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Abstract. We have studied the (-phase of solid oxygen with using the generalized
gradient approximation in the density functional approach. The free energy calculation
has been carried out for the prototype of diatomic (-phase and other hypothetical
monoatomic crystal structures. The diatomic phase was found to be stable in a wide
range of pressure (100-2000 GPa). The stacking of molecular layers was discussed in
comparison with the available experimental data.

1. Introduction

Oxygen consists of diatomic magnetic molecule, which has a spin-triplet ground state
under low pressures. This molecular magnetism is the main origin of paramagnetic
or antiferromagnetic properties of condensed oxygens. In the e-phase, the quench
of magnetic long range order was reported in the spin-polarized neutron diffraction
measurement [1]. Recently, the unique crystal structure of oxygen, (Oz); molecular
lattice, has been determined at the e-phase by Fujihisa et al.. Their Rietveld analysis
for the x-ray diffraction measurements in powder samples shows a much better fit,
compared with that of the previous structure model [2]. Successively, results of the
(O2)4 lattice were reported for single crystal samples [3]. This molecular picture at the
low pressures in e-phase gradually changes, as pressure increases, to the two-dimensional
one which consists of aligned molecules. The structural phase transition to the (-phase
has been observed at 96 GPa [4].

High pressures on oxygen have induced the appearance of metallic feature. FEven
the superconducting property was also reported around 100 GPa in {-phase [5]. Above
the transition pressure, the existence of molecular vibrations have been indicated in the
Raman measurement [6]. Serra et al. found a prototype for the (-phase in the simulation
which starts from the structure of d-phase. At the phase transition, the sliding of



Oxygen at high pressures 2

@® =0 () z=¢/2

Figure 1. The prototype crystal structure for (-phase, found by Serra et al. [7].

molecular layer has been discussed in the previous works [6, 7]. The structure proposed
by Serra et al. is consistent with keeping a molecular form. The first experiment of
x-ray measurement for powder samples reported six diffraction peaks at 116 GPa. For
single crystal samples, Weck et al. captured at 110 GPa the four diffraction angles [6].
These angles contain the diffraction which have shown only slight change and keeps the
same angles. The two of four angles have been discussed in relation with the sliding of
molecular layers.

As pressure increases to a high value, monoatomic phases would be expected, as
observed in Iy, Bry, Cly [8, 9, 10, 11]. Otani et al. studied on the monoatomic phases
by using a linearized muffin-tin orbital method and discussed the stability of (-Po
structure, compared with bee structure [12]. Neaton et al. provided the free energy
curve of (-phase at the pressures lower than 80 GPa [13].

To find a monoatomic phase of solid oxygen, we have studied the structural
properties and the stability of typical monoatomic and molecular phases in oxygen. We
have calculated the free energy of crystal structures at zero temperature as a function
of pressure. The diatomic (-phase is found to be stable in a wide range of pressure.

2. Method and crystal structures

For the density functional theory(DFT) [14], we used planewave basis to represent
wavefunctions and electron densities and ultrasoft-type pseudopotentials [15, 16] to
include core-valence interactions. The 1s states were included in the core, while the other
states were described explicitly. In the construction of pseudopotentials, we took the cut-
off radius of 0.609 A with including a d-symmetry local orbitals [17]. The energy cut-offs
of 100 and 400 Ry were taken for wavefunction and electron density, respectively. The
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exchange and correlation energy was treated in the generalized gradient approximation
proposed by Perdew and Wang (PWO91) [18]. We used the sets of special points for
sampling k points [19]. The ground state of molecule corresponds to the spin-polarized
state with a magnetization of 2 pp and shows a bond length of 1.22 A, a vibrational
frequency of 46.7 THz, and a binding energy of 5.99 eV. The two former are in good
agreement with the corresponding experimental values (1.21 A, 47.39 THz) and the
latter is larger than the experimental value (5.12 eV) by 17 % [20]. These properties are
similar to the previous results in density functional approaches to oxygen [7, 13, 17].

The crystal structure of (-phase has not been determined experimentally, but, since
Serra et al. proposed an base-centered orthorhombic structure, presented by the space
group of C2mm, it has been used for a prototype of (-phase [13, 21]. Figure 1 present
the crystal structure and we call it the prototype in this paper. The parameters of the
structure are a, b, ¢, v, f. The last parameter of f specifies the bond length of molecule.
This prototype also implies that the aligned molecules form a triangular lattice in the
ab-plane. This property is presented by the ratio of b/a ~ 1/4/3. The prototype
has a hexagonal-closed-packed layer stacking for the c-direction. We also treated it a
hexagonal lattice in our work. We also considered a cubic-closed-packed layer stacking
for c-direction. This structure can be treated as a rhombohedral lattice.

For monoatomic crystal structures, we considered the (3-Po structure, as in the
previous work [12]. Tt is convenient to investigate this structure because it contains
typical simple structures(fcc, sc, bcc) in variations of lattice parameters. We also
considered the hexagonal closed packing(hcp) and simple hexagonal(sh) structures.
Because these structures have much larger energy than the optimized structures in
(-Po structure, we do not present results in this paper.

In this work, we optimize the structural parameters by using calculated pressures
and atomic forces. For a given pressure, the free energy (enthalpy) is estimated with
total energy(FE), the pressure(p) and the volume(§2); G = E + pQ2. For the sampling k
points, we used the 12 x 12 x 10 mesh for the prototype of (-phase, and the 16 x 16 x 16
for the (-Po structure of monoatomic phase. When we need an accuracy to free
energies, we used the 26 x 26 x 26 mesh for the trigonal system of one-molecule unit
cell and the 18 x 18 x 18 mesh for the hexagonal system of two-molecule unit cell. The
above convergence amounts to 0.2 meV/atom in the trigonal and 1.4 meV /atom in the
hexagonal at 1920 GPa. At the lower pressures, the accuracy would become to higher.

3. Results and discussions

The monoatomic phase of 3-Po structure has two lattice parameters. Figure 2 presents
total energies for various parameters, volume({2) and cosine of trigonal angle(cos ;).
At the larger volumes (low pressures), simple cubic(sc) structures, having cosa, = 0,
has the lowest energy. At the smaller volumes, the lowest energy state changes to the
B-Po structure which has cosa, of —0.20 ~ —0.25 (§-Po-I). The body centered cubic
(bee) does not take a lowest energy state for the volume range of 2.50 ~ 6.40 A3 /atom.
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Figure 2. Total energy F of (-Po structures as a function of lattice parameter,
cos oy, where a; is the angle between the couple of trigonal axises. The curve specifies
a variation for a fixed volume and the curves are shifted to downward to draw them in
the same figure; shifted by 0.012, 0.050, 0.200, 0.350 Ha for €2 = 4.60,4.00, 3.00, 2.50
A3 /atom. The arrows point at the minima of Ef or a given volume.
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Figure 3. Enthalpy as a function of pressure in the oxygen of high-pressure structures;
(-Po structure(plus), simple cubic structure(star) and the prototype of {-phase(box).
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Figure 4. The free energy (enthalpy) of the diatomic trigonal structure with respect
to that of the diatomic hexagonal structure.

The semi-stable state appears at the parameters of cos a, of —0.40 ~ —0.43 ((-Po-II).
Our result described above is a similar one to the previous work [12], corresponding to a
more qualified version in the 3-Po structure. In our work, pressures are also calculated
and the results are compared with the prototype of diatomic phases in free energy, as
presented later.

The prototype structure of (-phase was found to be stable in the wide range of
pressure. In Fig. 3, the free energy as a function of pressure is presented for the
prototype of (-phase, compared with sc and (3-Po-I, at the pressures up to 2000 GPa.
The prototype of (-phase is much lower in free energy than the 3-Po-I of monoatomic
phase. The bond length of molecules(1.180 A at 114 GPa) is gradually decreased to
1.034 A at 1920 GPa. The atomic distances between molecular layers are 2.193, 1.589 A
for 114 and 1920 GPa, respectively. These are still far from intramolecular bond lengths.
The stability of the prototype might be attributed to a closed packing of molecules in
the ab-plane, as well as a formation of molecular bond. Indeed, the structure parameters
obtained for the prototype show that b/a ~ 0.57 and v/a ~ 0.33 at the all pressures we
investigated.

We also calculated the free energy of two molecule unit cell with the hexagonal
constraint, obtaining a similar free energy to the structure of C2mm. We considered
another structure with an A BC stacking along c-direction(the trigonal structure), while
the prototype has an AB stacking. The molecular layer of O4 in the ab-planes would be
rigid and it is interesting to compare energies for the sequence of stacking, to access the
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Table 1. The reciprocal lattice vectors whose diffractions provide relatively large
peaks in the hexagonal and trigonal structures. The apex and do(= cpex/2) are the
lattice parameter of triangular lattice and the distance of molecular layers, respectively.
The opposite directions of the listed vectors should be added to obtain the full

representation.
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structure of (-phase. The sliding of layers inferred at the phase-transition from e-phase
to (-phase encourages an investigation of stacking for molecular layers. In Fig. 4 the
energy differences are presented. At the high pressures, the free energy of the trigonal
structure is slightly lower than that of the hexagonal one. However, the differences are
only a few factor of the accuracy of k-point sampling.

The stacking of molecular layers causes the diffraction peaks which correspond the
spacings of the layers. In the calculated structures at 114 GPa, the spacings of the layers
(dy) are 3.009 and 3.010 A for hexagonal and trigonal structures, respectively, which
compare to the values (2.9858 A [6],2.9852 A [4]) from the experiments. The calculated
values are larger by 0.8 % than the experimental ones, which shows a typical accuracy
of the DF'T approach. The lattice constant in ab-planes (ayey) is estimated to be 2098
and 2.099 A at 114 GPa.

The some of diffraction angles in the trigonal structure coincide with the observed
diffraction angles in the (-phase. For the hexagonal and trigonal structures, the
diffraction angles are calculated with using the formula of the reciprocal lattice vectors
which are given in Table 1. In this table, the reciprocal lattice vectors which are expected
to provide larger peaks in x-ray diffraction measurements are listed only. The diffraction
angles are summarized in Table 2, compared with the result of the x-ray diffraction
measurement for single crystal samples [6]. The pairs of G and étg, for example,
forms the couple of angles. As seen in Table 2, the three experimental values would
correspond to the angles from the trigonal structure. The fact that the diffraction
peaks from éﬂ and étg are identified as the diffractions which have been related with
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Table 2. The angles (in degree) between the diffraction planes at 114 GPa. 0y o
specifies the angle between the reciprocal lattice vectors, G, and Gy. The experimental
data in parentheses are compiled from the table 1 in ref. [6]. At the last row, the angles
are listed, assuming the lattice parameters (apex = 2.1297 A,dy = 2.9858 A).

‘9h0,h1 ‘9h0,h2 9h1,h2 9t07t1 9t0,t2 9t1,t2 others
cal. 90 73.2 16.8,56.4 78.6 68.1 33.3, 58.1
(exp.) (78.5) (67.2)  (34.3)  (60.7)(61.5)(77.7)

parameter 90 72.8 17.2,56.5 784 67.6 34.0, 58.0

Table 3. The d spacings (in A) of the diffraction planes for the trigonal structure at
114 GPa, compared with the experimental data at 116 and 110 GPa [4, 6].

dtO dtl dt2 dul du2

cal. 3.01 1.78 1.69
Weck et al. 2.9858 1.7819 1.6946 1.8444
Akahama et al. 29852 1.7782 1.7119 1.9752 1.8601

the sliding of molecular layers at the phase transition in the experiment [6], largely
supports an appearance of ABC stacking of layers instead of a hexagonal(AB) one in
the (-phase.

For the trigonal structure, the d spacings of diffraction planes are listed in Table
3, compared with the experimental values. The calculated d spacings agree with the
experimental values, while the couple of d spacings in experiments remains unresolved,
which are called d,; and d,s in this work. The diffraction of d,5 have been observed in
both powder and single crystal samples. The value of d, is similar to the value of dy,;. At
the last row in Table 2, we list the angles when we assume ay,e, = 2.1297A(: 2v/3d.2/3)
and dy = 2.9858 A. The series of trigonal is consistent with the experimental data.
However the diffraction angle from the Gyo(111)(normal to the molecular plane) is
estimated to be 60.7 degree in experiment, being inconsistent with 6,1 yo = 90 degree.

The ABC stacking of molecular layers may explain a part of structural properties in
(-phase. However, a satisfied understanding to the structure is very far. The diffractions
of dy1 and d,» have not shown any drastic change at the phase transition unlike the d;;
and di2. The one of 6;; 12 has never been observed yet. The intraplanar atomic position
would be determined to solve the crystal structure in the high pressure phase.

4. Summary

We have investigated the high pressure phases in the range between 100 and 2000 GPa.
The monoatomic phases, which have (-Po structures, are not lower in energy than
the prototype of diatomic (-phase. This implies a stability of diatomic structures in
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a wide range of pressure. The free energy calculations for the ABC and AB stacking
of molecular layers show that the former is slightly more stable than the latter at high
pressures. It was found from the angle analysis between diffraction planes that the
ABC stacking was more favorable than the AB stacking, compared with the available
experimental data.
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