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The paper provides an up-to-date review of the experimental and theoretical works on solid oxygen published over the past decade.
The most important results presented in this review are the following:
Detection of magnetic collapse in neutron studies under the deltaepsilon transition.
Identiﬁcation of the lattice structure of the ϵ phase. In this structure
the O2 molecules retain their individuality, but there is an additional
link leading to the formation of clusters of molecular quartets with the
structural formula (O2 )4 .
Discovery of the unique magnetic properties of the delta phase, which
hosts three diﬀerent magnetic structures in the domain of the same
crystallographic structure.
2

The extension of the phase diagram to the high-pressure high-temperature
region which was previously beyond the reach for experiment; the molecular η and η ′ phases were found and their structures were identiﬁed.
Behavior of the melting line up to 60 GPa (1750 K).
Discovery of a new molecular θ phase in ultrahigh magnetic ﬁelds up
to over 190 T and the construction of the thermodynamical magneticﬁeld-temperature H-T phase diagram on the base of the ultrahigh-ﬁeld
magnetization, optical magneto-transmission, and adiabatic magnetocaloric eﬀect measurements.
Prediction of the persistence of the molecular state of solid oxygen up
to the pressure of 1.9 TPa which is signiﬁcantly higher than the corresponding limits in solid hydrogen and nitrogen, other generic molecular
solids.
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Introduction

The phase diagrams of the three simplest diatomic crystals - hydrogen, nitrogen and
oxygen, exhibit the majority of phenomena exempliﬁed by the vast diversity of condensed matter substances. These include pressure and temperature induced structure transitions, pressure induced metallization and superconductivity, pressure induced polymerization, amorphization and molecular dissociation. That is why these
solids with their structural simplicity are the best testing ground for accurate theoretical treatment. Together with these common phenomena each generic substance
exhibit also some phenomena which make their phase diagrams quite individual. In
the case of hydrogen, this is the existence of several spin-nuclear modiﬁcations and
as a consequence numerous ortho - para eﬀects. In the case of nitrogen, this is the
triple chemical bond between the atoms in the nitrogen molecule. In the case of
oxygen this is magnetism and as a result a very rich and complex phase diagram.
Oxygen is the third most abundant element in nature, after hydrogen and helium,
and the most abundant element in the Earth’s crust and oceans. Investigations of the
properties of oxygen are an essential part of all natural sciences - Physics, Chemistry
and Biology. The discovery of oxygen is usually attributed to Carl Wilhelm Scheele
(Sweden), Joseph Priestley (Great Britain), and Antoine Lavoisier (France) [1]. The
name ”Oxygen” was proposed by Lavoisier. The dramatic issue of priority of this
discovery is a subject of the play ”Oxygen” by Carl Djerassi and Roald Hoﬀmann [2].
Faraday discovered that the oxygen molecule possesses a nonzero magnetic moment
[3] which makes oxygen in gas, liquid, and solid modiﬁcations the only elemental magnetic system. Condensed oxygen was ﬁrst obtained by the Polish physicists
Wroblewski and Olszewski at the end of the XIX-th century (see [1]). The ﬁrst study
of solid oxygen - measuring of the solidiﬁcation temperature was also performed in
3

Poland [4] at the very beginning of the XX-th century. As a magnetic system solid
oxygen is unique in that the magnetic contribution to the binding energy is competitive in value with the van der Waals contribution. This ﬁnding of the Kharkov
group [5–7] made it possible to reconcile the apparent contradictions between results
of magnetic [8,9] and heat capacity studies [10,11]. The competition between the two
major contributions to the ground-state energy leads to a strong interplay between
magnetic, structural, and molecular orientational degrees of freedom, and results in
a very rich phase diagram. At present, the existence of at least nine solid-state phase
is established; the P -T phase diagram of solid oxygen is studied up to pressures of
over 130 GPa and temperatures over 1500 K [12–14]. As follows from the ab initio
calculations [15], the molecular state survives up to 1.9 TPa (1 TPa = 103 GPa).
Starting from the earliest studies solid oxygen has been a playground of solid state
physics. It displays a large variety of key solid-state phenomena, including quantum and anharmonic eﬀects, low-dimensional eﬀects, many-body eﬀects, the interplay between diﬀerent order parameters, temperature- and pressure-induced phase
transitions like pressure-induced magnetic collapse, pressure-induced insulator-metal
transition, pressure-induced superconductivity.
A comprehensive review of studies of solid oxygen [7] published in 2004 gives a
suﬃciently complete picture of the state of studies of structural, thermodynamic,
optical and magnetic properties, performed throughout the twentieth century (the
list of cited works includes more than 400 references). After the review, it seemed
to us that the situation in this ﬁeld of research can be described by a phrase well
known in the history of physics, ⋆ saying, ”in this ﬁeld, almost everything is already
discovered, and all that remains is to ﬁll a few holes”. In reality, during the decade
since the publication of this review, a large number of important ﬁndings were made
in physics of solid oxygen (see Table 1). The progress in the ﬁeld is in a considerable
way due to instrumental developments in high pressure physics and technique in
1990s and 2000s, including high-pressure neutron technique, high-pressure magnetic
susceptibility measurements technique, the technique of ultrahigh (100 T range)
magnetic ﬁelds, the technique developed for high-pressure high-temperature studies
of highly reactive (like hydrogen and oxygen) substances, etc.
The most important results that will be presented in this review are the following:
• The identiﬁcation of the lattice structure of the ϵ phase [17,18]. The eﬀorts of nearly
three decades of identifying the lattice structure of ϵ-O2 culminated in simultaneous
publication in 2006 of results of x-ray diﬀraction diamond anvil cell experiments
of the two groups. They discovered that in addition to the well-known O2 and O3
molecules existing in the free state, in solid oxygen pressurized up to 8 GPa a
new modiﬁcation of oxygen exists, which can be described by the structural formula
(O2 )4 . In this structure the O2 molecules retain their individuality, but there is an
additional link leading to the formation of clusters of molecular quartets.
⋆ The Munich physics professor Philipp von Jolly advised Planck against going into
physics [16]
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Table 1
Chronology of studies of solid oxygen 2004 - 2017
Date
2004

Type of studies and main results

Authors

First comprehensive review article

Yu. Freiman, H. Jodl [7]

First neutron studies of the α, β, and δ phases

I. Goncharenko et al. [27]

First observation of the η phase

M. Santoro et al. [12]

Magnetic collapse in ϵ phase

I. Goncharenko [21]

Raman, and IR study of α − β and α − δ transitions.

J. Kreutz et al. [28]

O8 structure of the ϵ phase (single-crystal study)

L. Lundegaard et al. [17]

O8 structure of the ϵ phase (polycrystal study)

H. Fujihisa et al. [18]

Melting line at high pressure

G. Weck et al. [29]

ϵ − ζ transition (theory)

Y. Ma et al. [30]

Magnetoelastic1 nature of the ϵ phase

E. Gomonay, V. Loktev [31]

Rhomboid O8 molecules in solid oxygen

R. Steudel, M.W. Wong [32]

IR study of magnetic properties

F. Gorelli et al. [33]

Inelastic X-ray scattering of dense solid oxygen

Yue Meng et al. [34]

Structurally induced insulator-metal transition

D.Y. Kim et al. [35]

Bonding in the ϵ phase

J. Tse et al. [36]

Identiﬁcation of melting at high pressures

L.R. Benedetti et al. [37]

Magnetism and vibrations in the ϵ phase

T. Anh Pham et al. [38]

Single-crystal x-ray diﬀraction, structure of η-O2

L. Lundegaard et al. [19]

Metallic ζ phase

G. Weck et al. [13]

Mechanisms of pressure-induced phase transitions

H. Katzke, P. Tolédano [39]

Magnetic structures in δ phase

S. Klotz et al. [20]

Theory of magnetic properties of the δ phase

E. Gomonay, V. Loktev [40]

First observation of the η ′ phase

A. Goncharov et al. [14]

Molecular oxygen tetramer

M. Bartolomei et al. [41]

Persistence of oxygen molecules up to TPa pressures

J. Sun et al. [15]

First-principle study on superconductivity

T. Ishikawa et al. [42]

2013

Chemical interaction and spin structure of (O2 )4 .

M. Garcia-Revilla et al. [43]

2014

Novel phase induced by ultrahigh magnetic ﬁeld

T. Nomura et al. [22]

Magnetic susceptibility measurements up to 3.3 GPa

M. Mito et al. [44]

Collective spin 1 singlet high-pressure phase

Y. Crespo et al. [45]

2005

2006

2007

2008

2009

2010

2011

2012
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Table 2
Table 1 continued
Date
Type of studies and main results

2015

2016

Authors

Raman and IR modes in ϵ and ζ phases

A. Ochoa-Calle et al. [46]

Magnetic properties of solid oxygen under pressure

Yu. Freiman [47]

Crystal structure in TPa regime

B. Cogollo-Olivo,
J. Montoya [48]

2017

2018

Antiferromagnetic vs. nonmagnetic ϵ phase

A. Ramires-Solis et al. [49]

Magnetic-ﬁeld - temeprature phase diagram

T. Nomura et al. [25]

Magnetism sudied by neutron diﬀraction (review article)

S. Klotz [115]

Solid oxygen revisited (review article)

Yu. Freiman et al. [142]

• The extension of the phase diagram to the high-pressure high-temperature range
[12,14,19]; the discovery of the high-pressure high-temperature molecular η and η ′
phases and the identiﬁcation of their structures. Previous static high-pressure studies
of solid oxygen have been mostly limited to room or low temperatures because of
highly reactive nature of oxygen under high temperature conditions.
• The measurements of the melting line up to 60 GPa (1750 K).
• The existence of three diﬀerent magnetic structures was identiﬁed by Klotz et al.
in the neutron study Ref. [20] in the domain of the δ phase, called respectively HTC
(high temperature commensurate), ITC(intermediate temperature commensurate),
and LTC (low temperature commensurate).
• The magnetic collapse at the δ − ϵ transition identiﬁed in the neutron study by
Goncharenko [21].
• Experimental studies of solid oxygen in ultrahigh pulsed destructive magnetic ﬁelds
of up to over 190 T performed by Nomura et al. group [22–26]. The thermodynamical
magnetic-ﬁeld-temperature H-T phase diagram of solid oxygen is discussed analyzing the results of the ultrahigh-ﬁeld magnetization, optical magneto-transmission,
and adiabatic magnetocaloric eﬀect measurements.
• The persistence of molecular oxygen to about 1.9 TPa [15], predicted on the base
of density-functional-theory calculations. This is more than an order of magnitude
higher than molecular nitrogen, another generic molecular solid.
The paper provides an up-to-date review of the experimental and theoretical papers
on solid oxygen published in the recent decade.
6

2

Low-temperature phase diagram

To date, the P −T phase diagram of solid oxygen (Fig. 1) has been investigated in the
region of pressures up to 140 GPa, temperatures up to 1750 K, and magnetic ﬁelds
up to over 100 T. The existence of at least nine (α, β, γ, δ, ϵ, ζ, η, η ′ , θ) solid state
phases have been established. At a pressure of 100 GPa and room temperatures,
oxygen is transformed into a metallic state, which becomes superconducting at Tc
= 0.6 K [50]. Ab initio calculations [15] have shown that the molecular state is
maintained up to 1.9 TPa.

Fig. 1. Low-pressure low-temperature part of the phase diagram of solid oxygen. (From
Ref. [7].)

For completeness we consider in this section structures of α (Fig. 2 Left), β (Fig.
3), γ (Fig. 4), and δ (Fig. 2 Right) phases which were discussed in detail in the
review [7]. A detailed review of studies of the properties of solid oxygen in Ref.
[7], published in 2004, gives a fairly complete picture of the state of research on its
structural, thermodynamic, optical and magnetic properties, conducted throughout
the twentieth century (the list of cited works contains more than 400 references).
The crystal structure of low-temperature α and β phases has been ﬁrst determined
in x-ray studies by Barrett et al. [51]. The fact that oxygen possesses magnetic properties has been ﬁrst discovered by Faraday, who has found that gaseous oxygen is
paramagnetic [3]. The paramagnetic nature of liquid oxygen has been found by Dewar [52]. Magnetic ordering in the low-temperature α phase has been ﬁrst proposed
by Giauque and Johnston [53] based on entropy considerations and then conﬁrmed
in neutron diﬀraction studies by Alikhanov [54,55] and Collins [56]. Collins has also
found that there is no long-range magnetic order in the β phase, however strong
short-range magnetic order exists [56].
The ﬁrst study of oxygen at pressures up to 10 GPa using diamond anvil has been
conducted by Nicol et al. [57]. They have found a new phase, which has been dubbed
”orange O2 ” due to its characteristic orange color, and following the already known
low-pressure phases α-, β -, and γ-O2 , designated as δ-O2 . The structure of this phase
(Fig. 2 Right) has been identiﬁed as Fmmm in the x-ray study conducted at room
7

Fig. 2. Structure of α-O2 (left) and structure of δ-O2 (right). (From Ref. [7].)

Fig. 3. Structure of β-O2 in rhombohedral (left) and monoclinic (right) axes. (From Refs.
[6,7].)

temperature by Schiferl et al. [58]. The transformation of the monoclinic α phase into
the orthorhombic δ phase occurs through a small shift of the close-packed ab-planes.
The spatial structure remains quasi-two-dimensional, and in both phases the centers
of gravity of the molecules are located at the nodes of weakly deformed hexagonal
cells. At the point of α − δ transition, the angle β ′ (Fig. 2 Right) becomes 90◦ . An
important feature of α-, β-, and δ-O2 , is the parallel arrangement of the molecules,
which is commonly explained by the strong contribution of the exchange interaction
to the anisotropic part of the intermolecular potential. Besides discovering the δ
phase, the same paper [57] was the ﬁrst to describe the visual observation of the
δ − ϵ phase transition. At room temperature and pressure of about 10 GPa, solid
oxygen changes the color from light orange of δ-O2 to the deep red color of a new
phase, which has been designated as ϵ-O2 . The region of stability of ”red oxygen”
extends up to a pressure of 96 GPa, where the transition to a non-magnetic metal
ζ phase occurs. The arrangement of the molecules in the ζ phase is still unknown.
8

Fig. 4. Structure of γ-O2 . (From Ref. [7].)

3

ϵ phase

3.1 Structure and properties of the ϵ phase

At room temperatures the light orange crystal of δ-O2 at approximately 10 GPa transforms to dark red ϵ-O2 . The ϵ phase was discovered by Nicol, Hirsch, and Holzapfel in 1979 [57] in the ﬁrst loading
the diamond anvil cell for experiments with oxygen. A radical transformation of the lattice at the δ − ϵ transition is evidenced by a giant
volume jump amounting 5-6 % at room temperatures [59,60], the appearance of a strong infrared absorption [61,62], the dramatic color
change to dark red, and magnetic collapse [21]. Evidently, a kind of
pressure-induced Peierls distortion takes place at this transition. The
very substantial density increase not only favors the formation of ϵ-O2
at high pressure but is also responsible for its stability over a remarkably large range of pressures.
Discussing the nature of the δ − ϵ phase transition the FlorenceKaiserslautern group (R. Bini, F. Gorelli, H. Jodl, M. Santoro) put
forward the hypothesis that this transition is caused by a molecular
association of the O2 molecules into diamagnetic O4 units (Refs. [63–
66]. Two main arguments supporting this hypothesis (see Secs. 5.3.4,
5.3.4, and 8.3.3 from Ref. [7]) were obtained from the spectroscopy: a
large infrared activity of ϵ-O2 (see Fig. 68 in Ref. [7]), and the disap1
pearing of the 3 Σ−
g −→ ∆g (0-0) and (0-1) electronic transitions at
9

Fig. 5. Phase diagram of oxygen to 20 GPa and 800 K. The solid lines show the phase
boundaries as reported by Yen and Nicol Ref. [68]. The inset shows the extended phase
diagram of oxygen to 120 GPa and 800 K (Refs. [68,69,74]. In both the main ﬁgure and
the inset, the dotted line is the extension to the melting line that reported by Weck et
al. [29], while the dashed lines show the phase boundaries between the liquid,δ, β, and η
phases proposed by Santoro et al. [12]. (Modiﬁed from Ref. [19].)

the δ − ϵ transformation (Fig. 133 in Ref. [7]). As will be shown in
the next section, the association actually takes place but not two, but
four molecules of oxygen.
The ϵ phase takes up a largest part of the investigated range of the
phase diagram (Fig. 5) extending from the δ − ϵ transition line which
starts at ∼7.6 GPa at zero temperature [67] and continues to higher
temperatures as the β − ϵ (Tδϵβ = 386 ± 5 K, Pδϵβ = 11.5 ± 0.3 GPa
[68]) and η − ϵ (Tβϵη = 540 ± 20 K, Pβϵη = 15.7 ± 0.2 GPa [12]) phase
transition lines. Starting from the η −η ′ −ϵ triple point (Tηη′ ϵ ≈ 700 K,
Pηη′ ϵ ≈ 20 GPa [14]) the range of the ϵ phase is bound by the weakly
pressure dependent η ′ − ϵ transition line. From the high-pressure side
at P > 96 GPa it is bound by the metallic ζ phase [69,70,60].
Within one month in 2006 two groups (Fujihisa et al. [18], August 2006
and Lundegaard et al. [17], September 2006) published data about the
hitherto unknown crystallographic structure of the ϵ phase. The ﬁrst
group used a powder-like sample of O2 [18], the other one worked
10

Fig. 6. (color online). Observed diﬀraction pattern of ϵ-O2 at 11.4 GPa (dots) and the
calculated proﬁle (curve) after the Rietveld reﬁnement. The insets show enlarged views of
the high angle part of the patterns. (Modiﬁed from Ref. [18].)

with a single crystal sample of O2 [17]. Both groups used similar experimental equipment: synchrotron x-ray diﬀraction in combination
with CCD area detectors to monitor diﬀraction pattern, a DAC to
produce high pressure and ruby scale to determine local pressure. Fujihisa et al. covered the pressure range from 4 to 100 GPa while Lundegaard et al. studied the pressure range 13 - 18 GPa. Sample preparation of two groups was diﬀerent: the powder-like sample of solid
O2 of the Japanese group was produced by cryoloading the DAC; the
joint Scotland-French-Canadian group used a single crystal of ϵ oxygen
grown from a 8.6 mol.% O2 in He mixture at 450 K and 22.5 GPa.
The quality of the diﬀraction data obtained by the Japanese group
can be seen in Fig. 6. Rietveld analysis delivered both the atomic
coordinates and the lattice parameters a, b, c, β (Fig. 7a), and molar
volume (Fig. 7b). The lattice parameters of the ϵ phase shown in Fig.
7(a, b) agree at low pressures with the known data in literature of the
δ phase and at high pressure with the data for the ζ phase. The molar
11

Fig. 7. (color online). Pressure dependence of the structural parameters of ϵ-O2 : (a) the
lattice parameters a, b, c, and β, (b) the molar volume. Triangles at 96 GPa in (a) and (b)
are single crystal work data from Ref. [71]. Cross marks and open squares in (b) represent
the data for β-O2 and δ-O2 . (Modiﬁed from Ref. [18].)

volume jumps at the β − δ and δ − ϵ ﬁrst order phase transitions are
1.6% and 5.4%, respectively. In the ϵ phase when pressure increases
from 10 GPa to 95 GPa the molar volume reduced by 40% (Fig. 7b).
In the behavior of the monoclinic angle β (Fig. 7a) there are three
diﬀerent pressure ranges. From 10 GPa to 25 GPa β decreases rather
rapidly; in the range 25 – 80 GPa β decreases very slowly but above
80 GPa it drops with increasing rate which can be considered as a
precursor for the transition to the ζ phase at 96 GPa [18].
Results of these studies revealed a unique structure of the ϵ phase
12

Fig. 8. (color online). The structure of ϵ-oxygen as viewed perpendicular to the ab plane.
Left: the groups of molecules forming the (O2 )4 units are connected by thick lines. Right:
The inter- and intra O8 -molecular distances at 17.6 GPa (in Å). (Modiﬁed from Ref. [17].)

in which O2 molecules preserve their individuality, but an additional
weak chemical bond results in the formation of clusters of molecular
quartets. The structure of the ϵ phase, as viewed perpendicular to the
ab plane, is shown in Fig. 8. In the description of the structure we will
be closely following the single-crystal study Ref. [17]. As in the β and
δ phases [75,76,7], ϵ-O2 comprise layers of collinear O2 molecules, the
axes of which within 1◦ are oriented perpendicular to the layers which
lie in the ab plane. The layers comprise two types of O2 molecules —
those containing two symmetry-equivalent O3 atoms and the centers
of which are constrained by symmetry to lie exactly in the ab planes at
z = 0 and z = 1, and those comprising symmetry-inequivalent O1 and
O2 atoms, and the centers of which are unconstrained. The symmetry
of the structure does not require that the O-O bond lengths of the
O3-O3 and O1-O2 molecules be the same, nor that the molecules be
oriented perpendicular to the ab plane. However, the bond lengths
of all the O2 molecules are the same 1.20(3) Å within error at all
pressures, which is in good agreement with the O-O bond length in
the gas phase (1.207 Å) [7].
It should be noted that the structures obtained from the diﬀerent studies [17,18] are not completely identical: the single-crystal data [17]
yield a more complete reﬁnement of the atomic positions compared
with the powder method. The important diﬀerence is that the molec13

Fig. 9. (color online). Pressure dependence of the shortest intermolecular distance inside
the O8 unit (d1 ) and the shortest intermolecular distance between the nearest O8 units
(d2 ). Cross marks and open squares represent the data for β-O2 and δ-O2 . (Modiﬁed from
Ref. [18].)

ular axis in the powder diﬀraction O8 units are slightly nonorthogonal
to the ab planes.
The pressure dependencies of the shortest intermolecular distances
inside the O8 units (d1 ) and the shortest intermolecular distances between the nearest O8 units (d2 ) are shown in Fig. 9. The crosses and
open squares indicate the intermolecular distances d1 and d2 for the β
and δ phases where they are degenerate. As can be seen, d1 in the ϵ
phase is signiﬁcantly shorter than the distances in the β and δ phases.
It is this contraction which leads to the large volume reduction of 5.4%
at the δ − ϵ transition and is responsible for the appearance of the O8
cluster in the ϵ phase. From the behavior of the lattice parameters d1
and d2 (Fig. 9) at pressures close to the δ − ϵ phase transition Fujihisa
et al [18] concluded that the O8 units are formed directly at this phase
transition. The d2 decreases to 2.2 Å at 95 GPa. This value is comparable to the d1 at 15 GPa and is short enough for the electron orbitals
to overlap. This fact suggests that the transition to the ζ phase may
occur by the connection of O8 clusters. Localized electrons in the O8
cluster would spread in the ab plane and result in a two-dimensional
metallic state.
14

The striking feature of the structure is the association of four O2
molecules into rhomb-shaped (O2 )4 molecular units, which are symmetry equivalent and centered on the lattice points at (0,0,0) and
(0.5,0.5,0). In contrast to the structures of the α-, β-, and δ-phases, the
distances between the O2 units within these layers are not equal, but
distinct rhomboid-shaped O8 unit in the form (O2 )4 of the D2h symmetry can be identiﬁed with three characteristic shortest distances:
1.2 – 1.21 Å within the O2 units, 2.18 – 2.19 Å between two nearest neighboring O2 units within the O8 molecules, and 2.57 – 2.61
Å between neighboring O8 units (see Fig. 8 (Right)) [17]. The shortest interlayer distance is 2.50 Å. (For comparison, the van der Waals
distance between two oxygen atoms is 3.04 Å (van der Waals radius
of oxygen atom is 1.52 Å.) The characteristic bond angles in the O8
units are: 84◦ (∠O3-O1-O3 and ∠O3-O2-O3), 96◦ (∠O1-O3-O2), and
90◦ (e.g. ∠O3-O1-O2). Thus, it has been found that, in addition to
well-known molecules O2 (oxygen) and O3 (ozone) existing in a free
state in solid oxygen under pressure of ∼ 8 GPa there exists one more
oxygen molecule which can be described by the structural formula
(O2 )4 . It should be stressed ”that the remarkable formation of the O8
species in solid oxygen is the ﬁrst case in which compression of an element results in a novel small molecule that was not observed or even
speculated about before [32]”.

3.2 The nature of the chemical bond in the ϵ phase

Why does this structure form? Generally, there are two opposite patterns which chemical bonds undergo under high pressure: the most
typical phenomenon is a pressure-driven dissociation when the chemical bonds in a solid break under high pressure. In the case of molecular diatomic solids like nitrogen or iodine the molecules dissociate
into atoms which form an atomic (iodine) or polymeric (nitrogen)
solid. The second option is a pressure-driven association when atoms
or small molecules developing new chemical bonds associate into larger
clusters. To predict which of the two opposite tendencies will realize
in experiment, in high-pressure physics frequently use so-called rule
of thumb: elements under pressure often behave like heavier members
of their group in the Mendeleev periodic table. Oxygen is the light15

Fig. 10. (color online). Raman (red) and Fourier transform-Raman (black) spectra of
ϵ-oxygen. (From Ref. [17].)

est element in Group VI, with sulphur being the next heaviest family
member. At room pressure and temperature, solid sulphur has the
lattice of S8 molecules, with the atoms arranged in eight-membered
rings. According to this rule of thumb one had to expect that oxygen
under pressure will be associating into eight-membered rings, as sulphur does. However, the ϵ-oxygen structures [17,18] show that a simple
analogy with S8 molecules is misleading; the O2 molecules are arranged
in (O2 )4 rhombohedra which looks like a ﬂattened cube. While preserving their original diatomic character oxygen molecules associate
under pressure into clusters of four pairs.
To have a consistent picture, the x-ray results of structural studies
[17,18] should be in agreement with data of Raman and IR spectroscopy. There is a large body of spectroscopic information referred
to the ϵ phase [61–66], (see also Ref. [7] Secs. 5.3, 5.4). To integrate
all the spectroscopic results (pressure induced very large intensity of
IR active modes, number of Raman and IR active modes and their
pressure and temperature dependence) the model for the ϵ phase consisting out of O4 units has been proposed [65]. The normal modes of
the O4 molecule with the D2h symmetry (symmetric Ag and antisym16

Fig. 11. (color online). Raman and IR spectra of ϵ oxygen. (From Ref. [77].)

metric B3u O-O stretching, in plane B1g and out of plane Ag bending,
symmetric and antisymmetric O2 -O2 stretching) and their optical activity are shown in Table 25 and Fig. 71 in Ref. [7]. After the discovery
of the (O2 )4 structure of the ε phase the spectroscopic model had to
be revised [17]. An (O2 )4 unit of the D2h symmetry has nine Raman
and seven infrared modes. The vibrational modes were calculated for
an isolated (O2 )4 unit without taking into account the crystal ﬁeld
eﬀects. The comparison with the observed spectroscopic data at 17.6
GPa yielded three infrared modes (B3u at 1500 cm−1 , B2u at 1443
cm−1 and B1u at 292 cm−1 ), in agreement with the reported infrared
spectroscopic data [63,78]. There should be also four Ag Raman active
modes, three of which, at 1600 cm−1 , 342 cm−1 and 161 cm−1 have already been observed [67]. The fourth Raman mode, at approximately
1380 cm−1 , corresponding to the antisymmetric stretching motion of
the four O2 molecules coupled in diagonal pairs, is a signature of the
(O2 )4 unit. This mode was expected to be very weak and has not
been observed supposedly because it lies very close to the Raman signal from the diamond anvils of the pressure cell. It was observed in
the Raman scattering study performed on single-crystal samples with
17

Fig. 12. Schematic energy diagram showing the interactions of eight degenerate π* orbitals of four O2 molecules to form the bonding and antibonding molecular orbitals of the
rhomboid (O2 )4 species. (From Ref. [32].)

high-quality optical surfaces. A weak Raman-active line was observed
to emerge from the Raman signal from the diamond anvils at pressures
above 30 GPa [17]. At 33 GPa, the new Raman line was observed at
1,430 cm−1 (Fig. 10) and was interpreted to be the fourth Raman active mode of the (O2 )4 molecular unit. A comparison of experimental
and calculated IR and Raman vibrational frequencies over the entire
stability range of the ϵ phase from Ref. [77] are shown in Fig. 11.
While O8 molecular units have not previously been observed or even
anticipated in any oxygen phase, the O2 -O2 gas-phase dimers of D2h
geometry with an equilibrium spacing of 3.56 Å are known in literature [79,80]. The same geometry was observed in the case of the O2 O2 dimers existing as impurities in solid Ne matrix [81]. Pauling [82]
proposed that the formation of such a dimer requires that the chemical spin-spin contribution should be essential. The concept of π ⋆ -π ⋆
bonding between the open-shell O2 molecules explains the formation
of closed-shell O8 . Ab initio quantum chemical calculations of the exchange interaction due to the overlap of the open shell π ⋆ orbitals
were performed in Ref. [83]. The π ⋆ -π ⋆ interaction is a two-electron
stabilizing interaction involving the two open-shell π ⋆ orbitals of the
O2 molecule. In the case of (O2 )4 four sets of π ⋆ -π ⋆ interactions involving eight degenerate singly occupied π ⋆ orbitals of four O2 molecules
will lead to eight molecular orbitals, four bonding and four antibonding. The eight electrons occupy the four bonding orbitals, resulting
in an overall spin-paired molecule (Fig. 12). The quantum chemical
18

Fig. 13. (color online). Four highest occupied molecular orbitals of the rhomboid (O2 )4
molecule. (From Ref. [32].)

calculations conﬁrmed that the ground state of rhomboid (O2 )4 is a
singlet [32]. The crucial role of π ⋆ -π ⋆ interactions in rhomboid (O2 )4
is reﬂected in the shapes of the four highest occupied molecular orbitals shown in Fig. 13. Due to the bonding between open shell π ⋆ orbitals both the gas-phase dimer (O2 )2 and (O2 )4 are chemically weakly
bonded units. Indeed, while in the case of the strong intramolecular
O-O bond the bond length within each O2 molecule is practically unaltered by pressure, the inter-O2 distances both within, and between, the
(O2 )4 units compress at the same rate of 0.011–0.014 Å/GPa (Fig. 9)
emphasizing the weakness of the interaction between the O2 molecules
that form the (O2 )4 units. The increase of the intensity of the infrared
modes in the ϵ phase in the range up to 30 GPa shows that there is
a progressive strengthening of the inter-O2 bonds over this pressure
range [62,61].
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Fig. 14. (color online). Structure of O2 )4 units in solid ϵ-O2 at 24 GPa and in the overpressurized ϵ phase at 105 GPa. (From Ref. [85].)

In a free O2 -O2 cluster the two-electron covalent bond originates from
the paring of two electrons each from the π ∗ orbital of the participating O2 molecules [32]. The fact that a much longer intermolecular
distance was observed in ϵ oxygen suggests that the nature of chemical bonding in the solid oxygen is diﬀerent from that in the isolated
cluster [36]. Important features of the nature of chemical bonding in
the (O2 )4 clusters in ϵ oxygen in comparison with the isolated (O2 )4
were revealed in the analysis performed in Ref. [36] through a topological analysis of charge density using the Bader’s atoms-in-molecules
(AIM) method [84]. The basic idea AIM analysis is to extract bonding
information from the electron density.
Results of this analysis [36] indicate that the O2 molecules forming the
rhomb-shaped clusters in the ϵ phase are stabilized via donor-acceptor
resonance structures, i.e. the donation of a paired π ∗ electron from one
O2 into the empty π ∗ orbital of the other. In this interpretation, the O2
converted from a spin-uncoupled state of a free molecule into a spinpaired state (two electrons occupying one of the π ∗ orbital) to facilitate
interactions with the neighboring O2 forming the cluster. Thus, this
can be described as a true spin-coupled two-electron covalent bond.
This description is consistent with the fact that the magnetic moment
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of solid O2 has already decreased from 2 µB at the zero pressure structure to less than 0.5 µB δ phase preceding the δ − ϵ transition [21].
Therefore, interactions between O2 in the cluster cannot be due to
simple spin pairing of electrons from the isolated molecules.
The shape of the (O2 )4 cluster is found to distort from a square prism
to a diamond shape prism with increasing pressure. The OOO bond
angle decreases gradually from 88◦ at 20 GPa to 80◦ near the ϵ − ζ
transition at 97 GPa [17,18]. The distortion leads to changes in the
structure and the electron density topology.
Considering the spin multiplicity is unavoidable when studying the
properties of (O2 )4 molecule making this problem highly nontrivial
since the DFT methods do not take into account the multiconﬁgurational character of the molecular oxygen clusters. In order to study
properties of the (O2 )4 molecule under pressure and obtain a reliable
characterization of the singlet state Bartolomei et. al. [41] performed
high level multiconﬁgurational ab initio calculations. The singlet state,
as a ground state for the ϵ phase, ﬁrst suggested by Gomonay and Loktev in Ref [31], is also the ground state of an isolated (O2 )4 molecule
and thus it is also consistent with the magnetic collapse taking place
at the δ-ϵ transition.
The calculated interaction energy of the (O2 )4 molecule as a function
of the square side d for the maximum spin multiplicity (nonet) and
the singlet states are shown in Fig. 15. This ﬁgure shows that the
interaction potential is a van der Waals-like potential with equilibrium
square side next to 3.0 Å in the gas phase. As can be seen from this
ﬁgure the potential well of the singlet state is deeper and shifted to
lower distances when compare with the one of the nonet state. This
implies that in this system, like in the dimer ([41]), the exchange
interaction favors the states with low spin multiplicity. It can be also
seen that, while for the nonet state the pairwise approximation is in
good agreement with the supermolecular calculation for the singlet
state this is only true for large values of the square side d, while for
small distances a softening of the repulsive wall is found showing the
importance of many body eﬀects and the exchange correlation energies
in this range of interaction distances (d < 3Å).
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Using the obtained interaction potential inside the molecule Bartolomei
et. al. [41] developed a simple method to simulate the epsilon phase.
They considered that all clusters are represented by a collections of
cuboids and that they increase/decrease their size a at the same time.
At a given pressure the center of mass of the clusters are ﬁxed and
determined by the experimental lattice parameters. Within this model
the cell energy can be obtained as:
E(a) = V intra (d) +

1 ∑ inter
V
(rij )
2 i,j ij

(1)

where V intra is the supermolecular (O2 )4 singlet potential and Vijinter is
a spin average pair potential between the molecules i and j belonging

Fig. 15. (color online). Upper panel: energy of a layer of ϵ-O2 as a function of the cluster
size for a pressure of 18.3 GPa (solid line). In the inset, the model unit cell is shown. A
minimum of the energy is obtained for the intracluster distance d1m . Lower panel: Pressure
dependence of d1m and d2m (lines) compared with data of Ref. [18] (circles). (From Ref.
[41].)
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to diﬀerent clusters. Using this model the values of the inter (d1m )
and intramolecular (d2m ) distances that minimizes the cell energy can
be obtained and compared with the experimental values. Figure 15
shows the results obtained for d1m and d2m using this model and compared with experimental values taken from Ref. [18]. As can be seen
the pressure dependence of this two calculated quantities are in good
agreement with the observations. Despite the simplicity of this model
it validates the supermolecular (O2 )4 singlet potential as a good approximation for this system and that the softening observed on the
repulsion wall is realistic. It shows also that the most important many
body eﬀects take place inside the (O2 )4 molecule.

4

ζ phase

4.1 ϵ − ζ (insulator-metal) phase transition

The insulator-metal transition has been ﬁrst found in the absorption
edge and reﬂectivity measurements [69,70], and conﬁrmed in optical
studies (see Ref. [7] Sec. 5.3 and references therein), x-ray diﬀraction
[60,71], Raman [67,71], IR absorption [61], and resistivity [86,50] measurements. Results of these studies have been reviewed in Ref. [7]. In
short, they are as follows.
By using a high brilliance synchrotron radiation source Akahama et
al. [60] in the angle-dispersive powder x-ray studies up to 116 GPa
found the structural phase transition to a new high-pressure ζ phase.
It was observed visually that after the transition at 96 GPa the oxygen
sample became as shiny as the metal gasket [60]. The same behavior
has also been found by Desgreniers et al. [69]. They have reported that
at pressures about 95 GPa an increase in the Drude-like near-infrared
reﬂectivity is observed. It was attributed to the onset of creation of
nearly free electrons by a pressure-induced band overlap. A subsequent
single-crystal x-ray diﬀraction study [71] indicated that from 96 GPa
to 106 GPa a continuous displacive phase transition takes place to a
new structure. Raman spectroscopy studies conﬁrmed the structural
change and the molecular nature of the ζ phase [87], the vibron being
the signature of the intramolecular bond. The volume reduction at
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the ϵ − ζ phase transition is smaller than 0.1 cm3 /mol or ∆V /V <
1.4% [60]. Such value is too small compared with that expected in the
molecular dissociation. The experimental evidence that the molecular
dissociation does not take place up to at least 120 GPa was obtained
by Weck et al. [71] and Goncharov et al. [87] in Raman studies.
In measurements of the electrical resistance of solid oxygen Shimizu
et al. [86] observed a rapid decrease in the resistance with increasing
pressure. The estimated resistivity at the highest applied pressure of 95
GPa was typical for semiconductors at room temperatures. This result
was a direct evidence for the appearance of a conductive state of solid
oxygen under pressure. The observation of a change in the slope of the
resistance-temperature curve [86] (Fig.139 [7]) together with metallic
character of reﬂectivity [69] evidences that at pressures exceeding 95
GPa solid oxygen becomes metallic. In subsequent measurements the
same group discovered [50] that at low temperatures of 0.6 K metallic
oxygen becomes superconducting with critical magnetic ﬁeld about
2000 G.
4.2 Raman and single-crystal x-ray studies of the ζ phase

The molecular excitations of ϵ oxygen have been studied previously
by Raman and IR spectroscopy [61,67]. The problem was that the
intensity of the vibron excitations strongly decreased under pressure
when approaching the ϵ − ζ transition and could not be followed in
the metallic phase above 96 GPa. The vibron width increases linearly
with pressure and reaches 10 cm−1 at 96 GPa. Above 96 GPa, due
to the inhomogeneous broadening the vibron width increases dramatically merging the vibron into the background above 100 GPa. At 110
GPa, when the new structure is stabilized, the vibron mode reappears
but with a negative frequency jump of 60 cm−1 . Goncharov et al. [87]
published results of the detailed room-temperature Raman measurements of solid oxygen through the ϵ − ζ transition and in ζ phase up
to 134 GPa (Figs. 137, 138 in Ref. [7]). The obtained data showed
unambiguously that the ζ phase is molecular.
Understanding of the mechanism of the ϵ − ζ phase transition and
the nature of the evolution of the ζ phase with pressure became pos24

sible only after elucidation of the structure of ϵ phase in the singlecrystal [17] and powder diﬀraction [18] studies. By using the same
x-ray single-crystal diﬀraction method that was used to solve the
structure of the ϵ phase Weck et al. performed angle dispersive xray diﬀraction measurements (ADXD) [13] of single-crystal samples
of solid oxygen. The samples were embedded in helium which was
used as a quasi-hydrostatic pressure transmitting medium. The evolution of the diﬀraction peaks was consistent with previously found in
the single-crystal energy dispersive x-ray diﬀraction (EDXD) experiment [71]. The displacive nature of the transition manifests itself by
the ”sliding” of diﬀraction peaks during the transition. The structural
transition to the ζ phase is completed above 106 GPa.
An earlier work of Serra et al. proposed the C2/m structure with four
molecules per unit cell [88]. More recently, two competitive lowest enthalpy structures were proposed from calculations [30]: one of space
group C2/c, containing four O2 molecules per unit cell, arranged in
a chainlike herringbone structure, and a second one, suggested as being the best candidate, isosymmetric to the ϵ phase, with chainlike
connections between the O8 units. However, the underestimation of
the band gap in DFT calculations has made it diﬃcult to resolve the
link between metallization and structural changes. Two recent GW
calculations, meant to improve the calculation of the band gap, have
indicated that the insulator-metal transition occurs along with the
structural transformation [35,36]. In all calculations, however, an unusually large disagreement between the calculated and the measured
transition pressures remains.
Analysis of diﬀraction intensities of the reﬂexes observed after the
phase transition to the zeta phase was completed did not allow to make
an unambiguous choice between monoclinic unit cells of space groups
C2/m or C2/c, two possible candidates for the ζ phase space group.
Though analyzing the d-spacings data Weck et al. [13] decided in favor
of C2/m, the most solid evidences for the choice of the space group
and unit cell assignment were obtained from the Raman spectroscopy
measurements. There are four molecules in the C2/m primitive cells
of ζ-O2 , and ϵ-O8 , so we have 12 Raman active (7Ag + 5Bg ) nine of
which have been observed in the Raman measurements [87,13] (Fig.
16). Since the C2/c unit cell has only six Raman active modes (3Ag
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Fig. 16. (color online). Raman spectrum of crystal of solid oxygen in helium at 118 GPa at
300 K. The stars indicate the positions of the observed Raman active bands. (From Ref.
[13].)

+ 3Bg ), that is less than it was observed experimentally, the spectroscopic results unambiguously excluded the C2/c unit cell from the
consideration. The pressure dependencies of the Raman-active modes
calculated by Ma et al. [30] in comparison with the experimental data
obtained by Goncharov et al. [87] are shown in Fig. 17. As can be
seen, the most signiﬁcant frequency changes at the ϵ − ζ phase transition aﬀect the three experimentally observed low-lying modes in the
ϵ phase in the 200 - 500 cm−1 range, which transformed with abrupt
frequency changes into two modes (νa and νb ) in ζ-O2 . It is from the
signiﬁcant frequency changes, that Goncharov et al. [87] concluded
that this phase transition is unlikely to be isostructural. However, in
theory developed by Ma et al. [30] it was shown that the observed behavior of the spectrum is rather accurate assuming the isostructural
phase transition picture (Fig. 17). In particular, the three modes in
ϵ-O8 are transformed upon formation of ζ − C2/m into a downshifted
mode Ag and two almost degenerated upshifted modes (Ag and Bg )
which are related to the intermolecular vibration along the shortened b
axis. In the theory they lay very close to each other precluding an easy
observation of two separate Raman-active modes. The downshifted Ag
mode was attributed to the intermolecular vibration of the (O2 )4 clusters. A small negative drop in the vibron frequency less than ∼ 1%
observed at the ϵ − ζ transition [87] is also consistent with the theory
by Ma et al where it was attributed to the slight increase of the in26

Fig. 17. (color online). Calculated Raman frequencies vs. experimental data from Ref. [87].
(From Ref. [30].)

tramolecular bond length from 1.197 Å in ϵ-O8 to 1.199 Å in ζ −C2/m
at 100 GPa.
The pressure dependence of the lattice parameters obtained both in
the ADXD [13] and EDXD [71] single-crystal measurements is shown
in Fig. 18. The onset of a ﬁrst-order phase transition is clearly seen
from the abrupt change of lattice parameters taking place at ≈100
GPa, at a slightly higher pressure than the metallic transition. A
large contraction of about 10% is observed in the b direction with
the a lattice parameter showing an increase of about 6% and a small
contraction of about 3% in the c direction. Thus, the ϵ − ζ transition
is essentially an ”intraplane” transformation.
The x-ray diﬀraction data [13] demonstrate that this transition proceeds gradually with pressure between 96 GPa and 106 GPa. After the
phase transition, the O8 units turn out to be connected along the b
direction, so that the intra-O8 distance and inter-O8 distance become
equal, which means the dissociation of two O8 units in the unit cell
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Fig. 18. (color online). Pressure dependence of the lattice constants a (blue), b (red), c
(black) and angle β of the C2/m monoclinic cell: a0 = 7.970Å, b0 = 5.633Å, c0 = 3.711Å
and β = 116.3◦ at 13.2 GPa [17]. Open symbols: Ref. [71]. Full symbols: Ref. [13]. Dashed
line: Ref. [60]. Full Line: Ref. [18]. The vertical dashed line indicates the metallic transition
pressure. (From Refs. [13,89].)

into eight O2 molecules. At 96 GPa, the closure of the indirect band
gap in the ϵ phase induces a small displacive transition along the b
direction, which is completed at 106 GPa and is accompanied by a
transition to the new molecular arrangement in the ab plane.
The equations of state of solid oxygen in the ϵ and ζ phases are shown
in Fig. 19. The EDXD [71] and EDXD [13] experimental data are
compared to the results of two DFT calculations [30,35].
The structure shown in Fig. 20 (upper left) exhibits isolated (O2 )4
clusters in the ϵ phase. In this structure, there are three symmetry
sites for oxygen atoms labeled as O1, O2, and O3 [17,18] in Fig. 20
(upper Figures). The three distances (d1 , d2 , and d3 ) in Fig. 20 (upper
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Fig. 19. (color online). Equations of state of solid oxygen, in the ϵ and ζ phases with a
comparison between experiment (ADXD data from Ref. [13], EDXD data from Ref. [71])
and calculations of Ma et al. [30] and Kim et al. [35]. The vertical dashed lines indicate
the pressure range of the displacive transition. (From Ref. [13].)

left) represent the characteristics of inter- and intradistances of the
reﬁned structure. For the ϵ phase, d1 is signiﬁcantly shorter than d2
and d3 , as shown in Fig. 20 (bottom). When ϵ-oxygen is compressed,
the intra-cluster and inter-cluster distances d1 and d3 decrease rapidly
(Fig. 20 (bottom)) and at the transition pressure after the upward
jump of d1 and downward jump of d3 they became equal. This results
in the change of bonding in the ab plane. The enhanced bonding along
d3 makes (O2 )4 clusters connected to each other, as shown in Fig. 20
(upper left). After overcoming d1 , d3 goes almost parallel with d1 and
makes chainlike connection along the b axis. As a result, the localized
electrons in oxygen clusters spread out into the ab plane making the
metallic ζ phase [17,18,36].
From theoretical side [35], to look at the metallization of solid oxygen
and to get well deﬁned excited state properties one has to go beyond
a standard DFT. For this, the so-called GW approximation to the
self-energy Σ have been chosen. As suggests this study, there is no
post- ζ phase up to 250 GPa. It is noted that the predicted structures
at 250 GPa are still molecular: e.g., for the ζ − C2/m structure, the
intramolecular O-O distance is 1.171 Å, much shorter than the shortest
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Fig. 20. (color online). The structure of ϵ (upper left) and ζ (upper right) phases as viewed
perpendicular to the ab plane; the intra- and intermolecular distances as a function of
unscaled pressure. (Modiﬁed from Ref. [35].)

.

intermolecular distance of 1.902 Å.
In conclusion of this Section, the single-crystal x-ray diﬀraction data
[13] have demonstrated the isosymmetric nature of the ϵ − ζ phase
transition in solid oxygen. The combination of ﬁrst-principle calculations with the diﬀraction data gave a convincing view of the atomic
displacements leading to the new structure. There is a certain similarity between the structural changes induced by metallization in solid
I2 and solid O2 [13]. In both cases, metallization by the closure of the
band gap causes an instability of the lattice that evolves, through a
displacive phase transition, into the denser structure along with the
dissociation of molecular entities, I2 and O8 , respectively. A further
transformation of metallic O2 into an atomic metal is predicted at
much higher pressure, namely, above 250 GPa [30,15].
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4.3 Persistence of oxygen molecules up to terapascal pressures

In the simplest molecular solids like O2 or N2 at ambient pressures the
intramolecular forces and associated intramolecular vibration frequencies (∼ 1000 cm−1 ) exceed by an order of magnitude the intermolecular
once (∼ 100 cm−1 ). The corresponding intranuclear distances in the
molecules (1.2074 Å in O2 , 1. 0977 Å in N2 ) is much shorter than
the nearest intermolecular distances (3.187 Å in O2 , 3. 994 Å in N2 ).
As pressure increases the intermolecular spacing becomes comparable
with the intramolecular bond length. From a priori consideration it is
clear that in this situation the diatomic molecular solid may become
unstable to the transition to an atomic solid state, i.e. toward pressure induced dissociation transition. The question to which pressures
oxygen molecules can survive is of importance for solid-state physics,
for geochemistry (the estimated pressure at the center of Earth is 380
GPa), for planetary science.
Although the O=O double bond in the O2 molecule is not as strong
(the dissociation energy D0 = 5.1156 ev [7]) as the N≡N triple bonds
(D0 = 9.76 ev [90]), O2 polymerizes at a pressure an order of magnitude higher than N2 (≈110 GPa [91,92]). Unfortunately, there is
no a simple qualitative theory which would permit to connect the
pressure dissociative transition with the solid-state parameters of the
substance. The DFT calculations by Ma et al. [30] showed that oxygen molecules persist to at least 250 GPa. The subsequent calculations
[15] increased this estimate to 1.9 TPa which was called by the authors
”intriguing”.
The enthalpy-pressure relations for the most interesting structures
found by Sun et al. [15] are plotted in Fig. 21. In these calculations DFT computations (the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) exchange-correlation density
functional) were combined with searching methods for predicting lowenthalpy structures of oxygen in the multi-TPa range. Figure 21 shows
that at about 1.9 TPa molecular oxygen transforms into a squarespiral- like structure belonging to space group I41 /acd. Similar structures have been found in other heavier group VI elements, such as
sulfur and selenium [93]. The shortest O-O bond length in I41 /acd
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structure at 2 TPa is about 1.15 Å , which is longer than that of the
molecular phase at the same pressure (about 1.03 Å). The shortest
O-O distance between the chains is about 1.55 Å , and the distance
between the axes of neighboring square spirals is half of the lattice
vector. The O-O-O angle in the helix is about 98.7◦ .
The low-pressure molecular phases are very close in enthalpy (Fig. 21,
inset). Among these phases, P 63 /mmc, C2/m, R3̄m become stable
in turn on increasing the pressure from 0.5 to 1.9 TPa. More precise methods than DFT might be required to clarify the structural
sequence as the enthalpy diﬀerences are so small.

5

High-pressure high-temperature part of the phase diagram

5.1 Structure and properties of the η phase

The high-pressure high-temperature studies of oxygen are of great importance for the development of condensed-matter theory, speciﬁcally
understanding the structural and electronic properties of highly com-

Fig. 21. (color online). Enthalpy-pressure relations for solid oxygen. The upper right inset
shows the enthalpies of the molecular phases, while the insets in the lower left corner show
the square-spiral structure of I41 /acd and zigzag chains of Cmcm, respectively. (From
Ref. [15].)
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Fig. 22. Raman spectra of oxygen showing the transformation between ϵ, η and ﬂuid
phases: (a) vibrational modes; (b) lattice modes in the solid phases and density of states
in ﬂuid. (Modiﬁed from Ref. [12].)

pressed materials. The problems of structural stability, thermodynamics of oxygen, its chemical reactivity are of fundamental importance
for geophysics as oxygen is the most abundant element in the Earth.
The ﬁrst high-temperature diamond-anvil-cell Raman study of solid
oxygen were performed as early as in 1982 year by Yagi, Hirsh, and
Holzapfel who managed to measure the melting line and the β − ϵ
phase boundary up to 500 K (13 GPa) [94]. Yen and Nicol extended
these measurements up to 20 GPa, 650 K [68]. Above 450 K, only
visual observations were made, and on their basis the existence of
the liquid-β- ϵ triple point was inferred. More recently, static P − T
studies of oxygen using Raman techniques have been extended to 23
GPa and 1250 K [12]. This study reported the existence of a new
molecular phase, η-O2 , existing at high pressures and temperatures.
Further studies using resistive [29] and laser heating [95] conﬁrmed
the existence of the high-temperature η phase.
Raman spectra of oxygen showing the transformation between the ϵ,
η and ﬂuid phases in the temperature range 580 - 740 K, and pressure
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Fig. 23. (color online). Left: Microphotographs of the O2 sample at diﬀerent P − T conditions(a-d):(a) Polycrystalline sample of ϵ-O2 at 18.1 GPa and 293 K. (b) Crystallites of
ϵ- and η-O2 at 18.1 GPa and 675 K. (c) Crystallites of η-O2 at 16.6 GPa and 650 K and
(d) crystallites of ϵ-O2 after quenching to 16.1 GPa and 293 K. Right: Raman spectra of
oxygen vibrons of the ϵ and η phases (e-g): (e) a vibron from the ϵ phase at the same
P − T conditions as image (a), (f) the two vibrons from the mixed ϵ-η sample at the same
P − T conditions as image (b); (g) a single vibron from the η phase at the same P − T
conditions as image (c). (Modiﬁed from Ref. [19].)

.

range 15.2 - 17.0 GPa can be seen in Fig. 22 (a, b) [12]. The spectrum
at 15.2 GPa was measured in the ﬂuid phase Fig. 22 (a). At 580 K
the peak of the ϵ phase was observed. A new peak shifted to higher
frequencies by about 11 cm−1 appears with increasing temperature;
this peak is indicative of a phase transition and was ascribed depending
on pressure either to β or to the η-O2 . At 600 K the coexistence of ϵ and
η phases was observed, and the transition to the η phase is complete
at 650 K. The correspondence between the photomicrographs of the
samples in the P − T range of the ϵ − η phase transition and their
Raman spectra are shown in Fig. 23.
Spectral diﬀerences between the phases are also observed in the lattice modes [Fig. 22(b)]. At room temperature and 480 K the two intense peaks of the ϵ phase are observed at about 155 and 340 cm−1 ,
respectively. In the η phase the spectrum is totally diﬀerent: this frequency region is dominated by a very broad band with a shallow
maximum around 200 cm−1 , which is indicative of a high degree of
orientational disorder. A similar broad band is observed both in the
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Fig. 24. Composite diﬀraction images showing representative data from the η phase. The
reﬂections from the η phase are indexed on a hexagonal lattice and the absent (111)
and (111̄) reﬂections are consistent with the space group symmetry. Reﬂections from the
diamond anvils are marked by the letter ”D”. ”A” marks an artifact arising from the spiral
readout of the image plate reader. (From Ref. [19].)

orientationally disordered ﬂuid and orientationally ordered β phases
[Fig. 22(b)(inset)].
Determination of the structure of the η phase was made possible
through the use of the third generation synchrotron sources for singlecrystal structural studies and the development of diamond seats with
wide opening angles [96]. The oxygen samples were loaded cryogenically into diamond anvil cells equipped with rhenium gaskets. For the
visual and Raman studies, a high-temperature piston-cylinder pressure
cell was used with diamonds with 300 µm culets, while for the diﬀraction studies a locally constructed membrane pressure cell equipped
with large x-ray aperture (±40◦ ) diamond seats and diamonds with
400 µm culets was used. The η phase data were collected over a 20 scan
range at 15.9 GPa and 625 K. As a result, high quality single-crystal
diﬀraction data were collected at high temperatures (Fig. 24) which
made it possible to determine the structure of η-oxygen at 15.9 GPa
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Fig. 25. (color online). The structure of η oxygen, showing the molecular layers that make
up the structure. The two molecules within each unit cell are shown using diﬀerent colors
and are centered at (1/3, 2/3, 1/4) and (2/3, 1/3, 3/4). The coloring of the molecules is
the same as that used for the η phase in Fig. 26. (From Ref. [19].)

and 625 K. A total of 66 individual reﬂections were observable and
analysis of the systematic absences showed them to be consistent with
the centrosymmetric space group P 63 /mmc, in agreement with Ref.
[97]. (It should be noted that the noncentrosymmetric space groups
P 62c and P 63 mc are also consistent with the x-ray data.)
In the determination of the η phase structure, in addition to the x-ray
single-crystal data, some other structural data were used. In particular, the density data show that η oxygen has two O2 molecules per
unit cell. Also, the obtained c/a ratio of 2.560(3) is very close to twothirds of the c/a ratio of 3.833 in the β oxygen structure at 15.9 GPa
at 293 K (as obtained by extrapolating the lower-pressure data of Uemura et al. [98], which comprises three layers of aligned O2 molecules).
As a result, we have the structural model for η oxygen in which two
O2 molecules within each unit cell aligned parallel to the c-axis are
centered at (1/3, 2/3, 1/4) and (2/3, 1/3, 3/4) sites of space group
P6 3/mmc. The resulting OO bond length of 1.159(12)Å is slightly
shorter than the gas-phase value 1.207Å [7], in agreement with the
values reported in previous x-ray diﬀraction studies of the β and δ
phases [75,76]. The resulting structure is shown in Fig. 25.
The structure of η oxygen is closely related to the other known highpressure phases of oxygen, particularly the rhombohedral β phase [12].
Figure 26 shows the structures of the α, β, δ, ϵ, and η phases, each
observed perpendicular to the sheets of O2 molecules that comprise
all ﬁve structures, and thus parallel to the OO bonds. The η structure
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Fig. 26. (color online). Phase transitions between the various structures associated with a
change in temperature or pressure. The structures of α, β, δ, η, and ϵ oxygen, as viewed
perpendicular to the layers of parallel O2 molecules. The O2 molecules are thus seen along
the OO bond. Diﬀerent colors are used to identify molecules at diﬀerent heights within
each unit cell and arrows indicate which phases transform to which. (From Ref. [19].)

comprises two such layers of molecules, stacked alternately in an hcplike ABAB stacking, while the β oxygen structure comprises three
such layers in an fcc-like ABCABC stacking.
5.2 Phase transition to the η ′ phase

Goncharov et al. performed single-crystal x-ray and Raman measurements in the range 44 - 90 GPa and found a new molecular phase
of solid oxygen [14]. X-ray diﬀraction data are consistent with the
P 63 /mmc space group, that is the new phase was suggested to be
isostructural with η-O2 [19]. The authors called the newly observed
phase as η ′ oxygen to distinguish it from the η phase identiﬁed near
18 GPa (Refs. [12,19]) but to stress that both phases are isostructural. The η ′ phase was found to be stable over a remarkably wide
P − T range where ϵ-O2 was previously considered to be the stable
form. The ϵ − η ′ phase transition line found in the x-ray and Raman
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Fig. 27. (color online). High-pressure high-temperature P − T phase diagram of oxygen.
Melting experimental points: open triangles up [29], open circles with the error bars [14],
yellow diamonds [37]. The red solid line is the melting line calculated from the Simon
equation proposed by Goncharov et al. in Ref. [14] (see Ch. 7). Open triangle down ϵ − β
transition. Black ﬁlled triangles down represent conditions where the ϵ-O2 is stable. Open
squares and ﬁled triangles up with error bars are ϵ − η ′ transition determined by x-ray
and Raman, respectively; the curved dashed line is the proposed ϵ − η ′ transition [14]. The
dashed vertical line shows where the metallization takes place. (Modiﬁed from [14].)

measurements turned out to be essentially pressure independent (Fig.
27).
In agreement with the x-ray data, low-frequency Raman peaks of ϵ
oxygen decrease in intensity abruptly near 1000 K, and a broad band
near 470 cm−1 appears upon further heating (Fig. 28). The Raman
vibron at 1680 cm−1 shows a moderate softening and broadening with
temperature (Fig. 29) and also a discontinuous change in frequency
at the transition (Fig. 30). The decrease in the vibron frequency at
the transition to η ′ oxygen contrasts with observations for η oxygen
[19,12]. This change indicates stronger intermolecular interactions in
η ′ oxygen. The changes in the Raman spectra are very similar to those
reported by Santoro et al. [12] at the ϵ − η transition, except for the
vibron discontinuity which has opposite sign in the 16-20 GPa pressure
range.
Pressure dependencies of lattice parameters of η ′ oxygen from Ref.
[14] in comparison with the data for η oxygen at 15.9 GPa [17] and
for β oxygen at 5.5 GPa [75] are shown in Fig. 31. Pressure dependen38

Fig. 28. (color online). Raman spectra through the ϵ − η ′ transition showing the lack of
sharp peaks in the lattice region. The arrow marks the Raman band appearing at high
temperatures. (From Ref. [14].)

Fig. 29. (color online). Raman spectra of oxygen through the ϵ-η ′ transition. (From Ref.
[14].)

cies of density and c/a ratio in comparison with that for the η and ϵ
phases are shown in Fig. 32. The densities of ϵ and η ′ phases determined in the vicinity of the transition are close to each other; thermal
expansion eﬀects are comparable to the experimental uncertainty in
density determination. The density of η ′ oxygen deviates from that of
ϵ oxygen nonmonotonically; it is less dense than ϵ oxygen at all pres39

Fig. 30. (color online). Vibron frequency jump at the ϵ − η ′ transition at 67 GPa: gray
triangles resistively heated DAC; open circles and squares laser heated DAC. (From Ref.
[14].)

Fig. 31. (color online). Pressure dependencies of lattice parameters of η ′ oxygen from Ref.
[14] in comparison with the data for η oxygen at 15.9 GPa [17] and for β oxygen at 5.5
GPa [75]. (From Ref. [14].)

sures except at 60-80 GPa (Fig. 32) with the pressure dependence of
the lattice parameters of η ′ oxygen matches well to those for η (Ref.
[19]) and β oxygen [75] (Fig. 31). Unfortunately, in the pressure range
between 25 and 45 GPa, strong optical ﬂuorescence precludes laser
heating experiments, and further investigations are needed.
Above a certain temperature the rotational motion becomes so intensive that the rotational energy prevails the energy of molecular associ40

Fig. 32. (color online). Pressure dependencies of the density of η(η ′ ) and ϵ oxygen and c/a
ratio of η(η ′ ) oxygen in comparison with literature data. (From Ref.[14].)

ation, and the O8 units breaks up into O2 molecules. The Raman data
(Fig. 28) show the disappearance of phonons characteristic for the O8
lattice phonons in the ϵ phase and the appearance instead of them a
new broad low-frequency band supposedly originated from rotationally disordered or weakly ordered states. Combined x-ray diﬀraction
and Raman spectroscopy data [14] suggest that the dissociation of O8
clusters [17,18] is a signature of the phase transition to a new η ′ phase.
The ϵ − η ′ transition temperature is in the range of energy characteristic for the O8 binding energy (100 meV ∼ 1100 K). The ϵ − η ′ phase
transition line (Fig. 27) [14] was drawn on the base of the experimental
data on the densities of ϵ and η ′ phases. This phase line is essentially
pressure independent suggesting that the corresponding transition is
entropy driven. Taking into account that the ab initio search for equilibrium structures is typically performed for T = 0 it is clear that
theory could not predict the structure of η ′ oxygen. The phase boundary reveals unusual re-entrant behavior which usually (the Broken
Symmetry Phase or I-II phase transition line in HD or He3 melting
line [99,100]) points to the anomalous behavior of entropy. Goncharov
at al. [14] inferred that the ϵ − η ′ phase boundary is determined by a
balance between the compression (V dP ) and entropy terms (SdT ) in
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Fig. 33. (color online). Structure of the η ′ phase of solid oxygen. (From Ref. [14].)

the free energy.
X-ray diﬀraction data [14] show that at pressures below ∼70 GPa the
c/a ratio for the η ′ -oxygen lattice increases rapidly with pressure (Fig.
32). As can be seen from Fig. 31, this happens due to faster compression in the a − b plane. Since the molecules are oriented perpendicular
to this plane this brings the molecules closer to each other in the lateral directions. At pressures above 70 GPa, the shortest in-plane and
out-of-plane distances between atoms in diﬀerent molecules become
almost equal reaching ∼2.2 Å at 90 GPa. In this pressure range, the
c/a ratio is in fact pressure independent (Fig. 32), so the compression
becomes isotropic. The structure of η ′ oxygen, showing the shortest
interatomic distances, is depicted in Fig. 33. Each atom in η ′ oxygen
has nine such neighbors, which diﬀers essentially from the O8 cluster
structure of ϵ oxygen where each atom has only two closest intermolecular neighbors (Fig. 8) at much shorter distance (1.95 Å at 90 GPa)
[18]. For the structure of η ′ oxygen shown in Fig. 33 the molecular reassociation is unlikely which is consistent with a lack of sharp lattice
modes in Raman spectra up to the highest observed pressure of 95
GPa [14]. η ′ oxygen remains stable up to pressures close to 100 GPa.
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6

Magnetic properties

6.1 Magnetic structure of the α phase

Magnetism of the oxygen molecule was discovered by Faraday [3] who
found that gaseous oxygen is a paramagnet. Paramagnetic nature of
liquid oxygen was found by Dewar [52]. The ﬁrst measurements of
the magnetic susceptibility of solid oxygen were performed in Leiden
Laboratory by Kamerlingh Onnes and Perrier [101]. The conclusion
that the low-temperature α phase is magnetically ordered, was made
by Giauque and Johnston [53] on the base of entropy considerations
and conﬁrmed in neutron diﬀraction studies by Alikhanov [54]. In the
β phase the long-range magnetic order is absent, but there is a strong
short-range magnetic order [56]. Magnetic interactions are responsible
for the structural transition from the rhombohedral β phase to the
monoclinic α phase at 23.8 K at ambient pressure. The phase diagram
in the P − T range of the magnetic phases is shown in Fig. 34. The
two-sublattice collinear magnetic structure of the α phase (Fig. 35)
has been established in neutron diﬀraction study by Alikhanov [55].
Krupskii et al. [5,6] have shown that α-O2 is a quasi-two-dimensional
magnet, that is, for the inter- and intrasublattice in-plane exchange
magnetic constants J1 , J2 , and the interplane exchange interaction
constant J3 (Fig. 35) the inequality J1 , J2 ≫ J3 holds . The theoretical
models with the three exchange constants was shown to describe, in
fact, the whole body of the magnetic properties of α-O2 [7].
On the basis of thermodynamic and optical data of α- and β-O2 Krupskii et al. [5,6] and Slusarev et al. [102,103] found the exchange interaction constants and calculated the contribution of the magnetic subsystem into the total crystal energy. They found that magnetism plays
an important role in stabilization of the structures of these phases. A
general conclusion was that ”solid oxygen is a unique crystal combining properties of a simple molecular solid and of a magnet. Unlike
conventional magnets, the exchange interaction in solid oxygen acts on
the background of weak van der Waals forces providing a signiﬁcant
part of the total lattice energy. As a result, the magnetic and lattice
properties in solid oxygen are very closely related, which is manifested
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Fig. 34. Phase diagram in the P − T range of the magnetic phases.

Fig. 35. A model of the magnetic structure of α-O2 showing three exchange interaction
constants. J1 and J2 are the intraplane constants of inter- and intra-sublattice exchange
interactions, respectively; J3 is the interplanar exchange interaction constant. (From Ref.
[7].)
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itself in a very rich phase diagram and numerous anomalies in the
thermal, magnetic and optical properties” [7].
In the region of stability of the α phase (P < 6.2 GPa) a strong
enhancement of magnetic intermolecular interaction was found. The
transition temperature to the long-range ordered antiferromagnetic
state increases by an order of magnitude, from 23.8 K at P = 0 up
to 200 K at P = 6.2 GPa. It was found that the magnetic signal
disappears exactly at the α−β transition point. These results provide a
direct conﬁrmation of the magneto-structural (magneto-elastic) origin
of the α − β transition in a wide range of pressures [104].
6.2 Giant magneto-volume eﬀect

The giant magneto-volume eﬀect in solid oxygen was found in x-ray
diﬀraction measurements of α-O2 under an applied magnetic ﬁeld
[105]. The volume of α-O2 was found to expand with increasing magnetic ﬁeld: the lattice constants a and b elongate, while the lattice
constant c and the angle β are almost independent of the magnetic
ﬁeld. The maximum volume expansion observed was about 1% under
magnetic ﬁeld 7.5 T, which is a giant eﬀect compared to the volume
change observed in ferromagnetic metals, such as Fe, Co and Ni. This
observation agrees with the ﬁeld-induced dilation predicted from exchange magnetostriction in the antiferromagnetic α-O2 [106].

Fig. 36. Giant magneto-striction eﬀect. (From Ref. [105].)
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Data derived from diﬀraction by α-O2 in an applied magnetic ﬁeld
up to 7.5 T are displayed in Fig. 36(a)-(d). Seven diﬀraction peaks,
namely, (001), (002), (020), (201), (202), (312) and (311) were used to
obtain the lattice constants shown in Fig. 36 from the least-squares
ﬁtting. The lattice constants a and b increase with increasing magnetic
ﬁeld, while the lattice constant c changes slightly and the angle θ is
almost independent of the ﬁeld. The change in the lattice constant c
is about one-third of that of a and b. The maximum volume expansion
observed is about 1%. For comparison, it is known that ferromagnetic
metals, such as Fe, Co and Ni, show a magneto-volume eﬀect and the
volume expansion in Fe is about 0.004% [8].
Baryakhtar et al. studied the α − β transition under an applied magnetic ﬁeld, H, and predicted that the transition temperature decreases
with increasing H, because H diminishes the non-isomorphic, α-O2
part of the exchange magnetostriction and the corresponding gain in
the magneto-elastic energy. On reaching the saturation ﬁeld, Hs , from
the antiferromagnetic to paramagnetic phase the non-isomorphic magnetostriction vanishes and the material reverts to its high symmetry,
paramagnetic phase [106].
6.3 Susceptibility measurements under pressure

Magnetic behavior of a substance can be observed and explained by
indirect measurements like neutron, optical and electronic spectra,
x-ray scattering and structural analysis or electronic transport measurements. The only direct way of straightforward probing magnetic
properties over a wide P -T range is magnetic susceptibility measurements. Investigations of the magnetic susceptibility of condensed oxygen have a long story and were initiated as early as at 1910 by Kamerlingh Onnes [101]. For a summary and detailed discussion of literature
on the magnetic susceptibility data see Sec. 6.1, Ref. [7]. The measurements mostly were performed at ambient pressure, the only measurement at elevated pressure up to 0.8 GPa were done by Meier et
al. [107].
The dc magnetic susceptibility (magnetization) of O2 at elevated pressure was measured by Mito et al. [44] as a function of temperature at
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Fig. 37. (color online). Layout of high-pressure magnetic measurement system consisting
of SQUID magnetometer and miniature DAC. (a) magnett for ac ﬁeld,(b)detection coil,
(c) superconducting magnet for dc ﬁeld, (d) mDAC, (e) dummy cells, (f) diamond anvils,
(g) gasket, (h) oxygen. (From Ref. [44].)

Fig. 38. (color online). Temperature dependence of magnetization M of solid O2 at ambient
pressure. Temperature dependence of both MO2 = Mtotal –Mbackground and ∆MO2 /∆T
for ∆T = 1 K. ∆MO2 /∆T data are useful for separate consideration of a few anomalies
existing in a narrow temperature range. Some magnetic anomalies are marked with arrows.
Dotted green squares are guides for the eyes, indicating the existence of magnetic anomalies
similar to those observed at P = 2.3 GPa (see Fig. 39). (From Ref. [44].)

a certain dc magnetic ﬁeld using a SQUID magnetometer. Pressures
up to 3.3 GPa were attained using an miniature DAC (mDAC) made
of CuBe, which could be inserted into the SQUID magnetometer (Fig.
37). The detection coil is located in a thermal bath of liquid helium,
47

Fig. 39. (color online). Temperature dependence of magnetization M of O2 molecules
at P = 2.3 and 2.8 GPa. ∆MO2 /∆T evaluated for ∆T = 0.5 K is useful for separate
consideration of small anomalies in a narrow temperature range. Broken horizontal line
represents ∆MO2 /∆T = 0. Some magnetic anomalies are marked with arrows. Dotted
green squares are the guides for the eyes indicating magnetic anomalies similar to those
observed at ambient pressure (see Fig. ??). (From Ref. [44].)

where the superconducting magnet for the dc ﬁeld is located. In a
refrigerator with liquid nitrogen, the mDAC was immersed in liquid
oxygen in order to introduce it into the sample cavity. The experimental shortage of this design which is due to the small size of the mDAC
is the very weak signal of Mtotal − Mbackground . Nonetheless, the setup
was successfully used to investigate the susceptibility of γ, β, and α
oxygen at elevated pressures.
Figure ?? shows the temperature dependencies of the magnetization
M of O2 (MO2 = Mtotal − Mbackground ) and ∆MO2 /∆T for ∆T = 1
K at ambient pressure. From the temperature dependence curves the
three structural transitions are conﬁrmed as the α − β transition at
24.7 K, β − γ transition at 41.7 K, and γ-liquid transition at Tc =
55.1 K. These estimated transition temperatures are consistent with
known results of Tα−β = 23.8 K, Tβ−γ = 43.8 K, and Tc = 54.4
K [7]. The three transitions also exhibit characteristic anomalies in
the ∆MO2 /∆T data. The magnitude of the magnetic signal of O2 at
around 50 K is on the order of 2 × 10−5 emu, corresponding to 2.4% of
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Fig. 40. (color online). Phase diagram of T vs. P(T) for O2 molecules: closed and open
circles, α − β transition; closed and open squares, β − gamma transition, and closed and
open diamonds, γliquid transition. For reference, the data obtained by Meier et al.[107]
and Ishizuka [108] are also shown. Lines a and b denote the α − β and β − γ transition lines
determined via x-ray data [74,109] and Raman studies [110,68], respectively. The melting
line γ–liquid transition) reported by Mills and Grilly [111] is also shown (broken curve
indicated by c).(From Ref. [44].)

the total magnetic signal. The respective curves obtained at elevated
pressures are shown in Fig. 39.
As a test of obtained experimental data the authors plotted the phase
diagram of solid O2 as functions of P and T obtained from the susceptibility measurements (Fig. 40). For reference, the data obtained by
Meier et al. [107] and Ishizuka [108] are also shown. The solid lines (a
and b) exhibit the phase boundaries of the α − β and β − γ transitions
as investigated by x-ray [74,109] and Raman studies [110,68], respectively, are in agreement with transition temperatures from the susceptibility measurements by Mito et al. [44]. The melting line reported
by Mills and Grilly [111] is also shown as the broken curve (c). Thus,
the data obtained in the susceptibility measurements successfully reproduced the phase diagram of solid O2 . The authors believe that the
design they used for the susceptibility measurements at pressures up
to 3.3 GPa is technically possible to develop for the measurements in
the 8 -12 pressure range and thus to observe the phase transition from
49

the magnetic δ phase to the nonmagnetic ϵ phase.
6.4 Magnetic properties of the δ phase

One of the most important questions which emerged immediately after the δ phase was discovered in 1979 [57] and its crystallographic
structure was identiﬁed [76], was the question on the magnetic nature
of this phase. Contrary to the case of the α phase, where this question
was solved in direct magnetic and neutron measurements (see review
article [7] and references therein), the δ phase become available for the
diamond anvil cell neutron studies only a quarter century later when
Igor Goncharenko ⋆⋆ developed a speciﬁc spectrometer, dedicated to
high-pressure neutron powder diﬀraction.
By this time a large amount of information has been obtained by Bini’s
optical research group at the European Institute for Nonlinear Optics
(Florence)[62–66]. IR spectroscopy is a powerful tool to study the magnetic ordering in solid oxygen. The presence of IR absorption peaks at
the intramolecular vibron frequency is related to the long-range antiferromagnetic order of molecular spins. The presence of long-range
magnetic order leads to a doubling of the crystallographic unit cell.
Without this doubling, the molecular vibron would be inactive in the
IR absorption spectra, but only in the Raman spectrum. As a result,
the vibron IR absorption is although indirect, but a sensitive probe to
study the antiferromagnetic order in the α and δ phases. The results of
these studies are reviewed in Ref. [7] (see Section 6.8 and 8.3). In particular, the FTIR (Fourier Transform IR) spectroscopy data provided
information on the pressure dependence of the exchange parameters
in the δ phase, the temperature dependencies of the long- and shortrange magnetic order parameters and the eﬀect of the loss of longrange magnetic order under the δ − β transition on the spectroscopic
characteristics. Based on the data on the pressure dependence of the δ
phase lattice parameters [66], in Refs. [7,113] the pressure dependence
of the exchange ﬁeld in the δ phase has been obtained and the Neel
temperature has been estimated, which matched the temperature of
⋆⋆Igor Goncharenko disappeared in a scuba diving accident in the Red Sea on 4 November
2007 (see Obituary Ref. [112]).
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the δ − β transition.
The ﬁrst neutron diﬀraction study of solid oxygen under pressure was
performed by Goncharenko et al. [27]. Compression of a sample with
the dimensions of about 0.5 mm3 was carried out in an anvil cell
made of superhard boron nitride. By implementing focusing devices
with supermirrors on a diﬀractometer already equipped with a multidetector and installed on a cold neutron source Goncharenko created
a new technique that made it possible to increase the neutron ﬂux
by one order of magnitude. In Ref. [114] he described the pressure
cells with diamond and sapphire anvils and neutron instrumentation
which according to the project would allow the neutron diﬀraction
experiments to be carried out under pressures as high as 50 GPa,
temperatures down to 0.1 K, and applied magnetic ﬁelds up to 7.5 T
(see Ref. [115]).
Since the crystal structures of δ-O2 and α-O2 have similar hexagonal
ab basal planes and can be described by the same monoclinic unit cell
with only slightly diﬀerent lattice parameters, there was the consensus in literature that their magnetic properties should be very close,
showing just a small shift in the neutron diﬀraction peak position due
to the small change in lattice parameters [7]. Unexpectedly, a new
magnetic peak, indexed as (100), that was not present in the α phase
and not seen in x-ray studies (see Fig. 41). was observed in the region
of stability of δ-O2 (P = 6.2 GPa and T < 100 K). Observation of the

Fig. 41. Temperature dependencies of integrated intensities of the (101̄) magnetic peak
from α-O2 and the (1 0 0) magnetic peak from δ-O2 . (Modiﬁed from Refs. [7,27].)
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Fig. 42. (color online). Dots: experimental data on magnetic scattering in δ-O2 at P = 6.2
GPa and T = 4 K. Lines: calculated proﬁles assuming the same type of magnetic structure
as in α-O2 (in red) and new type of magnetic structure shown in inset (in blue). (Modiﬁed
from Refs. [7,27].)

magnetic peak was the direct proof of the antiferromagnetic nature of
δ-O2 . As can be seen from Fig. 41, with increasing temperature this
peak disappears at the δ − α transition while the magnetic peak (1
0 -1) characteristic of the magnetic structure of α-O2 appears. Surprisingly, comparison of the neutron diﬀraction patterns of the α and
δ phases showed that their magnetic structures are completely diﬀerent. Analysis of the diﬀraction pattern shown in Fig. 42 revealed that
in contrast to the antiferromagnetic interaction between the nearest
neighbors in adjacent close-packed planes in the α phase, the interac-

Fig. 43. (color online). DAC for neutron studies [20,115]. By the courtesy of S. Klotz
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Fig. 44. (color online). Phase diagram of oxygen displaying the section investigated in the
neutron diﬀraction study Ref. [20]. The thin vertical lines (1) and (2) indicate trajectories
along which diﬀraction data were collected in the experiments [20]. Red, green and blue
regions represent the HTC (high temperature commensurate), ITC (intermediate temperature commensurate) and LTC (low temperature commensurate) phases, respectively.
(Modiﬁed from Ref. [20].)

tion between these neighbors in the δ phase is ferromagnetic (Fig. 42,
inset).
The observed magnetic reﬂection in δ-O2 , that cannot be described in
terms of the primitive chemical unit cell is a direct proof that as is
the case for α-O2 the magnetic nature of the δ-O2 phase is antiferromagnetic. Nevertheless the comparison of the neutron diﬀraction data
obtained for the two phases showed that while the magnetic order of
the molecules located in the close-packed planes in both phases are the
same, the three-dimensional magnetic structures are completely diﬀerent. As can be seen from Fig. 42, the magnetic arrangement obtained
for the δ-O2 phase from the analysis of the neutron diﬀraction pattern,
instead of the antiferromagnetic interaction between nearest neighbors
in adjacent close-packed planes characteristic for the α phase, in the
δ phase the interaction of such neighbors turned out to be ferromagnetic. The strong (100) reﬂection and the weak (011) reﬂection suggest
that the magnetic moments in the δ phase are also directed along the
b axis.
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The ferromagnetic coupling between the O2 neighboring planes found
in δ-O2 was rather surprising. This result was not suggested by indirect
optical measurements or ab initio calculations where magnetically disordered [75] or the same antiferromagnetic stacking of the O2 planes as
in α-O2 were previously suggested [88]. Moreover, this seemed to contradict to the general belief that the exchange interaction between the
O2 molecules is always antiferromagnetic and rapidly decrease with
distances [88]. Thus in order to explain the magnetic structure of the
δ-O2 phase Goncharenko proposed that it is necessary to take into
account the exchange interactions between the spins belonging to the
next-nearest neighboring. This suggesting was latter supported by the
work of Gomonay and Loktev [31,47].
The IR experiments suggested that the long-range antiferromagnetic
arrangement of the molecular spins exists in the whole region of the
δ phase, but does not reveal the nature of the ordering. Therefore to
accomplish this task a second neutron diﬀraction study of δ-O2 was

Fig. 45. (color online). Neutron powder diﬀraction patterns of δ-O2 in three diﬀerent
magnetic phases LTC, ITC and HTC (λ = 1.87Å). The lines through the data (circles)
are Rietveld ﬁts to the nuclear and magnetic structure. Tickmarks correspond to positions
of magnetic reﬂections, stars to those of the nuclear (002), (111), (200) Bragg peaks.
(Modiﬁed from Ref. [20].)
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carried out by Klotz et al. [20] using the setup schematically shown in
Fig. 43 (see Ref. [115]). This time both the intensity of the beam and
the sample size were considerably increased. The intensity of the beam
was increased by several orders of magnitude and the size of the sample
was increased to about 70 mm3 , more than two orders of magnitude.
This upgrade in the sample characteristics and the use of Rietveld
reﬁnement methods allowed the study of both the crystallographic and
magnetic structures of δ-O2 and their mutual interplay. Additionally
it was also possible to visit a large region of existence of this phase, in
particular, between the phase boundaries of the α-δ and δ-ϵ transitions
(20-240 K and 6-8 GPa). Two trajectories were followed to collect the
diﬀraction data, these two quasi-isochoric trajectories are shown by
the lines 1 and 2 in the phase diagram of Fig. 44.
Figure 45 shows the neutron diﬀraction data obtained by scanning
the P − T phase diagram along the trajectory line 1 shown in Fig.
44. An analysis of these data revealed another unique feature of the

Fig. 46. (color online). Magnetic structures in δ-O2 . Upper Left: the low temperature commensurate (LTC) structure. Lower left: the high temperature commensurate (HTC) phase.
Right: the intermediate commensurate (ITC) phase. The unit cell of the low-pressure α
phase (dashed) illustrates the close structural relationship between the two phases, having
identical magnetic structures. ”A” and ”B” denote magnetic stacking sequence, J1 , J2 ,
and J3 the intra- and interplane exchange parameters. (Modiﬁed from Ref. [20].)
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magnetism of solid oxygen (in addition to the fact the exchange interaction is a substantial part of the lattice binding energy [6,7]): it was
found that inside the same lattice structure of the δ phase there exist three diﬀerent magnetic structures. The high temperature (above
149 K) diﬀraction data show a strong magnetic reﬂection at 2θ = 300
(marked by the red arrow in Fig. 45), a peak that is diﬀerent from the
one reported in the previous neutron diﬀraction study [27]. This magnetic reﬂection corresponds to the spin alignment identical to the one
in α-O2 and was called the high temperature commensurate (HTC) δ
phase. At temperatures between 132 K and 149 K a second magnetic
reﬂection was observed at 2θ = 26.50 (marked by the green arrow
in Fig. 45). This reﬂection peak is also nonconsistent with the one
obtained in Ref. [27] but correspond to a more complex antiferromagnetic structure with a doubling along the c axis. This new magnetic
structure was called intermediate temperature commensurate (ITC)
δ-O2 . Finally, at low temperatures (lower than 132 K) the results coincides with the one reported in the neutron diﬀraction studies by Goncharenko et al. [27] having the magnetic reﬂection peak at 2θ = 250
(marked by the blue arrow in Fig. 45). This phase was called low temperature commensurate (LTC) δ-O2 . All three magnetic phases are
shown in Fig. 46. The same sequence of phases was observed in the
path 2 (Fig. 44) shifted downward on 0.5 GPa.
None of these magnetic transitions has an appreciable eﬀect on the
spatial structure of the δ phase. Thus, no direct connection between
the spatial and spin degrees of freedom has been established. Nonetheless an indirect connection exists - the magnetic structures in δ-O2
inﬂuence on the α − δ phase transition. As was said above in Sec. 2,
geometrically the α −δ phase transition can be described as a continuous small change of the monoclinic angle β ′ (see Fig. 2 Left), that is as
a second order phase transition (the Lifshitz criterium for the second
order phase transitions [116] is satisﬁed). Nonetheless, the lattice dynamics calculations by Etters et al. [117] supported later by the results
of optical studies detecting small jumps both in IR [109] and Raman
[28] vibron frequencies indicated to the ﬁrst order phase transition.
As was marked by Klotz [115], the existence of the diﬀerent magnetic
structures in α-O2 and LTC structure in δ-O2 shows unambiguously
that this transition cannot be of the second order.
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Given the similarity of the spatial structures of α- and δ-O2 , the ratios of the intra- and interplanar exchange parameters J1 and J2 are
close, and the problem of the magnetic structure of δ-O2 is reduced to
determining the orientation of spins in the planes and the nature of
plane packing along ⟨001⟩. Study of the magnetic diﬀraction patterns
showed that the z-components of the spins can be assumed to be zero,
i.e., it can be assumed that the spins are in the ab-planes and, similar
to the case of α-O2 , are oriented along the b-axis. The interplane magnetic structure is determined by the nature of the interplane magnetic
coupling, ferromagnetic or antiferromagnetic. In the case of a ferromagnetic coupling, the sequence is of the A − A − A type, and in the
case of an antiferromagnetic coupling, it is A − B − A. The former and
the latter correspond to the LTC and HTC structures, respectively
(Fig. 42). Identiﬁcation of the ITC structure proved to be more diﬃcult. The neutron diﬀraction data indicate that the spatial structure
of this phase has a doubled period along the c-axis as compared to the
LTC and HTC structures with the ferromagnetic (F) and antiferromagnetic (AF) coupling between the nearest neighboring spins in the
adjacent O2 planes forming the alternate sequence F-AF-F-AF (Fig.
46). The unit cell of α-O2 shown by dashed line illustrates the fact
that α-O2 and HTC δ-O2 have the same magnetic structure.
As was said above, no connection between the spatial and spin degrees of freedom has been established. In particular, the temperature
dependencies of the lattice parameters (Fig. 47) do not exhibit any
features at the lines of magnetic phase transitions. As shown in Fig.
47, the coeﬃcient of thermal expansion of the δ-O2 , as well as that in
α-O2 and β-O2 , is anisotropic [7]. At the same time there are quite
signiﬁcant diﬀerences in the thermal expansion behavior of the three
phases. In all three phases, the thermal expansion coeﬃcient is negative along the b-axis. Based on this fact Krupskii et al. [6] determined
the sign of the intra-sublattice exchange constant J2 . The coeﬃcient
of thermal expansion along the c-axis is positive in α-O2 and negative
in β-O2 . At the point of the α − β transition, the temperature dependence of the interplane distance has a characteristic λ-shape anomaly
[6,7]. This behavior has been interpreted in Ref. [7] as a manifestation of the interplane correlations. The antiferromagnetic interplane
attraction decreases with increasing temperature and the amplitude
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Fig. 47. (color online). Temperature dependence of the lattice parameters (main ﬁgure)
and nuclear unit volume (inset) along the quasi-isobaric trajectory 1 shown in Fig. 44.
(From Refs. [20,47].)

of librations increases. Both factors result in an increase of the interplane spacing with increasing temperature. A positive jump of the
interplane distance upon α − β transition may be explained by the
disappearance of long-range magnetic order. At the same time, the
negative thermal expansion in the c-axis direction is most likely of
nonmagnetic nature, associated with a change in the character of the
rotational motion. As shown in Fig. 47, the temperature behavior of
the lattice parameters of δ-O2 is similar to that in β-O2 . The coeﬃcient is positive along the a-axis and negative along the b- and c-axes.
The geometry of the close-packed planes and the spin structure remain
unchanged in the α − δ transition, and therefore the magnetic properties which are determined by the intraplane factors do not undergo
qualitative changes during the phase transition. One of such properties
is the negative thermal expansion along the b-axis, which is observed
both in α-, and δ-O2 (Fig. 47). The explanation of this phenomenon
for α-O2 proposed by Krupskii et al. [6,7] which, as noted by Gomonay
and Loktev [31] remains valid for δ-O2 , is as follows. There are two
diﬀerent mechanisms that contribute to the thermal expansion of the
lattice. The ﬁrst of them, which leads to expansion with increasing
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temperature, is due to the anharmonic character of the lattice vibrations. The contribution of the second mechanism associated with the
exchange coupling may lead to either expansion or compression with
increasing temperature. Indeed, if this interaction leads to repulsion,
then the contribution to the thermal expansion due to a decrease in
magnetization with increasing temperature is negative and vice versa.
As shown in Fig. 47, the coeﬃcient of thermal expansion along the baxis, i.e., in the direction where the intra-sublattice interaction is the
most signiﬁcant, becomes negative above 120 K (cf. Fig. 13 in Ref.
[7]), which clearly indicates the presence of an additional mechanism
with a negative contribution. Thus, the intraplane intra-sublattice interaction in δ-O2 , similar to α-O2 , is antiferromagnetic.

Fig. 48. (color online). Magnetic neutron-diﬀraction patterns at diﬀerent pressures at the
δ-ϵ transition. (Modiﬁed from Ref. [21].)
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6.5 Magnetic collapse at the δ-ϵ transition

At low temperatures the δ-ϵ phase transition takes place at 7.6 GPa.
The transition pressure increases with temperature and at P ≈11.5
GPa and T ≈350 K the δ − ϵ phase transition line transforms into the
β − ϵ transition line [7]. At a pressure of 100 GPa, the transition to
the metallic ζ phase takes place. Respectively, the ϵ phase occupies
the largest portion of the studied phase diagram.
Although the δ − ϵ transition was discovered as far back as 1979,
its nature remained unclear in spite of numerous x-ray and optical
studies. The structural x-ray studies [59,60] have shown that the δ − ϵ
transition is accompanied by a very large jump in volume of 5 – 6%,
indicating that a radical change occurs during this transition. Based
on optical studies [62–66] (see review Ref. [7]), the Florence group
put forward the hypothesis that the δ − ϵ transition is caused by the
pairing of O2 molecules to form an O4 molecule with a singlet ground
state. This would mean that the δ − ϵ transition is accompanied by
a magnetic collapse and that the ϵ phase is therefore nonmagnetic.
An unambiguous answer to the question of the magnetic nature of
the ϵ phase could be obtained in direct measurements of its magnetic
properties.
Neutron diﬀraction studies of the ϵ-phase were ﬁrst conducted by
Goncharenko [21]. Figure 48 shows the neutron diﬀraction patterns
obtained at pressures of 3.8 - 9.5 GPa. With increasing pressure from
3.8 to 7.6 GPa (neutron diﬀraction data were collected at cold compression), the neutron diﬀraction patterns show the transformation of
the magnetic structure. At P = 3.8 GPa, a single peak (to remove the
structural peaks of non-magnetic nature, the spectra recorded in the
paramagnetic region were subtracted from the low-temperature spectra) characteristic of the α phase is observed in the neutron diﬀraction
patterns. As pressure rises to 6.2 GPa, a peak characteristic of the δ
phase appears next to the α phase peak in the neutron diﬀraction
pattern, indicating that the sample is in a two-phase state. With increasing pressure, the intensity of the α phase peak decreases and that
of the δ-phase increases until 7.6 GPa, when the entire sample is in the
single-phase state and only the δ phase peak remains in the neutron
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Fig. 49. (color online). Magnetostructural P − T phase diagram of oxygen. Dashed lines
separating the yellow and orange regions are the new phases suggested by Goncharenko
in Ref. [21]. Empty squares, full and empty circles represent points where the infrared
absorption spectrum has been assigned to the β, δ, and α phases, respectively. (Modiﬁed
from Ref. [33])

diﬀraction pattern. At pressures above 8 GPa, a transition to the ϵ
phase occurs. The structural transition is accompanied by an abrupt
change in the magnetic diﬀraction pattern. At P = 8.7 GPa (T = 4
K) and P = 9.5 GPa (T = 1.5 K) there is no magnetic peaks in the
neutron diﬀraction patterns. The absence of the magnetic reﬂections
indicates the absence of the long-range magnetic order in the ϵ phase.
Lowering the pressure to 6.7 GPa restores the pattern of magnetic
scattering — the magnetic diﬀraction peaks reappear, indicating the
presence of the long range magnetic order. It should be noted that
the antiferromagnetic (δ) to supposedly nonmagnetic (ϵ) phase transition at 8 GPa is well separated from the insulator (ϵ) to metallic (ζ)
transition at 96 GPa.
Having found that there is no long-range magnetic order in the ϵ phase,
Goncharenko came to the conclusion that this fact can be related to
the magnetic properties of the δ phase. He suggested that there is no
long-range magnetic order in the δ-phase for P > 8 GPa and T > 120
K (yellow region in Fig. 49).
His reasoning was as follows. According to the phase diagram in Fig.
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Fig. 50. IR absorption spectra obtained by scanning along the 200 K isotherm (220 K at
8.76 GPa and 250 K at 9.05 GPa). The spectra contain absorption peaks at the vibron
mode frequency 1500 cm−1 and the phonon wing in the frequency range of 1600–1800
cm−1 (Modiﬁed from Ref. [33].)

49, in the region T > 120 K, the pressure of the δ − ϵ transition increases with increasing temperature, and thus, in the pressure range
8 GPa < P < 12 GPa, the ϵ phase is transformed into the δ phase
at constant pressure and temperatures above Tϵ−δ . If there is no longrange magnetic order in the ϵ phase, the transition to the magnetically
ordered δ phase would have meant that the long-range magnetic order appears upon increasing temperature. Although such temperatureinduced magnetism is not prohibited by the laws of physics, such a phenomenon has not been observed in experiment. Thus, in Ref. [21] Goncharenko supposed that in the region of existence of the orthorhombic
F mmm δ phase, two diﬀerent magnetic structures, δ-I and δ-II, are
realized. Although his arguments are physically quite justiﬁed, this hypothesis is somewhat exotic, as there is a strong correlation between
the structural and magnetic properties in all the known phases of solid
oxygen. In Ref. [33], IR spectroscopy was employed to check whether
the δ-II phase is antiferromagnetic, hence subjecting Goncharenko’s
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hypothesis to experimental veriﬁcation. Figure 49 shows the points on
the P − T phase diagram in which the IR spectra were recorded to
determine to which region of the phase diagram these points actually
belong. Figure 50 shows the IR absorption spectra for the frequencies of the vibron mode ∼ 1500 cm−1 and the phonon wing 1600–1800
cm−1 obtained upon scanning along the isotherm 200 K (220 K at 8.76
GPa and 250 K at 9.05 GPa). As shown in Fig. 50 , the vibron peak is
present throughout the entire 200 K isotherm, but disappears in the βphase. The 200 K isotherm intersects the hypothetical boundary of the
δ-I–δ-II transition at a pressure of about 7.3 GPa, however no features
in either the vibron spectrum or the phonon wings have been observed
at this pressure. The IR absorption at the vibron frequency is, as a
matter of fact, an evidence of the long-range magnetic order in the
δ-II region, where, according to Goncharenko’s hypothesis, no order
was assumed. Two spectra obtained for the 220 and 250 K isotherms
(Fig. 50) show the presence of the vibron IR absorption peaks deep
inside the region of the hypothetical δ-II phase at pressures above the
δ − ϵ transition at low temperatures. This observation shows that solid
oxygen is apparently the only known substance, in which the magnetic ordering occurs upon increasing temperature. The nonmagnetic
ϵ phase existing at low temperatures becomes the magnetic δ phase at
higher temperatures. This exotic behavior is not forbidden from ﬁrst
principles, as the ϵ phase is not paramagnetic and the phenomenon is
not a magnetic order-disorder transition. This seemingly anomalous
temperature-induced ordering is, as a matter of fact, a transformation
of the molecular state, which occurs at the δ − ϵ phase transition. The
structural component of the ϵ phase at low temperatures is a diamagnetic molecule O8 [17,18] while the antiferromagnetic δ phase at higher
temperatures consists of O2 molecules with spin S = 1 in the ground
molecular state.

6.6 Magnetic properties of the ϵ phase

The experimental determination in 2006 [17,18] of the crystal structure
of ϵ-O2 has opened the possibility of shedding light into other mystery
of this phase – its magnetic structure. While the magnetic state of
the low-pressure, low temperature phases is well understood, and the
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high-pressure ζ phase is non-magnetic (NM), magnetism of the ϵ-O2
phase remains still an open problem. Unlike two boarding phases, at
lower pressures δ-O2 , an antiferromagnetic (AF) S = 1 correlated insulator, and at higher pressures ζ-O2 , a regular and superconducting
nonmagnetic (NM) metal, ϵ-O2 is an insulator of more complex nature.
X-ray and neutron diﬀraction studies revealed that at the δ − ϵ transition simultaneously with the structural transition there is a collapse
of the long-range AF Neel order. At the same time, that observations
did not provide conclusive information about the nature of the ground
state in ϵ-O2 and in particular about any further role played in ϵ-O2
by the spin of individual molecules, if any. In principle, a simple scenario is possible where the O2 molecular magnetic state could simply
collapse from S = 1 to S = 0 at the δ − ϵ transition through a Peierls
type distortion, for example, dimerizing [63] or tetramerizing [118] the
molecules. Further DFT calculations [30] strengthened that picture,
showing that the quartet distorted geometry drives the undistorted
metal to a band insulator. Moreover, DFT calculations showed that
this state exhibits O2 vibrations whose frequency and pressure evolution are, between 20 and 96 GPa, in good agreement with infrared
(IR) and Raman data [38]. The problem is that the properties of the ϵ
phase are heterogeneous and there are diﬀerences in its behavior in the
pressure range 8–20 GPa and under higher pressures [62,63,65,67,119].

6.6.1 Raman and IR spectroscopic studies the ϵ phase

As in the case of studies of δ-O2 , to reveal what happens to the magnetic subsystem at the δ-ϵ transition, it is important to involve the
analysis of Raman and IR spectroscopy data. The Raman spectrum
of the ϵ phase observed in experiment consists of three main bands: a
high-frequency vibron peak around 1580 cm−1 and two low-frequency
libron bands L1 , L2 below 500 cm−1 .
Figure 51 shows the vibrational patterns of the four vibron modes, two
of which are Raman active modes and two are IR active. The strongest
Raman peak is not visible in experiments as it lies in the diamond anvil
absorption frequency region. The weakest Raman peak at around 1600
cm−1 [67], corresponds to an in-phase vibration of the four molecules,
while the strongest Raman mode, not seen in experiments, corresponds
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Fig. 51. (color online). Vibrational patterns of the four vibron modes. Modes (a) and (b)
are Raman active vibrons with highest and lowest frequency, modes (c) and (d) are IR
active. (From Ref. [38].)

to an out-of-phase oscillation with zero dipole moment. Regarding
the IR active modes, they correspond to dipole-active out-of-phase
oscillations. Their IR intensity depends on the direction of propagation
and on the polarization of the incoming light [38].
In the low temperature study of the ϵ phase by Carter et al. [119] it has
been found that at a pressure of about 20 GPa at 20 K the splitting
of the librational modes occurs (Fig. 52, upper Figure) of the order
of 10 cm−1 , which has been interpreted as a new phase transition. In
Ref. [67] the study of the pressure behavior of the librational modes
(at room temperature) has been extended to the entire range of the
existence of the ϵ phase. In this work no abrupt splitting was observed
but rather a continuous splitting of the librational mode (Fig. 52,
bottom Figure).
The pressure dependence of the IR mode [65] (Fig. 53) is nonmonotonic. After the δ − ϵ phase transition the frequency rapidly decreases
and reaching a minimum at ∼ 20 GPa decreases by 50 cm−1 and
then grows slowly. The pressure dependencies of the intensities of all
the modes are also nonmonotonic with the most pronounced maxi65

Fig. 52. (color online). Pressure dependence of the librational mode νL1 . The upper ﬁgure
shows the splitting at P = 25 GPa for T = 20 K as obtained in Ref. [119] (modiﬁed from
Ref. [119]); the bottom ﬁgure shows the splitting at P = 35 GPa for T = 300 K obtained
in Ref. [67] (modiﬁed from Ref. [67]). The regions where the splittings become noticeable
are marked by red circles.

Fig. 53. Pressure dependence of the IR mode in the ϵ phase. (From Ref. [65].)

mum displaying by the L2 libron band between 25 and 35 GPa (Fig.
54). There is another small but nonetheless important experimental evidence shown by the O2 Raman data [67] that 20 GPa marks a
delicate but deﬁnite breaking point with a lower rate of decrease of
the mode frequency with decreasing pressure (see Fig. 55). The point
20 GPa separates the regions with the diﬀerent rates of Raman frequency change with pressure. Figure 55 shows the experimental data
on the pressure dependence of the frequencies of Raman and IR vi66

Fig. 54. Integrated intensities of the Raman vibron and L2 modes, empty and full circles,
respectively, (From Ref. [65].)

Fig. 55. (color online). Experimental and theoretical pressure dependence of the Raman
and IR frequencies in the O2 vibron region. Theory: solid lines with squares (Ref. [38]).
Experiment: Raman data from Ref. [67] - dashed lines with ﬁlled circles; IR data from Ref.
[63] - dashed lines with ﬁlled triangles. Solid red lines are a guide to an eye for a better
appreciation of the change of slope around 20 GPa. Displacement patterns for the IR and
Raman modes are shown in the lower right inset and upper left inset, respectively. (From
Ref. [45].)

bron modes in comparison with theory Ref. [38]. Thus, the pressure
behavior of both modes may indicate a possible switch of individual O2
molecules from S = 0 to S = 1 upon decreasing pressure near 20 GPa.
In particular, the frequency gap (see Fig. 56) between the IR mode,
where nearest neighbor O2 vibrate out of phase, and the Raman mode
where they vibrate in phase is proportional to the IR eﬀective charge,
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Fig. 56. The evolution with pressure of the gap between the IR and Raman density of
states. The solid line is an eye guide. (From Ref. [65].)

connected with electron current between an instantaneously extended
molecule (which attracts electrons) and a neighboring compressed one
(which expels them) in the IR mode. This electron current is absent in
the Raman mode, where neighboring molecules vibrate in phase. If the
molecules have spin and correlations are strong, the electron hopping
is reduced and the current magnitude, proportional to the IR eﬀective charge, must drop compared with the nonmagnetic band state.
Thus, the onset of molecular spin upon decreasing pressure should be
accompanied by a collapse of the IR intensity and of the IR- Raman
splitting, as is indeed observed in experiment.
6.6.2 Theoretical studies of the magnetic properties of the ϵ phase

Before proceeding further let us consider what could be obtained in
standard DFT calculations ignoring a possible role of spin in properties of the ϵ phase. Figure 57 shows results of such calculations which
were performed in Ref. [46] using DFT with various GGA and diﬀerent hybrid functionals. Figure 57(Left) shows the pressure evolution
of the IR active vibron mode and Fig. 57(Right) shows the pressure
evolution of the L2 libron mode obtained for all the diﬀerent functionals considered by the authors. These results are compared with
experimental data from Ref. [65] and theoretical calculations from
Ref. [45]. As can be seen, the standard DFT approaches failed to reproduce the nonmonotonic pressure behavior of IR vibron mode and
fast drop of the L2 mode obtained experimentally and theoretically in
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the approach where the magnetic character of the oxygen molecules is
keeping inside the low-pressure range 8 - 20 GPa.

Fig. 57. (color online). Standard DFT calculations - GGA and various hybrid functionals
(PBE, B3LYP,B3PW91,PB0) in comparison with experimental data from Ref. [65] (red
squares) and PBE+U theoretical results [45] (up triangles - non-magnetic calculations
and down triangles - antiferromagnetic calculations). Left: Infrared vibron mode, right:
Far Infrared libron mode. (From Ref. [46].)

To explain the diﬀerence in properties of the ϵ phase in the pressure ranges 8–20 GPa and under higher pressures, Crespo et al. [45]
proposed the model of the ϵ phase in which O2 molecules either possess the individual spin and form an antiferromagnetic phase or form
bonded quartets, leading to a nonmagnetic ground state. The implementation of this model was realized in a DFT + U , a beyond GGA
DFT approach, which have been developed [120] to describe the MottHubbard insulators. The inclusion of a Hubbard U energy term for
the oxygen p-states had to provide the cancellation of self-interactions
present in the simple GGA DFT. The selection of U = 1 ev had to ensure the correct value of the transition pressure (20 GPa) that would ﬁt
reasonably the experimental Raman and IR ﬁndings described above.
The optimized structure had O2 molecules forming quartets in each
plane, quite close to the experimental ones.
The results of the DFT + U calculations of the enthalpy diﬀerence
between the non-magnetic and the antiferromagnetic states are shown
in Fig. 58. An antiferromagnet (AF) state prevails below 20 GPa,
as shown by the enthalpy diﬀerence of Fig. 58 between the nonmagnetic (NM) and the AF state, where the molecules are simultaneously
quartet distorted and antiferromagnetically spin polarized. This lowpressure ”resurgence” of the molecular spin introduces an unrealistic
AF static long-range order, which is absent in experiment [21], but
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Fig. 58. (color online). Enthalpy diﬀerence calculated by DFT+U between nonmagnetic
and antiferromagnetic states in ϵ-O2 . (Inset) Antiferromagnetic conﬁguration inside the
(O2 )4 quartets. (From Ref. [45]

.)

Fig. 59. (color online). Calculated Raman and IR modes for the nonmagnetic (black points)
and the antiferromagnetic conﬁgurations (red points). Dashed line with circles: Raman
mode data. Dashed line with triangles: IR mode data from Ref. [45]. From Ref. [45].

this artiﬁcial mean ﬁeld symmetry breaking is removed by quantum
ﬂuctuations. Taking this into consideration and assuming that the
mean ﬁeld theory behind the DFT formulation yields a reasonable total energy, the authors using ﬁrst-principles calculations obtained the
change in the spectroscopic properties of ϵ-O2 , brought about by the
instantaneous presence of the molecular spin in the range of interest.
Using this DFT+U approach Crespo et al. [45], calculated the vibra70

Fig. 60. (color online). Frequency of the far-IR vibrational mode as a function of pressure.
Top, experimental data from Ref. [63]. Bottom, calculations using the nonmagnetic and
the antiferromagnetic conﬁgurations from Ref. [45].

Fig. 61. (color online). Theoretical intensities for mid-IR modes (1,500–1,600 cm−1 ) of both
nonmagnetic and antiferromagnetic conﬁgurations from Ref. [45]. Inset: Experimental IR
intensities of the mid-IR mode (1,200–1,800 cm−1 ); open squares, far IR mode (200–600
cm−1 ) intensities from Ref. [33].

tional spectra of both the nonmagnetic and magnetic states of ϵ-O2 .
As shown in Fig. 59, the onset of spin breaks the monotonic drop of
both Raman and IR mode frequencies with decreasing pressure, which
was predicted for the nonmagnetic state in Ref. [38] but which did not
agree with experiment below 20 GPa. Comparison of Fig. 59 with Fig.
55 shows a better agreement, conﬁrming that both the nonmonotonic
rise of the IR mode and the slight stiﬀening of the Raman mode are
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spin related.
In Fig. 60, the calculated evolution of the main far infrared vibrational
mode (see Fig. 55, Bottom) is shown to drop below 20 GPa in agreement with experimental data (see Fig. 55, Top). This evolution of both
high- and low-frequency IR modes upon lowering pressure below 20
GPa goes together with a corresponding change, in fact a decrease,
of the mode eﬀective charge. Figure 61 shows that the dramatic drop
of the IR intensity observed in this regime (see Fig. 61, Inset), is also
well accounted for by the onset of the molecular spin.
The theoretically obtained pressure behavior of Raman and IR modes
[45,38] (Figs. 59, 60) is in qualitative agreement with the experimental
data shown in Figs. 59, 55. According to the interpretation proposed
in Ref. [45], the experimental results of the optical IR and Raman
studies [7,65,119,67] (Figs. (52, 53, 54, 55, 60) indicate that the ϵ-O2
region of the phase diagram contains two diﬀerent phases. The higherpressure phase exists in the pressure range 20 - 96 GPa. In this phase,
ϵ0 -O2 , there is no molecular spin, and the physical properties, including
lattice vibrations, can be well described in the framework of the band
insulator model, the gap in the spectrum of which arises due to the
distortion of the molecular Peierls quartet. The second phase, ϵ1 -O2 ,
the lower pressure phase, exists between 8 and 20 GPa. This phase
exhibits the molecular spin, indicating the existence of strong spin

Fig. 62. (color online). Phase diagram of oxygen proposed in Ref. [45]
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correlations associated with the distortions of the molecular quartet.
The long-range order of the Néel type, similar to that existing in the α
and δ phases, is absent in the ϵ1 -O2 phase, as follows from the neutron
diﬀraction data by Goncharenko [21]; however there exists a correlated
spin-1 liquid state. The phases ϵ0 -O2 and ϵ1 -O2 are separated by a
phase separation line, which starts at around 20 GPa and ends due
to the identical symmetry of the phases at a critical point. According
to the estimates of Ref. [45], the critical point lies in the vicinity of
the P − T point around 30 GPa, 200 K. The estimated phase diagram
has to have the form shown in Fig. 62. As in the case of the gas-liquid
critical point, there should exist two diﬀerent paths connecting the
points belonging to the diﬀerent phases at the phase diagram: the one
crossing the phase separation line and a continuous one around the
critical point. The attempts to ﬁnd the critical point experimentally
up to now failed [121].
For the experimental investigation of the paramagnetic state of the
spin-1 liquid phase, ϵ1 , the most accessible magnetic characteristic is
the magnetic susceptibility. Magnetic susceptibility measurements of
solid oxygen under pressure have recently been conducted in Japan
[44] (see Subsection 6.3). The static magnetic susceptibility of solid
oxygen at high pressures has been investigated as a function of temperature up to a pressure of 3.3 GPa using a SQUID magnetometer.
The pressure was produced using a tiny diamond anvil placed inside
the magnetometer. It is realistic to expect that the pressure range of
the ϵ1 O2 phase will soon be accessible either for the magnetic susceptibility or for neutron measurements.
The results of the ﬁrst-principles calculations showed that the resurgence of molecular spin below 20 GPa can explain observed O2 vibrational anomalies. However, the mean-ﬁeld long-range AF order obtained by DFT disagree with the established experimentally [21] lack
of the long-range spin order. A state where molecular spins are present
without T = 0 long-range order would constitute a kind of spin-1 liquid. Crespo et al. extended the picture proposed by Gomonay and
Loktev [31] and more recently by Bartolomei et al. [41] consisting of
an overall singlet state of an isolated quartet of S = 1 molecules. The
quantum mechanical competition between AF long-range order and
an overall singlet state should take place in the whole range of ex73

istence of the ϵ1 -O2 phase. For understanding of the magnetic state
below 20 GPa, the eﬀective Heisenberg exchange couplings among
O2 molecules were estimated taking into account the interaction between the ﬁrst, second, third, and fourth neighbors (see Fig. 63, Left).
with J1 , J2 , J3 , and J4 , the exchange values between the ﬁrst, second,
third, and fourth neighbors. To obtain these parameters the authors
carried out constrained spin polarized DFT+U calculations, based on
the experimental structure at P = 11.4 GPa and a variety of six diﬀerent AF conﬁgurations. After parametrization the following estimates
were obtained: J1 = 1370 cm−1 , J2 = 286.3 cm−1 , J3 = 84.7 cm−1 ,
J4 = 116.1 cm−1 . Close values follow from the phenomenological potential proposed for the distance dependence of the exchange constant
J(R) by Helmy et al. in Refs. [122,123].
A simpliﬁed system used in the calculations is presented in Fig. (63,
Right) as a 2D square lattice model made of plaquettes (quartets) of
S = 1 Heisenberg sites. Each site, representing an O2 molecule, is
AF coupled to nearest neighbors within the same plaquette by AF
exchange couplings J1 > 0, and to nearest neighbors in the next plaquettes by J2 < J1 . Two diﬀerent states compete: the Neel AF conﬁguration, as obtained by DFT and which breaks spin SU(2) symmetry,
and a singlet, NM state that is akin to a collection of independent

Fig. 63. (color online). Left: long-range antiferromagnetic order and interactions between
the ﬁrst four neighbors J1 (inside the quartet), J2 with the two or three nearest quartets,
J3 third nearest neighbors in the plane, and J4 with molecules located in the planes above
and below. Right: simpliﬁed 2D Heisenberg model. (From Ref. [45].)
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Fig. 64. (color online). Explanation of the blue shift at the δ − ϵ transition. Solid lines are
data of the IR absorption from Ref. [66], dashed green line is a linear extrapolation of the
1
peak corresponding to 3 Σ−
g → ∆g process at 11.5 GPa, and the blue arrow represents
the blue shift of 4J1 with a 8J2 broadening represented by the double blue arrow. (Inset)
Initial plaquette and ﬁnal S = 1 trimer state; an itinerant spin 1 excitation is emitted by
spin conservation (red wavy arrow), which costs an additional energy of hν ≃ 4(J1 ± J2 ).

plaquettes, each in its singlet ground state. The singlet ground state
of an isolated plaquette of energy E0 = −6J1 is obtained by coupling
second neighbor sites 1 and 3 to S13 = S1 +S3 = 2, coupling sites 2 and
4 to S24 = S2 +S4 = 2, and then coupling S13 and S2 4 to a total singlet
S = S13 + S24 = 0. The energy per site of an independent collection
of plaquettes thus is (note that the number of plaquettes N is one
quarter the number of sites) ENeel = − 23 J1 . By comparison, the classiclassical
cal energy per site of the Neel AF conﬁguration is ENeel
= −J1 − J2 .
Therefore, for J2 < J1 /2, the nonmagnetic collection of independent
plaquettes will be lower in energy than the Neel conﬁguration. From
the obtained estimates it follows that the actual ground state is a collection of independent nonmagnetic plaquettes as proposed in ref. [31].
If one goes further and includes quantum ﬂuctuations the above relation between J1 and J2 change to J2 < J1 /4 imposing a bigger diﬀerence between this two parameters. Nevertheless the estimated values
of the exchange couplings satisfy also this inequality, conﬁrming the
stability of an overall singlet state, even once quantum ﬂuctuations
are included. As a conclusion of this results the authors propose a lattice of plaquettes each made of four AF correlated S = 1 sites, with
weaker but nonzero interplaquette correlations as their best model for
ϵ-O2 phase below 20 GPa.
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The occurrence of a magnetic state in ϵ-O2 is consistent in principle also with optical absorption experiments [65]. The lowest optical
excitation in ϵ-O2 is in fact dominated by the intramolecular triplet-tosinglet transition, and is therefore controlled by the magnetic state of
the molecule. A further important result in support of the model developed in Ref. [45] is the explanation of the near-infrared spectroscopy
across the δ-ϵ transition published in 2001 [66] (see also Ref. [7], Secs.
5.2.7 and 5.3) but found its explanation only in the model developed
in Ref. [45]. As shown in Fig. 64 when the ϵ phase sets in above 8
1
−1
GPa, the 3 Σ−
and
g → ∆g is abruptly blue shifted to ≈ 12.400 cm
very considerably broadened, to the extent that its vibrational satellites are not anymore distinguishable. That optical observation was
explained as follows. In the S = 1 Heisenberg model representation,
1
the 3 Σ−
g → ∆g excitation of a single molecule amounts to annihilating
a spin 1 site in a plaquette, leaving a vacancy in its place. Then we
should expect optical absorption at a frequency equal to the E3 Σ−g →1 ∆g
molecular excitation energy plus the energy cost of the molecular vacancy. In the O2 quartet singlet state, a vacancy costs roughly the
energy diﬀerence between the ground state of the three surviving O2
molecules and the initial four-molecule state. This diﬀerence is readily
found to be 3J1 . Moreover, since the three-molecule state has S = 1,
while the initial four-molecule state was a singlet, an itinerant spin1 excitation must be created in addition to the vacancy, costing an
additional energy ω ∈ [J1 − 4J2 , J1 + 4J2 ] (see Fig. 64, Inset). Respectively, the absorption line undergoes at the δ-ϵ transition a blue shift
of . 4(J1 − J2 ) with a large broadening ≈ 8J2 due to interplaquette exchange. With the calculated exchange values at 11.4 GPa, that
means 0.54 eV = 4.355 cm−1 and 0.28 eV = 2.258 cm−1 , respectively,
values that are reasonably close to the experimental ones [65] (see Fig.
64).

6.6.3 Magnetic properties of epsilon phase: concluding remarks

Recently neutron studies were extended to the low-pressure range of
the ϵ phase (Fig. 65 and no magnetic reﬂexes were found. Numerous
anomalous spectroscopic features displaying in the lower-pressure part
of the ϵ-O2 region of the oxygen phase diagram and the failure of theory to describe these anomalies disregarding molecular spin indicate
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Fig. 65. (color online). Neutron diﬀraction patterns of ϵ-O2 . Upper panel: measured; the
line is a Rietveld ﬁt through the data (dots) assuming no magnetic long-range order. Middle
panel: simulated, assuming long-range magnetic order and spin alignment according to
Crespo et al. [45](see Fig. 63 Left). Lower panel: same as above, but with spins aligned
along b-axis. Arrows indicated strongest magnetic Bragg reﬂections. (From Ref. [115].)

that there is no single broad ϵ-O2 phase from 8 to 96 GPa but instead
we have two phases ϵ1 -O2 and ϵ0 -O2 – the former a local singlet spin-1
liquid, and the latter a regular, Peierls band insulator – separated by
a ﬁrst-order phase transition near 20 GPa. The predicted phase line
terminates in a critical point, which supposedly lies near 30 GPa and
200 K. The high-temperature region below 30 GPa must be characterized by thermally ﬂuctuating S = 1 spins, whose presence should
be directly detectable by magnetic susceptibility measurements in the
8- to 30-GPa pressure range. At low temperatures, the wealth of lowenergy spin excitations present in ϵ1 -O2 but absent in ϵ0 -O2 should
give rise to very new energy dissipation channels and processes in the
former phase.
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7

High-pressure high-temperature melting line

Investigations of the melting curves play an important role in condensed-state physics.
In particular, they help to understand the nature of the fundamental diﬀerence between ﬂuid and crystal states at a microscopic level.
Commonly used methods for identifying the beginning of melting include an analysis of Bragg reﬂections in x-ray diﬀraction, appearance of jumps or changes in the
slope of Raman vibron modes as a function of pressure and temperature, and visual observation of ﬂuid ﬂow or laser spackle. Merits and limitations of the various
methods were analyzed by Benedetti et al. [37].
Among the listed above methods, only the x-ray diﬀraction provides direct information on the physical state of the sample. But even this method is not free from
drawbacks, in particular, the disappearance of the Bragg reﬂections may be caused
by other physical phenomena than melting such as crystallite reorientation or solidsolid phase transformations. The direct visual and speckle methods are subjective;
besides they cannot be applied when at high temperature the ﬂuorescence emission
of ﬂuid is very strong. The natural conclusion drawn by Benedetti et al. from this
analysis was that simultaneously monitoring both structural and spectral properties
is superior to any single method for identifying the onset of melting.
The melting line of oxygen had already been studied up to about 650 K (16.7 GPa)
[68,124] well before the beginning of the period of time covered by this review.
The ﬁrst high-temperature diamond-anvil-cell Raman study of solid oxygen were
performed as early as in 1982 year by Yagi, Hirsh, and Holzapfel who managed to
measure the melting line and the β − ϵ phase boundary up to 500 K (13 GPa)
[94]. The high P − T melting line up to 460 K was determined from shifts in the
Raman vibron [68]; at higher temperatures the melting was detected only by visual
observation under microscope. On the basis of these observations the existence of
a new triple point was found which was interpreted as the ﬂuid-β-ϵ triple point.
The visual technique was especially eﬀective for this triple point because the three
coexisting phases have quite diﬀerent colors.
The appearance of the chemical reactions between oxygen and the material of the
gasket and the diamond anvils, which led to the breaking down of the container,
prevented extending of these studies to higher temperatures.
The high P −T experiments on hydrogen and nitrogen [125,126] have shown that the
use of pure Re as the gasket material and very careful execution of the experiment
allow to overcome these problems. In Raman measurements of oxygen Santoro et
al. achieved temperatures as high as 1250 K (∼25 GPa) [12] and did not observe
any chemical reactions. The existence of a new molecular phase (which was called
η phase) was found with three triple points in the P − T domain of the new phase.
According to the Raman and x-ray data obtained in this work in the range 16 - 20
GPa there is a steep rise of the melting temperature but this was not conﬁrmed in
the subsequent studies [29,14]. Analyzing the reasons of this discrepancy Weck et al.
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Fig. 66. (color online). Oxygen melting curve. Two sets of measurements are presented.
The full line correspond to a least square ﬁt of measurements with the Simon equation. The
picture correspond to a solid-ﬂuid equilibrium at T = 719 K and P = 18.8 GPa.(Modiﬁed
from Ref. [29].)

[29] pointed out that strong pressure variations could arise at melting and the P − T
measurements have to be made when a stable solid-ﬂuid equilibrium is visualized as
was the case in their work.
Weck et al. has been measuring the melting curve up to 750 K (∼ 20 GPa) by direct
visualization of the solid-ﬂuid equilibrium. Melting can be visually distinguished
from the transformation to η oxygen because ﬂuid oxygen is transparent to visible
wavelengths at these pressures, whereas η oxygen exhibits visible absorption [19]. To
prevent possible chemical reaction between oxygen and rhenium gasket the sample
was isolated from the gasket with 10 mµ thick gold ring - a technique that has been
successfully used previously in the measurement of the melting curve of H2 [127].
The diﬀusion of oxygen in the diamond anvil which was greatly enhanced above 650
K in the ﬂuid phase near melting pressure above 650 K could be stopped by using
Al2 O3 coated anvils.
As can be seen, the melting temperature of oxygen is a monotonically increasing
function of pressure (Fig. 66). The experimental data were ﬁt to the Simon equation
T = [(P + 2.223) /0.0119]1/1.1374

(2)

or in a canonical form [128]
P = 0.0119 T 1.1374 − 2.223.

(3)

(P in GPa, T in K) with the deviation within the experimental uncertainty
(Texp. − Tcalc. )/Texp. < 2%. Up to 620 K, the melting curve is in excellent agreement
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with the measurements by Yen et al. [68] and Santoro et al. [12] but in contrast with
Santoro et al. [12] no sharp increase of the melting curve was detected above 620 K.
This conclusion was conﬁrmed by Goncharov et al. [14] who extended measurements
of the oxygen melting line up to 60 GPa, 1750 K (Fig. 27) with the x-ray diﬀraction
and Raman spectroscopy by using resistively- and laser-heated diamond anvil cells
[14]. In the overlapped regions the data of both studies agree well. In agreement with
Weck et al. [29], they found that the melting curve increases monotonically up to the
maximum pressures studied (∼60 GPa). A strong optical emission of oxygen when
illuminated by near IR radiation precluded extensive laser heating studies below 44
GPa. But at higher pressure this emission was much weaker allowing Raman and
spectro-radiometric measurements.
The experimental data by Goncharov et al. [14] were ﬁt to the Simon equation
[

1
T =
(P + 1.07)
4.71 · 10−3

]1/1.27

(4)

or in a canonical form [128]
P = 4.71 · 10−3 T 1.27 − 1.07.

(5)

(P in GPa, T in K).
The extension of the melting curve up to 25 GPa (Fig. 27) was obtained in the Raman
resistive-heating measurements [14]. At melting, the low-frequency peaks of ϵ oxygen
disappear, and the vibron frequency increases [12,29] (Fig. 67). In a relatively narrow
temperature range a new broad Raman vibron peak appears; it can be observed
simultaneously (at 833 K) with the vibron of ϵ oxygen (which disappears on the
further temperature increase). At melting, the vibron band of ϵ oxygen experiences
a broadening and a positive frequency shift, unlike at the ϵ-η transition where no
essential broadening is reported [19]. The melting transition is accompanied by a
pressure drop. In the ﬂuid phase, oxygen becomes totally transparent in the visible
spectral range unlike the case of η oxygen, which has a mottled appearance [19].
The Raman frequency of the vibron in η oxygen is slightly lower than that of ﬂuid
oxygen [12]. The resistive heating experiments of Goncharov et al. [14] conﬁrm the
results of Santoro et al. [12] in that η oxygen melts directly above 20 GPa (Fig. 67),
though at higher melting temperature (Fig. 27). The resistive heating melting data
[14] agree with visual data of Weck et al. [29] over the P − T range of overlap of the
two data sets.
Above 44 GPa, the x-ray diﬀraction experiments [14] revealed melting as manifested
by the appearance of a broad diﬀuse band and a reduction in intensity of the Bragg
reﬂections. The corresponding melting line lies very close to the extension of the
previously determined (to 20 GPa) melting line [29] and agrees within the error
bars with the results of the laser heating experiments reported in Ref. [37].
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Fig. 67. (color online). Raman spectra of resistively heated oxygen across the melting
transition. Left and right panels show spectra in the spectral ranges corresponding to
lattice and intramolecular (vibron) modes. (From Ref. [14].)

To illustrate the importance of using a number of complementary techniques for
registration of the onset of melting Benedetti et al. [37] investigated melting of O2
using the concurrence of four phenomena: (1) the loss of x-ray diﬀraction of Bragg
peaks, (2) the onset of sample motion evidenced by x-ray diﬀraction, (3) the onset
of sample motion evidenced by visual inspection, and (4) the change in optical
properties. Though the samples were laser heated at four diﬀerent pressures, the
onset of melting have been conﬁdently identiﬁed only at two pressures: at 55 GPa,
where all four criteria were we observed at 1850 ± 450 K, and at 47 GPa, where
three of the four criteria were observed at 1500± 200 K. Although at 47 GPa the
authors did not observe complete loss of Bragg peaks (supposedly due to longer
x-ray diﬀraction exposures) they observed an optical transition nearly identical to
that at 55 GPa concurrent with both visible and x-ray diﬀraction evidence for the
onset of motion. These two melting points are consistent in the limits of the error
bars with both Simon equations (Eq. 4) determined for the oxygen melting curve by
Goncharov et al. [14] and with extrapolation of Simon equation Eq. (2) determined
by Weck et al. for pressures from 5.4 to 20 GPa [29].
As was mentioned above, At pressures over ∼12 GPa the ϵ phase is separated from
the liquid phase by the β phase (see phase diagram Fig. 1). The width of the region
occupied by the β phase decreases with rising pressures - the β phase is gradually
”expelled” by the liquid and ϵ phases. Yen and Nicol in their Raman and visual
study of the melting line of oxygen [68] found the point of the disappearance of the
β phase which they thought is the triple point ﬂuid-β-ϵ. According to their data the
P − T coordinate of this point are 16.3 GPa, 645 K. Santoro et al. found that the
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ϵ phase does not melt at this point and actually this is the triple point ﬂuid-β-η.
There are separate observations referred to this region. Santoro et al. [12] located the
triple points β − ϵ − η (Tβ ϵ η = 540 ± 20 K , Pβ ϵ η = 15.7 ± 0.2 GPa and liquid-β − η
(Tl β η = 624 ± 20 K , Pl β η = 15.6 ± 0.2 GPa. The observation of single-phase η phase
samples at 15.7 GPa and 575 K suggests that the β − η phase boundary of Santoro
et al. [12] is at slightly too high a pressure. The observation of a mixed ϵ-η sample at
18 GPa and 675 K [19] locates the phase boundary between these phases at or very
near to this point and shows that there is no direct melting of the ϵ phase at this
pressure. The absence of any β phase at the 16.7 GPa and 645 K transition found
by Yen and Nicol [68] can then also be explained by a transition from the liquid to
the η phase, rather than to the ϵ phase. Further detailed spectroscopic studies will
be required to determine the exact trajectory of the η − ϵ phase boundary and to
locate the η − ϵ-liquid triple point if it exists.

8

Solid oxygen in ultrahigh magnetic fields

8.1 Introductory remarks

Although ultrahigh magnetic ﬁelds of a hundred Tesla range are now accessible for
experiment, because of technical diﬃculties only a few studies of solid oxygen in
ﬁelds up to 50 T were published until recently [107,129,130] . Meier et al. [107]
found the spin-ﬂop transition in α oxygen at 7.2 ±0.2 T. Beyond the spin-ﬂop
ﬁeld up to approximately 30 T the magnetization curve is almost linear. A marked
nonlinearity of the magnetization curve of the α phase appeared above 30 T but no
phase transitions were observed. The magnetization curves of the β and γ phases
remained linear up to the highest studied ﬁelds.
What makes solid oxygen extremely interesting object for physics of ultrahigh magnetic ﬁelds? An analysis of the P − T phase diagram of solid oxygen indicates the
possibility that in addition to the phases that exist in the zero magnetic ﬁeld, there
can exist phases induced by a magnetic ﬁeld. The strength of the exchange interaction essentially depends on the alignment of O2 molecules, indicating that the
packing structure of solid oxygen is tuned to its magnetic ground state. The low
pressure α, β, and δ phases are realized as a result of a subtle balance between the
Van den Waals and magnetic interactions. The competition between them leads to
a strong interplay between magnetic, structural, and orientational degrees of freedom of the oxygen molecules. In the rhombohedral β phase, O2 molecules form a
triangular lattice in the basal plane, where the geometrical frustration suppresses
the antiferromagnetic long-range order and only a strong short-range magnetic order exists. The geometrical frustration is lifted at approximately 23.9 K (at zero
pressure) by the monoclinic lattice deformation in the basal plane, and the β − α
phase transition takes place - the high symmetry crystal structure of β oxygen is
deformed by the magnetic ordering. Such coupling between the magnetic and structural systems suggests that a suﬃciently high external magnetic ﬁeld could induce
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Fig. 68. (color online). The geometrical rearrangement for the O2 -O2 dimer, from H geometry (parallel) to S geometry (canted) or X geometry (crossed). The α, β, and δ phases
of solid oxygen are based on the H geometry. (From Ref. [22].)

structural phase transitions.

8.2 Magnetization measurements

1n 2014 such ultrahigh-ﬁeld θ phase, an eighth phase of solid oxygen, was discovered by Nomura et al. [22] at around 120 T. The mechanism of the α − θ phase
transition was explained by the authors in analogy with the the behavior of an O2
dimer in a strong magnetic ﬁeld. The stable arrangement of the O2 dimer depends
on whether the magnetic moments align antiferromagnetically or ferromagnetically.
In zero ﬁeld, the dimer has the rectangular-parallel H geometry corresponding to
the maximum π orbital overlapping between the two molecules in the dimer at the
given intermolecular distance [131,83,132]. This geometry maximizes the Heisenberg AF interaction. However, when the magnetization of the dimer is saturated
by an external magnetic ﬁeld, AF interaction is no longer favored. The minimal
overlap occurs for the crossed X conﬁguration which optimizes the repulsive forces.
Thus, the O2 -O2 dimer structure can tune the exchange interaction by changing
its alignment. Since for the zero-ﬁeld phases there exists a subtle balance between
the VdW and exchange interactions, a high magnetic ﬁeld can change the packing
structure of solid oxygen from that optimizing the AF H geometry to the crossed
X or canted S structure (Fig. 68) having smaller AF interaction [133]. The O2 -O2
dimer was realized in experiment by using nanoporous coordination polymers [134].
X-ray diﬀraction measurements at low temperatures revealed that at zero magnetic
ﬁeld the dimer system exactly as solid oxygen has the H geometry. At the same time,
the magnetic measurements could not be interpreted based on Heisenberg models
and H geometry only. To explain the experimental ﬁndings, researchers invoked a
scenario in which there are excited states of other geometries, e.g., the S or X type.
This scenario indicates that a molecular rearrangement may occur in a magnetic
ﬁeld. It was also found that the thermally excited states lead to deviations from the
H geometry at higher temperatures. These combined results, obtained on dimers,
led to the anticipation of a ﬁeld-induced structural phase transition in solid O2 .
The new ultrahigh magnetic ﬁeld θ phase and the α − θ and β − θ phase transitions
were documented using two diﬀerent methods [22,23]. In the ﬁrst, the magnetization
as a function of magnetic ﬁeld was measured; in the second, the changes in nagnetotransmission with magnetic ﬁeld were registered.
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Fig. 69. (color online). (a) The magnetization M and (b) the dM/dt curves of solid oxygen.
BMax = 124 T, T = 4 K for α phase, and BMax = 121 T, T = 32 K for β‘ phase. The
results of Uyeda et al. [130] are shown by black lines for comparison. The transition ﬁelds
are determined by the dM/dt peaks, as shown by the black arrows. (From Ref. [23].)

A single-turn coil (STC) technique was used to generate pulsed magnetic ﬁelds. The
ﬁeld was pulsed for approximately 8 µs in a destructive manner. The experimental
data on the magnetization M (in units of Ms = 2µB per O2 molecule) and the time
derivative dM/dt of the α and β phases are shown in Figs. 69a and 69b [23], respectively. The magnetization curves obtained in the mid-eighties of the last century by
the Date group using a nondestructive pulse magnet [130] are shown for comparison
by the black solid lines (see also Fig. 92 from Ref. [7]). The magnetization kinks
in the up and down sweeps are reproducible, and hence, correspond to intrinsic
phenomena identiﬁed as the α − θ and β − θ transitions. The transition ﬁelds are
determined by the dM/dt peaks, as shown by the black arrows in Fig. 69b. In lower
ﬁelds the magnetization for the both magnetization curves increases indicating that
the α − θ and β − θ transitions in these ﬁelds and the sweep speed ranges still do
not occur [22]. This ﬁnding clearly shows that the ﬁeld-induced phase α − θ and
β − θ transitions take place in ultrahigh magnetic ﬁelds greater than 120 T. The
pronounced hysteretic behavior suggests that the phase transition is ﬁrst order.

8.3 Magneto-transmission measurements

Another phenomenon which was used to register the magnetic-ﬁeld induced phase
transitions is the change in the light transmission intensity with magnetic ﬁeld
[133,22,23]. The results of the magneto-transmission measurements on the β − θ
phase transition are shown in Fig. 70. The upper panel give the time proﬁle of the
pulsed magnetic ﬁeld (BMax = 141 T, T = 32.5 K) while the bottom panel shows
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Fig. 70. (color online). (a) Magnetic ﬁeld dependence of the transmission spectra of the β
phase (BMax = 141 T, T = 32.5 K. (b) Normalized light transmission intensities and (c)
their time derivatives at diﬀerent temperatures. The maximum ﬁeld strengths are 143 ±3
T for all curves. (From Ref. [23].)

the relative transmission intensity in the two-dimensional color mapping. The relative transmission, I/I0 , is represented on a color scale, where I and I0 are the
intensities of the transmitted light through the sample cell with and without oxygen, respectively. The normalized transmission curves as a function of magnetic ﬁeld
at diﬀerent temperatures (Fig. 70b) are similar to the magnetization curves (Fig.
69b). Corresponding time derivatives of the transmission are shown in Fig. 70(c).
The transmission intensities are normalized so that the diﬀerence from minimum
to maximum is unity. The transition ﬁelds are determined by peaks of the timederivative signal, as shown by the black arrows. These results are consistent with
the magnetization curves shown in Fig. 69. This change in the transmission intensity
is considered to be due to the removal of the crystalline anisotropy, which causes light
scattering at the domain boundaries and decreases the transmitted light. Therefore,
the α − θ and β − θ transitions can also be documented by the change of the light
transmission intensity owing to the structural transformations.
Figure 71a shows the waveform of the pulsed magnetic ﬁeld up to 128 T (upper
panel) and the two-dimensional transmission spectra image of α oxygen at 21.6 K
(bottom panel) as a function of time. At zero magnetic ﬁeld, the transmission is
small for the light in the photon energy range 2.15-2.20 eV due to the bimolecular
transition of solid oxygen [135–138]. At near the highest magnetic ﬁeld, 128 T (2.8
µs), the transmission of the α oxygen rises sharply over the whole photon energy
range. When the magnetic ﬁeld decreases, the transmission decreases again at about
60 T. These critical ﬁelds are close to those of the phase transition observed in the
magnetization measurements; hence, this anomalous optical behavior is likely to be
connected with the magnetic phase transition. Figures 71b and 71c show the cross
section of the two-dimensional transmission spectra by time and photon energy, respectively. When the ﬁeld is less than 100 T (i → ii), the shape of the transmission
spectrum changes around only 2.14 eV. This peak deformation is caused by the
orbital Zeeman eﬀect of the bimolecular absorption [138,9,133]. As the ﬁeld passes
through its maximum (ii → iii), the transmission at all photon energies increases,
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Fig. 71. (color online). (a) Two-dimensional transmission spectra of the solid oxygen α
phase at 21.6 K and the waveform of the pulsed magnetic ﬁeld up to 128 T are shown as a
function of time. The transmission intensity is represented on a color scale. The labels from
(i) to (v) show the position of the cross sections in Figs. 71b and 71c. (b) Transmission
spectra obtained from the time cross section in Fig. 71a. The magnetic ﬁeld intensity
is shown for each spectrum. (c) Time dependencies of the transmission obtained by the
photon energy cross section in Fig. 71a. The photon energy is shown for each spectrum.
(From Ref. [22].)

and the bimolecular absorption is considerably diminished. The change in the transmission is clearly shown in cross sections (iv) and (v) in Fig. 71c. At a photon energy
of 2.10 eV in cross section (v), the eﬀect of the bimolecular absorption is negligible.
In both cross sections (iv) and (v), independent of the existence of the bimolecular absorption, the transmission rapidly increases at 2.5 µs (127 T) and decreases
again at 5.2 µs (61 T). The positions almost correspond to the transition ﬁeld values
obtained from the magnetization curve.
The authors proposed two diﬀerent explanations of the observed change in the light
transmission intensity with magnetic ﬁeld. The abrupt increase in the magnetization
(Fig. 69) suggests that the AF long-range order (or the strong short-range order) is
disturbed and the spins of O2 molecules are forced to align parallel to the magnetic
ﬁeld. This aﬀects the bimolecular absorption: it cannot occur when there are no
AF O2 pairs [138,9,133,130]. Therefore, in addition to the magnetization jump, the
signiﬁcant suppression of the bimolecular absorption shown in Fig. 71b indicates
that the magnetization of the O2 molecules is close to the saturation at around
123 T.
The second explanation connects the found phenomenon with a similar changes in
transmittance at the temperature induced β − γ phase transition in zero magnetic
ﬁeld (Fig. 72). This phenomenon originates from the change in the classical light
scattering by the crystal domain boundaries [7]. In the β phase, the transmission
is very small because of strong light scattering by the multidomain structure with
anisotropic crystal symmetry (rhombohedral). After the transition to the γ phase,
the transparency of the crystal strongly increases. The light scattering signiﬁcantly
reduces since the γ phase has an isotropic cubic structure and isotropic optical
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Fig. 72. Temperature dependence of the transmission of light near the β − γ phase transition. When the rhombohedral β phase is converted to the cubic γ phase, optical anisotropy
disappears and the light scattering from the domain boundary is suppressed. (From Ref.
[22].)

properties, which suppress the light scattering at the domain boundaries. The change
in transmission can also be directly observed visually: the β phase looks opaque,
like frosted glass, whereas the γ phase appears almost transparent. Because the
light transmission observed at the magnetic ﬁeld-induced transition (Fig. 70) and
at the temperature driven β − γ transition (Fig. 72) are qualitatively similar, it
was suggested [22] that the similar crystal structure changes take place from the
anisotropic (rhombohedral in β phase or monoclinic in α phase) to the isotropic
cubic one. Both proposed explanations are rather plausible, but in the absence of a
quantitative theory, the authors refrained from unambiguous conclusions.

8.4 H − T phase diagram

Recently, the magnetocaloric eﬀect (MCE) technique, was developed for pulsed magnetic ﬁeld measurements [139] which took into account the non-equilibrium conditions originating from the short duration of the pulse ﬁeld. In the adiabatic MCE
measurements, the T -H relations are measured with the conserved total entropy
(the isentropic curves). Thus the ultrahigh-ﬁeld magnetization (STC technique) together with the MCE measurements made it possible to discuss the comprehensive
magnetic-ﬁeld-temperature (H-T ) phase diagram of solid oxygen.
Nomura et al. [25] performed the MCE measurements of condensed oxygen in adiabatic conditions up to 56 T using pulsed magnetic ﬁelds. From the measured isentropes, the magnetic ﬁeld dependencies of Tβγ and Tαβ phase boundaries were obtained (Fig. 73) and compared with that derived from the thermodynamical relations
[25]. They are described by the magnetic Clausius-Clapeyron equation, relating the
slope of the phase transition line with the entropy change:
dTc /dHc = −∆M/∆S = −∆χH/∆S.
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(6)

Fig. 73. (color online). MCE curves near the (a)β − γ and (b) α − β phase boundaries [25].
H dependences of the phase boundaries are shown by dotted curves. (From Ref. [25].)

Here, ∆χ is the diﬀerence of magnetic susceptibility between two phases. If the ratio
λ = ∆χ/2S is independent on H, the Clausius-Clapeyron equation can be integrated
giving the following equation:
Tc (H) = Tc (0) − λH 2 .

(7)

The β − γ phase boundary is well ﬁtted by this formula as
Tβγ (H) = 43.8 − 1.55 × 10−3 H 2 (K).

(8)

By using the parameters ∆χ and ∆S known from literature: ∆χβγ = 51.2×10−3 JT−2 mol−1
[140] and ∆Sβγ = 16.9 JK−1 mol−1 [11], for λ at zero ﬁeld we get
λ = 1.51 × 10−3 KT2 ,

(9)

which is in good agreement with experiment.
In the case of the α − β phase transition the following magnetic ﬁeld dependence of
the phase boundary was obtained in MCE experiments [25]:
Tαβ (H) = 23.9 − 0.73 × 10−3 H 2 (K).

(10)

The comparison of the experimental phase boundary with that obtained theoretically
[141] is less satisfactory than in the case of the β − γ transition. The theoretical
estimate of λ is more than twice the experimental value. The root of this discrepancy
lies in the fact that the α − β transition has characteristics of the ﬁrst- and secondorder transitions [7], and the MCE curves near the α − β phase boundary are more
diﬃcult to interpret.
Let us turn to the remaining phase boundaries. Important features of the phase
diagram may be found from the entropy relations between phases [26]. As follows
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Fig. 74. H − T phase diagram of solid oxygen. (From Ref. [25].)

from the Clausius- Clapeyron equation (Eq. 6), large ∆M and small ∆S suggest
steep phase lines, and conversely, small ∆M and large ∆S mean that the respective
phase boundary is ﬂat. The entropy relations between the α, β, and γ phases are
Sα < Sβ ≪ Sγ (at zero ﬁeld ∆Sα−β = 0.47R and ∆Sβγ = 2.04R [53]). Large ∆Sθγ
suggests that the the θ − γ phase boundary is ﬂat. The ultrahigh magnetic ﬁeld
region of the phase diagram contains two triple points: β − γ − θ and α − β − θ.
Knowledge of the coordinates of these points makes it possible to draw the γ − θ,
β − θ and α − θ phase boundary lines. At the β − γ − θ triple point the β phase
transforms entirely to the θ phase which is detected in experiment. Similarly, at the
α − β − θ triple point, both the α and β phases transform to the θ phase. Without
explanations the authors write [26] that the θ −γ transition (solid-plastic transition)
is expected to occur at 31 K and that the thermodynamical α − θ transition ﬁeld
was obtained at around 90 T. The resulting H − T phase diagram of solid oxygen
is shown in Fig. 74.

8.5 Concluding remarks

In this section we discussed results of experimental studies of solid oxygen in ultrahigh pulsed destructive magnetic ﬁelds of up to over 190 T performed by Nomura et al. group [22–26]. The thermodynamical magnetic-ﬁeld-temperature H-T
phase diagram of solid oxygen is discussed analyzing the results of the ultrahighﬁeld magnetization, optical magneto-transmission, and adiabatic magnetocaloric effect measurements taking into account the problems of non-equilibrium conditions
originating from the short duration of the pulse ﬁeld. An abrupt increase in magnetization and in light transmission in the visible range were observed when pulsed
magnetic ﬁelds greater than ≈ 90 T were applied. These experimental ﬁndings indicated that the α − θ, β − θ ﬁrst-order phase transitions occur in solid oxygen in
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ultrahigh magnetic ﬁelds into a new θ phase. The α − θ, β − θ transition ﬁelds are
almost temperature independent, with the phase boundary being very steep indicating that the entropy change is very small at these transitions, in contrast to the
entropy-driven β = γ transition at zero ﬁeld. It was concluded that the observed
ﬁeld-induced transitions are caused by the antiferromagnetic phase collapsing and
a change in the crystal structure with the rearrangement of the O2 molecules from
the original parallel geometry into a high-symmetry crystal structure, that could be
cubic, with a high magnetic susceptibility. The phase diagram was obtained by using
the magnetic Clausius-Clapeyron equation. The obtained phase diagram manifests
the entropy relation between the phases as Sθ ∼ Sα < Sβ ≪ Sγ .
Recently, non-destructive ultrahigh magnetic ﬁelds have become accessible for researches in condensed matter physics. In the magnetic ﬁeld of the 100 T range
generated for few ms, various kinds of measurements such as x-ray diﬀraction, Raman, infrared, ultrasound,and magnetostriction would be applicable to obtain the
structural and other necessary information of the θ phase.

9

Summary and outlook

In 2004, we published a comprehensive review article ”Solid Oxygen” (Yu.A. Freiman
and H.J. Jodl, Physics Reports 401 (2004) 1-228) [7]. During the intervening years
a large number of new studies of solid oxygen have been carried out and many
new fundamental results have been obtained in this ﬁeld. The current review article
summarizes the most important results obtained during this time. The title of the
review ”Solid oxygen revisited” is chosen to emphasize the relationship with our
previous review. As is usually the case most often, the studies that were described
in the review have not exhausted the problems, but have induced new problems to
be studied.
The content of this review is organized in the following way: the two ﬁrst Sections
are introductory - Section 1 gives a general chronological Table of the studies of
solid oxygen which have been carried out during 2004 - 2017 years and which were
reviewed in this paper; for completeness we consider in Section 2 the structures of
low-pressure low-temperature α, β, γ, and δ phases which were discussed in the
review [7].
Section 3 is devoted to the structure and behavior of lattice parameters with pressure
(Sec. 3.1), and the nature of chemical bond in the ϵ phase (Sec. 3.2). The eﬀorts
of nearly three decades of identifying the lattice structure of ϵ-O2 culminated in
simultaneous publication in 2006 of results of two diamond anvil-cell x-ray diﬀraction
studies [17,18]. It was discovered that in addition to the well-known O2 and O3
molecules existing in a free state, in solid oxygen pressurized up to 8 GPa another
modiﬁcation of oxygen exists, which can be described by the structural formula
(O2 )4 . Lindegaard et al. [17] investigated monocrystalline samples while Fujihisa
et al. [18] investigated polycrystalline powder samples. A unique structure of the ϵ
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phase was found in which the molecules O2 retain their individuality, but there is
an additional link leading to the formation of clusters of molecular quartets. Why
this structure is formed from the quantum chemistry point of view we discuss in
Sec. 3.2.
The insulator-metal transition and properties of the metallic ζ phase is discussed in
Section 4. We discuss mechanism of the ϵ − ζ phase transition and the evolution of
the ζ phase with pressure. A continuous displacive phase transition with pressure
between 96 and 106 GPa takes place to a new structure. The vibron excitation data
showed unambiguously that the ζ phase is molecular. After the phase transition is
completed the O8 units are turned out to be connected along the b direction, so
that the intra- and inter-O8 distances became equal which means the dissociation
of the two O8 units in the unit cell into the eight O2 molecules.
Section 5 is devoted to results of studies of the high-pressure high-temperature part
of the phase diagram of solid O2 . These measurements become possible owing to the
progress in the high-pressure experimental technique including the use of the third
generation synchrotron sources for single-crystal diﬀractometry and the development
of the DAC technique. Two new phases, η (Santoro et al. [12]), and η ′ (Goncharov
et al. [14]) were found. The structure of η-O2 is closely related to the structure
of β-O2 , other high-temperature structure though η phase is a two-layer hcp-like
structure while β-O2 is a three-layer fcc-like structure. Above a certain temperature
the rotational motion becomes so intensive that the rotational energy is in excess of
the energy of molecular association and O8 units breaks up into four O2 molecules.
Combined x-ray diﬀraction and Raman data suggest that the dissociation of O8
clusters is a signature of the phase transition into a new η ′ phase. This ϵ − η ′ phase
transition line is essentially pressure independent suggesting that the corresponding
transition is entropy driven.
Section 6 is devoted to magnetism of solid oxygen. The unique feature of magnetism
in solid oxygen, the only elemental magnet, is that the exchange interaction acts on
the background of the week van der Waals forces and thus providing a signiﬁcant
part of the total lattice energy. This feature is in fact the ground of all the anomalous
properties of solid oxygen. One of them is the giant magnetostriction (Sec. 6.2). The
dc magnetic susceptibility measurements at elevated pressures up to 3.3 GPa (the
highest pressure accessible at present for the susceptibility measurements) are described in Sec. 6.3. Neutron measurements under pressure are the subject of Sec. 6.4.
First neutron study of the δ phase (Goncharenko et al., Ref. [27]) revealed the magnetic structure with the ferromagnetic interplane interaction instead of the expected
antiferromagnetic that like in the α phase. In subsequent neutron measurements it
was found that magnetism of the δ phase is generally unique (Klotz et al., Ref. [20]).
Inside the same lattice structure of δ-O2 there exist three diﬀerent magnetic structures: LTC (low temperature commensurate) with the ferromagnetic (F) interplane
coupling, HTC (high temperature commensurate) with the antiferromagnet (AF)
interplane coupling, and ITC (intermediate temperature commensurate) having a
doubled period along the c-axis as compared to the LTC and HTC structures. The
F and AF coupling between the nearest neighbor spins in the adjacent O2 planes
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form the alternate sequence F-AF-F-AF. Section 6.5 describes the magnetic collapse
at the δ − ϵ transition (Goncharenko, Ref. [21]) revealed by the disappearance of
the magnetic peaks in the neutron diﬀraction pattern . The absence of the magnetic
reﬂections indicates the absence of the long-range magnetic order in the ϵ phase.
The magnetic collapse occurs at 8 GPa, that is, this phenomenon is well separated
from the ϵ − ζ (insulator - metal) phase transition at 96 GPa. Section 6.6 is devoted
to numerous anomalous spectroscopic features displaying in the lower-pressure part
of the ϵ-O2 region of the oxygen phase diagram. The failure of theory to describe
these anomalies disregarding molecular spin suggested (Crespo et al., Ref. [45]) that
there is no the single broad ϵ-O2 phase from 8 to 96 GPa but instead we have two
phases ϵ1 -O2 and ϵ0 -O2 – the former a local singlet spin-1 liquid, and the latter a
regular, Peierls band insulator – separated by a ﬁrst-order phase transition near 20
GPa. The predicted phase line terminates in a critical point, which supposedly lies
near 30 GPa and 200 K. The high-temperature region below 30 GPa must be characterized by thermally ﬂuctuating S = 1 spins, whose presence should be directly
detectable by magnetic susceptibility measurements in the 8- to 30-GPa pressure
range when such experiments become technically feasible (see Sec. 6.3). At low temperatures, the wealth of low-energy spin excitations present in ϵ1 -O2 but absent in
ϵ0 -O2 should give rise to very new energy dissipation channels and processes in the
former phase.
In Sec. 7 merits and limitations of commonly used methods for identifying the beginning of melting are analyzed. These methods include an analysis of Bragg reﬂections
in x-ray diﬀraction, appearance of jumps or changes in the slope of Raman vibron
modes as a function of pressure and temperature, and visual observation of ﬂuid ﬂow
or laser spackle. The conclusion drawn from this analysis was that simultaneously
monitoring both structural and spectral properties is superior to any single method
for identifying the onset of melting. At present, the oxygen melting line is extended
up to 60 GPa, 1750 K (Goncharov et al., Ref. [14]) with the x-ray diﬀraction and
Raman spectroscopy by using resistively- and laser-heated diamond anvil cells. In
the region around 20 GPa the laser-heating method does not work because of strong
ﬂuorescence from liquid oxygen. Due to this experimental problem the uncertainties
in the phase boundaries between liquid, β, ϵ, η, and η ′ in the range 16 - 25 GPa are
not properly resolved.
In Sec. 8 results of experimental studies of solid oxygen (at ambient pressure) in
ultrahigh pulsed destructive magnetic ﬁelds of up to over 190 T are discussed. The
thermodynamical magnetic ﬁeld – temperature H-T phase diagram of solid oxygen is
discussed analyzing the results of the ultrahigh-ﬁeld magnetization, optical magnetotransmission, and adiabatic magnetocaloric eﬀect measurements taking into account
the problems of non-equilibrium conditions originating from the short duration of
the pulse ﬁeld. It was found that α − θ and β − θ ﬁrst-order phase transitions
occur in solid oxygen in ultrahigh magnetic ﬁelds into a new θ phase. The observed
ﬁeld-induced transitions are caused by the antiferromagnetic phase collapsing and
a change in the crystal structure with the rearrangement of the O2 molecules from
the original parallel geometry into a high-symmetry crystal structure, that could be
cubic, with a high magnetic susceptibility.
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Investigations of solid oxygen in ultrahigh pulsed destructive magnetic ﬁelds culminated in the construction of the H − T magnetic ﬁeld - temperature phase diagram
at ambient pressure. Recently non-destructive ultrahigh magnetic ﬁelds have become accessible for research in condensed matter physics. In the magnetic ﬁeld in
the 100 T range generated for few ms, various kinds of measurements such as x-ray
diﬀraction, Raman, infrared, ultrasound, and magnetostriction would be applicable to obtain the structural and other necessary information of the θ phase. The
ultrahigh magnetic ﬁeld technique combined with the DAC technique would open
access to the construction of the complete H-P -T phase diagram of solid oxygen.
The implementation of this exciting program can take many years, creating new
instrumentation and possibly the next generation of researchers.
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