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The electronic structures of ε-phase of solid oxygen (O2)4 are studied within the framework of density-
functional theory. The intriguing molecule has been known to have magnetic properties at room temperature
by applying pressure. Nevertheless, until now there was no evidence of band structure studied in the antifer-
romagnetic behaviour of (O2)4. We report a comparison study for spin and non-spin polarization orbital which
suggests that this ferromagnetic configuration of (O2)4 could not be seen experimentally, and antiferromagnetic
configuration of (O2)4 was seen at higher pressure of about 10 GPa. The antiferromagnetic state transforms into
the superconducting state as the sample temperature decreases. The results can serve as a useful approximation in
studying general features of the electronic structure. The (O2)4 clusters are reported in the Raman study, having
significant absorption at 1516 cm−1 below infrared region.
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1. Introduction

The diatomic molecule of oxygen with valency config-
uration of 2s2p4 [1] is one of interest which carries mag-
netic moment with a spin number S = 1 [2]. At present,
six phases of solid oxygen having distinct crystallographic
properties at different pressure and temperature (P–
T ) [3, 4] are established unambiguously. A seventh phase
has been observed under high pressure but the magnetic
interaction which is essential for the molecular arrange-
ment is not well established [5]. As solid oxygen becomes
denser, its volume practically decreases while its color
becomes darker. Under very high pressure, solid oxygen
which can be considered as “spin-controlled crystal” [2]
changes its magnetic order [4] and becomes a metal and,
at low temperature of 0.6 K, it transforms to a supercon-
ducting state, assigned by neutron-diffraction study [6].
The epsilon phase of solid oxygen (ε-O2) is red in color.
It is an intriguing organic compound as compared to the
other phases of solid oxygen and exhibits a stable liquid
form of oxygen at pressure about 8 GPa [7] at room tem-
perature. The ε-O2 contains four t2 molecules and thus
forms rhomboid cluster (O2)4 molecular units [8] which
are chemically weakly bonded by the van der Waals forces
between O2 molecules [9, 10]. The crystallography of ε-
O2 was experimentally confirmed to have C2/m (C3

2h)
symmetry assigned to the monoclinic structure by pow-
der X-ray [9–11] and single-crystal diffraction [12]. Pre-
vious study suggested that ε-O2 has no long-range mag-
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netic order and shows peculiar behavior as magnetically
collapsed [13], where the spin and non-spin polarized or-
bital calculations were found to have similar total ener-
gies [14]. In this paper, we report the electronic band
structure and density of states obtained from the first
principles electronic structure calculations as well as the
vibrational frequency of ε phase of solid oxygen.

2. Materials and method

2.1. Materials

All calculations were made based on experimental
structures under high pressure [9, 10]. The structure
contains three (C3

2h) symmetry inequivalent atoms; two
(oxygen O1 and O2) occupy 4i positions of the mono-
clinic cell of C2/m space group at (x, 0, z) and the
third (O3) at 8j position at (x, y, z). For ease, there
are two O8 clusters in the monoclinic cell. One is placed
at the origin of the lattice and the other is at the center
of the ab plane. The characterized structure is shown

Fig. 1. The ε-O2 showing (a) a periodic form of C2/m
symmetry and (b) the intracluster, d1 and d2, as well as
the intercluster distances, d3.
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in Fig. 1a and b at different views and the lattice con-
figurations with atomic coordinates are given in Table I.
The electronic band structure obtained at L,M , A, G, Z,
and V of k-points was necessary to achieve convergence
in the sampling of the Brillouin zone. After optimiza-
tion at minimum energy, an isolated O8 cluster is found
to have changed in the intracluster distances reported
in Table II. The intercluster distances, d3 are 2.661 Å
and 2.610 Å for model 1 and model 2, respectively.

TABLE I

The structural parameters used in the DFT calculation.

Pressure [GPa]
Model 1

11.4
Model 2

17.6
a [Å] 8.141 7.77

lattice b [Å] 5.747 5.501
parameters c [Å] 3.773 3.657

β [deg] 117.07 116.4

atomic O1 (0.029, 0.266, 0.177) (0.826, 0, 0.175)

coordinates O2 (0.247, 0, 0.177) (0.247, 0, 0.192)
O3 (0.199, 0, −0.177) (0.0379, 0.2666, 0.185)

TABLE II

The intracluster distances before and after optimization
at minimum energy.

Distances Model 1 Model 2
Before [Å] After [Å] Before [Å] After [Å]

O3–O1 (d1) 2.342 2.074 2.180 2.077
O1–O2 (d2) 2.349 2.075 2.193 2.077

O1–O1 1.198 1.207 1.203 1.207
O2–O3 1.197 1.207 1.212 1.208

2.2. Methods

Self-consistent electronic structure calculations were
performed within the framework of density-functional
theory [15, 16] through the Materials Studio (accelrys)
package which was based on the all-electron orbital cal-
culations. For most of the calculations, the local den-
sity approximation (LDA) and local spin-density approx-
imation in the Perdew and Wang scheme [17] were used
to describe the exchange-correlation effect. The gener-
alized gradient approximation (GGA) form of Perdew,
Burke and Ernzerhof [18] has been used and the re-
sults were found similar to LDA as in the previous stud-
ies [19, 20]. Hence, the reported values are only in
the LDA. We optimized the structural and lattice pa-
rameters for the minimum energy. The vibrational fre-
quency of the isolated cluster of (O2)4 was obtained at
the accuracy of convergence better than 0.01 eV. The to-
tal energies of the optimized structures were then de-
termined using the k-point sampling grid along high
symmetry directions in the Brillouin zone for primitive
unit cell which contains a single unit cell in the lat-
tice structure. The band structure and density of states
(DOS) were obtained in the coordinates of k-points:

L (–0.5, 0, 0.5), M (–0.5, –0.5, 0.5), A (–0.5, 0, 0),
G (0, 0, 0), Z (0, –0.5, 0.5), and V (0, 0, 0.5).

3. Results and discussion
Figures 2, 3 and 4 show the band structure and density

of states of (O2)4 molecules in Ha unit. The calculations
were performed using two different spin configurations.
The non-spin polarization was obtained by forcing dou-
ble occupancy of each band of the models at different
pressures. Model 1 (Fig. 2b) shows the Fermi level to lie
within the narrow O 2p band at 1.02 states/per unit cell
of density of states. By allowing unrestricted spin polar-
ized within the unit cell, model 1 of (O2)4 indicates fer-
romagnetic material where the bands are found slightly
split at the ground state as shown in Fig. 3a and c.
The ferromagnetic results of the minority spin state as-
sociated with O sites spin up separate from the minority
spin down. The spin up are occupied more than the spin
down eigenstates. The total energies calculated for spin
and non-spin polarized models are found to be essen-
tially the same and therefore the (O2)4 has been claimed
to be nonmagnetic. The phase transforms to nonmag-
netic ordered as the sample temperature decreases indi-
cating dissipation of magnetic order [13]. The localized
magnetic moments vanished as (O2)4 materials become
superconducting.

Fig. 2. The (a) band structure, (b) density of states
(DOS) and (c) the enlargement of band structure at the
Fermi energy, EF are obtained using non-spin polarized
calculation for model 1 at 11.4 GPa.

Fig. 3. The (a) band structure, (b) density of states
(DOS) and (c) magnified band structure at the Fermi
level EF, results using spin polarized calculation for
model 1.
At low pressure, (O2)4 exhibits a change in behaviour

where ferromagnetic materials turn into antiferromag-
netic phase (Fig. 4a) as pressure increases, with zero total
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Fig. 4. The (a) band structure, and (b) density of
states (DOS) of model 2 calculated by using spin po-
larized orbitals within LDA. The (c) magnified band
structure of non-spin polarized, and (d) the magnified
band structure of spin polarized calculation at Fermi
level EF.

magnetization in the absence of external magnetic field.
The result shows only the plot of spin up contributions,
since spin down distribution is identical with the spin
up. The antiferromagnetic is obtained by forcing oppo-
site spins on sites related by inversion symmetry within
the unit cell, consistent with experimental antiferromag-
netic structure at low temperature. The indirect band
gaps for model 1 as shown in Fig. 2c are 0.025 eV at M–
L, 0.185 eV at M–A and 0.446 eV at V –Z. We find
the minimum indirect gap energy of G–A at 0.044 eV
for model 2 (Fig. 4c) to be approximately similar to
the one established in theoretical study [21] which per-
formed pseudopotential plane-wave method in the calcu-
lation. The direct gaps results for both models are given
in Table III.

TABLE III

The direct energy gaps of models 1 and 2 at different
k-points symmetry.

L M A G Z V

Model 1
energy [eV]

0.083 0.1902 0.4762 0.6164 0.083 1.7763

Model 2
energy [eV]

0.4735 0.5667 0.8716 1.1282 0.4735 2.4513

Further, the observed Raman spectra in ε-O2 phase
have fewer vibrational modes as shown in Fig. 5. Only
G-point is used when performing electron–phonon disper-
sion in the Raman study. The vibrational modes were
calculated for an ε-O2 phase which is found to reach
significant absorption at 1512 cm−1 for model 1 (Fig. 5a)
and 1516 cm−1 for model 2 (Fig. 5b) similarly to the
Raman values in previous study [8]. The higher peak of
model 1 (Fig. 5a) shows two frequencies having the same
value which contributes to degeneracy, as compared to
the model 2 (Fig. 5b) which shows two significant fre-
quency and results in one highest peak which give use-
ful information in determining various characteristics of
their structure.

Fig. 5. The vibrational frequency of (a) model 1
(the higher peak shows two frequencies having the same
value contributing to degeneracy, shown in inset), and
(b) model 2 (the higher peak showing two different fre-
quencies, shown in inset).

4. Conclusion

We have calculated the band gaps of ε-O2 phase for
which p band has the greatest electron density at the
Fermi surface. At higher pressure, it is found that in
the DOS the structure exhibits metallic behaviour under
normal state and becomes superconducting under cooling
at high temperature, while at lower pressure, 10 GPa,
the structure exhibits ferromagnetic behaviour. There
exists coupling between molecules causing the magnetic
moments to switch from one molecule to the other. This
results in the occurrence of antiferromagnetic material at
higher pressure.
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