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Correlation effects in p-electron magnets: Electronic structure of RbO, from first principles
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We present results of generalized gradient approximation (GGA)+ U calculations for the “4° magnet” RbO,,
where magnetic properties are due to partially filled oxygen p orbitals. We show that on-site interactions on the
oxygen sites lead to a strong tendency toward the formation of an orbitally polarized insulating state in contrast
to the half-metallic behavior predicted for this class of compounds within pure local-spin-density approxima-
tion and/or GGA. The obtained energy differences between different orbitally ordered configurations are
sizable, indicating an orbital ordering temperature higher than the antiferromagnetic Néel temperature of
~15 K. Our results demonstrate the importance of correlation effects in p electron magnets such as RbO,,
which can serve as an important benchmark system to study correlation effects in a “clean” system where

unoccupied p states are not defect induced.
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Recently, various cases of “d’ magnetism” have been re-
ported where, in contrast to the more conventional case of
partially filled d (or f) electronic shells, magnetic properties
arise from partially filled p orbitals.! In most cases, the cor-
responding phenomena are defect induced, and systematic
studies are hampered by poor reproducibility and a wide
spread in experimental data. Furthermore, theoretical inves-
tigations based on first-principles density functional theory
are plagued by the well-known deficiencies of the local-spin-
density and generalized gradient approximations (LDA and
GGA).>? To further explore p electron magnetism as alterna-
tive option for spintronic applications, it is therefore desir-
able to study intrinsic p electron magnetism in pure, i.e.,
mostly defect-free, bulk materials, which can provide impor-
tant insights in the underlying mechanisms and can serve as
benchmarks for currently used theoretical approaches.

Here, we discuss the case of rubidium superoxide, RbO,,
which is part of the family of alkali superoxides AO,
(A=K, Rb, or Cs).*> The magnetic properties of these sys-
tems result from the partially filled p electron levels of the
superoxide anion O;. As shown in Fig. 1(a), the hybridiza-
tion between atomic p orbitals within the O, units gives rise
to bonding (0,7, ) and antibonding (o7, ) molecular or-
bitals (MOs). The nine p electrons per O occupy all bonding
states but leave one hole in the antibonding 7 , orbitals [see
Fig. 1(a)], which can give rise to spin polarization and mag-
netic order [see Fig. 1(b)]. Indeed, below the Néel tempera-
ture Ty~ 15 K, RbO, orders antiferromagnetically, with
parallel orientation of the magnetic moments within the te-
tragonal (001) planes and antiparallel orientation between
adjacent planes.*?

RbO, also undergoes several crystallographic phase
transitions,>® which involve various small distortions from
an “average” high symmetry structure of the CaC, type
(space group I4/mmm; see Fig. 1). This structure consists of
two interpenetrating body-centered tetragonal lattices of Rb*
cations and O anions with the molecular O-O bond oriented
parallel to the ¢ axis. For simplicity, and since the full space
group symmetries of the various low temperature phases
have not been fully established, yet, all calculations pre-
sented in this work are performed for the average CaC,
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structure shown in Fig. 1. We point out that our results pro-
vide a well-defined starting point for further investigations of
structural instabilities.

In the following, we present results of first-principles den-
sity functional theory calculations using the QUANTUM-
ESPRESSO code package,” employing the GGA exchange-
correlation functional of Perdew et al® and Vanderbilt
ultrasoft pseudopotentials.” We then analyze the effect of on-
site Coulomb repulsion on the electronic structure of RbO,
using the GGA + U approach!®!! and demonstrate that RbO,
exhibits a strong tendency to form an orbitally polarized in-
sulating state [see Fig. 1(c)] in contrast to the half-metallic
character obtained within a simple LDA/GGA calculation.
Even though the orbital order occurs without imposing any
symmetry lowering of the crystal structure, it nevertheless
leads to substantial energy differences between different or-
bitally ordered configurations. Our results demonstrate the
importance of correlation effects in p electron magnets such
as RbO, and the failure of LDA/GGA in obtaining the cor-
rect ground state for these systems.
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FIG. 1. (Color online) Left: averaged tetragonal structure of

RbO,. Oxygen and rubidium atoms are represented by large (red)
and small (blue) spheres, respectively. The two O, molecules within
the tetragonal unit cell will be denoted as 0(21) and 0(22). Thick solid
(green) lines indicate the hoppings included in the TB model. Right:
(a) energy levels of O; molecules formed from atomic p states. (b)
Spin polarization splits the majority and minority 71';‘, states. The
degenerate half-filled minority-spin 77;» orbitals give rise to the
half-metallicity obtained within LDA/GGA calculations. (¢) An ad-
ditional splitting results in an orbitally polarized insulating state
consistent with experiment.
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FIG. 2. (Color online) DOS of RbO, for (a) FM and (b) AFM
configurations. Black line represents total DOS; striped areas indi-
cate O(p) states [vertical: Ogl)(p), horizontal: 0(22)(17), and diagonal:
total O(p)]. Different signs indicate different spin components.

We start by performing a full structural optimization of
RbO, within tetragonal [4/mmm symmetry. These relax-
ations are done for antiparallel alignment of the magnetic
moments of O and O (see Fig. 1). We use a plane wave
cutoff energy of 30 Ry and a 10X 10X 6 k-point grid, which
result in convergence of the total energy better than 1 meV.
We obtain lattice parameters a=4.20 A and ¢=7.07 A, in
very good agreement with experimental values of 4.22 and
7.00 A, respectively.® The calculated O-O bond length is
1.36 A which agrees very well with the experimental esti-
mate of 1.34 A.12

The calculated densities of states (DOSs) for both ferro-
magnetic (FM) and antiferromagnetic (AFM) configurations
are shown in Fig. 2. It can be seen that in the plotted energy
range around the Fermi level Er the DOS has almost exclu-
sive oxygen p character and exhibits a peak structure closely
resembling the molecular energy scheme depicted in Fig. 1.
Thus, the relatively weak interaction between neighboring
molecules leads only to a small broadening of the corre-
sponding energy levels, i.e., the formation of very narrow
bands that essentially retain the character of the correspond-
ing MOs. The DOSs for the two different magnetic configu-
rations show only minor differences. In both cases, the Fermi
level bisects the (local) minority 7T;‘, band which leads to
metallicity (half-metallicity for the FM case) similar to LDA
calculations for KO, (Ref. 13) and GGA calculations for
rubidium sesquioxide, RbyO¢.!*!> The latter material was
predicted to be a half-metallic ferromagnet with an estimated
Curie temperature of 302 K.'*!> However, experiments indi-
cate that Rb,Oy is indeed a magnetically frustrated insulator
exhibiting spin-glass-like behavior, consistent with more re-
cent calculations using hybrid functionals and LDA+U.'%!7
It was also pointed out in Ref. 16 that even RbO,, which is
experimentally well known to be an insulating antiferromag-
net, is predicted to be half-metallic within LDA. This is
consistent with our GGA calculations, which favor the FM
over the AFM configurations by an energy difference
of 6 meV/f.u., thus suggesting a general inadequacy of
LDA/GGA for the treatment of partially filled molecular
states.

It is well known that LDA/GGA often fails to reproduce
the correct insulating ground state for “strongly correlated”
materials such as transition metal oxides and many f electron
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FIG. 3. (Color online) (a) Diagonal elements of the occupation
matrix as a function of the Hubbard U parameter. (b) Evolution of
the total DOS (black line) and projected DOS [vertical and horizon-
tal stripes for O(p,) and O(p,), respectively] for different U values.
The solid vertical line indicates the Fermi energy.

systems (see, e.g., Ref. 11). This failure can be overcome
within the (LDA/GGA)+ U method,'*!" which introduces an
energy correction that depends on the orbital occupation ma-
trix obtained by projecting the valence functions [¢7) (v:

band index) onto atomiclike states |¢§l>,

iy = 20 7 (UL BN D |0 (1)
k,v

Here, R, o, and m indicate the site, spin, and orbital character
and fgy is the occupation of the corresponding wave function.

In the following we suppress the superscript Ro where pos-
sible; if not stated otherwise, occupation numbers refer to the
local minority-spin p channel on the oxygen sites. In this
work we use the GGA+ U implementation described in Ref.
18.

To assess the effect of on-site electron correlation for the
present case of a partially filled p electron system we now
perform a series of GGA+ U calculations with varying Hub-
bard U parameter for the p orbitals on the oxygen sites.
Within this scheme, an insulating state can in principle be
achieved via orbital polarization, i.e., a preferred occupation
of one of the degenerate 7 orbitals driven by correlation
effects [see Fig. 1(c)]. In the following we only consider the
AFM configuration, and in order to allow the system to con-
verge to an orbitally polarized state, we initialize the ele-
ments of the orbital occupation matrix accordingly.!® The
resulting converged values of the occupation matrix elements
as a function of U are summarized in Fig. 3(a). Note that
since the occupation matrix in the current GGA+U imple-
mentation refers to atomic p, , states, which give rise to both
the fully occupied bonding and the partially occupied anti-
bonding MOs, a fully occupied 7, MO and fully unoccupied
77; MO correspond to atomic occupation numbers n,,=1.0
and n,,=0.5, whereas for the corresponding unpolarized
state n,,=n,,=0.75. It can be seen from Fig. 3(a) that no
orbital polarization develops for U values of up to 1.6 eV,
while for U=2.0 eV a small occupation imbalance occurs.
The orbital polarization increases with increasing U, and for
U>3.0 eV the system is essentially fully polarized. The or-
bital polarization is accompanied by the opening of a gap in
the DOS, and the system is fully insulating for U>2.0 eV
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FIG. 4. (Color online) (a) Total energy of orbitally polarized
states relative to the nonpolarized state as a function of U. (b)
Energy of different orbitally ordered states relative to the (x,y)
state. All energies correspond to the simple tetragonal unit cell.

[see Fig. 3(b)]. The orbital polarization is also apparent from
the projected DOS, indicating nearly exclusive p,/p, charac-
ter in the occupied/unoccupied states, respectively.

Figure 4(a) shows the energy gain due to orbital polariza-
tion for different orbital order patterns. The notation (a,b)
indicates the orientation of the occupied orbitals on the two
different O, units within the simple tetragonal unit cell, i.e.,
alb can indicate occupation of either 7,  or (7, * )/ V2
orbitals. All results presented so far refer to the (x,y)-type
ordering, i.e., an anti-ferro-orbital ordering of occupied
and 7 orbitals. Convergence of the various orbital patterns
can be achieved by varying the initialization of the orbital
occupation matrix. The calculated energy gain associated
with orbital polarization [Fig. 4(a)] increases linearly with U
for U>3.0 eV, where the system is essentially fully polar-
ized. Figure 4(b) shows the energies of the four different
ordering patterns relative to the (x,y)-type ordering.’ The
energy differences between the different cases are rather in-
dependent of U (for U=3.5 eV) and are all of the order of
~10 meV, with the diagonally oriented anti-ferro-orbital or-
dering (x+y,x—y) being energetically most favorable. The
energy scale of ~10 meV suggests a relatively high order-
ing temperature of ~100 K. We point out that we do not
consider any lattice distortion accompanying the orbital or-
der so that these energy differences represent a purely elec-
tronic effect.

In order to gain further insight into the mechanism under-
lying the orbital ordering, we construct a minimal tight-
binding (TB) model for the antibonding #* MOs similar to
the one discussed in Ref. 13 for KO,. In addition to the
kinetic hopping term, we also include a mean-field Hubbard
interaction resembling the +U correction term of the
GGA+U approach. The hopping amplitudes are obtained
by constructing maximally localized Wannier functions?!
(MLWFs) representing the antibonding 7T;y states around the
Fermi level. Hopping up to fourth nearest neighbors is con-
sidered in the TB model (indicated by thick solid/green lines
in Fig. 1), leading to excellent agreement between the TB
and GGA bands [see Fig. 5(a)]. More details about the
TB+ U model will be presented elsewhere.

Within this TB+ U model, we always obtain a polarization
of the (x*y,x*y) type, i.e., an orientation of the occupied
7 orbital along the diagonal in-plane direction. The corre-
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FIG. 5. (Color online) (a) Comparison of the band structure for
7* bands: GGA (thick/black line) and TB model (thin/gray line).
The two MLWFs per O, site used as basis for the TB model are also
shown. (b) Band gap as a function of U. Symbols for GGA+ U data
indicate the same orbital order patterns as in Fig. 4.

sponding ferro- and anti-ferro-orbital configurations are de-
generate for the AFM case. Figure 5(b) shows the evolution
of the band gap as function of the Hubbard U for both the TB
and the GGA+U calculations. Note that, as previously dis-
cussed, a full orbital polarization (An=1) of the #* MOs
corresponds to an occupation difference An=0.5 in the basis
of atomic p orbitals used for the GGA+ U calculations. Thus,
the same on-site energy splitting Ae=UAn corresponds to
twice the value of U in the GGA+ U calculation compared to
the TB model. Within the TB model a fully insulating state is
obtained for U=0.5 eV, where the width of the band gap
follows a linear relation ng =U-U, with Uy=0.34 eV. The
corresponding expectation for the GGA+U calculation is
thus AEga(;Az U/2-U,. It can be seen from Fig. 5(b) that this
relation 1s well fulfilled for U>3.5 eV, where the system is
indeed fully polarized [see Fig. 3(a)]. The strong suppression
of the orbital polarization for U<3.0 eV in the GGA+U
case indicates the importance of electrostatic effects which
are not included in the TB+ U model.

Full orbital polarization results in a pronounced asymme-
try of the valence charge density, which is unfavorable from
an electrostatic point of view. In order to assess the influence
of this effect on the orbital order, we calculate the corre-
sponding electrostatic energy contribution within a simple

-18
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FIG. 6. (Color online) Left: point charge model for the electro-
static interaction. Occupied orbitals at each O, unit are approxi-
mated by four —e/4 charges located at the positions of the MLWF
extrema (d=0.68 A, e=0.42 A) and +e charges are located at the
Rb* sites. The orientations of the two occupied MOs are repre-
sented by angles « and B. Right: corresponding electrostatic energy
per unit cell as function of « and B.
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point charge model (see Fig. 6). It can be seen that the cor-
responding energy has pronounced minima at «, 8=45° or
135°, corresponding to occupied (w,*r,)/\2 orbitals.
The electrostatic interaction thus favors the same diagonal
orientation of the occupied orbitals as the hoppings, and fur-
thermore the degeneracy between the corresponding ferro-
and anti-ferro-orbital orientation is lifted in favor of
the (x+y,x—y)-type anti-ferro-orbital ordering (a=45°,
B=135°). This is also consistent with the result of the
GGA+U calculations [Fig. 4(b)] even though the very
simple point charge model is not able to fully account for the
energetics between all the different configurations.

In summary, our calculations show that the p electron
magnet RbO, exhibits a very strong tendency toward orbital
polarization, driven by strong on-site interactions. An orbit-
ally ordered insulating state appears for rather small values
of the Hubbard U (U,=0.34 eV for the MO basis). We note
that U~3.55 eV was determined in Ref. 13 for the molecu-
lar 7" orbitals in KO, based on constrained LDA calcula-
tions. The calculated energy differences between different
orbital order patterns are of the order of 10 meV, and further
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analysis indicates that the orbital order pattern is determined
by both hybridization effects (hopping) and electrostatic in-
teractions. While our study is limited by the rather small unit
cell size used to explore different orbital order patterns, our
results give clear evidence for the importance of correlation
effects in p electron magnets. The same effects are also im-
portant for defect-related p electron magnetism, where
simple LDA/GGA approaches cannot be used for reliable
predictions of ordering temperatures and  other
characteristics.' An interesting question is how the
correlation-induced orbital order discussed here affects struc-
tural distortions via Jahn-Teller-like effects and elastic inter-
actions. RbO, represents a “clean” p electron system to study
these effects and thus allows to benchmark currently avail-
able methods for the treatment of correlation effects in p
electron systems.
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