
functions we addressed the difference in the AFM transition
temperature observed for SFIO and CFIO in the experiments.
We found that the strength of the magnetic exchange inter-
actions are stronger in CFIO than SFIO, with a dominant
signature of frustration in SFIO. This explains the lower tran-
sition temperature in SFIO than CFIO. We also found that
in both compounds, Ir-Ir intrasublattice exchange interactions
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are dominant over others, which has been visualized from
the chemical viewpoint through the Wannier function plot. To
understand the role played by SOC in these cases, we calcu-
lated the variation of magnetic moments, SOC Hamiltonian
matrix elements, and magnetization densities as a function of
the strength of SOC. We found very interesting nonmono-
tonic variation both in spin and orbital magnetic moments
for SFIO and CFIO. Our analysis reveals that in spite of the
SFIO and CFIO being isoelectronic and isovalent, the effect
of SOC is not the same in these two compounds. Due to
the competition with the structural distortion, the effective
strength of SOC is reduced in CFIO compared to that of SFIO.
Our investigations reveal the nontrivial role of SOC in estab-

lishing the ground state magnetic properties of the Ir based
double-perovskite compounds and open up the avenue to
design the quantum phases by tuning the SOC and will be
helpful in understanding a wide range of 5d based quantum
materials in general.
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