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1Institut für Anorganische und Analytische Chemie, Johannes Gutenberg-Universität, D-55099 Mainz, Germany
2Max-Planck-Institute for Solid State Research, 70569 Stuttgart, Germany
3Max-Planck-Institute of Microstructure Physics, 06120 Halle, Germany

4Institute for Solid State Physics, Technische Universität, 64289 Darmstadt, Germany
(Received 11 June 2008; published 5 January 2009)

We report on theoretical investigations of the exotic magnetism in rubidium sesquioxide Rb4O6, a

model correlated system with an open 2p shell. Experimental investigations indicated that Rb4O6 is a

magnetically frustrated insulator. The frustration is explained here by electronic structure calculations that

incorporate the correlation between the oxygen 2p electrons and deal with the mixed-valent oxygen. This

leads to a physical picture where the symmetry is reduced because one third of the oxygen in Rb4O6 is

nonmagnetic while the remaining two thirds assemble in antiferromagnetic arrangements. A degenerate,

insulating ground state with a large number of frustrated noncollinear magnetic configurations is

confidently deduced from the theoretical point of view. These findings demonstrate in general the

importance of electron-electron correlations in open-shell p-electron systems.
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Solid oxygen is the paradigm for p-electron-based mag-
netic ordering in compounds and is, together with NO, the
only molecular crystal that carries a magnetic moment. It
exhibits an antiferromagnetic (AFM) transition at a Néel
temperature of 24 K [1], and with moderate pressure,
planes in the AFM solid couple ferromagnetically [2].
With higher pressure the molecular crystal becomes me-
tallic [3] and then superconducting [4].

The alkali-metal oxides constitute an intermediate step
on the way from molecular oxygen to the ionic transition-
metal oxides. The alkali-metal atoms transfer their elec-
trons to the oxygen molecules resulting in ionic crystals
with dioxygen anions that retain the molecular properties
of solid oxygen [5]. In particular, the heavy alkali metals
form compounds with oxidation states that range from
metallic suboxides [6] to the ozonides [7]. In this Letter
it will be shown that the alkali sesquioxides—Rb4O6 and
Cs4O6—are of principal importance. Since these com-
pounds are open-shell 2p systems within a solid, quantum
chemistry and condensed matter meet in an intriguing
fashion.

The black color of Rb4O6 suggests that it has an uncon-
ventional electronic structure, since comparable alkali hy-
peroxides or peroxides are pale yellow or white. Rb4O6 is
an insulator with a resistivity of approximately 0:04 M�m
[8]. The sesquioxide contains three dioxygen anions with
two possible valencies: the closed-shell peroxide anion
O2

2� and the open-shell hyperoxide anionO2
�. The hyper-

oxide corresponds to a charged oxygen molecule (radical)
and localizes its single unpaired electron in an antibonding
�� orbital. This causes the rare phenomenon of aniono-
genic magnetic order. Anionogenic magnetism is also ob-
served, for example, in rubidium hyperoxide RbO2, an in-
sulating antiferromagnet with a Néel temperature of 15 K

[9]. Electronic structure calculations have been used to
predict half-metallic ferromagnetism in canonical open-
shell 2p systems such as nanographene [10] or hole-doped
MgO [11]. Similar predictions were made for Rb4O6 [12],
but the underlying calculations failed to give an accurate
description of its insulating and magnetic properties.
Rubidium sesquioxide crystallizes in the Pu2C3 struc-

ture type. Inelastic neutron scattering studies confirmed the
simultaneous presence of O2

� and O2
2� anions [13].

Magnetization measurements [14] indicate a complicated
electronic structure with a magnetic transition at approxi-
mately 3.4 K. An effective magnetic moment of m ¼
1:83�B per hyperoxide anion was deduced from a Curie-
Weiss fit. Thermal irreversibilities were observed between
zero-field-cooled (ZFC) and field-cooled (FC) magnetiza-
tion measurements. These phenomena are specific to spin
glasses and related random magnetic systems [15,16].
Further experiments indicated that the magnetization of
Rb4O6 shows a dynamic time dependent behavior below
the magnetic transition [8]. The magnetization as a func-
tion of time follows an exponential law with a relaxation
time of � ¼ ð1852� 30Þ s. Magnetic and geometric frus-
tration are observed frequently in d-electron systems such
as the spinel LiV2O4 [17] or the cubic vanadates [18]. In
Rb4O6, however, the magnetic moment is carried by the p
electrons of the anionic hyperoxide molecules. Here we
show for the first time that open-shell 2p compounds
exhibit magnetic frustration and behave like other corre-
lated d- or f-electron systems.
For a detailed analysis of the electronic and magnetic

structures of Rb4O6, its crystal structure must be under-
stood. Figure 1(a) shows a body-centered cubic unit cell of
Rb4O6. It contains 12 dioxygen anions that are distin-
guished by their valency and their alignment along the
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principal axes. The experimental bond lengths for the
hyperoxide and the peroxide anions are approximately
0:14a and 0:17a, respectively. The cubic lattice parameter

is approximately a � ð9:2–9:3Þ �A depending on the tem-
perature [19,20]. The next-nearest-neighbor environment
of one hyperoxide anion is highlighted in Fig. 1(b). The
arrows denote the total molecular moment in an arrange-
ment justified below. An AFM configuration that satisfies
all interactions between hyperoxide anions is impossible;
the order is frustrated.

Electronic structure calculations of Rb4O6 were per-
formed using the quantum chemical CRYSTAL code [21]
(details of the calculations are summarized in Ref. [22]).
The implementation of the exact exchange Becke three-
parameter Lee-Yang-Parr (B3LYP) hybrid functional [23]
makes it useful for the theoretical treatment of molecular
systems with a high degree of electron localization. A full
optimization of the fractional coordinates was performed
assuming that the dioxygen anions remain ferromagneti-
cally ordered. A metallic ground state was obtained with
space group I �43d where all dioxygen anions are symmet-
rically equivalent. The structural optimization resulted in a

structure with lower symmetry (space group I42d) and
different bond lengths of the peroxide and hyperoxide
anions. Using the exact exchange hybrid functional, it
converged to an insulating state as shown in Fig. 1(a),
where all peroxide anions are aligned along a single axis.
The optimized bond lengths of 0:146a for the hyperoxides
and 0:167a for the peroxides are in good agreement with
the experimental values. The observed magnetic frustra-
tion cannot be calculated using the CRYSTAL code. Pure
local density approximation (LDA) calculations result,

however, in a metallic state [12], which is in disagreement
with the experiments [8]. To overcome these difficulties,
the augmented spherical wave (ASW) method [24] to-
gether with LDA plus the multiorbital mean-field
Hubbard model LDAþU [25] was used to explain both
the magnetic frustration and the insulating state (for details
see Ref. [22]). The LDAþU method treats electron-
electron correlations in narrow bands quite accurately in
a mean-field sense. The Hubbard parameter U was imple-
mented into the ASW code allowing for unrestricted non-
collinear moment arrangements [26]. In the double
counting correction scheme used here, the results depend
only on the difference between U and the exchange pa-
rameter J. For simplicity, this difference is denoted byU in
the following. A meaningful choice of U is not obvious
a priori, but a discussion of possible values for oxygen in
Ref. [27] and the experimentally determined large resis-
tivity [8] suggest that values around 6 eVare a good choice.
The ASW LDAþU calculations converged only if the

different bond lengths of the hyperoxide and peroxide pairs
are accounted for. This is in agreement with the results of
the cell optimization by CRYSTAL. The peroxide anions are
chosen to be aligned along a single axis and found to be
nonmagnetic. The hyperoxide anions are aligned along
the orthogonal axes and couple antiferromagnetically
with a magnetic moment of approximately 1�B per pair
[Fig. 1(b)]. This accumulated moment does not depend on
the choice of the parameterU. The individual contributions
to the total moment, however, diverge from the original
value of 0:5�B as U increases. The symmetry is thus
further reduced. The choice of axis for the peroxide anions
is symmetrically equivalent, so it is assumed that the
system spontaneously chooses an orientation for the per-
oxide anions that leads to antiferromagnetic order of the
hyperoxide anions aligned along the perpendicular direc-
tions. Thus, the antiferromagnetism is degenerate and the
peroxide anion is chosen to lie along the z axis for all the
following calculations.
Figures 2(a) and 2(b) show sections of the spin-resolved

density of states in the vicinity of the Fermi energy for
antiferromagnetic configurations using U ¼ 4:1 eV and
U ¼ 8:2 eV. For these values, the gap that separates the
occupied from the empty states is EG � 0:1 eV in 2(a) and
EG ¼ 0:8 eV in 2(b). An intermediate value for the effec-
tive Hubbard parameter of U ¼ 6:8 eV results in EG ¼
0:5 eV (not shown). In all cases, a complete charge sepa-
ration is obtained for the peroxide and hyperoxide anions.
The magnetic moments of the peroxide anion are strictly
zero. The highest occupied states are localized at the non-
magnetic peroxide anions. The s density originates from
the Rb ions and supplies the bonding and exchange paths.
For comparison, Fig. 2(a) exhibits the density of states in

the ferromagnetic configuration obtained by CRYSTAL. The
electronic structure is obviously insulating. The gap
emerges from the splitting of the O2

� and O2
2� pp�

FIG. 1 (color). The pseudo-body-centered cubic cell of Rb4O6

is depicted in (a). Differently oriented dioxygen anions are
drawn with different colors so that the alignment along the
axes can be distinguished. For clarity, the Rb atoms are gray
and transparent. The nonmagnetic peroxide anions (red) are
assumed to be aligned along the z axis. The next-nearest-
neighbor environment of one molecule consisting of hyperoxide
anions is highlighted in (b). The vectors represent the total
magnetic moment of an anion. The order is that found in the
calculations.
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orbitals. All pp� states are too far below the Fermi energy
to affect the electronic character of Rb4O6. Starting with a
ferromagnetic configuration in the ASW calculations with
values of U below 4.1 eV, the electronic structure became
half-metallic ferromagnetic. At U ¼ 4:1 eV a magnetic
moment of exactly 4�B per unit cell was obtained. The
peroxide anions become weakly magnetic with an induced
moment of 0:1�B, decreasing to 0:05�B for the largest
value of U. The ferromagnet became insulating for U ¼
6:8 and 8.2 eV.

The ferromagnet is now excluded from our considera-
tion by using the total energy criterion. For U ¼ 4:1 eV, it
is 87 meV per unit cell higher for the ferromagnet relative

to the antiferromagnetic state. For even larger values of U,
the stability of the antiferromagnetic state decreases
slightly to approximately 56 meV per unit cell for U ¼
8:1 eV. It is thus the electron correlation that leads to an
antiferromagnetic ground state, although it cannot be de-
finitively asserted that the true ground state is exactly as
depicted in Fig. 1(b).
It is nontrivial to find the true ground state out of the

large number of possible noncollinear spin orientations.
Spiral modulations of the antiferromagnet enable an im-
proved search [26,28], provided that spin-orbit interaction
can be neglected (as justified here [22]). A magnetic spiral
is defined by the size of the magnetic moment, an angle of
tilt �, and a wave vector k that can be chosen in the
Brillouin zone of the crystal. For convenience, a tilt angle
of � ¼ 90� is used. Such a spin spiral changes the polar
angle of the moment of the ion with basis vector x by
� ¼ 2ðk � xÞ.
Spin spirals with various values of the wave vector k are

thus superimposed onto the antiferromagnetic state.
Assuming the force theorem to be a good approximation,
the total energy changes �Etot for each value of k are
calculated. The resulting values of �Etot are extremely
small for k along the [001] direction. The energy changes
are shown in Fig. 3 for U ¼ 4:1, 6.8, and 8.1 eV. The spiral
energies for any direction in the Brillouin zone other than
[001] are larger by three to four orders of magnitude
because the parallel coupling within the hyperoxide anion
is extremely strong and the moments remain parallel only
for k along [001].
The frustration of the magnetic moments is clearly seen

in the antiferromagnetic case [see Figs. 1(b) and 3] where
the alternating ferromagnetic and antiferromagnetic bonds
are obvious]. The magnetic moments along the next-near-
est-neighbor connections are perpendicular for k ¼
ð0; 0; 1Þ at the zone boundary and are thus no longer
frustrated. The flat and slightly negative portions of �Etot

for U ¼ 4:1 and 6.8 eV may be assumed to serve as a
reservoir of states to release the frustration, although it
should be noticed that the part of k space available along
[001] is extremely restricted.
A theoretical description of the electronic and magnetic

state of the model alkali-metal oxide system Rb4O6 that is
compatible with experimental results [8] is thus only pos-
sible by taking into account the electron-electron correla-
tions, a complex magnetic arrangement of the spins, and
the reduction of the symmetry. In particular, the existence
of nonmagnetic peroxide anions is essential and results in a
peculiar electronic texture in real and reciprocal space.
In summary, it has been shown that the proposed half-

metallic ferromagnetism [12] in Rb4O6 is unrealistic, and
instead an insulating ground state is obtained. The mag-
netic order is found to be quite exotic in so far as one third
of the oxygen becomes nonmagnetic while the remaining
two thirds assemble in a frustrated antiferromagnetic con-
figuration. The magnetic frustration and the spin spiral

FIG. 2 (color). The density of states for Rb4O6 obtained by
CRYSTAL with the exact exchange hybrid functional for a ferro-

magnetic configuration of the O2
� anions is shown in (a). (b),

(c) show the sublattice density of states obtained by ASW with
LDAþU for an antiferromagnetic setup [U ¼ 4:1 eV (b) and
U ¼ 8:1 eV (c)]. Red shading is used for the nonmagnetic O2

2�
anions, blue and cyan for the magnetic O2

� anions. Black

shading indicates Rb s states. The upper halves are spin-up;
the lower halves spin-down. The energy origin is chosen to be
the Fermi energy. The value of the energy gap EG that separates
the highest occupied states from the lowest unoccupied states is
EG � 0:9 eV in (a), 0.1 eV in (b), and 0.8 eV in (c).
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state in Rb4O6 as well as its multidegenerate ground state
were demonstrated using noncollinear spin calculations.
The calculations explain both the strong time dependence
of the magnetization and the pronounced differences be-
tween the ZFC and FC measurements that are character-
istic of a frustrated magnetic state [8]. The frustration is of
geometric origin and caused by the peculiar symmetry of
Rb4O6. The importance of electronic correlation in a 2p
compound was demonstrated here for Rb4O6. Open-shell
2p systems thus behave like 3d or 4f systems. Strong
correlation is also expected to be important in other
p-electron systems. In this Letter it was shown that
Rb4O6 serves as a model for other open-shell systems
that are based on p electrons.
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FIG. 3 (color). The line plot shows the spiral energies of
antiferromagnetic Rb4O6 as functions of the spiral vector k in
units of 2�=a along the ½0; 0; 1� direction for U ¼ 4:1, 6.8, and
8.1 eV. The corresponding magnetic configurations are sketched
for k ¼ 0, k ¼ ð0; 0; 0:5Þ, and k ¼ ð0; 0; 1Þ. The energy is given
per primitive cell.
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