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The double perovskite BaaNaOsOg (BNOO), an exotic example of a very high oxidation state
(heptavalent) osmium d* compound and also uncommon by being a ferromagnetic Mott insulator
without Jahn-Teller (JT) distortion, is modeled using the density functional theory (DFT) hybrid
functional based exact exchange for correlated electrons (oeeHyb) method and including spin-orbit
coupling (SOC). The experimentally observed narrow gap ferromagnetic insulating ground state is
obtained, with easy axis along [110] in accord with experiment, providing support that this approach
provides a realistic method for studying this system. The predicted spin density for [110] spin ori-
entation is nearly cubic (unlike for other directions), providing an explanation for the absence of
JT distortion. An orbital moment of -0.4up strongly compensates the +0.5u4p spin moment on
Os, leaving a strongly compensated moment more in line with experiment. Remarkably, the net
moment lies primarily on the oxygen ions. An insulator-metal transition by rotating the magneti-
zation direction with an external field under moderate pressure is predicted as one consequence of
strong SOC, and metallization under moderate pressure is predicted. Comparison is made with the

isostructural, isovalent insulator BasLiOsOg which however orders antiferromagnetically.

PACS numbers:

I. INTRODUCTION

Over the last three decades the orbital physics of d!
systems and its interplay with spin has focused primarily
on transition metal oxides, especially 3d transition met-
als (TMs). While the magnetic d* configuration has been
studied mostly in 3d systems, it can also occur in mid-
to late-5d TM ionic systems. For these heavy ions spin-
orbit coupling (SOC) becomes a competing factor, mix-
ing the various spin, orbital, charge, and lattice degrees
of freedom. The interplay of strong electron correlation
and large SOC is relatively less explored, and certainly
not well understood at all, because the behavior involves
so many comparable energy scales. This situation arises
in a broad family of magnetic Mott insulating systems
in which three-fold degenerate ¢y, orbitals are partially
filled! In such systems orbital degeneracy is protected
only by cubic lattice symmetry, and typically the crystal
field splitting is large enough that e, orbitals are out of
the picture.

In 5d ty4 subshells where SOC remains unquenched
(cubic symmetry), the six one-electron levels split into
an upper J=1/2 doublet and a lower J=3/2 quartet. In
this category Ir-based based magnets have been stud-
ied actively®® A prominent class of such systems is
the ordered double perovskites, with chemical formula
A;BB’Og. We are interested in the case where B is a
closed shell cation and B’ is a magnetic ion; in such cases
unusually high formal valence states can arise. A few ex-
amples attracting recent interest are B'=Ru®* and Os’*
in A;NaB’Og (A=La and Nd), " Mo®* in BayYMoOg,
0s%t in BayCaOsOg 1Y and heptavalent Os in BasBOsOg
(B =Li, Na). If we narrow our focus to d* B’ ions
only, the possibilities are practically confined to Mo®T,
ReSt and Os™). Song et al. have reported a theoretical
study of KOsO,4 with heptavalent Os, where large SOC,

strong correlations, and structural symmetry breaking
conspire to produce an unexpectedly large orbital mo-
ment in the e}] shell that nominally supports no orbital
moment.

The recently studied compounds'?¥ Bay,BOsOg
(B=Li, Na) show many features to make them of current
interest. Besides the double-perovskite structure, and be-
ing a rare example of a heptavalent osmium compound,
BayNaOsOg (BNOO) is exotic in being a ferromagnetic
Mott insulator314 with order appearing at To =6.8K
with Curie-Weiss temperature ©¢cy = -10K. Although
its single t54 electron orders magnetically, it shows no ev-
idence of the anticipated orbital order that causes Jahn-
Teller distortion and should destroys its cubic symmetry.
The sister compound LayNaOsOg, on the other hand,
with high-spin d® Os configuration and a nominally cu-
bic symmetry, is observed to be highly distorted.}?! This
distortion is ascribed to geometrical misfit arising from
incompatible ionic radii.

There is a recent example of an Os-based based 5d*
perovskite compound BaOsOs that remains cubic;1% on
the other hand a related perovskite 5d°> NaOsOjz does
distort 17 The question of origin of the magnetic ordering
in BNOO is surely a delicate one, since isostructural, iso-
valent, and also Mott insulating BasLiOsOg (BLOO) or-
ders antiferromagnetically in spite of a very similar Curie-
Weiss susceptibility*# and similar volume.

Lee and Pickett demonstrated® that, before consider-
ing magnetism and on-site interaction effects, SOC splits
the t24 bands into a lower J :% quartet and an upper
J :% doublet, as expected. Since BNOO is observed to
be insulating and effects of spin-orbit coupling drive the
behavior, it provides the first “Jeﬂ‘:%” Mott insulator at
quarter-filling, analogous to the “Jeﬁ?:%” Mott insulators
at half-filling that are being studied in 5d°® systems.?*12/20

Including spin polarization and on-site Hubbard U



repulsion beyond the semilocal density approximation
(DFT+U+SOC) with both the Wien2k and FPLO codes
gave essentially full spin polarization but was not able to
open a gapd with a reasonable value of U. The complica-
tion is that the occupied orbital is a OsOg cluster orbital
with half of the charge on Os and the other half spread
over the neighboring O ions. U should be a value ap-
propriate to this cluster orbital and should be applied to
that orbital, however the codes applied U only to the Os
5d orbitals. Xiang and Whangbo?! neglected the Hund’s
rule Jy in the DFT+U method, and did obtain a gap.
However, neglecting Jy omits both the Hund’s rule ex-
change energy and the anisotropy (orbital dependence) of
the Hubbard interaction U,,,,’, whereas one of our inten-
tions is to include all orbital dependencies to understand
the anisotropy on the Os site.

In this paper we first establish how to model this sys-
tem faithfully including all anisotropy, then address the
interplay of SOC coupling with correlation effects and
crystal field splitting. The density functional extension
to include some fraction of Hartree-Fock exchange — the
hybrid functional — open the gap, but only when SOC is
included. The inclusion of nonlocal exchange and SOC
provides an understanding of the Mott insulating ground
state and a [110] easy axis, both in agreement with exper-
imental data.® We conclude that BNOO provides an ex-
ample of a Jeg = %, quarter-filled Mott insulator. Some
comparison is made to isovalent BLOO, which had 6%
smaller volume and aligns antiferromagnetically rather
than ferromagnetically.

II. PREVIOUS THEORETICAL WORK

Two density functional theory based studies, men-
tioned briefly above, have been reported for BNOO. One
was performed within a fully anisotropic implementation
of the DFT+U method!® while the other was DFT+U2!
(GGA+U), but neglecting anisotropy of the interaction.
An overriding feature of this system is a strong hybridiza-
tion of Os 5d orbitals with O 2p states, with the result
that the “t,” bands have half of their density on the four
neighboring oxygen ions in the plane of the orbital. In
keeping with this strong hybridization, the “O 2p” bands
have considerable Os 5d charge, such that the 5d occu-
pation of the nominally d' ion is actually 4-5 electrons,
still leaving a highly charged ion but less than half of the
formal 7+ designation. Lee and Pickett reported'® that
fully anisotropic DFT+U could not reproduce a Mott in-
sulating state because U is applied on the Os ion whereas
half of the occupied local orbital (cluster orbital) den-
sity lies on neighboring oxygen ions. A model treatment
in which U is applied to the cluster orbital did produce
the Mott insulating state’¥ Whangbo’s results indicate
that part of the complication in this system involves the
anisotropy of the repulsion within the Os ion.

The study reported by Whangbo et. al?l' addressed
three spin directions ([001], [110], and [111]). Within
their treatment, the [111] spin direction led to the min-

imum energy, indicated a calculated band gap of 0.3 eV
for U=0.21 Ry = 2.85 eV (Jg=0). Using DFT+U+SOC
and the same code but including anisotropy of the inter-
action Up,m, we have not reproduced this gap, indicat-
ing their gap is due to the neglect of Hund’s rule cou-
pling and anisotropy of the interaction. Because of the
need to include all interactions and all anisotropy, we
have adopted a different approach based on the hybrid
exchange-correlation functional, described in the next
section. This approach seems to be more robust, allowing
us to probe the interplay of SOC and strong correlation
of BNOQ, and also obtain results of the effect of pressure
on the ground state of BNOO.

Our first challenge was to obtain a Mott insulating
state in BNOO when all interactions (correlation and
SOCQC) are accounted for. With large SOC the result de-
pends on the assigned direction of the moment. The
hybrid functional approach plus SOC leads directly to
a ferromagnetic (FM) Mott insulating ground state, as
observed ™ In our studies we observed a strong prefer-
ence for FM alignment, versus the commonplace antifer-
romagnetic (AFM) alignment that often arises on the
simple cubic lattice of perovskite oxides. BayLiOsOg
however orders antiferromagnetically, which for nearest
neighbor antialignment exchange coupling leads to frus-
tration of ordering. All calculations reported here for ei-
ther compound are for FM orientation. We study specifi-
cally the effects of spin orientation on the electronic struc-
ture, and initiate a study of the pressure dependence of
BNOO considering the zero pressure lattice constant and
at 1%, 2%, and 5% reduced lattice constants.

III. COMPUTATIONAL METHODS

The present first-principles DFT-based electronic
structure calculations were performed using the full-
potential augmented plane wave plus local orbital
method as implemented in the WIEN2k code?2 The
structural parameters of BNOO with full cubic symme-
try of the double perovskite structure were taken from
experimental X-ray crystallographic datal¥ =828 A,
x0=0.2256. Non-overlapping atomic sphere radii of 2.50,
2.00, 1.80, and 1.58 a.u. are used for the Ba, Na, Os, and
O atoms, respectively. The Brillouin zone was sampled
with a minimum of 400 k points during self-consistency,
coarser meshes were sometimes found to be insufficient.

For the exchange-correlation energy functional for
treating strongly correlated insulators, a variety of ap-
proaches in addition to DFT+U exist and have been
tested and compared for a few selected systems'®® As
mentioned above, for technical reasons — the relevant
orbital is an octahedron cluster orbital rather than the
standard localized, atomic-like orbital encountered in 3d
oxides — the LDA+U method is problematic. We have
chosen to apply the onsite exact exchange for correlated
electrons (EECE) functional introduced and evaluated
by Novak and collaborators'#, implemented similarly to
common use in hybrid (mixture of Hartree-Fock and lo-



cal density exchange). This oeeHyb functional is an ex-
tension of the DFT+U method to parameter-free form:
exact exchange with full anisotropy is evaluated for corre-
lated orbitals (Os 5d orbitals here) without explicit ref-
erence to any (screened or unscreened) Hubbard U re-
pulsion or Hund’s exchange interaction Jg. The double
counting term is evaluated directly from the density of
the occupied correlated orbitals, again without any in-
put parameters. The exact exchange is calculated within
the atomic sphere in atomic-like fashion (hence “onsite”).
The onsite exact exchange replaces 25% of the local den-
sity exchange.

This functional is implemented in the Wien2k code /2>
and we refer to it here as oeeHyb. For the semilo-
cal exchange-correlation functional, the parametrization
of Perdew, Burke, and Ernzerhof?? (generalized gradi-
ent approximation) is used. SOC was included fully
in core states and for valence states was included in a
second-variational method using scalar relativistic wave
functions ¥ a procedure that is non-perturbative and
quite accurate for d orbitals even with large SOC.

This oeeHyb method has some kinship with hybrid
exchange-correlation functionals (see Tran et al®® for a
comparison of several hybrids). Hybrids replace some
fraction «, typically 25%, of local density exchange with
Hartree-Fock exchange, which then is approximated in
various ways to reduce the expense to a reasonable level.
The oeeHyb approach deals with exact exchange only for
correlated orbitals, however, making it appropriate for
correlated materials but it will not increase bandgaps of
ionic or covalent semiconductors.

We note that as an alternative to the commonly
used DFT+U approach, the more conventional hybrid
exchange-correlation functional as implemented in the
VASP code?® has been applied to the iridate NayIrOs
by Kim et al?? to obtain the magnetic insulating ground
state.

IV. ELECTRONIC STRUCTURE AND
MAGNETIC MOMENTS

A. Electronic structure: dependence on spin
direction

Projected densities of states (PDOSs) are presented in
Fig. [If for BNOO at the experimental volume using oee-
Hyb, initially without SOC and with full cubic symmetry.
The Fermi level (taken as the zero of energy) lies in a deep
pseudogap, due to small band overlap. All ¢y, orbitals
participate equally at this level, evident from the obser-
vation that the PDOS is distributed almost equally over
the Os ty, orbitals and the 2p orbitals of the six neigh-
boring O ions, a very strong hybridization effect that has
been emphasized before 18

The conventional picture of a Mott insulating state in a
tég shell is that a single orbital, say d,, is occupied, and
the crystal symmetry is broken (and must be broken in
the calculation) to sustain, indeed to allow, occupation of

Method s i Wior Band Gap
Lattice parameter 8.28 A
oeeHyb 0.59 N/A N/A  none

oeeHyb+SOC (001)  0.52 -0.41 0.11 0.02
oeeHyb +SOC (110)  0.52 -0.44 0.08 0.28
oeeHyb +SOC (111)  0.52 -0.45 0.07 0.30
Lattice parameter 8.20 A
oeeHyb 0.53 N/A N/A
oeeHyb+SOC (001)  0.49 -0.37 0.11  none
oeeHyb +SOC (110)  0.48 -0.41 0.08 0.21
oeeHyb +SOC (111)  0.48 -0.42 0.06 0.26
lattice parameter 8.10 A
oeeHyb 0.51 N/A N/A
oeeHyb+SOC (001)  0.48 -0.37 0.12 none
oeeHyb +SOC (110)  0.48 -0.27 0.21 0.12
oeeHyb +SOC (111)  0.48 -0.35 0.13 0.15
Lattice parameter 7.86 A

none

none

oeeHyb 0.48 N/A N/A  none
oeeHyb +SOC (001)  0.46 -0.34 0.12  none
oeeHyb +SOC (110) 0.47 -0.38 0.09  none
oeeHyb +SOC (111)  0.47 -0.39 0.09  none

TABLE I: Calculated spin, orbital, and total (fitot=/fts+ite)
moments of Os, and band gap of BaaNaOsQg, for four values
of lattice parameter and for the three high symmetry direc-
tions of the magnetization. Note: the total moment per f.u.
will include an ~0.5u5 spin moment not included within the
Os sphere, thus primarily on the oxygen ions.

a single orbital. However, due to the large SOC which is
expected to produce a substantial orbital moment which
requires occupation of a complex (viz. dy. % idy,) or-
bital, we have foregone this intermediate step of obtain-
ing orbital-ordering broken symmetry, which would typi-
cally be the final result for a 3d ion with negligible SOC.

Adding SOC to oeeHyb, the result mentioned above,
which necessarily lowers the symmetry, leads to a SOC-
driven Mott insulating state with a 0.2-0.3 eV gap, de-
pending on the direction assumed for the magnetization.
It is for this reason that we use the oeeHyb functional
to model BNOO, as we have previously reported that
the LDA+U approach was unable to open a gap.*¥ The
GGA+U method is more promising, but it requires an
unphysically large value of U = 6 eV to open a gap for
[001] orientation. One can obtain a band gap along for
[110] and [111] orientations in GGA+U with U values of
3.2 eV and 2.0 eV, respectively.?!

Our calculated band gaps, provided in Table[l] depend
on direction of the magnetization, which experimentally
can be manipulated with an applied field. It should be
kept in mind that symmetry is lowered by including SOC,
and the resulting symmetry depends on the direction of
magnetization. For spin along [001] the band gap is lower
by 70 meV than for [110] and [111].

In the d' Mott insulating state a single (Wannier) or-
bital is occupied. While SOC mixes spins, the split-
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FIG. 1: Orbital-projected density of states plot for BNOO using the oeeHyb functional (a) without SOC, and for three different
spin orbit coupling directions: (b) [001], (c) [110], and (d) [111]. The horizontal axis is in eV relative to the Fermi level (a),
or top of the gap (b,c,d). The vertical axis is in states/eV-atom/formula unit. The most relevant information is the relative
occupations of a4 orbitals in the lower Hubbard band (-0.4 to 0.0 eV).

ting the lower (majority) and upper (minority) Hubbard
bands is sufficiently large that the system remains es-
sentially fully spin-polarized. The moment on Os is de-
creased by 0.07 pup (see Table 1) by the rebonding in-
duced by SOC. The orbital moment is around -0.4 pp
for all directions of the moment, with the difference from
unity being primarily due to half of the Wannier function
lying on the O ions.

The PDOSs displayed in Fig. [[] indicate the character
of the occupied orbital, and this figure clearly illustrates
the large effect of SOC on the ty, spectrum. For [001]
spin direction, the dominance of d,.,d,. orbitals in the
PDOS, along with the orbital moment reported in Table
indicates occupation of the d,, — idy, = dm=—1 or-
bital, with moment reduced due to the strong hybridiza-
tion (hence partial quenching) with O 2p orbitals. For

[110], again d,.,d,. are equally occupied, however d,
contributes somewhat more. For [111], all ¢5, orbitals
contribute equally, reflecting no evident symmetry break-
ing beyond that of choosing a specific [111] axis for the
direction of magnetization. The occupied bandwidth in
each case is 0.4 eV, though the differing shape of the
band for the different directions of spin (discussed be-
low) reflects the lowering of symmetry of the bands by
SOC.

The relevant bands near the gap along selected sym-
metry directions are shown in Fig. [3|for each of the three
directions of spin. These plots are shown for the 2% re-
duced lattice constant a=8.10 A, for later comparison
with BLOO. At the experimental volume, the results are
extremely similar except that, for the [001] direction, the
bands along W-K do not cross, leaving a small gap. The
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bands are quite flat through much of the zone (for exam-
ple, along W-L-T" directions), with important dispersion
around the X point, and also dispersion along the W-K
directions that is spin-direction dependent.

B. Magnetocrystalline anisotropy

The energy difference between [110] and [111] spin di-
rections is small, and the band gaps for these two di-
rections are indistinguishable. Fig. [I{b,c) illustrates the
togy symmetry breaking due to SOC: for [001] d,, and d,;,
maintain equal occupation and dominate, each contribut-
ing 40% and obviously providing the orbital moment.
There is also 20% d,, but without d,2_, it cannot con-
tribute to the orbital moment. For the easy axis [110]
spin direction dg, is also distinct from the other two, but
interpreting the orbital moment in this global basis re-
quires rotations with knowledge of phases. For the [111]
spin direction all three orbitals contribute equally in the
lower Hubbard band by symmetry.

From the calculated energies we obtain [110] as the
easy axis, as determined experimentally’® The [111] di-
rection is very close in energy however (~1 meV, close
to our precision), while the [001] direction is 13 meV
higher. This agreement with experiment of the easy axis,
following our success in reproducing the FM Mott insu-
lating ground state, is an important validation of using
the hybrid functional to model BNOO. The atom- and
orbital-projected densities of states plot of Fig. [1| does
not indicate directly the strong participation of O 2p or-
bitals in the nominal Os 5d bands, but this aspect has
been emphasized in the earlier studies 1821

Including SOC lowers symmetry substantially so there
are, for example, several different “X-W-K” directions

along the edge of the zone. Fig.[3]illustrates that there is
actually a substantial change of dispersion along the zone
boundary X-W-K directions, which disperse very differ-
ently for [001] compared to [111] and [110] spin directions.
Otherwise the splitting of bands remains very similar,
roughly 0.4 eV throughout the zone. In Fig. [2| the band
plot for BNOO is shown along three inequivalent I'-W-
K directions for [001] magnetization direction. Along the
W3-Kj direction the band gap valence nearly vanishes (15
meV gap). With a decrease in lattice parameter, even-
tually the gap collapses, yielding an insulator-to-metal
transition at a critical pressure, which is spin-direction
dependent.

C. Pressure dependence

To access the effect of pressure we reduced the exper-
imental lattice parameter of BNOO by 0.08 A, 0.18 A,
and 0.42 A(1%, 2%, and 5% respectively) and repeated
hybrid DFT calculations for the three magnetization di-
rections. Table [] provides the changes of the calculated
band gap. For [001] orientation, band overlap and thus
a insulator-metal transition (IMT) occurs. However, for
[111] and [110] orientation the gap remains, having de-
creased by 30%. The relative energy difference is in-
creased by the emergence of the metallic state, becoming
several times higher than for the insulating states. From
the bands plotted in a few symmetry directions in Fig.
3, collapse of the gap per se is not the reason for the
IMT, rather it is the dispersion related to the direction
of magnetization.

The dependence of the band dispersion on magneti-
zation direction that is shown in Fig. [3] reveals a new
kind of insulator-metal transition, one in which the tun-
ing parameter is the magnetization direction. This di-
rection can be manipulated by a sufficiently large ap-
plied field. Taken at face value, our modeling predicts
that this type of transition will occur in BNOO, with
an onset with pressure (decreasing volume) slightly be-
low the experimental volume. The necessary pressure
can be estimated using our calculated bulk modulus of
B = 50 GPa. Interpolating between our gap values at
8.28 A and 8.10 A (0.02 eV and -0.10 eV, respectively)
give gap closing at |Aal/a ~ 4x1073, thus a gap closing
and insulator metal transition in the vicinity of 5 kbar.
Our characterization above of “at face value” refers to
the well known issue that band gap values are uncertain
at the level of several tenths of eV even when correlation
corrections are made, and that the relation of oeeHyb
band gaps to experimental values in correlated oxides is
not established.

D. Similarities and differences: BNOO vs. BLOO

BLOO, the isostructural (a=8.10 A, 25=0.2330)* and
isovalent sister compound of BNOO, has an AFM ground
state versus FM in BNOO. The primary difference seems
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FIG. 3: Band plots for Ba;NaOsOg (a-c) and BapLiOsOg (d-f) for the three directions of magnetization axis (indicated on the

plots) and with a lattice parameter of 8.10 A

(experimental lattice parameter of BasLiOsOg). The differences are quite small

for [001] but are important along W-X-K for the other two spin directions.

to be the Os-O distance, 1.81 Aversus 1.87 Ain BNOO.
In the model of Chen! et al.that includes both intersite
spin exchange J’ and intersite Coulomb repulsion V, this
structural difference suggests a larger V for BLOO, Given
the similarities of the two band structures (thus, hop-
ping amplitudes) and expected similarity of correlation
strengths, J” may be the same for both compounds.

With strong SOC, the mechanism of magnetic or-
dering involves the tensorial coupling of spin4-orbital
moments 32 which lies beyond the scope of this paper.
For purposes of comparison, we have performed all cal-
culations for BLOO keeping ferromagnetic orientation to
enable close comparison with BNOO. In Fig. B]it is shown
that, at a given volume, the band structures are similar
over most of the zone. Because the gap is small, there
are differences on the fine scale that are significant. At
the experimental volume of BLOO, there is small band
overlap along the plotted W-K direction for [001] magne-
tization direction for BNOO versus band touching (zero
gap) for BLOO. Generally there are only visible differ-
ences in the vicinity of the W-K direction, which holds
for other volumes that were studied.

It was mentioned above that the calculated easy axis
of BNOO is [110], with [111] being close. This similarity
of [110] and [111] energies persist for smaller lattice con-
stants. The higher energy of [001] becomes even larger
when the electronic structure becomes metallic, i.e. be-
yond the insulator-metal transition. For BLOO the easy

axis (assuming FM alignment) changes with volume: at
the experimental volume [111] is the easy axis but at the
BNOO lattice parameter (i.e. expanded by 0.18 A) [001]
becomes preferred. We note that the charge on Os is the
same for both BNOO and BLOO for all volumes studied.

It can be seen, by comparing Table [[I] with Table [I]
that the spin, orbital, and total moments on Os are af-
fected somewhat by the Li/Na difference, consistent with
the different behaviors seen experimentally.. The differ-
ences can be appreciable and are both volume and spin-
direction dependent. For example, the moment compen-
sation is greatest for [111] polarization for both com-
pounds (ptot= 0.07-0.08415), but the greatest compen-
sation occurs at different volumes (each at its own vol-
ume). There are differences in the band structures of
BNOO and BLOO on the 0.1 eV scale, with BLOO gen-
erally having a somewhat smaller band gap. From Fig.
[3] it is evident that the band structures differ strongly
along several of the W-K directions.

V. DEPENDENCE OF SPIN DENSITY ON
MAGNETIZATION DIRECTION

The PDOS plot of BNOO shows how degeneracy of Os
taq orbitals (Fig. [[[a)) is broken when SOC is included.
As already mentioned, Fig. [[[b) for [001] orientation
shows that d,. and d,, predominates the occupied band,



FIG. 4: Spin density contour plots in three planes, for Ba;NaOsOsg using the hybrid functional. Panel (a) corresponds to the
[001] spin direction, panel (b) to the [111] spin direction. Os ions lie at the centers of the faces and at the corners, neighbored
by four O ions in these planes. The blue contours in panel (a) reflect the negative spin polarization on the 2p, orbitals in the
equatorial plane. See also Fig. [5| The figure was produced with the Xcrysden software 3

with their complex combination (m= -1) accounting for
the orbital moment. For illustration, Fig. El(a,b) provides
plots of the spin density contours in the three basal planes
for [001] and [111] magnetization directions, to illustrate
the differences. The spin density contours for [001] spin
direction in the y — z and = — z planes are clearly very
different from those in the z — y plane, indicating its
strong anisotropy. For the [111] orientation shown in Fig.
b), the spin density contours are equivalent in the three
planes, reflecting the expected threefold symmetry. Some
other symmetries will be absent, however.

Fig (left panel) provides a 3D isosurface plot as well
as spin density contours (right panel) for the lower Hub-
bard band (occupied region at -0.4 eV to 0.0 eV) of
BNOO at its ambient pressure volume, for [001] magneti-
zation direction. The left panel reveals the d,. —id,. spin
density driven by SOC, which appears as large donuts
around the Os site. The figure also shows the p, — ip,
spin density on the apical oxygen ions, which is driven
by p — d hybridization rather than direct SOC on oxygen
(which is very weak for Z=8). This plot reinforces the
earlier inferences about strong cubic symmetry breaking
and additionally it shows that the contribution of d,,,
d,. orbitals dominates the dy, contribution.

The corresponding contour plot in Fig. |5 (right panel)
provides more detail about the Os d,., d,, orbitals hy-
bridizing with p, orbital of apical O, which thereby ac-

quires an orbital moment. The in-plane O p, orbital (a
p~ orbital) has substantial participation in bonding, but
the p, orbital contributes no orbital moment.

Finally, in Fig. [f] the spin density (which contributes
the anisotropic charge density) is provided for both [110]
and [111] orientations. For [111], the orbital is the
my = —1 member of the symmetrized combinations of
ta4 orbitals given by

_ L

Vm

where (,, = €2™/3 ig the associated phase factor for

threefold rotations. The spin density is anisotropic but
not as strongly so as for [001] orientation.

Less intuitive and more surprising is the spin density
for [110], also displayed in Fig. 6. By sight, it is very
nearly cubic; the complex linear combination of ¢y, or-
bitals necessary to provide the orbital moment is not
at all evident in the spin density, which is a cube with
rounded corners and dimpled faces. The spin density on
the O ions in unremarkable and also nearly symmetric.
This near-cubic symmetry provides an explanation for
the lack of an observable Jahn-Teller distortion in this d*
system.
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FIG. 5: Left panel: isocontour plot of the spin density in the limited range -04 eV to 0.0 eV — the occupied lower Hubbard
band — for Ba;NaOsOg at its experimental volume and [001] spin direction and using the hybrid DFT functional. This spin
density is non-negative, in line with lack of any occupied minority spin, see Fig. Right panel: isocontour plot of the same
density, showing more detail. For example, the small spin density in the z — y plane does not show up on the isocontour plot.
The negative spin density on the equatorial O ions that is evident in Fig. 4] therefore arises due to the polarization of the O 2p
bands (with no net moment).

A. Comments on magnetic moments Method s i Mot Band Gap
Lattice parameter 8.28 A
The orbital moment of Os is around -0.4p 5, with spin oeeHyb 0.62 N/A N/A  none
moment on Os about 0.5up, for all volumes and spin di- oeeHyb+SOC (001)  0.53 -0.40 0.13  0.02
rections we have studied. Thus the net moment is very oeeHyb+SOC (110)  0.56 -0.26 0.31 0.13
small, only 0.1xp, on Os, and most of the net (and ob- oeeHyb +SOC (111)  0.53 -0.32 0.22  0.09

served) moment of 0.6pp resides on the neighboring O
ions. For the [001] spin direction, the apical O acquires a
spin moment three times larger than those in the equato-
rial plane, while for [110] the equatorial O ions have 1.5

Lattice parameter 8.10 A
oeeHyb 0.60 N/JA N/A  none
oeeHyb+SOC (001)  0.53 -0.39 0.13  none

larger spin.The spin density isocontours for spin along oeeHyb +50C (110) ~ 0.52 -0.41 0.11  0.05
[001], shown in Fig [5 reveals its strong non-cubic sym- oeeHyb +SOC (111)  0.52 -0.44 0.08  0.06
metry.

. TABLE II: Analogous to Tablem but for BasLiOsOg and for
Another unexpected feature arises from the calcula- only two lattice constants. Note: the total moment per f.u.

tion. For spin along [001], the apical O ion acquires an will include an ~0.55pu 5 spin moment not included within the
orbital moment approaching 0.1 pp, whereas the in-plane Os sphere, thus primarily on the oxygen ions.

O ions show negligible orbital moment. We are not aware

of a significant orbital moment being detected, or pre-

dicted, on any oxygen ion. XMCD is the conventional

measurement for obtaining the orbital moment, though

tying it to the O ion will be challenging because there is

substantial Os 5d character mixed with O 2p, and vice

versa. Detection of an orbital moment on O will help

to substantiate the modeling of this unusual large SOC, tional, as well as generalize expectations of where orbital
Joff = % FM Mott insulator by the hybrid exchange func-  magnetism may emerge.



FIG. 6: Isosurface plot of the spin density of BNOO as in
Fig. [5} but for [110] (top panel) and [111] (bottom panel)
spin orientation. Note the near-cubic symmetry of the [110]
density on both the Os ion and the neighboring O ions. The
[111] density shows three-fold symmetry around the chosen
[111] axis for an my = %1 orbital for Eq.

VI. SUMMARY

The hybrid density functional has been used for the
modeling of BagNaOsOg with considerable success. Un-

like our attempts with GGA+U+SOC, when SOC is in-
cluded, and only then, it provides a robust FM Mott in-
sulating ground state for the moment aligned along any
of the three symmetry directions. Thus BNOO (and
BLOO) is a Jeff:% Mott insulator at quarter filling,
driven by the combination of strong exchange-correlation
and large SOC. Though the spin magnetization remains
completely spin-up when SOC is included, the large
changes in the composition of the occupied orbital are
driven by SOC. On the scale of 0.1-0.2 eV which is im-
portant considering the small gap, the band structure is
strongly dependent of the orientation of the magnetiza-
tion.

In addition, our approach predicts the [110] direction
as the easy axis, as observed, though [111] is close in en-
ergy. The character of the net moment is unexpected.
On the one hand, the spin and orbital moments on Os
are 0.5 and -0.4up, respectively, leaving a net moment
on Os of 0.1up, similar to earlier indications ™2 How-
ever this value leaves most of the total moment of 0.6up
arising from the oxygen ions in the OsQOg cluster. The ob-
served ordered moment is ~0.2pp thus indicates some-
what larger compensation, or small spin contribution,
than our results provide.

Another unusual feature found here is that for spin
along [001], there is a 0.1up orbital moment on the api-
cal oxygen ion. This surprisingly large value cannot arise
from the very small SOC on oxygen; rather it is the hy-
bridization of the Os d,. — id,. combination with the
D2 — 1Py orbital that transfers orbital angular momentum
to O. This effect does not operate for other spin orienta-
tions.
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