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Motivated by the recent report on the high-Tc ferromagnetic insulating state of a single transition metal
containing a double perovskite compound, Sr3OsO6 [Wakabayashi et al., Nat Commun. 10, 535 (2019)], we
study this curious behavior by employing first-principles calculations in conjunction with exact diagonalization
of the full t2g multiplet problem of two Os sites. Our analysis highlights the fact that stabilization of Sr3OsO6

in the cubic phase in epitaxially grown thin film is the key to both ferromagnetic correlation and the high-
temperature scale associated with it. It also provides a natural explanation for why the sister compound,
Ca3OsO6, exhibits low-TN antiferromagnetism in its monoclinic structure. Furthermore, the insulating property
is found to be driven by the opening of a Mott gap in the half-filled spin-orbit coupled j = 3/2 manifold of d2

Os. We point out that Sr2CaOsO6, which naturally forms in the cubic phase, would be worthwhile to explore as
a future candidate to exhibit a high-Tc ferromagnetic insulating state in bulk form.

I. INTRODUCTION

Ordered double perovskite compounds derived out of
ABO3 perovskites (where A denotes alkaline earth/rare earth
and B denotes transition metal), with half of the B sites substi-
tuted by B′, and rock-salt ordering of B-B′, extending the for-
mula to A2BB′O6, have attracted significant attention primar-
ily due to their intriguing electronic and magnetic properties
[1–3]. This includes above room-temperature half-metallic
behavior in compounds such as Sr2FeMoO6 [4,5] with a
transition temperature (Tc) of 420 K [6,7], Sr2CrMoO6 (Tc =
420 K) [8,9], Sr2CrWO6 (Tc = 458 K) [10,11], Sr2CrReO6

(Tc = 620 K) [12], ferrimagnetism in Ca2MnOs6 [13], and
the Dirac-Mott insulating state in Ba2NiOsO6 [14]. While
all the above examples include two transition metals (TMs)
at B and B′ sites, double perovskites with a single transi-
tion metal have been also synthesized. Most of these single
TM containing double perovskites such as Ba2CaOsO6 [15],
Sr2MgOsO6 [16,17], Ca2MgOsO6 [16], or Sr2YReO6 are ei-
ther antiferromagnets or exhibit spin-glass-like behavior. The
report of Sr3OsO6 [18] double perovskite, containing a single
5d TM in a B-B′ sublattice, exhibiting a ferromagnetic (FM)
insulating state at a temperature ≈ 1060 K, is thus unexpected
and counterintuitive. It is surprising on several counts. First,
the TM-TM magnetic interaction is expected to be hindered
by the presence of a nonmagnetic Sr ion at the B′ site in
the B-O-B′-O-B superexchange path. Second, the high Tc is
expected to be a property of 3d TM containing compounds,
rather than 5d TM containing compounds. Third, most known
ferromagnets are metals, while insulating properties are
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attributed to antiferromagnets. A few of the known examples
of ferromagnetic insulators are low-Tc materials, e.g., EuO
(77 K) [19], CdCr2S4 (90 K) [20], and SeCuO3 (25 K) [21],
with the exception of La2NiMnO6 [22], another FM insulating
double perovskite with a Tc of 280 K, which is still about a
factor of 3–4 smaller compared to that reported for Sr3OsO6.

The situation becomes more puzzling due to the fact that
replacement of Sr by Ca makes the compound antiferro-
magnetic (AFM) with low transition temperature (≈ 50 K)
[23]. It is curious to note that while the crystal structure of
the reported [18] high-Tc ferromagnetic insulating compound
Sr3OsO6 is cubic, that of Ca3OsO6 is monoclinic, prompting
the role of crystal structure in influencing the magnetic be-
havior of these compounds. Os being a 5d element, the role of
spin-orbit coupling (λ) becomes important and adds another
dimension to the problem in addition to on-site Coulomb
repulsion U and Hund’s coupling parameter JH within the
multiorbital framework of Os t2g’s. Understandably, the in-
terplay of crystal geometry, spin-orbit coupling, Coulomb
repulsion, and Hund’s coupling governs the exotic state of
Sr3OsO6.

In the following, we unravel this interplay by employing
first-principles density functional theory calculations, con-
structing a low-energy model Hamiltonian in a first-principles
derived Wannier basis and performing exact diagonalization
calculation of a two-Os-site full multiplet problem with re-
alistic parameters. Our analysis reveals that ferromagnetism
in cubic symmetry becomes stabilized for a large range of U
and JH , assisted by appreciably large nearest-neighbor Os-Os
hopping across the face of the cube of the double perovskite
structure. Suppression of this hopping in distorted monoclinic
symmetry destabilizes ferromagnetism and instead stabilizes
antiferromagnetism. The stabilized ferromagnetic state in
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cubic symmetry gives rise to an insulating solution through
formation of a spin-orbit coupled Mott state of d2, j = 3/2 Os
t2g’s. The reported [18] cubic symmetry of Sr3OsO6, crucial
for stabilization of a ferromagnetic state, turns out not to be
the natural choice, as it was formed instead in epitaxially
grown thin-film geometry. We propose Sr2CaOsO6 [24] to be
an alternative natural candidate that should exhibit a high-Tc

FM insulating state even in bulk form.

II. COMPUTATIONAL DETAILS

First-principles density functional theory (DFT) calcula-
tions are carried out for a realistic description of the problem.
For the purpose of calculation, two different basis sets, namely
the plane-wave basis [25] and the muffin-tin orbital basis [26],
are used. The agreement between the two sets of calculations
is verified in terms of the calculated density of states and band
structures.

The structural optimization as well as the influence of
spin-orbit coupling (SOC) and on-site correlation U on the
electronic structure are investigated using the plane-wave
pseudopotential method implemented within the Vienna Ab
initio simulation package (VASP) [27]. In the plane-wave
calculations, the wave functions in the plane-wave basis are
expanded with a kinetic-energy cutoff of 650 eV. For self-
consistent calculations with a plane-wave basis, the k-point
meshes are chosen to be 6 × 6 × 6 for the cubic structure,
6 × 6 × 6 for the triclinic structure, and 6 × 6 × 4 for the
monoclinic structure. The convergence of the results in terms
of the choices of the k-point mesh is checked by repeating cal-
culations with 12 × 12 × 12 (cubic), 12 × 12 × 12 (triclinic),
and 12 × 12 × 8 (monoclinic) k-points. The calculations with
larger k-points are found to effect the results only marginally,
with a maximum change in magnetic moment by 0.001μB and
energy difference by 0.75 meV. Calculations are carried out
with a chosen exchange-correlation functional of the gener-
alized gradient approximation (GGA) [28] within the frame-
work of Perdew-Burke-Ernzerhof (PBE) [29]. The effect of
SOC is included within GGA + SOC implementation of VASP.
The effect of the missing correlation effect beyond GGA at
the Os site is considered within the GGA + SOC + U frame-
work [30] by varying the screened Hubbard U value within
2–4 eV and fixing Hund’s coupling JH at 0.6 eV, with the
choice of the fully localized limit (FLL) of double-counting,
as implemented in VASP. The importance of the Hubbard U
parameter in the description of the properties of insulating 5d
transition-metal oxides has been stressed a number of times in
the literature, especially in the context of iridates for which a
description of its insulating behavior relies on the formation of
a Mott insulating state within the spin-orbit coupled j = 1/2
manifold [31]. The estimated value of Hubbard U in Os oxides
and compounds varies from about 2 eV [32,33] to about
3.5 eV [34]. We thus choose the U value to vary within the
range 2–4 eV. Optimization calculations are done until all the
forces on the atoms become smaller than 10−5 eV/Å.

The N th-order muffin-tin orbital (MTO) method [35],
which relies on a self-consistent potential generated by the
linear MTO (LMTO) [36] method, is used for constructing
effective Os t2g Wannier functions. The low-energy tight-
binding Hamiltonian, defined in the effective Os Wannier

basis, provides information on crystal-field splitting at the Os
site as well as effective hopping interactions between the Os
sites. The latter is used as input in an exact diagonalization
calculation of the two-site Os problem. The muffin-tin radii
of the different atomic sites used in LMTO calculations are
chosen as follows: 2.36 Å (2.05/1.90 Å) for SrA, 1.71 Å
(1.99/1.80 Å) for SrB, 1.25 Å (1.44/1.39 Å) for Os, and 0.87
Å (0.81/0.93 Å, 0.90/0.93 Å, 0.84/0.93 Å) for O atoms in the
cubic (monoclinic/triclinic) structure of Sr3OsO6.

III. RESULTS

A. Crystal structure of Sr3OsO6

The ideal space group of rocksalt ordered double per-
ovskite is cubic Fm-3m, which is the crystal structure re-
ported [18] for the Sr3OsO6 exhibiting high-Tc ferromagnetic
behavior. Tilting and rotation of BO6 and B′O6 octahedra
leads to different lower symmetry noncubic structures, tilt and
rotation being governed by the tolerance factor, defined as
tR = rA+rO√

2(
rB+r′B

2 +rO )
, where rA, rB, r′

B, and rO denote the ionic

radii of A-site cation, B, B′ cations, and O anion, respectively.
Several different noncubic structures have been reported for
double perovskites, rhombohedral R-3, tetragonal I4/m and
tetragonal I4/mmm, monoclinic P21/n, monoclinic C2/m,
with rare examples of tetragonal P4/mn and triclinic P-1 [2].
Compounds with relatively smaller tolerance values, about
0.92 or less, are predominantly of monoclinic symmetry,
while compounds with relatively larger tolerance factors,
beyond 0.92, tend to form in either cubic or tetragonal or
rhombohedral symmetry. Considering the ionic radii of Sr2+,
Os6+, and O2−, the tolerance factor of Sr3OsO6 turns out
to be 0.89, similar to that of Ca3OsO6. Therefore, there is
a high possibility that Sr3OsO6 grown under a solid-state
reaction would form in a noncubic structure. To resolve this
issue, we resort to a genetic algorithm as implemented in
USPEX (Universal Structure Predictor: Evolutionary Xtallog-
raphy) [37], which has been demonstrated to predict accurate
crystal structure of different multinary compounds, including
double perovskites [38,39]. We apply the genetic algorithm
based on our first-principles computed energies as a goodness
parameter, and comparing energies among a large number
of competitive structures over a number of generations. Dif-
ferent structures in each generation are produced following
different variational operations such as heredity, mutation,
permutation, and those generated randomly. Application of
the genetic algorithm on Sr3OsO6 results in monoclinic P21/n
and triclinic P-1 as probable structures for Sr3OsO6. We note
that recent high-pressure synthesis of Sr3OsO6 in powder
form [40] did suggest monoclinic and triclinic structures as
probable structures for Sr3OsO6.

To rigorously check this issue, we carry out total energy
versus volume calculation within GGA + SOC + U scheme
considering the genetic algorithm screened structures, i.e.,
monoclinic P21/n and triclinic P-1, and the reported [18]
cubic structure of Sr3OsO6 thin film. The results are presented
in Fig. 1, which reveals that the energetics of monoclinic and
triclinic phases are close to the energy of monoclinic phase
at equilibrium volume being about 30 meV/f.u. lower than
that corresponding to triclinic phase. The cubic structure of



FIG. 1. Comparison of total energy vs volume calculated within
GGA + SOC + U for Sr3OsO6 in cubic (red/dark gray), monoclinic
(black), and triclinic (green/light gray) structures.

Sr3OsO6 reported in its thin film form [18] is, however, found
to be off by a large energy difference of about 1.1 eV/f.u. from
the lowest-energy monoclinic structure. The crossover be-
tween lowest-energy monoclinic and cubic symmetry would
require a large tensile strain of about 6.5%, which appears
impractical to achieve. This is contrary to that reported in
Ref. [18]. This prompts us to conclude that the reported
stabilization of Sr3OsO6 in cubic phase is presumably caused
by the epitaxial growth of Sr3OsO6 in a molecular beam
epitaxy setup.

In the following, we explore the magnetic properties of
Sr3OsO6 considering the lowest energy monoclinic structure
and the reported cubic structure in Ref. [18] in order to unravel
the role of crystal structure.

B. NMTO downfolding and superexchange paths

The 6+ nominal valence of the Os ion in Sr3OsO6 results in
d2 occupancy. The octahedral crystal field of the surrounding
oxygen environment splits the Os 5d levels into three t2g’s and
two eg’s. Out of three t2g levels, therefore, two of the levels
become half-filled, the third one being empty. The empty eg

levels remain separated from t2g’s by a large energy splitting
of ≈ 3−4 eV, suppressing hopping processes involving eg’s.

This in turn drives antiferromagnetic superexchange cou-
pling due to virtual hopping between half-filled t2g orbitals
at neighboring Os sites, and ferromagnetic superexchange
coupling due to virtual hopping between half-filled and empty
t2g orbitals at two Os sites. The resultant exchange is de-
cided by the competition between the antiferromagnetic and
ferromagnetic exchanges. For quantitative estimates of the
relative strengths of these two competing interactions, a low-
energy Os t2g Hamiltonian needs to be constructed. To have a
realistic description of this Hamiltonian that incorporates the
structural and chemical information correctly, we employ the
NMTO-downfolding [35]. Following this procedure, the low-
energy tight-binding Hamiltonian is defined in an effective
Os t2g Wannier basis, obtained by downfolding or integrating
out all the degrees of freedom including Sr, Os eg, and O
p other than Os t2g degrees of freedom. This results in Os
t2g effective Wannier functions with their head part shaped

according to t2g symmetry and their tail part shaped according
to integrated out orbitals. With a goal to uncover the influence
of underlying crystal symmetry of Sr3OsO6 on magnetic
properties, we construct the low-energy Os t2g Hamiltonian
in an effective Os t2g Wannier basis for cubic symmetry of
Fm-3m, as reported in Ref. [18] and theoretically predicted
lowest energy monoclinic P21/n symmetry. The cubic and
monoclinic structures are shown in panels (a) and (b) of
Fig. 2, which features a corner-shared network of OsO6 and
SrBO6 octahedra with SrA atoms occupying the void created
by neighboring OsO6 and SrO6 octahedra. Compared to ideal
cubic structure, in monoclinic P21/n structure the BO6 and
B′O6 octahedra exhibit out-of-plane tilt and in-plane rotation.
The face-centered-cubic (fcc) lattice formed by Os ions in cu-
bic structure thus distorts in the monoclinic structure with the
Os-O-Os angle across the face of the cube deviating from 90◦
and the Os-O-Sr angle along the edge of the cube deviating
from 180◦. The deviations of these two angles in monoclinic
phase are found to be 2◦-5◦ and 30◦-40◦, respectively.

Within the above structural framework, two possible Os-Os
hopping paths are (a) the nearest-neighbor path (t ) across
the face of the cube/distorted cube, and (b) the next-nearest-
neighbor path (t ′) across the edge of the cube/distorted cube
as shown in Figs. 1(c) and 1(d) for the cubic/monoclinic
structures. Following conventional wisdom, the t hopping
that proceeds through 90◦ or near 90◦ Os-O-Os is expected
to be either zero or very weak. The hopping t ′ proceeding
through a linear or near linear exchange path of Os-O-SrB-
O-Os mediated through nonmagnetic Sr is also expected to be
weak. This makes the high-Tc ferromagnetism of Sr3OsO6 a
puzzle.

Surprisingly, the overlap plots of NMTO-downfolding de-
rived Os t2g effective Wannier functions placed at nearest-
neighbor Os sites reveal a remarkable trend. As is evident
from Fig. 2(e), in the ideal cubic structure, the O p–like tails
of the Os t2g Wannier functions bend strongly toward the SrA

atom at the A-site position, forming a well-defined connected
path between two Os sites across the face of the cube, me-
diating the t hopping. Moving to the monoclinic structure,
the Wannier functions get misaligned due to the structural
deviation from 90◦ [cf., Fig. 2(g)], weakening the connected
path between Os sites across the face. Due to this bending of
the O p–like tail, on the other hand, the Wannier functions
have hardly any overlap between two Os sites connected by t ′
hopping, separated by O-SrB-O across the edge [cf., Figs. 2(f)
and 2(h)].

The trend observed in the Wannier function overlap plots
gets reflected in the 3 × 3 tight-binding Hamiltonian con-
structed in an Os t2g NMTO-downfolding Wannier basis.
The monoclinic distortion results in noncubic crystal-field
splitting, lifting the degeneracy of t2g levels, the noncubic
crystal-field splitting being in the range of 0.07–0.10 eV. The
nearest-neighbor hopping interaction t , which is a 3 × 3 ma-
trix, following the expectation from Wannier function overlap
plots, is found to be significant with a maximum strength of
0.17 eV for cubic Sr3OsO6. In the monoclinic phase, this
hopping gets largely suppressed with a maximum strength
of 0.05 eV. Compared to t , t ′, which is also a 3 × 3 matrix,
is found to be significantly smaller, with the largest strength
of t ′ being about 0.01 eV for the cubic phase, an order of



FIG. 2. (a), (b) The cubic and distorted monoclinic structures of Sr3OsO6. The Sr atoms at A-sites (SrA) are marked as red (dark gray) balls.
The SrBO6 and OsO6 octahedra at B and B′ sites are marked in blue (dark gray) and green (light gray), respectively. (c), (d) The nearest-neighbor
(t ) and next-nearest-neighbor (t ′) Os-Os hopping paths across the face and edge of the cube and the distorted cube in cubic and monoclinic
structures. (e), (f) The overlap of Os effective t2g Wannier functions placed at nearest-neighbor and next-nearest-neighbor Os sites. Oppositely
signed lobes of the Wannier functions are colored differently [cyan (light gray)/black for site 1 and magenta (dark gray)/yellow (white) for
site 2]. (g), (h) Same as in (e), (f) but shown for monoclinic structure.

magnitude smaller compared to that of t . For the monoclinic
structure, this is found to be negligibly small. In the exact di-
agonalization calculations presented in the following section,
only the effect of hopping t is thus considered, ignoring the
small hopping, t ′.

C. Two-site model and magnetic phase diagram

Armed with the knowledge of DFT-derived Wannier func-
tion overlaps and the low-energy tight-binding Hamiltonian

defined in the Wannier basis, we next explore the interplay
between hopping interaction (t ), crystal-field splitting (�),
Coulomb interaction (U ), Hund’s exchange (JH ), and spin-
orbit coupling (λ) for the cubic and monoclinic structures by
performing many-body multiplet calculations within a two-
site problem. This enables us to explore the parameter space
in an accurate manner.

The two-site Os t2g–only model Hamiltonian taking into
account the effect of hopping, Coulomb interaction, and spin-
orbit coupling is given by [41–43]

H = Hon-site + Hint + HSO + Ht ,

Hon-site =
∑

i

∑

l,m

�i
l,md†

i,lσ di,mσ ,

Hint = U
∑

i

∑

l

ni,l↑ni,l↓ + (U ′ − JH )

2

∑

i

∑

l, m
l �= m

ni,lσ ni,mσ + U ′

2

∑

i

∑

l, m
l �= m
σ �= σ

′

ni,lσ ni,mσ
′

−JH

2

∑

i

∑

l, m
l �= m

(d†
i,m↑di,m↓d†

i,l↓di,l↑ + d†
i,m↑d†

i,m↓di,l↑di,l↓ + H.c.),

HSO = iλ

2

∑

i

∑

l, m, n
σ, σ

′

εlmnd†
i,lσ di,mσ

′ σ n
σ,σ

′ ,

Ht =
∑

l, m, σ

〈i, j〉

t i j
lm(d†

i,lσ d j,mσ + H.c.).

di,lσ (d†
i,lσ ) is the annihilation (creation) operator of the lth

orbital (l = 1-3 ∈ t2g) with a spin σ at site i and ni,lσ =
d†

i,lσ di,lσ . λ implies the strength of spin-orbit coupling in HSO.

t i j
lm is the nearest-neighbor hopping between the lth orbital of

site i and the mth orbital of site j. Hon-site represents the on-site
energies of the Os t2g orbitals. The pure cubic environment of



FIG. 3. The energy difference between ferro and antiferro align-
ment with Os spins as a function of varying values of Hund’s
coupling, JH , as given in exact diagonalization solution of a two-site
Os t2g full multiplet problem, fixing U at 2 eV and λ at 0.1 eV and
considering the DFT derived hopping interaction in cubic symmetry
[panel (a)] and in monoclinic symmetry [panel (b)] of Sr3OsO6.
(c) The U -JH phase diagram showing the stabilization of ferro and
antiferro alignment of Os spins in cubic and monoclinic phase, for
the choice of λ = 0.2 eV. The inset shows the ordering of Os t2g

orbitals, with occupancy of two of the Os6+ d electrons reversing
between dxy/dxz, dyz/dxz, dxy/dyz, and dxy/dxz along the connecting
vectors of Os fcc tetrahedra. (d) U -JH phase diagram for the choice
of λ = 0.4 eV. The gray solid line in (c) and (d) demarcates the
physically relevant space, U ′ = U − 2JH > JH .

Os leads to degenerate t2g levels for the cubic structure while
all t2g levels are split due to noncubic distortion in monoclinic
phase. Hint in the Kanamori representation contains the in-
traorbital Coulomb correlation (U ), Hund’s coupling strength
(JH ), and the interorbital Coulomb correlation (U ′). The first
term of Hint costs an amount of energy U to stabilize the state
counteracting intraorbital electron-electron repulsion. Hund’s
coupling (JH ) in the second term lowers the energy of states
having the same spin in multiple orbitals. The interorbital
Coulomb interaction satisfies the relation U ′ = U − 2JH . The
realistic values of the noncubic crystal field and the intersite
hopping parameters are obtained from NMTO [35] downfold-
ing calculations, described above, while U and JH parameters
are varied over a physically meaningful range (U ′ > JH ) with
λ values fixed at 0.1, 0.2, and 0.4 eV. The energy difference
between parallel and antiparallel alignment of Os spins is
then studied by exact diagonalization of the above two-site
problem [44]. The results are summarized in Fig. 3. The
energy differences with a choice of U = 2 eV and λ = 0.1 eV
upon varying the strength of JH are plotted in Figs. 3(a) and
3(b) for cubic and monoclinic structures, respectively. This
brings out an important observation. While for the cubic phase

the parallel alignment of Os spin or ferromagnetic interaction
becomes favored over antiferromagnetic interaction beyond a
JH value of 0.27 eV or so, for the monoclinic structure the fer-
romagnetic interaction gets stabilized over antiferromagnetic
interaction only beyond a JH value of 0.6 eV. For a choice of
JH = 0.6 eV, a reasonable estimate for 5d TM–like Os, one
would thus find that the FM interaction is stabilized for cubic
structure, and the AFM interaction is stabilized for monoclinic
structure. Furthermore, while the ferro interaction is stabilized
over antiferro in the cubic phase by a large energy gain of
almost about 30 meV, giving rise to a mean-field temperature
scale zJs2

3 (z being the number of nearest neighbors, which is
12) above 1300 K, the corresponding stabilization of AFM
interaction over FM interaction in the monoclinic phase is
only about 1.5 meV, translating to a mean-field temperature
scale of only ∼70 K. One would thus expect a ferromagnetic
state to support a large Tc, and an antiferromagnetic state to
exhibit a low transition temperature—a trend found between
the reported cubic structured Sr3OsO6 [18] and monoclinic
structured Ca3OsO6 [23]. A very similar situation is ob-
tained for higher values of λ = 0.2 and 0.4 eV. The resultant
U -JH phase diagrams for λ = 0.2 and 0.4 eV are shown in
Figs. 3(c) and 3(d), respectively. The two phase diagrams
appear qualitatively the same except that the increase of
the λ value shifts the transition from antiferro to ferro to a
slightly larger value of JH , as spin-orbit coupling tends to
favor antiferromagnetism. We find that in both choices of
λ values, the ferromagnetic interaction gets stabilized only
in a tiny part of the U -JH phase space in monoclinic struc-
ture, while a significant part of U -JH phase space supports
ferromagnetic interaction in cubic structure. Summarizing
these observations, one would thus expect the ferromagnetic
phase to be comfortably stabilized in the cubic structure
of Sr3OsO6 with a rather high temperature scale, while the
monoclinic structure would mostly favor antiferromagnetic
interaction with a low transition temperature. Because the
antiferromagnetism is frustrated within the fcc motif of the
Os sublattice, it may also give rise to spin-glass-like behavior
in compound-specific cases. Repeating the calculation consid-
ering the triclinic symmetry of Sr3OsO6, one of the suggested
structures of bulk Sr3OsO6 in Ref. [40] and the next favored
theoretically suggested structure, the U -JH phase diagram for
all choices of λ is found to consist of a solely antiferromag-
netic phase, implying ferromagnetic interaction is disfavored
even more in the triclinic phase compared to the monoclinic
phase. This is in complete agreement with the observation
of antiferromagnetism rather than ferromagnetism in bulk
Sr3OsO6 [40].

Since the ferromagnetic interaction is favored by hop-
ping between occupied and empty orbitals, the stabilized
ferromagnetic phase also shows orbital ordering of two
occupied orbitals between the four sites of fcc tetra-
hedra, as shown schematically in inset of Fig. 3(c).
The two sites connected through the (1,1,0) vector are
found to have electron occupancy mostly at dxz/dyz

and dxz/dxy orbitals, promoting hopping between filled
and empty dxy orbitals. Similarly, orbital occupancy at
sites connected through (1,0,1) and (0,1,1) vectors favors
hopping between filled to empty dxz and dyz orbitals,
respectively.



FIG. 4. (a) The density of states of cubic Sr3OsO6 computed within spin-polarized GGA, GGA + SOC, GGA + SOC + U (U = 2 eV),
and GGA + SOC + U (U = 3 eV) (from top to bottom). Marked are the spin-orbit coupled j = 3/2 and 1/2 manifolds, which in the presence
of correlation effect U develops into j = 3/2 LHB and j = 3/2 UHB. See the text for details. (b) The band structures of cubic Sr3OsO6 plotted
along high symmetry points of the FCC BZ, within GGA, GGA + SOC, GGA + SOC + U (U = 2 eV), and GGA + SOC + U (U = 3 eV)
(from left to right). For spin-polarized GGA band structure, only the bands corresponding to the majority spin channel are shown. The bands
corresponding to j = 3/2 (LHB, UHB) and j = 1/2 are colored differently. The zero of the energy in both the density of states and band-
structure plots is fixed at the respective Fermi level. (c) The systematic effect of turning on SOC and U on Os t2g’s in d2 configuration, shown
schematically. The filled states are represented as hatched.

D. Insulating electronic structure

Having shown that the stabilization of the ferromagnetic
state in cubic Sr3OsO6 is driven by the large Os-Os nearest-
neighbor hopping mediated by bending of O p tails of Os t2g

Wannier functions toward the SrA atoms at A sites, we next
explore the origin of the insulating behavior of ferromagnetic,
cubic Sr3OsO6. To disentangle various influencing factors in
driving the insulating state, we perform stepwise calculations
within the framework of GGA, GGA + SOC, and GGA +
SOC + U .

With two electrons occupying three degenerate t2g levels
of Os in an ideal cubic environment, GGA calculation leads
to a metallic solution [cf., the top panel of Fig. 4(a)] with a
magnetic moment of 1.10μB at the Os site, and 0.05μB at the
O site due to finite Os-O covalency. Inclusion of spin-orbit
coupling within GGA + SOC develops a significant orbital
moment of −0.17μB at the Os site, oppositely aligned to the

spin moment of 0.62μB at the Os site, in conformity with
the less than half-filled nature of Os occupancy. As is seen
from the density of states and band-structure plots presented
in Figs. 4(a) and 4(b), inclusion of SOC keeps the solution
metallic with Os states crossing the Fermi level. The situation
is schematically shown in panel (c) of Fig. 4. Switching the
spin-orbit coupling mixes the up- and down-spin channels
of t2g’s, which effectively behave as l = 1 quantum number
states. The states in the presence of spin-orbit coupling thus
are described by fourfold-degenerate j = 3/2 and twofold-
degenerate j = 1/2 states. With d2 occupancy of Os, the
j = 3/2 states therefore become half-filled, a situation very
similar to a d5 iridate such as Sr2IrO4, which results in half-
filled j = 1/2 states instead of half-filled j = 3/2 states in
the present case [31]. Akin to Sr2IrO4, one would thus expect
that inclusion of on-site correlation, U , modeled within a
GGA + SOC + U framework would be able to open up a gap.



This expectation turned out to be true, i.e., a gap within the
j = 3/2 manifold is found to open up for a choice of U value
� 2 eV. As shown in Fig. 4(b), within the GGA + SOC + U
description, out of 24 t2g bands of Os in a 4 f.u. cubic cell, 8
of the bands lie below the Fermi level, forming j = 3/2 lower
Hubbard bands (LHB), while the remaining 16 lie above the
Fermi level, separated by a gap from j = 3/2 LHB states.
Eight empty j = 3/2 upper Hubbard bands (UHB) overlap
with eight empty j = 1/2 bands due to finite bandwidths of
j = 3/2 and 1/2. With inclusion of the Hubbard U correction,
both the spin moment and the orbital moment of Os show an
increase with values 1.48μB and −0.65μB, respectively, for
the choice of U = 2 eV. This leads to a magnetic moment of
0.83μB, in good agreement with the experimentally measured
[18] moment of 0.77μB. As with a Mott insulator, the gap
value is found to scale with U , with a calculated band-gap
value of 0.33 eV for U = 2 and 0.55 eV for U = 3 eV. Thus
Sr3OsO6 is an example of a spin-orbit entangled Mott state in
the j = 3/2 sector, similar to Sr2IrO4 in the j = 1/2 sector.

IV. SUMMARY AND DISCUSSION

In this study, we take up the case of Os containing a double
perovskite compound, Sr3OsO6, and we study the micro-
scopic origin of its reported high-Tc ferromagnetic insulating
behavior [18]. It is curious to note that while cubic crystal
structure of Sr3OsO6 has been reported in Ref. [18] grown
as thin film, a recent report of the bulk Sr3OsO6 compound
synthesized via the solid-state route suggests that the crystal
structure is in noncubic monoclinic or triclinic symmetry [40].
We thus start our study by exploring the crystal symmetry
of Sr3OsO6 predicted via application of a genetic algorithm
together with first-principles total energy calculations. These
calculations show monoclinic symmetry as the most preferred
symmetry followed by triclinic symmetry, while the cubic
symmetry structure is energetically much higher.

Following this finding, we explore the influence of crys-
tal symmetry on magnetic properties by considering the
predicted lowest energy monoclinic structure and the re-
ported [18] cubic structure. Toward this end, employing first-
principles derived Wannier representation of Os t2g orbitals,
we first show that Os-Os superexchange is primarily governed
by counterintuitive large Os-Os hopping across the face of the
cubic structure, which dominates over the conventionally ex-
pected Os-O-SrB-O-Os superexchange path along the edge of
the cubic structure. This hopping process, which is caused by
Sr-O covalency driven bending of O p–like tails of the Os t2g

effective Wannier functions, gets substantially reduced in the
distorted monoclinic phase due to misalignment of O p–like
tails. Using the DFT-derived Os t2g low-energy Hamiltonian
defined in the Wannier basis, we next solve the two-site Os t2g

full multiplet problem within an exact diagonalization scheme
in t-U -JH -λ space. We find that a crossover from antiferro
alignment of Os spins to ferro alignment of Os spins happens

in U -JH space for several choices of λ values. For the choice
of λ values relevant for Os, a large part of the U -JH phase
diagram in cubic symmetry is found to support ferro align-
ment of Os spins. On the contrary, ferro phase is found to be
largely suppressed in monoclinic symmetry, the phase space
being primarily dominated by antiferro alignment of Os spins.
Interestingly, for the choice of the same parameter values
of U , JH , and λ, the stabilization energy of ferro alignment
over antiferro in the cubic phase is found to be more than
an order of magnitude larger compared to the stabilization
energy of antiferro alignment of Os spins over ferro in the
distorted monoclinic phase. This explains the observation of
high Tc in the reported cubic, FM phase of Sr3OsO6 and the
low Neél temperature in the reported monoclinic, AFM phase
of Ca3OsO6. This analysis establishes that the stabilization
of the cubic phase of Sr3OsO6 in Ref. [18] was crucial to its
observed high-Tc ferromagnetism. Following this understand-
ing, we investigate the origin of insulating behavior of FM
Sr3OsO6 through systematic analysis of GGA, GGA + SOC,
and GGA + SOC + U schemes of electronic structure calcu-
lations. While both GGA and GGA + SOC calculations lead
to metallic solutions, an insulating ground state is achieved
only within the treatment of GGA + SOC + U with reason-
able choices of U values. This characterizes the insulating
state in cubic Sr3OsO6 as a j = 3/2 Mott state induced by
large spin-orbit coupling at the Os site.

Finally, in the search for related double perovskite candi-
dates exhibiting a high-Tc FM insulating state, Sr2CaOsO6 ap-
pear to be a promising candidate. With Sr at the A site and Ca
at the B′ site, the tolerance factor of this compound turns out to
be 0.93. Following the expectation from the tolerance factor,
the powder x-ray diffraction analysis [17] of synthesized
Sr2CaOsO6 suggested an ordered cubic structure. Calculated
Os-Os hopping strengths in the NMTO-downfolding scheme
of Wannier representation in Sr2CaOsO6 turn out to be rather
similar to that of cubic Sr3OsO6, the largest Os-Os hopping
being 0.16 eV compared to 0.17 eV in Sr3OsO6. While there
exists a report of synthesis of this compound [17], to the best
of our knowledge its magnetic property remain unexplored.
This raises the hope that the bulk form of Sr2CaOsO6 should
also support high-Tc ferromagnetism. In view of our study, it
will be worthwhile to take this up.
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