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The phase diagram of oxygen is investigated for pressures
from 50 to 130 GPa and temperatures up to 1200 K using
first-principles theory. A metallic molecular structure with
the P6;/mmc symmetry (n’ phase) is determined to be
thermodynamically stable in this pressure range at elevated
temperatures above the £(0Og) phase. Crucial for obtaining
this result is the inclusion of anharmonic lattice dynamics
effects and accurate calculations of exchange interactions
in the presence of thermal disorder. We present analysis
of electronic, structural, and thermodynamic properties of
solid oxygen at 0 K and finite temperature with hybrid ex-
change functionals, including a comparison with available
experimental data.

Oxygen has received a great deal of attention because it is a
fundamental element, one of the most abundant on earth and
the only one known with a diatomic molecule that carries a mag-
netic moment. It has a rich high pressure (P) phase diagram with
multiple solid phases exhibiting diverse physical properties1-16,
One of the most interesting structures among them is the e-phase,
which is stable over a large pressure range. It has been studied
extensively both theoretically!7-26 and experimentally by X-ray
diffraction227-2% and spectroscopic measurements 30-34,

Despite theoretical works suggesting that € phase has C2/m
symmetry 2272835 and its strong infrared absorption® allud-
ing to 0, molecules forming larger units 831, it took consider-
able experimental effort to define the exact structure as &(Og)
or £((03)4) clusters*337, Upon compression to 96 GPa, £(0g)
transforms to the metallic { phase®12, which is superconducting
at 0.6 K 13, Experimentally, Goncharov et al. 38 proposed an 1’
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phase in the pressure range of 44 to 90 GPa and at temperatures
(T) near 1000 K. It was suggested to be an isostructure of the n-O
phase previously proposed at low pressures 7-3%40,

Most previous theoretical studies have been limited to O K. The
initial theoretical works*! suggested C2/m as the best candidate
for -0, but exhibited significant disagreements between the cal-
culated and measured e-{ transition pressures, as well as the
structures of the £ and ¢ phases. Subsequent studies2%-26 showed
that the use of density functional theory (DFT) at the level of
the generalized gradient approximation (GGA) leads to incorrect
structural and energetic predictions for the high pressure £ and
¢ phases. Moreover, these works demonstrated that hybrid-type
exchange20-21.23-26 and meta GGA with van der Waals22 func-
tionals can predict correctly the - transition pressure, as well as
lattice parameters and vibrational spectra as a function of pres-
sure.

Here we report results on the phase diagram of solid oxygen
for pressure up to 130 GPa, at both 0 K and finite 7. First, we es-
tablish the accuracy of the hybrid exchange functional employed
in this study by computing the structural and energetic properties
of the known oxygen structures, € and {, as a function of pres-
sure at 0 K. Next, we focus on elevated temperatures where we
show that inclusion of anharmonic effects and accurate exchange
energy calculations in the presence of thermal disorder are both
crucial for determining the stability of O, phases.

Results and Discussion

Low Temperature Stability

We start by examining oxygen at 0 K in the pressure range of up to
130 GPa and consider the relevant structures: 71’ 38 ¢ (05)4, and
¢ (2/m) 41 (e.g. see Supplementary Information (SI) Fig. S1). It
is well known that the GGA introduces errors in the ground state
energy calculations, which depend on the electronic properties of
the system; the overall tendency is to favor better metals. Because
there are notable differences among the electronic properties of
the competing structures— €(0g) is an insulator while {(C2/m)
and n’ are metallic (Fig.s S2 and S3), there are non-cancellation
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Fig. 1 (Color online) Optimized structural parameters of the € and &
crystal structures of oxygen with C2/m symmetry. Here f is the mono-
clinic angle, a, b, ¢ the lattice parameters of the conventional unit cell,
and d; and d, (see Sl Fig. S4 for graphical illustration of the structure) .
The legend in (a) refers to panels (b) and (c) as well. The results from
this work are compared to previous theoretical results by Anh et al.?® and
Ochoa-Calle et al.??, and to experimental data from (a) and (b) Weck et

al.?8 and (c) Fuijihisa Fujihisha et al.3¢. Note the the experimental data
for dy and d, is only in the pressure range of stability of €.

of GGA errors leading to significant underestimation of the metal-
lization pressure of oxygen computed within this approximation.
This fact was pointed out by Elatresh et al20-21 where the Heyd-
Scuseria-Ernzerhof (HSE06) approximation 42 was used to cor-
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rect the GGA energies. Comprehensive studies of various hybrid-
type exchange functionals were carried by Ochoa-Calle et al.23-26
and with meta GGA (SCAN)+van der Waals (rVV10) by Anh et
al.22 who showed that these methods yield satisfactory results
for a number of experimental properties.

To validate the accuracy to the HSEO6 approximation used in
this study, we first compare the structural properties of oxygen
computed with HSE06 to the best results from Ochoa-Calle et
al.23-2% and Anh et al.22, and to available experimental data3®.
The parameters for the € (Og) and{ (C2/m) structures are shown
in Fig. 1 as a function of pressure. Further details, including
equation of state, data for 1/, and comparison to GGA are pro-
vided in Supplementary Information (Fig. S5). Note that £(Og)
has the same space group symmetry as the { phase, namely,
C2/m, and with atoms occupying identical Wyckoff positions in
the two structures: 2(i), 2(i) and 4(j). Within HSEQ6, the lat-
tice parameters of {(C2/m) evolve towards that of £(Og) as pres-
sure decreases, and the two structures become identical below
50 GPa (Fig. S6).

As evident from Fig. 1, the HSEO6 leads to excellent agreement
with the experimental data, which is at least as good as that of
the B3LYP and SCAN+rVV10 functionals. Notice that HSE06 has
the best agreement with the experimental data for the d; and d;
intermolecular distances (Fig. 1 (c)). Its worst result is for the
monoclinic angle 8 of &, which it only underestimates by less
than one degree. The excellent performance of HSE06 is con-
sistent with our previous studies of phase transitions under high
pressure 4344,

The relative enthalpies of £(0g), {(C2/m) and 1’ computed
wtih the GGA and HSEOQ6 functionals are shown in Fig. 2. No-
tice that £(0Og) is most strongly affected by the HSE06 corrections
to GGA. At around 90 GPa, it is lowered by as much as 53 and
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Fig. 2 (Color online) Enthalpies of €(0Og) and {(C2/m) relative to n’ oxy-
gen. Dashed and solid lines are GGA-PBE and HSEO6 calculations, re-
spectively. Within HSEO06, £(0s) is stable from 50 to 115 GPa, which con-
sistent with the measurement 4. As explained in the text, within HSE08,
€(0sg) and {(C2/m) converge to the same structure below 50 GPa.
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Fig. 3 (a) Phonon spectra of ' oxygen at 50 GPa computed within the
harmonic approximation as explained in the text. (b) Change in energy
as a function of atomic displacement, d, from the equilibrium positions
for the unstable transverse acoustic mode at M. The arrows indicate the
atomic displacements for the corresponding phonon eigenvector.

44 meV/atom relative to ' and {(C2/m), respectively. These
corrections are sufficient to make €(Og) the preferred structure in
the P-T region where it has been observed experimentally. The
larger effect of hybrid exchange on €(0Og) is understood by the
fact that (at 0 K) this phase is insulating for P < 107 GPa, where
upon further compression it metallizes by way of band overlap.
The computed closure of the band-gap at 107 GPa and 0 K (Fig.
S3(D)) is in a good agreement with experimental observations
212 for oxygen remaining non-metallic until 96 GPa pressure. Qur
analysis (see SI Fig.’s S7 and S8) indicates that in order to repro-
duce this metallization pressure, it is necessary to perform both
structural optimization and electronic band structure calculations
using hybrid exchange.

To summarize, we have shown that the HSE06 functional de-
scribes accurately the structural and energetic properties of solid
oxygen at low temperature in the ~50-100 GPa range, in agree-
ment with the available experimental data and previous beyond-
GGA calculations.

Stability at Elevated Temperatures

Our analysis for the thermodynamic stability of O, at elevated T
starts with examining the phonon dispersions of the i)/ and €-Og
phases at 50 GPa. For the 1’ phase, converged dynamical matrices
yield imaginary phonon frequencies (see Fig. 3(a)). This could
mean that the structure is mechanically unstable and is probably
the reason why it was not found in previous structure search stud-
ies. However, depending on the nature of the soft phonon modes,
it can be stabilized at finite 7', or even at 0 K due to quantum zero
point motion. Hence, we have examined more closely the phonon
modes where the instability is most pronounced using the frozen
phonon method. The results in Fig. 3(b) show that the unstable
mode is indeed a shallow double well potential. The appearance

of a double well potential associated with a structural instability
is similar to what has been observed in other elements such as
Ca 4. However, compared to Ca, the potential barrier in 1/-0,
is much higher. Nevertheless, this mode can be thermally stabi-
lized at T of around several hundred K and is likely to contribute
significantly to the entropy of the n’ phase at elevated T. For
determining the thermodynamic stability of 1’-0,, it is therefore
necessary to go beyond the quasi-harmonic approximation. Its
Gibbs free energies (G) at finite 7 were computed using first prin-
ciple molecular dynamics (FPMD) simulations in the ~49-70 GPa
P range and T = 500, 800 and 1200 K, which captures most of
the anharmonic free energy. For £(0Og), where the harmonic ap-
proximation is sufficient, vibration density of states (VDOS) and
phonon free energy terms were calculated from DFPT.

A comparison of the VDOS of the 1’ and £(0g) phases is shown
in Fig. 4(a), from which the anharmonicity of the former is ev-
ident. The enthalpies of the two phases as a function of T are
shown in Fig. 4(b). Within GGA, the enthalpy of n’ remains
lower in the entire temperature range of interest. The lower fre-
quency modes of 1)'-0, slightly lower its enthalpy relative to that
of €(0g), but the effect is small and after adding the HSEQ6 cor-
rection computed earlier, the enthalpy of £(0g) becomes lower at
all temperatures. The soft modes have much more pronounced
effect on the entropy (S). The TS terms are plotted as a function
of temperature in Fig. 4(c). As expected, the n/ phase has higher
entropy. At 750 K, its 7S is 37 meV/atom higher than that of
the €(Og) phase. In the context of relative stabilities of molecu-
lar crystals, this is a relatively large value. However, it is still not
sufficient to overcome the enthalpy differences between the two
phases and to make 1’ preferred at elevated temperatures.

In order to find a clue that may solve the problem for the fi-
nite temperature stability, we examine the local structural oder
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Fig. 4 (Color online): (a) Vibration density of states (VDOS); (b) TS
(temperature times entropy); and (d) enthalpies for the n’ (red) and &(0g)
(black) phases relative to the 0 K n’ structure enthalpy. The relative en-
thalpies are shown with and without HSEO6 corrections. (c) View of the
1’ phase along the c-axis (bond direction).
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Fig. 5 (Color online) Comparison of CM-CM distance distributions of
the €(0s) (black) and n’-0, (red) structures at 50 GPa and (a) 0 K and
(b) high temperature. The insets on the right side show the equilibrium
atomic positions of n’ (in (a)) and £(0g) (in (b)). The insets on the left
side show the differences in the electronic density of states (EDOS) of
the two structures near the Fermi level at 0 and 800 K. The difference is
much diminished at the higher temperature.

of the £(0g) and 1’ phases. The atomic arrangements in the two
structures are shown in the insets of Fig. 5. In both cases, the
molecules are arranged in layers, with their bonds perpendicular
to the the layers. Fig. 5(a) shows a distribution of distances be-
tween the molecular center of masses (CM) of the 0 K crystals.
The CM-CM distributions look quite different and it is clear that
1’ is the more symmetric structure (Fig. S9). However, if we
examine the atomic arrangements shown in the insets of Fig. 5,
we see that locally the €(Og) phase can be viewed as a distor-
tion of the hexagonal molecular arrangements found in the n’
phase. This observation suggests that the introduction of thermal
disorder may bring the average local order of the two structures
closer to each other. CM-CM distance distributions computed
from finite-temperature FPMD trajectories (Fig. 5(b)) show that
this is indeed the case. Namely, the short range orders of the two
structures become similar, on average, in the presence of thermal
disorder. As seen in the insets in Fig. 5 and Fig.’s S10 & S11,
the difference of the electronic density of states between the two
structures near the Fermi energy also diminish with temperature.

The implication of the above observations is that the hybrid ex-
change corrections to the energies computed on ideal O K crystals
may not be adequate at fine 7. Indeed, exchange interactions are
in principle short-range. In the HSE06 implementation here, the
effective range of the Hartree-Fock exchange is around 4 A (hence
the 4 A CM-CM range shown in Fig. 5). Therefore, if the local or-
ders of the two structures become similar at elevated T, then the
differences between their HSE06 corrections are also expected to
diminish with temperature. This, in turn, will make n’-0O, more
competitive at finite 7 compared to the 0 K case.

We have therefore performed HSEQ06 calculations on atomic
configurations taken from the FPMD trajectories at 1200 K. The
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Fig. 6 (Color online) Gibbs free energies of €(0g) and n’-0, at 50 GPa as
a function of temperature, relative to the 0 K result for n’. For comparison,
relative energies are computed within both GGA and HSEO06. The inset
shows the HSEO6 corrections to the relative €(0g)-n’ enthalpies. Note
that we have added the zero point energy (ZPE) of £(0s) to the reference
energy in order to have 0 K transitions consistent with the Fig. 2 plot; this
does not affect the finite-T transitions.

results reveal that at 50 GPa and 1200 K the hybrid exchange
correction of 1’-0, relative to €(0g) is only 9 meV/atom — much
smaller than the 0 K value of 60.8 meV/atom. The larger entropy
of 1’ is now sufficient to compensate for this smaller correction
and 1’ is thus the preferred phase at high T (Fig. 6). We have
recomputed the Gibbs free energies of the two structures as a
function of T by interpolating the HSE06 correction between the
0 and 1200 K values. The final result is that at 50 GPa n’-0,
becomes thermodynamically stable at temperatures above about
780 K.

Note that the 0 K enthalpy differences between the two struc-
ture decrease as a function of P. The transition temperature be-
tween them is therefore projected to decrease with pressure. Our
estimate for the Clapeyron slope (dT/dP) of the £(0g)-1'(03)
phase line is -6.86 K/GPa (GGA) and -6.01 K/GPa (HSEQ6) at
50 GPa and 780 K. Indeed, the n’ structure becomes competitive
at low temperature for pressures above 115 GPa 20; stability anal-
ysis for this pressure region will be presented in a separate report.

Conclusions

We have determined that the experimentally proposed 1’ struc-
ture is mechanically unstable at low 7 within a classical ion dy-
namics treatment due to soft phonon modes. However, it is stabi-
lized at finite T, where the thermally renormalized phonons also
contribute to it having a relatively large entropy. In the presence
of thermal disorder, the differences between the local structural
order and electronic properties of €(0Og) and 1’ diminish. The in-
terplay of all these factors - anharmonicity, exchange effects, and
thermal disorder, results in the metallic ' becoming the thermo-
dynamically stable phase at elevated 7. At 50 GPa, we predict the
transition to take place at around 780 K.
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Fig. 7 Phase diagram of oxygen comparing the -1’ transition computed
in this work with previous experimental data taken from Ref.38. The com-
puted transition at 50 GPa is shown with a red star, and the computed
Clapeyron slope at that P-T point as a short solid black line. The dotted
red line is an extrapolation of the Clapeyron slope. Open triangles up
and down are melting and e-f transition, respectively. Black filled trian-
gles down represent conditions where the €-0; is stable. Open squares
and filled triangles up with error bars are e—n/ transition determined by
x-ray and Raman, respectively. The curved dashed line is the proposed
s—n/ transition. Open circles with the error bars represent the melting
points. Green diamond points represent the melting points from ref.46.
The dashed vertical line represents where the metallization takes place
in solid oxygen. The red solid line is the melting line calculated from the
Simon equation as described in ref.38 . The Earth’s geotherm region is
taken from ref. %7,

The £(0g) to ' phase boundary has negative slope. At 50 GPa,
dT /dP = —6.01 K/GPa within HSE06 or —6.86 K/GPa within GGA-
PBE. The computed £(0g)-n’ phase transition at 50 GPa, and an
estimate for its phase boundary as a function of pressure (an
extrapolation from the Clapeyron slope) are shown in Fig. 7 to-
gether with experimental data for the oxygen phase transitions.
Our results suggest that at pressures above ~ 100 GPa 1’ is en-
ergetically competitive even at room temperature. However, we
caution that a few meV/atom is within the accuracy of first princi-
ples calculations. When energy differences between competing
structures are this small, it is not possible to make a definitive
conclusion for the thermodynamic stability structure based on the
calculations alone. We expect that this report will stimulate fur-
ther theoretical and experimental studies of the high pressure
and/or temperature phase diagram of oxygen.

Computational Methods

First principles density-functional theory (DFT) 48 and hybrid
exchange calculations were performed with the ABINIT#? and
VASP?30:51 packages. All comparisons of relative energies be-
tween structures were determined from calculations using the
same code and identical simulation parameters.

Density-functional theory calculations

Structural optimizations and enthalpy calculations within the gen-
eralized gradient approximation (GGA) 552 and the local den-
sity approximation (LDA)%3 were performed with ABINIT us-
ing Troullier-Martins Pseudopotentials®*, a plane-wave expan-
sion with a 80-Hartree cut-off, and k-point grids of 163, 43,
and 12 x 12 x 10 for n’, € (0g), and ¢ (C2/m) phases, respec-
tively, ensuring enthalpy convergence to better than 1 meV/atom.
Structure symmetry analysis was performed using the FINDSYM
code®® with tolerance 0.001 at all pressure points in order to
identify the symmetry of the optimized structures.

Phonon calculations using Density-Functional Perturbation
Theory (DFPT)%8 as employed in ABINIT#® were carried out
with the same convergence parameters used to calculate the en-
thalpies of the corresponding structures. For the £(Og) phase,
a 4° g-point phonon grid for computing the dynamical matrices
was sufficient to achieve convergence for Helmholiz free ener-
gies and entropy better than 1 meV/atom. For n’, the dynamical
matrices were computed on 32 x 5,32 x 9, 53, and 72 x 5 g-point
grids, in all cases yielding imaginary phonon frequencies.

First principle molecular dynamic (FPMD) simulations were
carried out using finite-T DFT*8 within PBE-GGA5'%257 gnd
VASP50:51 The simulations were with 300-atom supercells, the
I" k-point, a 6-electron projector augmented wave pseudopoten-
tial, and a 1000 eV plane-wave cut-off in the canonical NVT
(constant number of particles, N, volume V, and T) ensemble
using Born-Oppenheimer dynamics with a Nosé-Hoover thermo-
stat. For each V and T, the system was initially equilibrated for
2 ps and then run additional 6 ps or more using a 0.75 fs ionic
time step to adequately sample and extract equilibrium statistical
properties.

Hybrid exchange calculations

Hybrid exchange calculations within the Heyd-Scuseria-
Ernzerhof approximation (HSE06) 42 were carried out with
VASP. We have used the standard mixture of 25% of Hartree-
Fock exact exchange and 75% of the PBE exchange for
short-range interactions, and PBE only exchange for the
long-range interactions. The range separation is at around 4 A.

Full structural optimizations within HSE06 were performed us-
ing a 1000 eV plane-wave cut-off and slightly reduced k-point
grids: (12 x 12 x 4) for n’ and (6 x 6 x 6) for {(C2/m), ensuring
convergence of relative enthalpies to better than 2 meV/atom.
Additionally, HSEO06 electronic band structures were calculated
on both HSE06 and GGA relaxed structures.

To evaluate the HSEO06 corrections at finite temperature, we
have performed HSEOQ6 calculations on atomic configurations
taken from the FPMD trajectories at 1200 K. For each structure,
5-10 equally spaced (in time) configurations were taken from the
trajectories and their energies computed within GGA-PBE and
HSEOQ6 with exactly the same simulation parameters. (I" k-point
and 1000 eV plane wave cut off). We verified that the fluctua-
tions in the energy differences between HSE06 and GGA-PBE
are negligible, which indicates that the GGA-PBE ensemble is
sufficient for this analysis.
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Gibbs free energies

Gibbs free energies (G) at finite T were computed as G = Ep +
BV +PopV +Upy — TS, where Eq and Ry are the 0 K DFT energy

and pressure, Uy, and Py, = *%hvj are the phonon internal
energy and pressure, S is the entropy, and F,, = Up, — T'S. Here
Upn and S are obtained by integrating vibration density of states
(VDOS), which for n’ are calculated by taking Fourier transforms
of velocity autocorrelation functions (VACF). Although S is calcu-
lated using a harmonic partition function, the VDOS from PFMD
represent thermally renormalizes phonons and capture most of
the anharmonic free energy*®. For g(0s), VDOS are calculated
from DFPT. We confirmed that the harmonic approximation for
£(0g) is sufficient by comparing the DFPT with VDOS from FPMD
at ~ 50 GPa at 1200 K.
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