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KO2 is a molecular solid consisting of oxygen dimers. K present in the lattice donates an electron which

goes on to occupy the O p levels. As the basic electronic structure is similar to that of an oxygen molecule,

except for broadening due to solid state effects, KO2 represents the realization of the doping of oxygen

molecules arranged in a lattice. These considerations alone result in magnetism with high ordering

temperatures as our calculations reveal. However, we find that the high temperature structure is unstable to

an orbital ordering (OO) transition. The microscopic considerations driving the OO transition, however,

are electrostatic interactions instead of the often encountered superexchange driven ordering within the

Kugel-Khomskii model often used to describe the OO. This OO transition is also found to preclude any

possibility of high magnetic ordering temperatures, which otherwise seemed possible.

The past two decades have seen a resurgence of interest
in transition-metal (TM) oxides as a result of the wide
range of phenomena that they exhibit [1]. A real space
ordering of charge carriers at some lattice sites over other
equivalent ones have been found in some cases, the phe-
nomenon being referred to as charge ordering [2]. In a few
other cases one finds a preference of certain orbitals being
occupied over other notionally degenerate ones [3]. The
favored pattern of orbital ordering is usually understood
within the Kugel-Khomskii (KK) [4] model within which
one finds that many-body effects could give rise to orbital
order via a purely electronic superexchange mechanism.

While most efforts probing charge and orbital ordering
have concentrated on transition-metal compounds [5], pos-
sible examples among p band systems have not been ex-
plored. The first step in this direction would be to search for
narrow band materials in which Coulomb interactions
should be important. If one could engineer magnetism in
these materials, one could generate a new class of com-
pounds with a rich phase diagram as the earlier discussed
transition-metal counterparts. Examples of p-band magne-
tism are rare as most compounds have a completely filled p
band. Furthermore, most examples are wide band materi-
als. Therefore partial occupancy of the p band does not
introduce spin polarization. Recent experimental [6] and
theoretical efforts [7] have engineered narrow bands in this
class of compounds by the introduction of defects. A
competition between intra-atomic exchange and band for-
mation results in a local moment being favored in a few
cases. The problemwith this approach, however, is that one
does not really have any control of the magnetism, as one
does not have a microscopic control over the defect posi-
tions. Our search for stoichiometric materials with p shell
magnetism led us to an unusual set of compounds formed
by the alkali-metal atoms (A). While one expected only

oxides of the form A2O between an alkali-metal atom and
oxygen several additional members were found to exist.
Taking the example of K and O, we found that several
oxides are formed—K2O, KO2, KO3 [8], a phenomenon
usually associated with TM compounds as a consequence
of the variable valency of the TM atoms. As wewill discuss
later, some of these compounds have partially occupied
oxygen levels. Partial occupancy leading to variable va-
lency makes this class of systems a strong playground for
magnetism. It should be noted here that normally one talks
of variable valency of the metal site and its consequences,
but here it is of the ligand. In fact, there are a few experi-
mental reports of magnetism in alkali-metal oxides, though
the scenario is not very clear.KO3 and RbO3 show maxima
in their temperature-dependent susceptibility at 20 and
17 K [9], suggesting antiferromagnetic (AFM) ordering,
while the cesium compound showed very weak AFM
ordering. In the case of KO2, RbO2 and CsO2, antiferro-
magnetism has been observed with low ordering tempera-
tures of 7, 15, and 9 K, respectively [10]. Recent work on
Rb4O6 [11] has found AFM order at 4 K.
The rich phase diagram of the 3d transition-metal coun-

terparts have been discussed in terms of the closely
coupled spin, charge, and lattice degrees of freedom. Do
we have a similar scenario here? Considering the proto-
typical example of KO2 we find that the structure consists
of oxygen dimers with O-O bond length quite close to that
found in an oxygen molecule. The basic electronic struc-
ture is therefore the same as that found in the molecule,
except for some broadening due to solid state effects. The
presence of the K atom in the lattice serves the purpose of
being a donor, doping electrons into the oxygen molecular
orbitals. Starting with the high temperature undistorted
structure we find magnetism to be strongly favored with
large magnetic stabilization energies being predicted, but
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in contradiction with experiments. Allowing for structural
relaxations which minimize the energy of the system, an
OO transition is found to take place which in turn elimi-
nates any possibility of high magnetic ordering tempera-
tures. Usually lattice distortions determine the favored
orbital at an atomic site, while the three-dimensional order-
ing (KK model) is determined by configurations that favor
the delocalization of the electron. Here, we find this is not
the case, and electrostatic considerations drive the OO.

In Table I we list magnetic stabilization energies of some
of the alkali oxides calculated using generalized gradient
approximation (GGA) [13] functional within a plane wave
pseudopotential implementation of density functional the-
ory (DFT) within VASP [14] with PAW potentials, using a
k-point mesh of 8� 8� 8 and a cutoff energy of 400 eV.
The total energy was found to change by just 1 meV when
the k-point mesh was changed from 8� 8� 8 to 12�
12� 12. The experimental crystal structure [8] was taken
in every case, though the internal coordinates were allowed
to relax. For each of the systems studied, we computed the
magnetic stabilization energy defined here as the differ-
ence between the energy of the ferromagnetic (FM) state
and the nonmagnetic (NM) state unless otherwise stated.
The magnetic stabilization energy is quite large in most
cases. In order to understand this further we have examined
the partial density of states (DOS) computed within
spheres of radii 0.6 Å around O and 1 Å around the
alkali-metal atom. The alkali-metal atoms are found to
act as perfect donors. If the resultant electron count on
the O atoms still leaves them with partially filled p states,
then exchange splitting of these states results in a spin-
polarized configuration being favored. These results
clearly suggest formation of local moments in this class
of compounds. We then take KO2 as a representative
candidate and explore the possibility of various long range
magnetic order. For this purpose we construct a 2� 2� 2
supercell of the body- centered tetragonal unit cell of KO2.
A k-point grid of 3� 3� 3 was considered for the super-
cell. Correlations were included at the level of GGAþU
[15] calculations.

There are examples to show that even in some seemingly
simple sp systems, the DFT methods can fail to capture the
many-body effects correctly [16]. Therefore, in order to be
convinced that KO2 indeed has a magnetic ground state
with a large stabilization energy, we calculated its total
energy using quantum Monte Carlo (QMC) methods.
While LSDA and GGA methods incorporate exchange-
correlation effects in a local or semilocal way as func-
tionals of local density or local density gradient, QMC
methods use correlated many-electron wave functions in-
corporating nonlocal exchange, appropriate cusp condi-
tions, and electron-electron correlations essentially
exactly [17]. Diffusion Monte Carlo methods carried out
using QWALK [18] predicted the magnetic state to be more
stable, with a stabilization energy of 0:48� 0:05 eV per
formula unit.
An examination of the structure of the compounds listed

in Table I indicates an interesting feature. Except for K2O,
oxygen dimers are an integral component of each of the
materials studied. The dimer length does vary from com-
pound to compound, and the deviation from that for oxy-
gen solid is given in parentheses. Considering two oxygen
atoms separated in the z direction, the pz orbitals (denoted
by the symmetry symbol �) on them are directed towards
each other and hence experience stronger electrostatic
repulsion than the px and py orbitals (symmetry label �).

This is indicated in the inset of Fig. 1(a) for the two atoms
of the oxygen dimer OA and OB. The central panel of the
inset shows the ensuing level diagram for the oxygen
molecule as a result of hopping between the levels on OA

and OB. The hopping between the pz orbitals is larger than
that between the other p orbitals. This results in a level
inversion, and the bonding �b levels are found to lie below
the bonding �b levels. The subscript b and a have been
used to denote the bonding and antibonding levels. The
same ordering of levels is found in KO2 also, and the same
labeling has been used for the features of the total DOS
shown in Fig. 1(a). As discussed earlier, the contribution
from K s and p states to the DOS is negligible and is
dominated by the O p states shown in the panel of
Fig. 1(c). While the main results of Fig. 1 correspond to
the non-spin-polarized case, we have also considered the
effects of spin polarization [inset of Fig. 1(c)] which splits
the levels without changing their order.

TABLE I. Ferromagnetic stabilization energies for different
AO compounds, as well as the magnetic moment on the oxygens
and the O-O bond lengths (deviations of the O-O bond lengths
from oxygen dimers in solid taken from Ref. [12]

System EFM-ENM

(meV)

Magnetic moment

(�B)

O-O bond

(Å)

KO2 �164 0.29 1.35 (0.14)

K2O 0 0 Long

KO3 �186 0.29 1.36 (0.15)

CsO3 �199 0.16, 0.24 1.37 (0.16)

NaO2 �189 0.29 1.35 (0.14)

NaO3 �197 0.15,0.2 1.24 (0.03)

Rb4O6 �257 0.28 1.37 (0.16)

RbO3 �185 0.16, 0.24 1.41 (0.2)

TABLE II. Ferromagnetic (EFM) and AFM (EAFM) stabiliza-
tion energies as a function of U and J ¼ 0:4 eV for KO2 per
formula unit. EAFM is given for a competing AFM configuration.

U
(eV)

EFM-EAFM

(Undistorted) (meV)

EFM-EAFM

(Distorted) (meV)

U ¼ 3:0 �10 �3
U ¼ 3:5 0 �2
U ¼ 4 12 �2
U ¼ 5 36 �2
U ¼ 6 61 �1



We then went on to examine the stability of various
magnetic configurations. As the bandwidth of the O p
states is narrow, electron-electron interactions are
expected to play an important role. Therefore, we also
included an explicit electron-electron interaction energy
term (U) on the oxygen atoms within the GGAþU
method [15]. U was treated as a parameter and varied
from 3 to 6 eV. Photoemission and Auger experiments
place U in the range of 3–6 eV on the oxygens in
transition-metal oxides. [19] Interestingly we found that
for low values of U, where the system was metallic, the
favored type of magnetic ground state was FM (Table II).
For larger values of U (>3:5 eV), the ground state turned
out to be AFM (Table II), which got increasingly stabilized
with U. Hence partial occupancy in the metallic state
allowed the FM state to be stabilized, and the magnetic
transition was almost concomitant with the metal to insu-
lator transition. These results suggested that strong mag-
netism was favored in KO2 except for a critical value
Uc � 3:5 eV, at which FM and the competing AFM state
have comparable energies, and no definite long range
magnetic order sets in.

In order to probe this mystery from other angles, we
scanned the experimental literature for clues. There were
indications of a rotation, or even disordering, of the oxygen
dimers [20] at low temperatures, in contrast to the averaged
high temperature structure which has all dimers pointing in
the same direction. In order to examine if this held a clue to
the solution, we optimized the structure ofKO2 in our DFT
calculations with no symmetry constraints imposed by the
initial structure. Allowing for this symmetry breaking pro-
duced a structure which is 22 meV per formula unit lower

in energy than the high temperature structure atU ¼ 4 eV.
The ground state structure obtained was independent of
whether we used LSDAþU or GGAþU exchange.
Before we discuss results of our DFT calculations in detail,
a simple minded picture of what to expect is useful. Each
oxygen dimer is surrounded by six K atoms [inset of
Fig. 2(a)]. Four of these lie in the plane cutting the oxygen
dimers, at a distance of 2.93 Å, forming a square, while two
more lie at a distance of 2.66 Å on the z axis along the line
joining the atoms of the dimer. Now, as we are doping the
oxygen dimer with the introduction of K in the lattice, the
electron density on the oxygen atom increases and they
tend to move apart, purely on electrostatic grounds.
However, movement in the z direction is hindered beyond
a point because of the presence of the K atoms. The strong
repulsive interaction between the electrons on K and oxy-
gens prevent the motion of the latter in the z direction. The
oxygen dimers therefore rotate as illustrated in the inset of
Fig. 2(b). The K atoms in the z direction also move in the
opposite direction to that of the oxygen dimer, and this
again can be understood in terms of electrostatic argu-
ments, assuming a repulsive interaction between the K
and O atoms. The rotations of the dimers exerts a net force
on the K atoms that lie in the plane passing through the
center of the dimers. As a result of this force, the K atoms
are displaced and the square lattice they formed distorts
into a pattern of rhombi as shown in Fig. 2(b). The starting
structure has the px and py orbitals to be degenerate as is

evident from the O p partial DOS shown in the inset of
Fig. 3(a), where, for simplicity, we show only the O p
down-spin projected partial DOS. However, in the dis-
torted structure of rhombi, one diagonal is longer than
the other, leading to a degeneracy lifting of the doubly
degenerate � levels. Thus the structural distortions also
lead to an OO transition which drives the system insulat-
ing. This is evident from the O p spin projected partial
DOS shown in Figs. 3(a) and 3(b) where the doubly

FIG. 1 (color online). The (a) total, (b) K s, K p and (c) O p
projected partial DOS calculated for nonmagnetic KO2. The zero
of energy corresponds to the Fermi energy. In the inset of panel
(a) we provide a schematic diagram of the energy levels of an
oxygen dimer and various features in the DOS are labeled
accordingly. In the inset of panel (c) we provide the up (solid
black line) and the down (dashed black line) O p projected
partial DOS for ferromagnetic KO2.

FIG. 2 (color online). A view of the xy plane in KO2 in (a) the
initial structure and (b) the optimized structure. The K atoms
(large brown circles) are found at the corners of the square or
rhombus. The oxygen dimer (small red circles) pass through the
center of the square or rhombus. The local environment around a
dimer is shown in the inset of panel (a) for the initial structure
and (b) the optimized structure.



degenerate �a levels split into the levels labeled px and py.

The real space charge density of the feature in the energy
window between �0:8 and 0 eV in the minority spin
channel (down-spin) is shown in Fig. 3(c). It reflects
what we have observed in the DOS. It is not unusual for
structural distortions to lead to such OO. The three-
dimensional ordering of the orbitals is usually determined
by considerations which maximize electron delocalization
via superexchange interactions as proposed by Kugel and
Khomskii. We consider a tight-binding model with a cou-
pling between the nearest neighbor oxygen atoms (beyond
those comprising the dimer). With an appropriate choice of
basis we have a coupling between px orbitals and py

orbitals, respectively, and no cross couplings. So, if the
occupied orbital on one oxygen dimer is px, then in order
to maximize the energy gain from superexchange interac-
tions, the py orbital should be favored on the neighboring

oxygen dimers. Here, we find that of the four neighbors
[indicated by the dashed square in Fig. 3(c)], two have px

orbitals occupied, while two others have py orbitals occu-

pied. This orbital ordering is insensitive to the underlying
magnetic state considered. Hence electrostatic considera-
tions which determine the lattice distortions also determine
the OO.

The consequence of the OO is dramatic. In the undis-
torted structure we had large stabilization energies for
different types of magnetic order depending on the choice
of U (Table II). This, however, vanishes and for all values
of U considered here, we find all the magnetic states to
have very close energies (Table II). The OO destroys any
hope of high ordering temperatures that may have been
realized in the undistorted compounds. An additional as-
pect is the robustness of the OO. In the undistorted struc-
ture the nature of orbital order that one found depended on
the underlying magnetic state. However, in the distorted
structure, the OO is robust to changes in the magnetic
order.

In conclusion, a class of compounds with partially filled
oxygen bands have been identified. Local moment forma-
tion is predicted where there is partial occupancy. We
examine the example of KO2 in great detail. Considering
the high temperature undistorted structure, we find large
magnetic stabilization energies. However, our calculations

reveal that an OO transition takes place as a function of
temperature. This OO transition, unfortunately, precludes
any possibility of high magnetic ordering temperatures and
is surprisingly robust to changes in the magnetic order.
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FIG. 3 (color online). The O p down-
spin projected partial DOS for oxygens
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Inset of panel (a) shows the O p pro-
jected down-spin partial DOS for O in
Fig. 2(a). The real space charge density
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�1 eV and EF in the density of states of
the distorted structure is shown in panel
(c), where the white circles denote the K
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