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Solid oxygen is a unique crystal combining properties of a simple molecular solid and
of a magnet. Unlike ordinary magnets, the exchange interaction in solid oxygen acts
on a background of weak Van der Waals forces, providing a signi cant part of the
total lattice energy. Therefore, the magnetic and lattice properties in solid oxygen
are very closely related which manifests itself in a very rich phase diagram and in
numerous anomalies of thermal, magnetic, and optical properties. Diamond-anvilcell studies have extended the phase diagram of solid oxygen to the pressure range
over 2 Mbar and temperatures over 1000 K, thereby revealing an astonishing variety
of phases. Pressure-induced changes in crystalline structures are accompanied by
modi cations of the optical response. From a light blue transparent crystal, oxygen
turns orange and then red at approximately 10 GPa. Upon further compression, the
crystal gets darker and becomes nearly opaque to visible light at around 40 GPa.
This color change, which is an evident example of how compression can perturb
the electronic states of a simple molecule, is a peculiarity of solid oxygen and does
not occur in other light homonuclear diatomic molecular solids. At 96 GPa solid
oxygen transforms to a metal retaining the diatomic molecular structure. At low
temperatures of 0.6 K metallic oxygen becomes superconducting.
The paper provides a comprehensive and up-to-date review of the experimental and
theoretical literature on solid oxygen.
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1 Introduction
1.1 Solid oxygen - from ogiston to a superconductor

Oxygen is one of the most important and most widespread element in the Earth's
crust and atmosphere. Aside from vitally important biological functions, which are
mostly, Chemistry, oxygen is responsible for various physical and physico-chemical
terrestrial processes and phenomena, among which one of the most important is the
absorption of solar radiation by O2 and O3 molecules.
Among the group of small diatomic molecules (H2 , N2 , O2 , CO, F2 ,: : :) the oxygen molecule owing to unique combination of the molecular parameters forms the
substance, which in all phases, solid, liquid or gaseous, is a physical object of considerable fundamental and applied interest. Basic parameters of solid oxygen are given
in Table 1 in comparison with that of solid nitrogen.
In the ground electronic state the oxygen molecule possesses nonzero electronic
spin S = 1; which makes the O2 molecule a magnetic system. Gaseous oxygen
is paramagnet. Because the total nuclear spin equals zero and the ground state of
homonuclear species (16 O2 ,18 O2 ) is 3 g , the rotational quantum numbers can assume
only odd values J = 1; 3; 5; : : : Thus, half of the rotational levels disappears, the
lowest rotational level has J = 1; i.e. the molecule acquires the zero rotational energy.
This dramatic quantum e ect is most conspicuous in optical spectra of gaseous
oxygen and matrix isolated molecules, but can be detectable in other properties
especially at low temperatures.
Liquid oxygen though a simple liquid is a magnetic uid and as such its uidity is
governed by laws of magnetic hydrodynamics.
But solid oxygen combining properties of a molecular crystal and that of magnetic
material is a really unique object. The low-temperature phase of solid oxygen is the
only electron-spin antiferromagnetic insulator consisting of a single element. Unlike
ordinary magnets the exchange interaction in solid oxygen occurs on a background
of weak Van der Waals forces, providing a signi cant part of the total lattice energy.
Therefore the magnetic and lattice properties in solid oxygen are very closely related
which manifests itself in numerous anomalies of virtually all its properties - thermal,
magnetic, acoustic, optical, etc.
A start of studies of solid oxygen has been made at the very beginning of the twentieth century. The historical development of the eld and many features pertinent
to these studies can be seen from the chronology table (Table 2 ? ). At once all
cryogenic laboratories throughout the world became involved in studies of thermal,
structural and magnetic properties of solid oxygen. Among pioneer researchers of
? Because of a large volume this table includes about one fourth of the papers from the
list of References.
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Table 1
Basic parameters of solid oxygen in comparison with that of solid nitrogen
16 O2 a
14 N2 b
Parameter
Heat of sublimation at T = 0, L0 (kJ/mol)
8.665
6.954
Zero-point energy (kJ/mol)
Translational, Ez;trans
0.972
0.875
Librational, Ez;lib
0.730
0.528
Total, Ez
1.702
1.403
Debye temperature at T = 0, 0D (K)
104
83.6
Nearest neighbor distance at T = 0, R0 (
A)
3:1865
3:9940
Barrier to rotation, U0 (K)
1010
325.6
Rotational constant, B (K)
2.0802
2.8751
De Boer quantum parameter, tr c
0.0336
0.0398
Rotational quantum parameter, rot d
0.31
0.4604
Temperatures of phase transitions in solid at P = 0 (K)
23.880
35.61
43.801
Triple-point parameters
Ttr (K)
54.3584 e 63.15
Ptr (kPa)
0.152
12.52
a Data recommended in this work.
b Physics of Cryocrystals (eds. V. G. Manzhelii and Yu. A. Freiman, AIP Press 1996 [1]).
c De ned by the relation tr = ~(m2 ) 1=2 , where m is the molecular mass,  is the
intermolecular potential well depth, and  is the length scale of the potential.
d De ned by the relation rot = ~(IU0 ) 1=2 = (2B=U0 ) 1=2 , where I is the moment of
inertia.
e A primary xed point of the International Temperature Scale of 1990 (ITS 90), see Ch. 8.

solid oxygen are J. Dewar in Cambridge, S. Wroblewski and K. Olszewski in Krakow,
Kamerlingh Onnes and W. Keesom in Leiden, A. Euken in Berlin, M. Ruhemann
in Stuttgart and Kharkov, K. Klusius in Breslau, L. Vegard in Oslo, L. Shubnikov
and A. Prikhotko in Kharkov, W. Giauque in the USA. The modern state of art is
a result of combined continuous e orts of a large number of cryogenic laboratories
throughout the world. There were two large pauses in these studies during the First
and Second World Wars.
Researchers of basic properties of solid oxygen have from the outset come up the
problems that they did not meet in analogous studies of solid nitrogen or hydrogen.
Even determination of the melting point had turned out a complicated problem that
demanded for its solution near a decade: the di erence between the rst value of
the melting point found by Estreicher in Krakow laboratory (46 K) [2] and that
5

Table 2
Chronology of studies of solid oxygen
Date
Type of studies and main results
1774
1775
1777
1848
1877
1883
1891
1903
1904

Discovery of oxygen

The name "oxygen" (acid former) was proposed
Paramagnet nature of oxygen gas
Liquefaction of oxygen (mist of liquid)
Static liquefaction and solidi cation
Paramagnet nature of liquid oxygen
First measurements of the melting point
Pycnometry, rst measurements
of sold-state properties
1910 First measurements of magnet. suscept.
1911 Melting point
1913 Visual studies with polarizing
microscope; a phase transition at  43 K
1914 Magnet. suscept., a low-temperature
phase transition
1916 First measurement of heat capacity (17-73 K);
three solid phases found, heat of transitions
1927 First x-ray study (wrong assignment of -O2 )
1929 Heat capacity; conclusion of magnetic ordering
in phase based on entropy considerations
Discovery of isotopes 17 O and 18 O
1932 X-ray study of
and O2 (wrong assign.)
1934 Vapor pressure, heat of sublimation (20 K - Ttr )
1935 First optical studies, bimolecular transitions
in -oxygen
X-ray of O2 , cubic 8-molecular cell
Melting curve up to 160 atm.
1936 X-ray study of O2 , wrong space group assign.
1937 FIR absorption spectrum
1951 Low-temperature magnetic susceptibility
1953 Low-temp. heat capacity (1.7- 3.7 K)
Magnetic susceptibility and heat capacity
1954
1955
1957
1959
1962
1963
1964
1965
1966
1967
1968

Magnetic susceptibility
Melting curve up to 3.5 kbar
Piston displ., P V T up to 10 kbar (20-54 K)
Piston displ., P V T up to 19 kbar (4-120 K)
Electron di raction, lattice structure of -O2
Neutron di raction, lattice structure of -O2 ,
antiferromagnetic nature of -oxygen
Single-crystal x-ray, lattice structure
of -O2
Pycnometry, density, 8-28 K
IR absorption spectra of and phases;
libron modes in sideband spectra
Neutron di raction, -O2 is antiferromagnetic
whereas -O2 has only short-range AFM order
Dilatometry, 8-48 K
Neutron di raction, structure of -O2
Magnetooptics of O2
X-ray, structure of and phases
Thermal conductivity, -O2 (at 48 K)
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Authors
Priestley [3] (see [4])
Scheele[5]; Lavoisier(see [4])
Lavoisier
Faraday [6]
Cailletet [7]; Pictet [8]
Wroblewski, Olszewski (see [4])
Dewar [9]
Estreicher([2])
Dewar [10]
Kamerlingh Onnes, Perrier [11]
Kamerlingh Onnes and
Crommelin [12]; Dewar [13]
Wahl [14]
Perrier and
Kamerlingh Onnes [15]
Eucken [16]
McLennan and Wilhelm [17]
Giauque, Johnston [18]
Giauque, Johnston
Ruhemann [19]
Ayoma, Kanda[20]
Prikhotko, Ruhemann,
and Fedoritenko [21]
Vegard[22]
Lisman, Keesom [23]
Keesom, Taconis [24]
Prikhotko [25]
Borovik-Romanov [26]
Kostrukova, Strelkov [27]
Borovik-Romanov, Orlova
and Strelkov [28]
Kanda et al. [29]
Mills, Grilly [30]
Stevenson [31]
Stewart[32]
Horl [33]
Alikhanov[34,35]
Jordan, Streib
Smith, Lipscomb [36]
Tolkachev, Manzhelii [37]
Cairns, Pimentel [38]
Collins [39]
Manzhelii et al. [40]
Alikhanov [41]
Eremenko, Litvinenko [42]
Barrett et al. [43]
Manzhelii, Krupskii [44]

Date

Type of studies and main results

1969 FIR absorption, upper magnon mode found
Heat capacity (1.4 K - Ttr )
Raman, ; ; -O2 ; libron modes
Sound velocities
1970 FIR absorption, lower magnon mode found,
FIR in magnetic eld up to 6 T
1971 Raman spectra of 18 O2 ; magnetic
origin of 27 cm 1 line con rmed
1972 Polarized neutron di raction study of -O2
1973 Theory, magnetic and optical properties
1974 Theory, spin-wave spectrum
1975 Sound velocities, -O2
1977 X-ray; theory, lattice dynamics;
quasi-2D magnetic nature of -O2
Magn. suscept. under pressure and magn. eld
1979 HPRT a Raman up to 18 GPa,
discovery of Æ and " O2
Theory, magnetic properties of
and -O2
Theory, 120Æ -magnetic structure of -O2
Theory, lattice dynamics of ; and -O2
1980 Light absorption
in magnetic eld
1981 HPRTa single-crystal x-ray at 6.8 GPa,
Æ " phase boundary
HPRT Raman and electronic spectra
of and " phases up to 40 GPa
Magnetic susceptibility of ; -, and -O2
Theory, magneto-elastic nature of - trans.
1982 Magn. suscept. under pressure, magnetization up to 35 T, spin- op transition
1983 Ab initio calculations of Heisenberg
exchange intermolecular interaction
Polarized neutron scattering
HP b luminesc. spectroscopy up to 13 GPA,
500 K; melting line,
" phase boundary
HPRT IR and Raman study of vibrons and
librons in " 16 O2 and 18 O2 up to 16.5 GPA
1984 High precision Raman study, soft mode
behavior of librons near
transition
FIR study of -O2 in elds up to 15 T
HPRT x-ray up to 13 GPa, lattice
parameters of ; Æ ; "-O2 , P V T relations
1985 High eld (up to 50 T) magnetization
HP Raman study up to 14 GPa, 6 - 300 K,
phase diagram, - -liquid triple point
Theory, T =0 K properties up to 70 kbar,
Æ transition
Theory of
transition
Theory, quasi-1D SRMO c in oxygen
1987 Integrated magnon-phonon-libron dynamics
HPRT IR and Raman studies of "-O2 ,
(5 -20 GPa), isotope substitution e ects
HP Raman study of melting up to
20 GPa, 650 K, -"-liquid triple point
a High pressure room temperature.
b High-pressure.
c Short range magnetic order.
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Authors
Blocker, Simmons, West [45]
Fagerstroem,Hollis Hallett [46]
Cahill, Leroi [47]
Bezugly, Tarasenko, Ivanov[48]
Wachtel, Wheeler [49]
Mathai, Allin [50]
Cox, Samuelsen, Beckurst [51]
Bhandary, Falikov [52]
Gaididei, Loktev [53]
Bezugly, Tarasenko[54]
Burakhovich, Krupskii, Prokhvatilov, Freiman, Erenburg [55]
Dundon [56]
Nicol, Hirsch, Holzapfel [57]
Slusarev, Freiman, Yankelevich [58]
Loktev [59]
Kobashi, Klein,
Chandrasekharan [60]
Prikhotko et al. [61]
d'Amour, Holzapfel,
Nicol [62]
Syassen, Nicol [63]
G. DeFotis [64]
Gaididei, Loktev [65]
Meier, Schinkel,
de Visser [66]
van Hemert, Wormer,
van der Avoird [67]
Stephens et al. [68]
Yagi, Hirsch,
Holzapfel [69]
Swanson, Agnew, Jones,
Mills, Schiferl [70]
Bier, Jodl[71]
Meier, Colpa, Sigg [72]
Olinger, Mills, Roof [73]
Uyeda, Sugiyama, Date [74]
Jodl, Bolduan,
Hochheimer [75]
Etters, Kobashi, Belak [76]
Brodynskii, Freiman [77]
Brodyanski, Freiman [78]
Jansen, van der Avoird [79]
Agnew, Swanson,
Jones [80]
Yen, Nicol[81]

Date

Type of studies and main results

1988 Theory, Monte-Carlo study of
transition
Neutron polarization study of oxygen,
helicoidal short-range magnetic order
1989 Theory, magnetic properties of phase and
liquid O2
1990 HPRT optical studies up to 132 GPa,
metallization above 95 GPa
HPRT x-ray up to 20 GPa, structure of "-O2
1991 Neutron polarization study of oxygen,
quasi-1D short-range magnetic correlations
HP Raman study, 10 - 34.2 GPa, 10 - 327 K,
a new phase transition at 25.0 GPa, 25 K?
1992 Muon spin rotation (SR) study, 10 - 90 K
1993 Thermal conductivity of solid O2 (1 K - Ttr )
HPRT x-ray up to 20 GPa, structure of "-O2
1994 X-ray, magnetostriction e ects in -O2
HP Brillouin studies up to 9.6 GPa,
P V T in -O2 .
SR study, 2D magnetic behavior of -O2 ,
1995 Theory, many-body approach to
magnetic properties of
and -O2
HPRT powder x-ray up to 116 GPa,
a new "  phase transition at 96 GPA
1996 HPRT Raman spectra (vibron and lattice)
up to 110 GPa at "  transition
HPRT electrical resistance up to 95 GPa;
appearance a conductive state under pressure
1998 Discovery of superconductivity in solid oxygen
at pressures around 1 Mbar with Tc = 0.6 K
1999 HP infrared absorption in the " phase,
formation of O4 molecular units?
2000 HP IR study, AFM order in Æ-O2
HPRT IR study up to 92 GPa, a discontinuous band-gap closure at "  transition?
Theory, HP magnetic properties
Raman studies up to 4 GPa, 1.8-110 K.
Disappearance of magnon peak at T < T
FTIR studies of - transition, frequency jumps,
thermal hysteresis and coexistence of phases
2001 Synchrotron x-ray up to 12 GPa, (19, 180,
240 K), phase diagram, lattice parameters
IR studies of "-O2 up to 63 GPa, 20-300 K.
2002 X-ray up to 10 GPa. Observation of Æ-O2
and Æ
transition down to low temperatures
HPRT single-crystal x-ray up to 115 GPa,
Raman observation of vibron up to 120 GPa
Theory, a new nonmagnetic insulating
ground state
Review article on elementary excitations
2003 HPRT Raman spectra (vibron and lattice) of
 -O2 up to 134 GPa, pressure hysteresis and
coexistence of phases at "  transition
High resolution Raman spectra of magnons,
librons, vibrons, and coupled modes, 10-90 K
2004 First comprehensive up-to-date review article
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Authors
LeSar, Etters [82]
Dunstetter, Plakhti,
Schweizer [83]
Brodyanskii, Freiman,
Jezowski [84]
Desgreniers, Vohra,
Ruo [85]
Schiferl, Johnson, Zinn [86]
Dunstetter, Plakhti,
Schweizer [87]
Carter, Schiferl,
Lowe, Gonzales [88]
Storchak et al. [89]
Jezowski et al. [90]
Johnson, Nicol, Schiferl [91]
Baryl'nyk, Prokhvatilov [92]
Abramson, Slutski,
Brown [94]
Storchak et al. [95]
da Silva, Falikov [96]
Akahama et al. [97]
Akahama, Kawamura [98]
Shimizu, Suhara,
Amaya, Endo [99]
Shimizu, Suhara, Ikumo,
Eremets, Amaya [100]
Gorelli, Ulivi,
M.Santoro, R.Bini [101]
Gorelli et al. [102]
Akahama, Kawamura [103]
Gebauer et al. [104]
Mita, Kobayashi,
Endo [105]
Minenko, Vetter,
Brodyanski, Jodl [106]
Akahama, Kawamura
Shimomura [107]
Gorelli et al. [108]
Gorelli, Santoro, Ulivi,
Han and [109]
Weck, Loubeyre,
Letoullec [110]
Neaton, Ashcroft [111]
Freiman and Jodl [112]
Goncharov, Gregoryanz,
Hemley, Mao [113]
Kreutz, Jodl [114]
Freiman and Jodl [115]

found by Dewar (54 K) [13] and by Kamerling Onnes and Crommelin (54.6 K) [12]
amounted 8 K! As atly commented W. Whal from the Davy - Faraday Research
Laboratory of the Royal Institution, Cambridge University, who have been studying
the kinetics of the melting phenomenon [14]: "The solidi cation of oxygen was found
to be a somewhat complicated phenomenon, but of much interest". We will come
back to this problem in Sec. 8.5.
The analysis of Table 2 shows that the said above is true for virtually all other
properties of solid oxygen: the rst attempt to determine the lattice structures of
; ; and O2 separated by four decades, for the thermal conductivity - by a
quarter of century, etc.
As can be seen from this Table, solid oxygen is a playground for the most sophisticated modern solid-state experimental methods including studies in diamond anvil
cells (DAC) and high magnetic elds in combination with Raman, Infrared (FIR,
FTIR), Synchrotron x-ray, and Brillouin and other optical techniques. The Table
re ects a high activity of theorists in studies of solid oxygen during all these years.
The most fresh entries in the Table testify that traditional oxygen centers like
Kharkov, Kiev, and Kaiserslautern are still very active in the eld but new and
new groups became involved in studies of solid oxygen. These facts and recent discoveries (superconductivity, new phases, etc.) indicate that solid oxygen along with
solid hydrogen and nitrogen continues to be a source of important new physics.
1.2 Molecular parameters

First of all, let us introduce the main notions and parameters characterizing the
molecular ground state. In the case of diatomic molecules, due to axial symmetry of
the eld, the component of the orbital electronic angular momentum along the gure
axis is preserved, and the molecular electron terms can be classi ed in respect of the
absolute value of the component that is commonly denoted by . If  = 0; 1; 2; :::
their molecular states are of -type, -type, -type, etc.
The symmetry group of homonuclear diatomics is D1h and the symmetry operation
is the rotation by an arbitrary angle around the gure axis and the re ection in the
planes containing this axis. Let us consider symmetry properties of -states. If the
wave function is invariant to rotations but changes sign on re ection, one has the
+ -term; if it is invariant to rotations but changes sign on re ection, one has the
 -term. In the case of a homonuclear molecule, the additional symmetry operation
is an inversion with respect to a midpoint on the line connecting the nuclei. The
Hamiltonian, describing the total system of nuclei and electrons, is invariant to
the simultaneous sign change in all electron coordinates (with nuclear coordinates
unchanged).
The wave function of the g (gerade, even) states does not change the sign on such
transformations while for u(ungerade, odd) states the sign change does occur. Parity
9

is shown by the subscription the term symbol (g ; u ).
In the nonrelativistic approximation the spin and space variables separate, so that
the molecule wave function can be represented as an antisymmetric product of the
orbital and spin functions. Each electron state of a molecule is characterized by
the total spin S of all electrons in the molecule. When S 6= 0 , one observes a
degeneration along the 2S + 1 directions of the total spin, so one has a multiplet
term whose multiplicity is expressed by the superscript preceding the term symbol.
In most chemically stable diatomics the ground state is invariant with respect to
all symmetry operations and has the total spin S = 0; i.e. the ground state of
the molecule is 1 +g (H2 , N2 , F2 ). The oxygen molecule is one of the few diatomic
molecules that have a total spin S = 1 in their ground state, which makes the O2
molecule a magnetic system. The explanation of this fact was one of the spectacular
success of Molecular Orbital (MO) - theory [116{118].
According to MO-theory the electron structure of the oxygen molecule is written
[116]:
1g2 1u2 2g2 2u2 1u4 3g2 1g2 ;
(1:1)
where  and  are molecular orbitals. The subscripts g and u denote whether the MO
are inversion-invariant or not. The correspondence between atomic s- and p-orbitals
and molecular  - and  -orbitals is shown in Fig. 1.
Equation (1.1) indicates that there are two electrons in the 1g , 1u , 2g , 2u , 3g ,
and 1g shells and four electrons in the 1u shell. There are four spin-orbitals arising
from the two 1g -orbitals. The subscripts +/- denote the value of +1 or -1 for the

Fig. 1. Energy levels in two separate oxygen atoms and in O2 molecule.
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Table 3
Assignment of electrons to spin orbitals in the electronic ground state of the O2 molecule
[116]
Assignment g++ g+ g+ g ML MS
1
1
0
0
1
0
0
2
0
1
1
0
0
0
3
1
0
1
0
0
1
4
0
1
0
1
0
-1
5
1
1
0
0
2
0
6
0
0
1
1
-2
0

orbital angular momentum, and superscripts +/- denote the value of spin of +1/2
or -1/2. Since there are two electrons to be placed in these four spin-orbitals, the
ground state of the oxygen molecule has a multiplet structure. The assignment of
the electrons to the MO's is shown in Table 3.
There are six possible ways for possible assignment. As readily seen from this table,
there are three possible states: -state (KKg2 u2+ u2 g2+ , KKg2 u2+ u2 g2 ), and
two -states: (KKg2 u2+ u2 g+ g ). All these states are of g -type, for the involved
orbitals are all of g -type. In the -state the spin S = 0; so the complete notation
of this state is 1 g . The -states are the triplet 3 g and the singlet 1 g , depending
of spin. The wave functions for the triplet states (S = 1; MS = + 1, 0, - 1 ) di er in
spin parts:
0
B
@

j +1 >
j 0>
j 1>

1
C
A

=

8
>
<

(2);
g+ (1)g (2)p g (1)g+ (2) p1(1)
[
(1)
(2) + (2) (1)]:
2
>
:
2
(1) (2);

(1:2)

Here (1); (1) are Pauli spin functions for electron 1, corresponding to the spin of
+ 1/2, -1/2, respectively. The orbital part of these functions is asymmetric under
re ection and the complete notation of the triplet state is 3 g . The wave function
of the singlet state

p1 [g+(1)g
2

1
(2) + g (1)g+ (2)] p [ (1) (2)
(2) (1)]
(1:3)
2
is symmetric under re ection and the state is 1 +g . By Hund's rules, the resulting
3  state (S = 1;  = 0) has the the lowest, the 1 g state (S = 0;  = 2) is next
g
higher, and the 1 +g state (S = 0;  = 0) has the highest energy. The energies of
these states are listed in Table 4.
Let us consider the ne structure of the triplet state. So far we neglected relativistic
e ects and this term was threefold degenerate. If these e ects are taken into account
the energy became dependent on the component of the spin along the molecular axis
and degeneration is lifted. Relativistic e ects in a molecule are referred to as the
spin- gure interaction. As was shown by Kramers [119] (see also Refs. [120{123]), the
spin-spin and spin-orbital interactions of the uncompensated electrons are equivalent
to an interaction between the total spin S and the gure axis can be written in the
form
2
2
[3(Sn)2 S2 ] = A[(Sn)2
S (S + 1)];
(1:4)
3
3
where n is the unit vector along the molecular axis, A is the spin- gure interaction
11

constant (A ' 3.96 cm 1 [124]).
When centrifugal-distortion e ects are neglected, the Hamiltonian for the ne structure of the ground state of the oxygen molecule may be expressed in the form [124]

H0 = B K2 + 23 [3(Sn)2

S2] + KS;
(1:5)
where K is the rotational angular momentum and the K-term is the energy of
end-over-end rotation; the -term is the potential energy of the electron magnetic
moments in the magnetic eld caused by the end-over-end rotation.
The thorough theoretical and experimental treatment of the ground state of the
oxygen molecule was made by Tinkham and Strandberg [124]. These authors have
determined a consistent set of molecular parameters by tting their experimental
data to their theory. Many authors turned to this problem time and again [125{129]
with the aid to obtain highly accurate values of the equilibrium constants of the O2
molecule.
The values B , , and  are not constants, but vary with K , because of centrifugal
distortion. They may be expanded into the series

B = B0 + B1 K (K + 1) + B2 K 2 (K + 1)2 + : : : ;
 = 0 + 1 K (K + 1) + : : : ;
 = 0 + 1 K (K + 1) + : : :

(1:6)

The e ective intermolecular distance r0 for the ground state was obtained from B0
with the expression
r0 = (~2 =2mB0 )1=2 ;
(1:7)
where m is molecular mass. The quantity Be , the equilibrium values of B , was
obtained taking into account corrections for the ground state due to vibration e ects
and molecular rotation e ects: Be = (1 gr )(B0 + 12 ), where gr is the molecular
rotational g -factor, and is given in Table 4. The equilibrium internuclear distance
re and Be are related by the expression similar to Eq. (1.7):

re = (~2 =2mBe )1=2 :

(1:70 )

The molecular parameters of 16 O2 , 16 O18 O, and 18 O2 are listed in Table 4.
The symmetry of the O2 molecule with respect to permutation of nuclei imposes
some constraints on realizability of rotational states. The behavior of the molecule
wave function with respect to the permutation operation P12 for identical nuclei is
determined by the total nuclei spin I of a molecule:

P12 = ( 1)I :
12

(1:8)

Table 4
Basic parameters of the 16 O2 , 16 O18 O, and 18 O2 molecules
16 O2
Quantity
1
a
E ective rotational constant (see Eq. 1.6), B0 (cm ) 1.43768
B1 (see Eq. 1.6), (10 5 cm 1 )a
-0.4837
Equilibrium rotational constant Be (cm 1 )a
1.44581
E ective bond length (see Eq. 1.7), r0 (
A)a
1.210850
Equilibrium bond length (see Eq. 1.70 ), re (
A)a
1.207433
0 (see Eq. 1.6), (cm 1 )a
1.98475
1 (see Eq. 1.6), (10 5 cm 1 )a
0.19507
0 (see Eq. 1.6), (10 3 cm 1 )a
-8.42536
1
b
(cm
)
0.01593
e
Spin g-factor, gs
2.002
Molecular rotational g-factor, gr  104 c
-1.25
Vibration frequency, !e (cm 1 ) d
1580.193
Electronic transition energy, ! (3 g 1 g )(cm 1 )d
7882.4
3
1
+
1
d
Electronic transition energy, ! ( g
g )(cm )
13120.9
Dissociation energy, D0 (ev)d
5.1156
a Ref[128].
b Ref[128,130].
c Ref[128,131].
d [132].

16 O18 O
1.35785
-0.4303
1.36533
1.210751
1.207429
1.98468
0.17719
-7.95510
0.01454
2.002
-1.25

18 O2
1.27801
-0.3836
1.28484
1.210650
1.207427
1.98460
0.17382
-7.48648
0.01334
2.002
-1.25

In this connection the states of a diatomic homonuclear molecule are classi ed into
symmetric (with I even) and antisymmetric (with I odd). The symmetric and antisymmetric states are related to the quantum numbers by the expression [133]
( 1)J +I = ;

(1:9)

where  = 1 for the electron  terms,  = +1 for g and  = 1 for u electron
terms. Thus, the parity of the rotational level is determined by the parity of the
total nuclear spin.
In the case of 16 O2 and 18 O2 molecules the total nuclear spin I is equal to zero. For
the 3 g ground state of the oxygen molecules  = 1,  = +1 and Eq. (1.9) implies
that the rotational quantum numbers can assume only odd values J = 1; 3; 5; : : :
Thus, half of the rotational levels disappears. The lowest rotational level has J = 1,
i.e. the molecule acquires the zero rotational energy.
In order to characterize an isolated molecule, it is suÆcient to have a single size
parameter, for example, the bond length. If the intermolecular interaction is involved other size parameters begin to work that give the dimensions of the electron
shell. Indeed, when two molecule interact, it primarily means that their charge density distributions overlap in space. in contrast to the bond length which can be
directly measured, e.g. from the rotational spectrum, the molecular size parameters
are neither rigorously de ned nor measured. The kinetic diameter is obtained from
transport properties of gas, e.g. viscosity using in the calculations some model intermolecular potential. The e ective molecular size obtained in this manner is sensitive
to the assumed form of the intermolecular potential and to the selected property to
be measured. Some information on the molecular shape and size can be drawn from
the data on the molecular packing in crystal.
13

Another idea on the molecular shape and size are given by electron density distribution maps. Calculations of contours of the electron density for a number of
simple molecules based on the Hartree - Fock wave functions were carried out in
Refs. [134{136]. The results of calculations of contour maps for the total molecular
charge density for the oxygen molecule as given by Wahl is shown in Fig. 2. The
charge density on the outer contour labeled (0.002) is 0:002e=a30, e being the electron
charge, a0 , the Bohr radius (the density on the n-th contour equal 0:002n 1 e=a30 ).
Since inside the 0.002 contour above 95% of the molecular charge is concentrated, it
is agreed to use this contour dimensions as a molecular dimensions. Table 5 presents
the "length" and "width" of the O2 molecule. For more recent calculations of the
electronic structure of the O2 molecule see Ref. [137] and references therein.
The electron density distribution determines the behavior of the molecule in the external electric eld, thus determining the electrostatic component of the intermolecular interaction. At large separations between molecules their charge distributions
do not overlap, and the energy of the electrostatic interaction can be represented
as a sum of interactions of their multipole moments. For homonuclear diatomics
the main contribution to the electrostatic energy is made by the interactions of
their quadrupole moments, since the dipole moment of the molecule vanishes. The
recommended value of the quadrupole moment is presented in Table 5.
The same Table gives data on the tensor of the molecule static polarizability, an
intrinsic property that determines the system response to an external homogeneous
static electric eld. In linear molecules only the diagonal components are nonzero,
and only two of them being independent: k = zz , and ? = xx = yy (the z -axis
coincides with the gure axis). Experimentally these values can be measured from
the spherically averaged dipole polarizability
1
= ( k + 2 ?)
3

(1:10)

and the polarizability anisotropy

=( k
.
.
.
.

?)=3 :
.
.
.
.
.
.
.

.

.
.
.
.
.

Fig. 2. Electron-density contours for O2 molecule according [134].
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(1:11)

Table 5
Characteristics of the total density distribution of the 16 O2 molecule
Parameter
Value References
Size parameters (
A)
Length
4.18 Bader et al. [138]
Width
3.175 Bader et al. [138]
Multipole moments
Dipole
0
Quadrupole (10 26 esu) { 0.39 Recommended in Ref.[139] a
Averaged polarizability (
A3 )
1.6 [140]
Anisotropy of polarizability
0.2375 [140]
a More recent experimental value by Cohen and Birnbaum [141] is 0:3410 26 esu. Wormer
and van der Avoird [137] obtained in Hartree-Fock approximation the value 0:3556 
10 26 esu.

It should be noted an anomaly small value of the quadrupole moment of the oxygen
molecule which turns out to be an essential factor determining the character of the
phase diagram of solid oxygen.
Noteworthy also is high linear dipole polarizability of the oxygen molecule. Both the
along-axis and o -axis components exceed the corresponding quantities in hydrogen
more than a factor of 2.

2 Intermolecular interaction
The distinctive characteristic of the intermolecular interaction between oxygen molecules
in their 3 g ground states, as opposed to similar simple molecules like H2 or N2 , is
the coupling of their triplet electronic spin momenta. Two triplets can couple to a
singlet (S = 0), a triplet (S = 1), or a quintet (S = 2).
The intermolecular potential in most general case can be represented as a sum

Us ( 1 ; 2 ; R; S1 ; S2 ) = U ( 1 ; 2 ; R) + J ( 1 ; 2 ; R)S1 S2 :

(2:1)

Here 1 ; 2 are unit vectors along the molecular axes, R is a vector joining molecular centers, S1 ; S2 are electron spin operators of the interacting molecules. The rst,
spin-independent potential U is the multiplicity weighted average of Us over spin
states of the pair of molecules. The second term has the form of Heisenberg Hamiltonian with the exchange coupling parameter J being dependent in general case on
the distance R between the molecules and on their orientations 1 , and 2 .
The spin-independent part in its turn can be represented as a sum of two terms

U ( 1 ; 2 ; R) = Uis (R) + Uanis ( 1 ; 2 ; R);

(2:2)

where Uis (R), an isotropic part of the potential, is an average of U ( 1 ; 2 ; R) over
the orientational variables. In order for the representation (2.2) was unambiguous it
is suÆcient that the condition hUanis ( 1 ; 2 ; R)i 1 ; 2 = 0 was met.
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2.1 Isotropic potentials

As with other simple molecules, in case of oxygen the most popular isotropic potentials are the (6-12) Lennard-Jones potential:
h
i
U (R) = 4 (=R)12 (=R)6
(2:3)
and the (exp 6) Buckingham potential:


U (R) =
1 6=

(

6

exp





1

R 
Rm



Rm 6
:
R
)

(2:4)

In the case of the (6-12) potential,  is the potential well depth, and  is the intermolecular distance when the condition U (R)jR= = 0 is met. The parameter
 characterizes the e ective molecular size. The minimum point corresponds to
Rm = 21=6  (=Rm ' 0:8909). The (exp-6) potential depends on three parameters:
the potential well depth , the minimum energy separation Rm , and the steepness of
the exponential . In the narrow vicinity of the van der Waals minimum both the
(6-12) and (exp 6) potentials are, in fact, equivalent, since for j(R Rm )=Rm j  1,
R n ' Rmn exp[ n(R=Rm 1)].
The parameters  and  for the (6-12) O2 -O2 potential were obtained from gas
phase data [140]:  = 113 K,  = 3:433 
A [142] (from viscosity data);  = 117.5
K,  = 3:58 
A [143] and  = 117.5 K,  = 3:58 
A [144] (from the second virial
coeÆcient).
Smith and Giraud [145] used the (exp 6) potential, with = 19.33;  = 155.7 K;
Rm = 3:68 
A reported by Mingelgrin and Gordon [146] for the calculation of the
pressure broadening of the O2 microwave spectrum.
The most exible isotropic O2 -O2 potential was proposed by Brunetti et al. [147].
To obtain a potential able to describe the intermolecular interaction in a wide distance range they performed a combined analysis of data on gas phase absorption
spectra by Long and Ewing [148], high energy molecular beam scattering by Cubley and Mason [149], critically analyzed data on second virial coeÆcients of Ref.
[150], and their own experimental data on scattering cross section. As a result
they proposed an exponential-spline-Morse-spline-van der Waals (ESMSW) potential U (R) = f (x); x = R=Rm of the form:

A exp[ (x 1)]
expfa1 + (x x1 )[a2 + (x x2 )(a3 + (x x1 )a4 )]g
f (x) = > exp[ 2 m (x 1)] 2 exp[ m (x 1)]
>
>
expfb1 + (x x1 )[b2 + (x x2 )(b3 + (x x1 )b4 )]g
>
>
:
c6 x 6 [1 + Rm2 x 2 (1 + Rm2 x 2 )]
8
>
>
>
>
>
<

where

c6 = C6 Rm6 ;
= C8 =C6 ;
= C10 C6 =C82 :
Parameters of the ESMSW potential are given in Table 6.
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0 < x < x1 ;
x1 < x < x2 ;
x2 < x < x3 ; (2:5)
x3 < x < x4 ;
x4  x;

Table 6
Parameters of the exponential-spline-Morse-spline-van der Waals (ESMW) isotropic O2 O2 potential [147]
parameter value
parameter
value
Spline coeÆcients
6 ) 74.7 a1 4.4722 b1 -0.9270
 (10 15 erg) 18.3 C6 (10 12 erg  A
)
8 ) 418.3 a2 -15.4724 b2 1.8660
Rm (A
3.94 C8 (10 12 erg  A
6.30 C10 (10 12 erg  
A10 ) 3041 a3 -24.5266 b3 -1.4387
m

A
(
A2 )

0.849
12.53
5.6
1.3

x1
x2
x3
x4

0.63
0.75
1.05
1.48

a4

94.7536

b4 -3.8363

2.2 Anisotropic potentials
2.2.1 Phenomenological potentials

The simplest way to obtain an anisotropic potential is to represent the intermolecular
interaction as a sum of site-site potentials:

U ( 1 ; 2 ; R) =

X

ij

ij (rij );

(2:6)

where rij is the distance between point sites i and j of the rst and second molecules,
 is the isotropic potential of the point site interaction.
A two-site atom-atom (6-12) Lennard-Jones potential was employed by Jelinek et
al. [151,152] in their paper on lattice dynamics of - and
O2 . Parameters of

their potential (at at = 57:5 K; at at = 3:136 A) are in good agreement with the
molecular parameters  and  [142{144]. Asymptotically two sets of the parameters
are related by the equation
6
6
4at at at
at = mol mol:

(2:7)

English and Venables [153] and English, Venables and Salahub [154] discussed the
problem of structures of the low-temperature phases of diatomics on the base of
the intermolecular potential consisting of a sum of the atom-atom Lennard-Jones
potential and a molecular quadrupole - quadrupole interaction with parameters
at at = 36:2 K; at at = 3:44 
A, Q = 0:39  10 26 esu.
Koide and Kihara [155] proposed an intermolecular potential function in the form
of a sum of the Kihara core potential (see Ref. [156]) and the quadrupole interaction
energy
U () = U0 [(0 =)12 2(0 =)6 ] + UEQQ ;
(2:8)
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where the core term is similar to that of Lennard-Jones but with the variable  set
equal to the minimal distance between impenetrable molecular cores whose geometry re ects the shape of the molecules. This is why the Kihara potential Eq. (2.8)
explicitly contains the dependence of the forces acting between molecules upon their
shape. The potential parameters 0 and U0 (U0 is the potential well depth , the minimum being reached at  = 0 ) and the core length were determined on the basis
of critical compilation of virial coeÆcients (0 = 3:20 
A, U0 = 151 K); the shape
and the size of the core were chosen on the basis of molecular charge distribution
calculations [138] (the ratio of the core length to the intermolecular distance for O2
was set equal 0.85).
2.2.2 Semiphenomenological potentials

Along with model potentials, a wide use is made of semiphenomenological potentials
in which the attractive forces are described by expressions derived on more reliable
theoretical basis. Among these we shall discuss the Kohin potential, Etters - Kobashi
- Belak (EKB) potential and modi ed Koide-Kihara potential.
The Kohin potential. We shall consider this potential in more detailed way because
it gives us a good opportunity to understand speci c features of the intermolecular
interaction in oxygen. This potential was suggested by Kohin [157] to describe N2 and
CO crystals and was later modi ed in Refs. [158,159,77] to describe the librational
motion in N2 -type crystals [158,1] and in solid oxygen [159,77].

The dispersion forces in the Kohin potential are represented by a series expansion in
powers of the polarizability anisotropy parameter  de ned by Eq. (1.11) [160,156]:

 6 
1  1
Ud = 4
R


3
( n)2
2 1



3
3
3
2
2
( 2 n)
 ( 1 n)2 + ( 2 n)2
2
2
2

27
( n)2 ( 2 n)2 + 9( 1 n)( 2 n)( 1 ; 2 )
2 1
where n = R/R.


3
( 1 ; 2 )2 :
2

(2:9)

In cubic crystals (of
N2 -type) the linear in  term in Eq. (2.9) after summation
over lattice sites turns to zero, but in solid oxygen it contributes a leading contribution to the orientational crystal eld that determines the molecule orientation with
respect to crystal axes.
E ects of correlation in the mutual orientation of molecules are determined by the
quadratic term in  in Eq. (2.9).
Repulsive forces in the Kohin potential are described in terms of the site-site potential where the separation between the two interaction centers is regarded as a
new tting parameter - the e ective intermolecular distance 2d (not to be confused
with r0 in Eq. (1.7) and Table 4). Assuming that the repulsive interaction can be
18

Table 7
Parameters characterizing the quadrupolar interaction for a number of molecular crystals
[161,156]
Parameter
O2
N2 CO2
Quadrupole moment Q (10 26 esu)
0.39 1.29 5.4
Quadrupole interaction parameter (K), Eq. (2.12) 0.7
2.85 54.3
Quadrupole energy per molecule UEQQ (K)
41.3 127.3 2425
Binding energy Ubind (K)
1247.5 1004 3480
UEQQ=Ubind
0.033 0.127 0.697

described by the expression

Ur = A

X

ik

rik12 ;

(2:10)

where rij is the distance between point sites i and j of the rst and second molecules,
and expanding Eq. (2.10) in the small parameter (d=R)2 , one obtains an explicit
expression for Ur in terms of the vectors 1 ; 2 , and n (see for example, Ref. [160,1]).
The rst order correction in (d=R)2 to Ur has a structure similar to that linear in
 in Eq. (2.9) and as the latter in solid oxygen it contributes to the orientational
crystal eld. The second order correction in (d=R)2 to Ur has a structure similar to
the term quadratic in  in Eq. (2.9) and as the latter it contributes to correlation
orientational e ects.
The quadrupole-quadrupole component of the potential

UEQQ =

25
8

1 5( 1 n)2

h

5( 2 n)2 + 35( 1 n)2 ( 2 n)2

20( 1 n)( 2 n)( 1 2 ) + 2( 1 2 )2 :
The quadrupole interaction parameter
i

=

6 2 5
Q =R
25

(2:11)
(2:12)

is a characteristic energy parameter in crystals with the quadrupole-quadrupole
interaction. The values of parameters for a number of molecular crystals are given
in Table 7. As one can see from this Table, the quadrupolar interaction is negligible
for oxygen, but not negligible for nitrogen and is very strong for carbon dioxide.
Parameters of the Kohin potential are given in Table 8.
Etters - Kobashi - Belak (EKB) potential. Ideas developed in constructing the intermolecular potential for hydrogen and nitrogen molecules (see, for example, Refs.
[161,156]) were embodied by Etters, Kobashi, and Belak [76] and LeSar and Etters
[82] in their site-site potential for oxygen molecules. The potential has been proven
to represent the gas phase and the solid at zero temperature over a wide range of

19

Table 8
Parameters of the O2 -O2 Kohin potential [77]
LJ parameters
(10 14 erg)

1.62
3.46
0.238
1.883

(
A)
Anisotropy of polarizability 
Repulsive parameter A (10 8 erg 
A12 )
E ective distance between force sites
for repulsive interaction 2d (
A)
1.181 a ; 1.028 b ; 1.118 c
Quadrupole moment Q (10 26 esu)
0.39
a for -O2 .
b for -O2 .
c for spherically averaged interaction.

pressures [76]. The spin-independent part of the potential is given by the expression

U=

rij ) f (rij ) B6 rij 6 + B8 rij 8 + B10 rij 10

Xn

ij



A exp(

o

(2:13)

where i; j are interaction sites on each molecule, placed at the atomic positions, rij
is the intersite distance, f (r) is the damping function [162]:
8
>
<

expf [(1:28rm =rij )
: 1;

f (rij ) = >

1]2 g; rij  1:28rm ;
rij > 1:28rm :

(2:14)

where rm = 3:3 
A.
The electric quadrupole-quadrupole interaction was described by the Coulomb interaction between point charges ( q; 2q; q ) placed along the molecular axis at
(0.6038, 0, -0.6038 
A), so that the calculated quadrupole moment of the oxygen
molecule was reproduced. Parameters of the EKB potential are given in Table 9.
Modi ed Koide-Kihara potential. Bussery and Aubert-Frecon [163] and Bussery and
Wormer [164] proposed the potential in the form

U () = U0 (0 =)12 + Ud + UEQQ ;

(2:15)

where the rst term is a repulsive part from the Kihara core potential (see Eq. 2.8),
and the second is the dispersion term in the form of Eq. (2.9).
2.2.3 Ab initio potentials

Compared with closed-shell molecules, such as H2 or N2 , ab initio calculations of the
O2 -O2 intermolecular interaction is a far more diÆcult problem. To overcome speci c
20

Table 9
Parameters of the EKB potential [76,82]
parameter value
parameter
value
6
 ) 0.1507694
A (107 K) 1.944144 B6 (106 K  A
 1)
8 ) -0.6966021
(A
3.8
B8 (106 K  A
)
10 ) 0.9562391
2d (A
1.208 B10 (107 K  A
Parameters of the exchange energy, Eq. (2.31)
J0 (K)
60.0
A 1)
1.778
2 (
2
J01 (K)
39.71
(
A )
1.2
J02 (K)
35.946
R0 (
A)
3.1854
1
A )
3.5
Rmin(
A)
2.6
0 (
1
A )
4.9
Rmax (
A)
4.2
1 (

problems pertaining to ab initio calculations of the O2 -O2 intermolecular interaction
and in particular the problem of nonorthogonality of the molecular orbitals on the
di erent molecules, Hemert, Wormer and van der Avoird [67] and Wormer and van
der Avoird [137] developed a new method which extended the second- quantized
hole-particle formalism to nonorthogonal orbitals. The proposed approach allowed to
reduce the 32-electron problem to a 4-electron one, the remain 28 electrons forming
an e ective core potential.
The electrostatic and exchange interaction between two 3 g ground state O2 molecules
have been calculated by means of rst order perturbation theory. Depending on the
spin state of the two O2 molecules, three distinct potential surfaces exist corresponding to the singlet (S = 0), triplet (S = 1), and quintet (S = 2) states. The O2 -O2
exchange interaction causes splitting between these surfaces and in a wide region of
intermolecular distances is accurately represented by the Heisenberg Hamiltonian

Hs = J S1 S2;

(2:16)

where S1 , and S2 are spin operators (S = 1) and J is the coupling parameter which
is linked to the exchange integral and depends both on the distance between the O2
molecules and on their orientations.
In a perfect analogy to the spin-independent part of the intermolecular interaction
(Eq. 2.2), the spin interaction parameter J in the Heisenberg Hamiltonian Eq. (2.16),
can be expressed as a sum of two terms

J ( 1 ; 2 ; R) = Jis(R) + Janis ( 1 ; 2 ; R);

(2:17)

where Jis(R), an isotropic part of the spin interaction parameter, is an average of
J ( 1 ; 2 ; R) over the orientational variables.
Eigenvalues for the Heisenberg Hamiltonian Hs are -2J for S = 0, -J for S = 1, and
J for S = 2, so that the interaction for each of the multiplet states can be described
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as

E (1) (S = 0) = U (1)

2J ;
E (1) (S = 1) = U (1)
E (1) (S = 2) = U (1) + J;

J;

where E (1) (S ) is the rst-order perturbation energy for a given spin-state.

(2:18)

Spin-averaged part of the rst-order energy can be de ned as a weighted average
over the spin states:

U (1) =

i
1 h (1)
E (S = 0) + 3E (1) (S = 1) + 5E (1) (S = 2) :
9

(2:19)

In a similar way the spin-coupling Heisenberg parameter weighted over spin states

J=

1 h (1)
E (S = 1)
2

E (1) (S = 0) +
i

1 h (1)
E (S = 2)
4

E (1) (S = 1) :
i

(2:20)

The numerical results of the ab-initio calculations were represented in the analytical
form to yield the following spin-independent part of the O2 -O2 potential [67,137]:

U (1) (R; #1 ; #2 ; ) = (4 )3=2

X

L1 L2 L

vL1 L2 L (R)AL1 L2 L (#1 ; #2 ; )

(2:21)

with angular functions

AL1 L2 L (#1 ; #2 ; ) =




2L 1=2 X L1 L2 L 
m1 m2 0 YL1 m1 (#1 '1 )YL2 m2 (#2 '2 );
4
m1 m2

(2:22)



where Lm11Lm22L0 are 3J -coeÆcients, YLm are normalized spherical harmonics. The
angles #i and 'i ( = '1 '2 ) refer to the coordinate system with z -axis lying
along vector R, connecting the centers of mass of the molecules.
The radial dependence of the spin-independent part of the potential (the discussion
of the spin-spin interaction will be continued in Sec. 2.4.) is determined by the
expansion coeÆcients

vL1 L2 L (R) = gL1 L2 L exp



2

L1 L2 L x

L1 L2 L x

+ ÆL1 +L2 ;LCL1 L2 R (L1 +L2 +1) +

X

n=6;8;10

CL(n1)L2 L R n :

(2:23)

The exponential term is due to the overlap (exchange and charge penetrate) e ects,
x = (R R0 )=R0 ; R0 = 3:2 
A; the values for gL1 L2 L ; L1 L2 L ; L1 L2 L is tabulated
in Table IV Ref. [137]. The second term in Eq. (2.23) is due to the electrostatic
multipole interactions,

CL1 L2 = ( 1)

L1

"

#1=2
(2L1 + 2L2 )!
QL1 QL2 ;
(2L1 + 1) (2L2 + 1)

22

(2:24)

where QL are the molecular multipole moments (the calculated values in atomic
units Q2 = 0:2644ea20 , Q4 = 4:095ea40 , Q6 = 16:26ea60 ). Equation (2.23) includes
also the second-order dispersion and induction attractive interactions.
(6) both from semiemReliable data exist only on the leading isotropic coeÆcient C000
pirical calculations by Margoliash and Meath [165], Zeiss and Meath [166], and from
more sophisticated calculations by Hettema et al. [167] and Spelsberg and Meyer
(n) have been calcu[168]. The dimensionless anisotropy factors L(n1)L2 L = CL(n1)L2 L =C000
lated only for dipole [169,167,170] and quadrupole polarizabilities [167].
To obtain an expression for the anisotropic attractive forces, Jansen and van der
Avoird [171,79] introduced three sets of model coeÆcients CL(n1)L2 L : the set (A) has
been obtained assuming that the anisotropic intermolecular dispersion interaction
can be represented by C (6) =r(6) atom-atom potential and using the potential by
Kobashi et al. [60]; the set (B) was obtained by using the same model but the C (6)
value was scaled in such a way to reproduce the experimental cell parameters in
(6) from Ref.
-O2; the set (C) was constructed from the semiempirical value for C000
[165] and using the anisotropy factors L(6)1 L2 L from ab initio calculations [169]. To
obtain higher coeÆcients CL(n1)L2 L for n = 8; 10, it was supposed that CL(n1)L2 L =CL(6)1 L2 L
ratios for the O2 -O2 and N2 -N2 intermolecular potentials are the same and using for
the latter ab initio results from Ref. [172]
The di erent sets of parameters CL(n1)L2 L generate various ab initio O2 -O2 potentials:
WVA + JVA (A,B,C) potentials result from Wormer and van der Avoird rst order
calculations [137] plus Jansen and van der Avoird long-range terms using the sets
(A), (B), and (C), respectively.
WVA + RHW potential is a sum of the rst order Wormer and van der Avoird
energies and second-order energies from ab initio calculations by Rijks et al. [170].
BW potential is a sum of the rst order energies from Ref. [137] and semiempirical
anisotropic dispersion energy coinciding with that of the Kohin potential. As far as
we know, the most recent data for CL(n1)L2 L (n = 6; 8) from Refs. [167,168] have not
been used for construction of the O2 -O2 intermolecular potentials for the condensed
matter calculations.
2.3 Comparison of di erent O2 -O2 intermolecular potentials

A comparison of U (R) curves for several discussed semiempirical and ab initio potentials for various mutual orientations are shown in Figs. 3 and Fig. 4. We considered
four typical con gurations: H (parallel), where #1 = #2 = =2; '1 '2 = 0; T (mutually perpendicular) where where #1 = #2 = =2, '1 '2 is arbitrary; X (crossed),
where #1 = #2 = =2; '1 '2 = =2; and L (linear), where #1 = #2 = 0;
In Fig. 3 a comparison is given of U (R) curves for the Kohin potential (Eqs. 2.9 23

2.12) with that for the Etters-Kobashi-Belak (EKB) potential (Eq. 2.13).
For the Kohin potential the deepest minimum on the U (R) curves for the O2 -O2
interaction (Fig. 3) is that for the H -con guration, which corresponds to the mutual
alignment for the nearest neighbors in - and -O2. The depth of the minimum is
 280 K and Rmin, the intermolecular distance corresponding to the minimum,
is 3.29 
A. The next deepest is the X -con guration ( 250 K, Rmin  3:3 
A), then
follows the T -con guration ( 155 K, Rmin  3:9 
A). The orientation-averaged U (R)
curve is near twice more shallow that for the H - con guration ( 104 K).
In the case of the EKB potential (marked by symbols in Fig. 3) the X -con guration
is the deepest ( 205 K); the next deepest is the H -con guration ( 200 K). The
minimum positions of the both con gurations are near the same (Rmin  3:3 
A),

then follows T -con guration ( 135 K, Rmin  3:9 A), and the least deep is the
L-con guration ( 85 K, Rmin  4:5 
A).
The Koide-Kihara (KK) potential has the same order on the minimum depth as the
Kohin potential: H ( 250 K and Rmin  3:18 
A; X ( 200 K, Rmin  3:2 
A, T con guration ( 150 K, Rmin  3:8 
A), and L-con guration ( 140 K, Rmin  4:2 
A).

For intermolecular distances R > 4:1 A the L-con guration is the deepest one.

Fig. 3. Comparison of U (R) curves for the Kohin and Etters-Kobashi-Belak O2 -O2 intermolecular potentials. (U (R) curves for the EKB potential marked by symbols.)

Comparing the BW and WVA + RHW ab initio potentials (Fig 4) one can see that
the BW potential possesses by larger binding energies and by shorter equilibrium
distances. There is also a slight inversion between the very close H and X minima.
For the BW potential: H ( 185 K, Rmin  3:33 
A); X ( 177 K, Rmin  3:28 
A);


T ( 89 K, Rmin  4:02 A); L ( 65 K, Rmin  4:55 A). For the WVA + RHW
potential: X ( 117 K, Rmin  3:44 
A); H ( 112 K, Rmin  3:49 
A); T ( 55 K,
Rmin  4:13 
A); L ( 33 K, Rmin  4:76 
A).
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Fig. 4. Comparison of U (R) curves for the BW [164] (marked by symbols) and WVA +
RHW [170] O2 -O2 ab initio intermolecular potentials.

Regularities that lay behind these gures are the following. For intermolecular distances in the neighborhood of the minimum and smaller the leading term in the
intermolecular potential is the short-range exchange repulsion. At the given intermolecular distance, the minimal overlap of the molecular charge clouds occurs for
the crossed X -con guration, that is, the crossed X -con guration optimizes the repulsive forces. A slightly less favorable, from the point of view of the repulsive
forces, is the planar H -con guration, and the least favorable is the linear structure
(L-con guration). On the opposite, the linear con guration is the most favorable
for the dispersion forces and slightly favors the H -con guration with respect to the
X -con guration. In the total potential these opposite e ects nearly compensate each
other and the well depths for the H - and X -con gurations are very close.
Inspection of Figs. 3, 4 and comparison with the N2 -N2 intermolecular potential
reveals a key role of the molecular quadrupole moment for the properties of diatomic
solids. Strong quadrupole-quadrupole interaction characteristic of N2 molecules (see
Table 7) turns the molecules around into the mutual T -con guration increasing the
overlap of the molecular charge clouds. The resulting short-range repulsion pushes
the molecules away up to the distance where it can be equalized by the attractive
forces. As a result, the equilibrium intermolecular distance and respectively the
lattice parameter for solid N2 turns out to be about 25% higher than that for solid
O2 .
Thus, a speci c position of oxygen among other diatomics is connected not only
with the fact that the molecule possesses a magnetic moment but as well to a small
value of its quadrupole moment.
Regardless of the noticeable di erences, the suggested potentials provide a good basis
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for description of the sublimation energy, lattice parameters, and lattice vibration
spectra of the solid at zero and elevated pressures; they also enable description of
potential-sensitive properties of the liquid and gaseous phases. At the same time,
the very existence of a few appreciably di erentiating potentials indicates that the
problem of a "true" O2 -O2 intermolecular potential is far from its nal solution. A
great challenge in this respect is the phase diagram of solid O2 .
2.4 Spin-Spin Interaction

The exchange interaction due to the overlap of outer shell electronic clouds has been
represented in Sec. 2.2 in the form of Heisenberg Hamiltonian Eq. (2.16).
The radial and angular dependence of the spin interaction parameter J in the Heisenberg Hamiltonian Eq. (2.16) can be expressed by a spherical harmonic expansion
similarly to the expansion of the spin-independent potential Eq. (2.21):
X
J (R; #1 ; #2 ; ) = (4 )3=2
jL L L (R)AL L L (#1 ; #2 ; );
(2:25)
L1 L2 L

1 2

1 2

where angular functions AL1 L2 L (#1 ; #2 ; ) are given by Eq.(2.22).
Since the Heisenberg interaction is caused only by exchange e ects, the expansion
coeÆcients of Eq. (2.25) contain only an exponential term:

vL1 L2 L (R) = gLex1 L2 L exp

ex

ex

L1 L2 L x

2 :

L1 L2 L x

(2:26)

The expansion parameters gLex1 L2 L ; Lex1 L2 L ; Lex1 L2 L have been calculated by ab initio
quantum chemical methods in Ref. [137].
A convenient representation of the radial and angular dependence of the spin interaction has been given in Ref. [173] in terms of a spherical harmonic expansion
consisting of the rst four terms:
n
h
i
J (R; 1 ; 2 ; ) = 4 J 000 (R) + J 202 (R) Y2020 (1 ; 2 ; ) + Y0220 (1 ; 2 ; )
o
+J 220 (R)Y2200 (1 ; 2 ; ) + J 222 (R)Y2220 (1 ; 2 ; ) :
The angular functions YLLa0Lb are bipolar spherical harmonics:

YLLa0Lb (#a ; #b ; ') = (2L + 1)1=2

X

m

( 1)La

Lb



(2:27)

La Lb L 
mm
 0

YLam(#a ; 'a)YLbm (#b ; 'b);

(2:28)

b L
where YLm are spherical harmonics, Lma Lm
 0 is a Wigner 3j symbols. The radial
coeÆcients J ijk (R) are parameterized as follows




J ijk (R) = aijk exp( bijk R):
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(2:29)

In the majority of works devoted to magnetic properties of and oxygen, only a
distance dependence of J was taken into account which could be considered as an
e ective exchange coupling constant resulted from averaging over librations:

J (R) = hJ (R; 1 ; 2 ; )i1 ;2 ; :

(2:30)

An exponential distance dependence J (R) = J0 exp[ (R R0 )] with = 3:8
4:7 
A 1 , R0 = 3:187 
A was proposed in Ref. [174] devoted to properties of oxygen pair
clusters in the nitrogen matrix and in Ref. [78] devoted to the analysis of the pressure
dependence of the magnetic susceptibility. The same dependence with = 4:3 
A 1,
R0 = 3:2 
A was used in Refs. [175] in calculations of properties of solid oxygen
under pressure. A power law J  R n with n = 14:4  1:2 was obtained by Meier et
al. [66] on the base of the pressure dependence of the magnetic susceptibility. The
most elaborate phenomenological form of the distance dependence of the exchange
constant was proposed in Refs. [76,82]:
8
>
<

J01 exp[ 1 (R R0 )];
R < Rmin;
2
J (R) = > J0 exp[ 0 (R R0 ) + (R R0 ) ]; Rmin < R < Rmax ;
:
J02 exp[ 2 (R R0 )];
R > Rmax :
Parameters of J (R) are given in Table 9.

(2:31)

3 Phase diagram and structure of solid-state phases
3.1 Phase diagram

Investigations carried out during the last twenty years in the eld of high and ultrahigh pressures, which have become possible thanks to the diamond anvil technique,
have extended the pressure range over 2 Mbar and temperatures over 1000 K, thereby revealing an astonishingly rich phase diagrams of simple molecular crystals.
The rst data on the phase diagram of solid oxygen at elevated pressures were
published in the middle thirties of the past century. Lisman and Keesom [23] studied
in Leiden laboratory the melting curve up to 160 atm. In 1955 Mills and Grilly [30]
investigated the melting curve up to 3.5 kbar. The pressure dependences of the
and
transition temperatures were measured by Stevenson [31] and Stewart
[32] up to 10 and 19 kbar respectively. Twenty years later Dundon [56] used pressure
about 170 atm with the aim to elucidate the nature of the
transition and see
if structure and magnetic phase transitions could be separated under pressure.
The rst study of solid oxygen in the diamond-anvil cell in the pressure range up
to 18 GPa at the room temperature was performed by Nicol, Hirsh and Holzapfel
in 1979 [57]. This work was a starting point of modern history of high pressure
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Fig. 5. Phase diagram of solid oxygen.

studies of solid oxygen. At the present time the phase diagram of solid oxygen
is studied in the pressure range up to  130 GPa and temperatures up to 
650 K based on spectroscopic [57,63,70,81,85,88,98,101{103,105,110,176{185], x-ray
[62,69,73,86,91,97,107,109,110,186{189], and p V T data [30{32].
At the present time the existence of six solid-state phases is established unambiguously. In addition to the ; , and phases existing under equilibrium vapor pressure
three high pressure stable phases exist in the studied domain of pressures and temperatures. They are the Æ (\orange") stable at room temperature between 9.6 and 10
GPa, " (\red") (10 - 96 GPA) and  (metallic) (above 96 GPa) phases. The resulting
p T phase diagram which re ects the phase boundaries of these six phases is given
in Fig. 5.
3.2 Structure of phases in equilibrium with vapor

Under equilibrium vapor pressure oxygen exists in three crystallographic modi cations [190]. First x-ray studies of solid oxygen were carried out in the twenties [17]
and the thirties [19,191,22,24]. Later on neutron di raction [34,35,192{194,41,39]
and x-ray studies [43,190,55] showed that the low-temperature -phase of oxygen is
orientationally and magnetically ordered and has a monoclinic base-centered structure of symmetry C 2/m. It was established that O2 has the simplest orientational
structure, in which the molecular axes are collinear and perpendicular to the closepacked (001) layers (Fig. 6). Taking the magnetic structure into account the unit
cell of the phase is not base-centered, but is primitive.
The structure of the intermediate

phase of solid oxygen was established by Horl
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Fig. 6. Structure of -O2 .

in the electron-di raction study [33] and con rmed in the electron-di raction [195],
neutron-di raction [34,192,193,41,39], and x-ray studies [190,55]. It was shown that
O2 has a rhombohedral lattice of symmetry R3m with the same simplest orientational structure as O2 (Fig. 7(a)). This lattice can be seen as a distorted fcc
structure obtained by packing not spherical but dumbbell shaped molecules oriented
along one of the spatial diagonals of the cube. The primitive rhombohedral cell is
found to be stretched in the direction < 111 > singled out by the molecular axes.
The angle of the rhombohedron is found to be about 45o instead of 60Æ for fcc lattice.
The structures of the two low-temperature phases are similar, and formally, a monoclinic cell can be singled out in O2 as well (Fig. 7(b)).
b

a

Fig. 7. Structure of -O2 : (a) in rhombohedral axes; (b) in monoclinic axes.

First studies of the structure of the high-temperature -phase of solid oxygen were
undertaken by Vegard [22]. As was shown in a single-crystal x-ray study by Jordan
et al. [36], O2 has an eight-molecule cubic cell with an orientationally disordered
structure of the space group P m3n (Fig. 8). Molecules in the cell are located in two
nonequivalent states. Two of the eight molecules \spheres" with coordinates (000)
and (1=2; 1=2; 1=2) 2a positions - have a spherically symmetric distribution of
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electron density while the remaining six molecules (\discs") with coordinates (1/4,
1/2, 0), (3/2, 1/2, 0), (0, 1/4, 1/2), (0, 3/4, 1/2), (1/2, 0, 3/4), (1/2, 0, 1/4) - 6d
positions - have electron density distribution in the form of oblate spheroid. The
disc-shaped molecules form chains extending in three < 100 > directions. It was not
possible to conclude whether the distribution mentioned is a result of rotation or of
statistical disordering of molecules in a number of equivalent angular positions. In
neutron di raction studies by Cox et al. [51] preference was given to a model with
statistical disorder, in which spherical-like molecules in position 2a are arbitrarily
oriented along one of the spatial cube diagonals < 111 >, while disk-like molecules
in positions 6d are directed along one of the two < 100 > axes, perpendicular to
fourth-order inversion axes. In more recent precision neutron-di raction experiment
Dunstetter and Delapalme [196{198] based on the analysis of weak Bragg re ections
came to conclusion that no precise discrete orientations of the molecules could be
favored. The authors prefer a model with several forbidden orientations for both
sites. For the spherically disordered (2a) molecules, the < 100 > orientations are
forbidden, for the disk-like molecules (6d) the < 100 > and < 110 > orientations in
the plane of rotation are also excluded. In both cases, the forbidden orientations are
rather localized around the symmetrical position.

Fig. 8. Structure of -O2 .

3.3 Structure of high-pressure phases

From the three zero-pressure solid phases the largest region of stability against
changes in pressure and temperature has the nonmagnetic phase which goes beyond 16 GPa and 600 K. The nature of stability of the rhombohedral R3m structure
of -O2 is discussed in Sec. 8.2.
The lower boundary of existence of the phase goes approximately as a straight
line
T = 23:8 + 30 p;
(3:1)
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(T is in K, p is in GPa) from T at p = 0, to the triple point
Æ " at
T Æ" = 386  5 K and p Æ" = 11:5  0:3 GPa [81]. At this point, there is a kink on
the phase boundary and further it goes steeper up to the triple point uid
"
at Tf " = 645  10 K and pf " = 16:3  0:7 GPa [183]. From above, starting from
the point of
transition (T = 43.8 K) and up to the triple point
uid
at Tf = 283 K, the phase is limited by the phase and from the Tf up to the
Tf " by the melting line.
An unexpected result of the investigations of the phase diagram is a relatively narrow
range of the existence of the phase, con ned between the
transition lines and
the melting curve [180,182,81,183]. The maximum width of the temperature range of
existence of the phase does not exceed 25 K and is observed at pressures 2-3 GPa.
As the pressure is increased further, the temperature range of the existence of the
phase becomes narrower and at the triple point uid
it is nally "expelled"
by the uid. According to Yen and Nicol [81] and Young et al. [183] this triple point
has the following parameters: Tf = 283  4 K, pf = 5:0  0:3 GPa. In the case
of solid uorine, which is a nonmagnetic \twin" of solid oxygen, in the investigated
range of pressures and temperatures (up to 6 GPa, 300 K) the temperature range
of existence of the P m3n phase amounts 150 K and there is a tendency for further
increase with pressure and temperature [199]
Some uncertainties still exist in the domain of the phase diagram of oxygen that
extends in the range of pressures and temperatures between the ; , and " phases
(see Fig. 5). In the rst high-pressure Raman study Nicol et al. [57] found a new
phase, later called \orange" O2 and denoted as Æ O2 . The Fmmm structure of this
phase (Fig. 9) was identi ed in the x-ray studies at room temperatures by Schiferl
et al [187]. The monoclinic phase transforms into orthorhombic Æ phase by means
of a small shift of the ab planes. At the
Æ transition the angle 0 turns exactly
Æ
to 90 .

Fig. 9. Structure of Æ-O2 .

Hochheimer et al. [180] on the base of their low-temperature Raman studies reported
the existence of the phase boundary between - and Æ -O2 at 3 GPa at 6 K. This
transition has not been detected by Meier et al. [179] who have reported another
phase transition at 0.9 GPa. In a subsequent work Jodl et al. [182] on the base of
their low-temperature data on the frequency-pressure relations for libron and vibron
modes proposed the existence in the low-temperature region between 0.5 GPa and 3
GPa of an  phase intermediate between the and Æ phases. Yen and Nicol in their
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Fig. 10. The section of the p T phase diagram with
according to Raman studies Refs. [182,81].

 ,  Æ0 , Æ0 Æ phase boundaries

Raman study [81] on the base of behavior of the lattice vibrations claim that one
further new phase, Æ 0 O2 , may be stable between the ranges of existence of Æ O2
and  . They reported the parameters of a new triple point
Æ Æ 0 at 200  15 K,
6.3  0.8 GPa and the position of the Æ Æ 0 phase boundary down to 120 K. The
p T phase diagram which shows the
 ,  Æ 0 , and Æ 0 Æ , phase boundaries
proposed by the low-temperature Raman studies [182,81] is given in Fig. 10. Data
on structure of the  and Æ 0 phases were never published.
The situation with the low-temperature phase diagram was further complicated
by results obtained in more recent studies. High-pressure low-temperature infrared
study [176] (25-50 K, 1-8 GPa) did not provide evidences of the existence of lowtemperature phase transitions below 7.5 GPa. At the same time a narrow, unexpected infrared peak was detected in the fundamental vibrational mode region suggesting the existence of a new crystal structure.
In line with these results are conclusions that follow from recent x-ray di raction
experiments by Akahama et al. [107]. The authors used monochromatic synchrotron
x-ray di raction techniques to investigate the controversial low-temperature highpressure range of the phase diagram. As suggested in this x-ray study, the phase is
stable in a more wide pressure and temperature range (see Fig. 11) than follows from
Raman data [182,81] shown in Fig. 10). In particular, no intermediate phases was
found between the and " phases up to 240 K, and the pressure change of di raction
pro les at low temperatures suggests that the phase directly transformed to the
" phase. The
" transition at 19 K was observed at 7.6 GPa. At 180 K, the
to transition occurred between 5.8 and 6.5 GPa and the phase transformed to
the " phase between 8.0 and 8.5 GPa. At 240 K, the
and
" transitions
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Fig. 11. The same section of the p T phase diagram as shown in Fig. 10 without controversial phase boundaries (according to x-ray study Ref. [107]).

occurred at 8.0 and 9.6 GPa respectively. The position of the
estimated by Akahama et al. [107] is shown in Fig. 11.

Æ phase boundary

In contrast, low-temperature Raman scattering data by Mita, Kobayashi and Endo
[105] favor three phase boundaries at 0.07, 1.3 and 2.9 GPa at 1.8 K. They observed
at these pressures simultaneous changes in the pressure coeÆcients of the two-libron
modes and the upper magnon mode. It is hard to tell at present what is the origin
of these problems. The possibility that the di erences result from di erent growing
conditions and di erent treatment of the samples in di erent experiments must not
be ruled out. It is not inconceivable that the controversial phases are metastable. Still
further e orts both experimental and theoretical needed to clarify the low-pressure
low-temperature region of the phase diagram. In particular, detailed measurements
of the magnetic susceptibility in the controversial range of pressures and temperatures would yield important information on the phase diagram. The most recent
Raman study of the controversial phase boundaries (
 ,  Æ 0 , Æ 0 Æ , plus the
phase boundaries at 0.07, 1.3 and 2.9 GPa) [185] will be discussed in Sec. 8.3.1.
The section of the p T phase diagram located between the , , and " phases has
been reexamined in the x-ray study by Gorelli et al. [109]. Particular attention
has been given to the sample quality and the annealing procedure. Changes in
temperature and pressure performed following di erent paths in the p T diagram
have demonstrated that a temperature of about 270 K or above is necessary to
anneal the sample in the orthorhombic structure in a time compatible with the x-ray
experiment. The stability of the orthorhombic Æ phase below room temperature can
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Fig. 12. The section of the p T phase diagram reexamined in the x-ray di raction study
by Gorelli et al. [109]. ; Æ represent values of p and T where an orthorhombic or monoclinic
structure, respectively, has been identi ed.  - points where the Æ
transition has been
observed and the solid line is the tentative transition line. The dashed line represents the
phase boundary in Ref. [81].

been observed when an annealing of the crystal was performed at room temperature
or slightly below, but not when the sample was decompressed from the " phase at
low temperature across the " Æ transition.
Di raction patterns have been collected during several isothermal decompression
runs. The
Æ transition has been observed starting with a good orthorhombic
sample and decreasing pressure along four isotherms at low temperatures (see Fig.
12). It was found that between 5.9 and 5.3 GPa the di raction pattern changed
drastically giving an unambiguous evidence of the transition to the monoclinic phase.
Upon compression up to the 6.8 GPa at low temperature, the monoclinic structure
does not transform again to the orthorhombic one. To obtain the orthorhombic
structure again the temperature has been increased up to about 270 K. That is the
reason why Akahama et al. [107] missed to observe the phase transformation to the
Æ phase at low temperatures. No other phase transitions were detected below 5 GPa.
The main conclusions of this study are summarized in Fig. 12.
The lattice parameters ratio b=a also shows a discontinuous increase passing from
- to Æ -O2. On the basis of this discontinuous changes and the metastability of the
phases this transition is of rst order. The volume change at the transition was
below the sensitivity of the measurements, that is V=V  0:5%.
Spectroscopic results from Mita et al. [200] are in contradiction with x-ray investi34

gations by Gorelli et al. [109]. The former authors studied the pressure dependence
of Raman scattering in solid oxygen at 1.8 K. There was no hint for the existence
of the Æ phase. Up to 5 GPa the authors found the phase and at pressures higher
than 9 GPa the " phase. Between 5 and 9 GPa they found the range of coexistence
of the and " phases, like in the Raman study by Jodl et al. [182].
In the recent Raman invenstigations Kreutz and Jodl [185,201] followed a more careful path in the p T diagram: pressure was varied only at room temperature. Then
the sample was cooled down isobarically and pressure was released at low temperatures only. By this procedure the sequence of observed phases was unambiguously
! Æ ! " with increasing pressure. (Some of the obtained spectra are shown in
Sec.5.4 \Optical Spectroscopy - recent results".)
From all these information we have now the knowledge that the way to produce samples in this p T region is really important. Applying pressure at low temperatures,
as it was performed by several groups, thermodynamically unstable samples were
produced of bad quality, and the orthorhombic Æ phase did not appear. These statements about quantities at equillibrium conditions are therefore questionable. Thus,
all contradictions in the literature (for example [180,179,182,81,105,200,107,109]) can
be explained only and easily by the di erences in the process of sample production
and varying pressure.
The \red" or " phase of oxygen was rst described by Nicol, Hirsch and Holzapfel in
1979 [57]. At room temperature and pressure about 10 GPa they visually observed
changes of the sample color from light orange to dark red. This color change does
not occur in other homonuclear diatomics and is a peculiarity of solid oxygen. The
stability of the " phase at room temperature up to 62 GPa has been observed in
optical studies [184,85].
In spite of several attempts [85,73,188,189,91,202], the de nite structure of the "
phase has not been determined so far. Optical [63,177] and x-ray powder di raction studies [73,85,91,202,97,110] have evidenced that the " phase retains a layered
structure with parallel alignment of molecules typical for all known oxygen structures except for -O2 . Johnson et al. [91] proposed for the " phase the base-centered
A2=m monoclinic space group with eight molecules in the unit cell. The exact positions of molecules inside the unit cell are still unknown and the cite symmetry
is still undetermined. Subsequent synchrotron x-ray di raction measurements [202]
showed that the structure of "-O2 is well described by the proposed space group.
The transformation to the " phase is accompanied by a strong changes of thermodynamic and optical properties, namely, a substantial volume jump [73], a dramatic
color change [57], and the appearance of a very strong infrared absorption [80]. The
Florence group (F.Gorelli, L.Ulivi, M.Santoro, and R.Bini) put forward a hypothesis that a structural unit in the " phase is not an O2 molecule but a stable O4
unit, and proposed on this basis an interpretation of infrared spectra of this phase
[101,203]. But one would expect that a theory based on the assumption of O4 units
will account for all the anomaly properties found at the transition to the " phase.
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Another nonmagnetic insulating ground state of solid oxygen at pressures corresponding to the " phase was found to be energetically favored in rst-principles
calculations by Neaton and Ashcroft [111]. The predicted static ground state belongs to an orthorhombic structure, possessing a two-molecule primitive cell and
Cmcm space group symmetry (a more detailed discussion will be given in Sec. 8.3).
In an attempt to nd the pressure-induced insulator-to-metal transition Desgreniers
et al. [85] undertook the optical-response diamond-anvil-cell study at pressures up
to 132 GPa. Beginning at pressure approximately of 95 GPa the authors observed
an increase of the near-infrared re ectivity and attributed it to the onset of creation
of nearly free electrons by pressure-induced band overlap, i.e. the authors observed
at around 95 GPa an insulator-to-metal transformation though at that time they
had no data about the nature of the metallic state, i.e. whether it happens in the
molecular phase by band overlap or arises as a result of molecular dissociation.
High-pressure room temperature powder x-ray di raction studies have revealed a
structural phase transition at 96 GPa from the " to a new high-pressure phase
called  [97]. The structure of the  phase had been assigned to be isostructural with
the monoclinic unit cell of "-O2 . This assignment has been disputed by Weck et al.
[110] on the base their single-crystal x-ray di raction studies but collected structural
information was insuÆcient to do a re nement of the structure of the  phase. No
evidence was observed of molecular dissociation at the "  phase transition, and on
the base of structural and optical data [97,98,103] it was conjectured that  -O2 is a
molecular metal. The observation of the intramolecular vibron excitation in Raman
studies by Weck et al. [110] and by Goncharov et al. [113] gave experimental proof
that metallic oxygen is molecular up to at least 134 GPa. Preliminary structural
high-pressure room temperature studies up to 217 GPa [204] did not reveal new
structural transitions implying high stability of this state.
It is interesting to note that the high-pressure insulator-metal transition was found
also in molecular uid oxygen [205]. The electric conductivity measurements of uid
oxygen under dynamic quasi-isentropic compression show that the nonmetal-metal
transition occurs at 3.4 fold compression, 1.2 Mbar, 4500 K. Though the reported
metallization pressure in uid oxygen is very close to the onset metallization in the
low-temperature solid, the mechanisms that lead to the nonmetal-metal transitions
in these two cases are most likely to be fundamentally di erent. According to analysis
performed in Ref. [205], in the uid we are dealing with the Mott transition where
density driven band closure and disorder play the fundamental roles.
At the low-temperature study of the " phase (20 K, up to 34 GPa), Carter et al.
[88] observed at 25 GPa, 20 K a discontinuous splitting of the two librational modes
of the " phase and attributed this splitting to the phase transition into a new lowtemperature phase which they called  phase. The correspondence between this
low-temperature phase and metallic room-temperature phase is unknown at present
but the preliminary section of the phase boundary observed by Carter et al. does
not suggest that it is consistent with the well-con rmed fact that the " phase is
stable at room temperature up to 96 GPa. The existence of the low-temperature
phase transition needs further con rmation.
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Olinger et al. [73] stated that in their x-ray studies at the pressure passage at
room temperature they observed in addition to well established ; Æ , and " phases
di raction patterns which were assigned to two new phases called  and ! . The
existence of these spurious phases was never con rmed in optical studies. One of
them, the  phase, appearing only on decrease of pressure after crossing the
or Æ
boundary, is presumably a hexagonal phase that resulted from stacking
faults formed during the phase transition [73,107].
In 1998 the phase diagram of solid oxygen has been enriched by the discovery of
superconductivity. Shimizu, Suhara, Ikumo, Eremets, and Amaya have reported
that at pressures of around 100 GPa, solid oxygen becomes superconducting, with
transition temperature of 0.6 K [100]. The transition was revealed by both resistivity
measurements and with the Meissner e ect.
3.4 Conclusions

At present the phase diagram of solid oxygen is investigated in the domain of pressures and temperatures up to  130 GPa,  650 K. In addition to three solid-state
phases existing under equilibrium vapor pressure, the existence of three high-pressure
phases is established unambiguously. Of the group of the simplest molecular diatomics, solid oxygen is the rst which exhibits the pressure-driven metallization
and at low temperatures the transition to the superconducting state. No evidence
was found of pressure- driven dissociation up to the highest reached pressures, and
the insulator-metal transition was attributed to an electron band closure. The preliminary data of the x-ray di raction studies at room temperature at pressures up
to 217 GPa gave no evidences of the pressure-driven molecular dissociation.
At low temperatures and pressures over 10 GPa the only optical study up to 34 GPa
has been made (except resistance measurements), and the whole range of existence
of the " and  phase below the room temperature isotherm is still a blank spot.
The e orts of investigators of this region could be rewarded by the discovery of new
low-temperature phases of solid oxygen.
The distinctive features of the oxygen molecule that determine the character of the
phase diagram of solid oxygen is a relatively small value of its quadrupole moment
and the nonzero spin resulted from two unpaired electrons. All known solid-state
phases of oxygen, except the phase, have the layered structures that are a consequence of the smallness of the quadrupole moment. The nonmagnetic rhombohedral
phase is an optimal packing of diatomics possessing a small quadrupole moments.
A small deformation of this structure due to the magnetic interaction results in the
monoclinic or orthorhombic structures of the magnetic and Æ phases.
To explain the nature of the " phase, the hypothesis was proposed that owing to
open-shell structure of the oxygen molecule, the pressure-driven association of oxygen molecules could take place resulting in formation of a nonmagnetic O4 molecule,
and that the " phase can be described as constituted by O4 molecules. If the pressure37

driven association really takes place, the possibility that at still higher pressure the
association process may results in formation chains or planes leading to a polymer
conducting phase. There could be another scenario: a ring-like O8 structure, isomorphic to the known S8 , has been suggested to be stable with a total energy lower than
four isolated O2 molecules [206]. New x-ray di raction study aiming to determine
the exact structure of the " and  phases should consider this possibility.

4 Thermodynamic properties
4.1 Thermodynamic properties at equilibrium vapor pressure
4.1.1 Lattice parameters, molar volume and thermal expansion

Data on lattice parameters, density and molar volume, and thermal expansion as
well as data on crystal structure form the basis necessary for analysis of any physical
properties of solids.
Lattice parameters. The most systematic data of the temperature dependences of
lattice parameters of the three crystal modi cations of oxygen at equilibrium vapor
pressure were obtained in x-ray measurements by Kharkov's group in the middle of
the seventieth [190,55]. These data are still the most reliable ones and can be recommended as standard references. The temperature dependences of the density, molar
volume, and the linear, and bulk expansion coeÆcients, of ; -, and -phases of
solid O2 were calculated from the data of measurements of lattice parameters. The
smoothed values of these quantities are given in Tables 10 - 13 and shown in Figs.
13-15.

The lattice parameters c and \ of the monoclinic unit cell of -O2, given in Table
10 and that obtained by Barrett et al. [43] are in apparent disagreement , which
is related to the arbitrariness in choosing the monoclinic cell. To eliminate this
arbitrariness the monoclinic cell in Ref [190] was chosen with account of Delone's
rule [207] (the monoclinic cell having the least monoclinic angle). Since both lattices
suggested in Refs. [190,43] are based on one or another monoclinic grid, they can
easily be reduced from one to the other using the following equations:
(4:10 )

cB sin B = cK sin K
!

sin K
sin B
;
tan K =
(4:100 )
tan B =
a=cK + cos K
a=cB + cos B
where indeces "B" and "K" are referred to the monoclinic cells chosen by Barrett
et al. [43] or by Krupskii et al. [190] respectively.
Thermal expansion. As one can see from Fig. 13, the thermal expansion of solid
oxygen in the - and phases is considerably anisotropic (for O2 this fact was
rst established in Ref. [208]).
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Table 10
Lattice parameters a; b; c (
A), \ (deg.), molar volume V (cm3 /mol), and density 
(g/cm3 ) of the phase of solid oxygen [190]
T (K)
a
b
c
\
V

7
8
10
12
14
16
18
20
22
23
23.5

5:3755
5:3758
5:3766
5:3778
5:3795
5:3816
5:3846
5:3891
5:3974
5:4039
5:4085

3:4246
3:4248
3:4252
3:4257
3:4260
3:4263
3:4264
3:4262
3:4252
3:4243
3:4236

4:2422
4:2424
4:2430
4:2437
4:2444
4:2452
4:2462
4:2475
4:2499
4:2523
4:2543

117:760
117:760
117:760
117:761
117:763
117:766
117:772
117:782
117:804
117:824
117:837

20:811
20:815
20:824
20:834
20:846
20:859
20:875
20:896
20:929
20:957
20:978

1:5376
1:5373
1:5367
1:5359
1:5350
1:5340
1:5329
1:5314
1:5289
1:5269
1:5253

Table 11
Linear a ; b ; c and volume thermal expansion coeÆcients (10 4 K 1 ), adiabatic S
and isothermal T compressibilities (10 11 cm2 /dyn) of the phase of solid oxygen [190]
a
T (K)
S
T
a
b
c?
7
8
10
12
14
16
18
20
22
23
23.5

0:64
0:93
1:34
1:76
2:34
3:18
5:59
10:05
15:08

0:64
0:64
0:60
0:48
0:34
0:00
0:85
2:18
3:38

0:64
0:72
0:76
0:80
0:84
0:94
1:19
2:66
5:65

2.74
1:92 2.74
2:29 2.74
2:70 2.74
3:04 2:745
3:52 2:75
4:12 2:76
5:93 2:77
10:53 2:815
17:35 2:87
2:935

2.78
2:785
2:79
2:795
2:80
2:82
2:875
3:105
3:54

a Thermal expansion coeÆcient in the direction perpendicular to the basal plane.

Very unusual is the behavior of the thermal expansion in the phase. An expansion
with temperature along the monoclinic b-axis changes into a contraction. The change
in sign of the thermal expansion coeÆcient takes place around 18 K. The behavior of
the thermal expansion above 20 K we shall discuss below in Section 8.1. in connection
with the discussion of the
-transition.
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Table 12
Lattice parameters a; c (
A), molar volume V (cm3 /mol), density  (g/cm3 ), linear a ; c
and volume thermal expansion coeÆcients (10 4 K 1 ), adiabatic S and isothermal T
compressibilities (10 11 cm2 /dyn) of the phase of solid oxygen [190]
T (K)
a
c
V

S
T
a
c
24
25
26
28
30
32
34
36
38
40
42
43
43.5

3:2720
3:2746
3:2776
3:2816
3:2860
3:2916
3:2973
3:3033
3:3098
3:3167
3:3243
3:3286
3:3309

11:2950
11:2937
11:2922
11:2890
11:2855
11:2817
11:2778
11:2737
11:2694
11:2652
11:2620
11:2614
11:2614

21:025
21:056
21:084
21:137
21:187
21:253
21:318
21:389
21:465
21:547
21:639
21:694
21:723

1:5219
1:5197
1:5176
1:5139
1:5103
1:5056
1:5016
1:4960
1:4907
1:4851
1:4787
1:4750
1:4730

7:58
7:06
7:03
7:61
8:25
8:88
9:50
10:11
10:78
12:32
13:42

-1:24
-1:37
-1:51
-1:61
-1:71
-1:79
-1:85
-1:89
-1:79
-0:90
-0:20

13:91
12:75
12:55
13:61
14:79
15:97
17:15
18:33
19:77
23:74
26:64

3:01
3:01 3:455
3:02 3:40
3:04 3:405
3:06 3:48
3:08 3:57
3:10 3:665
3:14 3:78
3:20 3:92
3:25 4:01
3:29
3:32
3.33

Table 13
Lattice parameter a (
A), molar volume V (cm3 /mol), density  (g/cm3 ), linear a and
volume thermal expansion coeÆcients (10 4 K 1 ), and adiabatic S and isotermal T
compressibilities (10 11 cm2 /dyn) of the phase of solid oxygen [190]
T (K)
a
V

S
T
a
44
45
46
48
50
51.5
53
54

6:7270
6:7320
6:7370
6:7471
6:7574
6:7654
6:7740
6:7807

22:910
22:970
23:021
23:125
23:231
23:313
23:402
23:472

1:3962
1:3931
1:3900
1:3837
1:3774
1:3726
1:3673
1:3633

7:41
7:46
7:56
7:67
8:06
9:17

22:23
22:38
22:68
23:01
24:18
27:51

4:04
4:08 5.20
4:12 5:285
4:20 5.46
4:285 5.64
4:35 5.83

In the phase an expansion in the basal plane goes along with an contraction in
the perpendicular direction. In the cubic phase the lattice expansion is, naturally,
isotropic.
Along with above mentioned x-ray data [190,55], other measured expansivities are
available including those obtained with a quartz dilatometer by Manzhelii et al.
40

Fig. 13. Temperature dependence of the linear expansion coeÆcients of the , , and
phases of solid O2 [190].

[40], as well as x-ray data by Barrett et al. [208]. The data of Barrett et al. cannot
be regarded as reliable. Their coeÆcient of thermal expansion in the phase is
independent of temperature which is unlikely since the temperature range under
consideration is considerably lower than the Debye temperature (104 K). Because
of comparatively low accuracy of their measurements Barrett et al. [208] managed
to measure only mean values of the thermal expansion coeÆcients of the and
phases. The value for the former (22:5  10 4 K 1 ) is markedly higher than the
value calculated from the data of Refs. [190,55]. At the same time the values for the
phase practically coincide.
As seen from Fig. 14, except for the narrow temperature interval in the vicinity
of the
- transition, the dilatometric values of volume expansion coeÆcients
[40] lie considerably higher than the x-ray data of Refs. [190,55]. The origin of this
discrepancy is not quite clear at present, but it is believed [209] that the dilatometry
is not well tted for measurements such anisotropic crystals as - and O2 . As for
the -phase, the dilatometric measurements [40] are severely hampered by the high
plasticity of the samples.
Molar volume. First measurements of the molar volume (density) of solid oxygen
were performed as early as in 1904 by Dewar [10] with the pycnometric technique. With the progress in the experimental technique of the low temperature
experiment, di erent methods were used for the molar volume measurements: x-ray
[17,190,19,191,22,24,43,55], electron di raction [33,195], dilatometric [40], pycnomet-
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Fig. 14. Temperature dependence of the volume expansion coeÆcient of the , , and
phases of solid O2 . Solid curves: x-ray data of Ref. [190], Æ: dilatometric data of Ref.[40].

ric [37], and neutron di raction [34,194,41,39,51,210].
The literature data on the molar volume of solid oxygen published before 1975
were reviewed and critically analyzed by Roder [211]. This analysis led him to the
conclusion that "the molar volumes obtained or obtainable from the old paper are
not accurate enough to be included in a review and should be rejected". They are
data from Refs. [17,19,191,22,24,34,194,41,33,195,51,10].
Figure 15 shows three sets of data: two of them, namely, by Roder [211] and Verkin
et al. [212] are compilation from literature data, the third set is the x-ray data from
Refs. [190,55]. The curve of the solid oxygen density proposed by Roder [211] as a
standard was based on the results of x-ray di raction measurements by Barrett et
al. [43]. In -solid the values of Manzhelii et al. [40], Collins [39], and Shuch and
Mills [213] were preferred. As a reference volume the value has been adopted for
the liquid at the triple point 24:492  0:02 cm3 /mol published by Weber [214]. The
molar volume for the -solid at the triple point was obtained extrapolating the x-ray
data by Barrett et al. [43] yielding Vtr = 23:692  0:05 cm3 /mol. As a result, for the
volume change on melting, Vmelt, the value 0:8 cm3 /mol was adopted by Roder.
This quantity has not been measured directly. It can be calculated from the ClausiusClapeyron equation using the heat of melting and the melting curve derivative
dpmelt=dTmelt. The values Vmelt (in cm3 /mol) published by di erent authors are
as follows: 1.01 [23], 0.93 [30], 0:918  0.02 [215], 0:94 0:01 [214]. So, a systematic
di erence exists between the Barrett et al. x-ray data [43] on the -solid on the
one hand and the liquid densities coupled with the volume change on melting [214]
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on the other hand. If we adopt the value by Weber [214] then the value for the
-solid at the triple point becomes 23:55  0:04 cm3 /mol. The size of the discrepancy is 0:14 cm3 /mol (0:6%) which cannot be explained by the error not exceeding
0:04 cm3 /mol (0:2%). The speculative explanation of the discrepancy proposed by
Roder [211] involves the existence of a new never found solid phase of oxygen.
To obtain the molar volume of -solid at the point of the
-transition Roder
3
extracted the volume change of 0:64  0:01 cm /mol, the value obtained by extrapolating a linear least squares t of the published volume data to the respective
temperatures (the volume obtained by integrating the thermal expansion values
of Manzhelii et al. [40] is 0:65 cm3 /mol), from the molar volume obtained for the
triple point, thus the molar volume of the -solid at the
-transition becomes
3
23:05  0:06 cm /mol. Values at intermediate temperatures were tted to the volumes of Barrett et al. [43] (It should be noted that the expansion coeÆcient published
by Barrett et al. [43] for -solid (l=l = 780  10 6 K 1 ) according to Roder [211]
su ered a digital reversal and the value 0:87  10 3 K 1 is in accordance with the
above value for the volume change.)

Fig. 15. Temperature dependence of the molar volume of the , , and phases of solid
O2 at the equilibrium vapor pressure. Solid curves, : x-ray data from Ref. [190,55]; Æ: the
set of data from Ref. [212]; : the set of data from Ref. [211]; +: molar volume for liquid
at the triple point from Ref.[214]. Inset shows also x-ray data from Ref. [216] on cooling
(open squares) and on heating (solid squares) respectively.

43

The volume change at
-transition, V , of 1:19 cm3 /mol is obtained from
measurements by Barrett et al. [43] and Krupskii et al. [190]. The total volume
change for the -solid, V , was found to be 0.94 cm3 /mol from the paper by Barrett
et al. [43], and the value obtained by integrating the total thermal expansion values
by Manzhelii et al. [40] is 0.89 cm3 /mol.
Roder [211] adopted the average of the two total volume changes, 0:92  0:03 cm3 /mol
and, respectively, obtained for the molar volume of -solid at the
- transition a
3
value of 20:95  0:11 cm /mol. Values at intermediate temperatures were obtained
by Roder applying the parabolic interpolation.
For the volume change at the
- transition, V , Roder has adopted a value of
0:13  011 cm3 /mol, a composite of the results by Schuch and Mills [213], Ancsin [217], Stevenson [31], Stewart [32], and Dundon [218], resulting in a value
20:82  0:22 cm3 /mol for the molar volume of the -solid at the
-transition
point. To provide a volume variation with temperature the thermal expansion measurements of Manzhelii et al. [40] down to 18.75 K was used by Roder. At temperatures below 18.75 K the molar volume was assume to remain constant of 20:75  0:22
cm3 /mole, i.e. volume expansion at lower temperatures was extrapolated to zero
value. Thus, the total volume change for the -solid becomes V = 0.06 cm3 /mol.
Summarizing, we can say that the fact that the data by Barrett et al. [43] were
chosen by Roder as a base set is responsible for unsatisfactory results for the
and phases, but moreover, Roder adopted an overestimated value for the volume
change at the
-transition which resulted in the distortion of the temperature
dependence of the molar volume in the phase. As one can see, Roder's curve shows
that below approximately 18 K the heat expansion is negligible which is in sharp
contradiction with x-ray data [190,55].
One further composite set of data was proposed by Verkin et al. [212]. As a reference point, the density of solid oxygen at the triple point was chosen equal to
23:55 cm3 /mol i.e. the value , which was consistent with the data by Weber [214]
for liquid at the triple point and the volume change on melting[214]. The temperature dependence of the molar volume in ; , and phases was computed using
the coeÆcients of volume expansion which were obtained by averaging the values
of dilatometric [40] and x-ray di raction measurements [190,55]. Unfortunately, the
averaging procedure was not speci ed. At the triple point values of the molar point
by Krupskii et al. and Verkin et al. di er by 0:2% and remain close enough in the
and phases, but in the phase the di erence increases with decreasing temperature and at 4.2 K reaches 1%. In deciding between the two sets of data preference,
in our opinion, should be given to the direct experimental data by Krupskii et al.
[190].
Inset shows also more recent x-ray data from Ref. [216]. These data will be analyzed
in Sec. 8.1 devoted to the
transition.
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4.1.2 Sound velocities, compressibility and heat capacity

Heat capacity and compressibility along with data on structure, lattice parameters, molar volume (density) and thermal expansion coeÆcients present the most
important macroscopic characteristic of crystals.
All the main thermodynamic characteristics of crystals are related by the well-known
relation
Cp = CV + 2 V T=T :
(4:2)
Here Cp and CV are the molar heat capacities of the crystal at constant pressure
and constant volume, respectively, is the volume expansion coeÆcient, V is the
molar volume and T = V 1 (@V=@p)T is the isothermal compressibility.
Availability of reliable data on the temperature dependence of CV , though direct
measurement of this quantity makes a rather complicated experimental problem, is
rather important for constructing an adequate theory of lattice dynamics.
So, in practice, especially when dealing with cryocrystals various low temperature
techniques were developed aimed at measuring the heat capacity Cp or rather Cs,
the heat capacity along the crystal-vapor equilibrium line. Since the correction for
saturated vapor pressure is negligible, Cs is usually assumed to coincide with Cp at
p = 0:
As one can see from Eq. (4.2), to calculate CV from Cp data one must know the
isothermal compressibility T . The most common way to measure T is the piston
method developed in a number of laboratories [31,219{222]. Though this method was
extensively used for isothermal compressibility measuring, a number of shortcomings
limited the precision of obtained data. For low pressures the friction between the
sample and the chamber as well as the internal friction between grains of the sample
substantially a ects the results of measuring of T values. Another source of errors
lies in an insuÆciently tight lling of the sample chamber, tending to overestimate
T .
Reliable enough data on compressibility at low pressure are usually obtained by
measuring the adiabatic compressibility S related to T through a thermodynamic
relation similar to Eq. (4.2).:
T = S + 2 V T=Cp:
(4:3)
These equations imply that the heat capacities Cp and CV are related with compressibilities T and S by the expression Cp S = CV T :
The usual technique for obtaining S is to study the sound velocities vl and vt ,
the propagation velocities of longitudinal and transverse ultrasound waves. For the
elastic isotropic continuum
4 2 1
v )] ;
(4:4)
S = [(vl2
3 t
where ( is the density of the solid).
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Studies of the sound velocity propagation in polycrystalline samples, besides the
compressibility S allows obtaining the low-temperature value of the Debye temperature oD independently of calorimetric experiments.
For the elastic isotropic continuum
~
0D =

kB



 1=3
V  3
3
v + 2vt
18  2 N0 l

(4:5)

(~ is Plank constant, kB is Boltzmann constant, N0 is Avogadro number).
Comparison of the 0D values calculated from the sound velocities with calorimetric
value
0D = (12=5)R Tlim
(C =T ) 1=3
(4:6)
!0 V
(R = kB N0 is the gas constant) provides an additional check for consistency of both
techniques.

Sound velocities. The measurements of sound velocities in solid oxygen were performed by Tarasenko's group [48,54,223,212]. The main problem arising in acoustic
studies (as is the case with other kinetic properties) of solid oxygen is connected
with the cracking of samples during the
-transition. As in the case of other
solidi ed gases, sound velocities are very sensitive to the sample quality and the
most dense and perfect samples without visible defects exhibited the highest sound
velocities. The measurements of velocities of the longitudinal vl and transverse vt
sound waves were performed with a pulsed method at 1.9 MHz for 4 < T < 52 K
on polycrystalline samples grown from the liquid phase. Error of the measurements
were  1% for vl and  2% for vt . The experimental data are shown in Fig. 16a and
listed in Table 14. The most interesting features of the sound velocity curves are the
pronounced minima at the
- transition point having the form of the inverted
-shaped anomaly and the anomalous temperature dependence of both velocities in
the phase. The sound velocities increase with temperature throughout near all the
range of existence of the phase. The increase is more pronounced in the case of
the transverse sound and amounts to 30%.

In the case of -oxygen the sound velocities and elastic constants were determined
also in Brillouin scattering experiments [224{226], which were performed on a series
of independently grown crystals (see Sec. 5.2.6). One of the crystals was found to
be a complete single crystal, the others were consisted from a few crystallites. The
authors claim that errors in sound velocities obtained in their experiments were not
higher than  0:5% for vl and  1:5% for vt .
The sound velocities found in Brillouin scattering experiments [224{226] for the
phase are compared with ultrasonic data of Tarasenko's group [48,54,223] in Fig.
16 b. Polycrystalline (averaged) sound velocities are determined by only two moduli
 and  (Lame coeÆcients) [227]: vl2 = ( + 2)=; vt2 = =. Lame coeÆcients are
related to the elastic moduli cij by the expressions:  = c12 H=5;  = c44 H=5;
H = 2c44 + c12 c11 .
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Fig. 16. Temperature dependence of sound velocities of , (a), and (b) phases of solid
oxygen: longitudinal vl () and transverse vt (Æ) sound velocities from utrasonic data Refs.
[48,54,223]; averaged longitudinal vl (), averaged transverse vt ( ) sound velocities, and
+
single-crystal transverse sound velocities
 for the h1; 1; 0i directions vt () and
 vt ( )
1
=
2
1
=
2
+
from Brillouine data Refs. [224{226] vt = [(c11 c12 )=] , vt = (c44 =) .

The agreement between the averaged Brilloin and ultrasonic data on polycrystalline
samples is within experimental error. At temperature immediately below the triple
point, the maximum variations in the values of vl and vt for high symmetry directions h100i, h110i, and h111i are less than the experimental error. It means that
near the triple point single crystals of -oxygen are isotropic with respect to the velocity of propagation of ultrasound waves, that is, -oxygen is elastically isotropic.
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Table 14
Longitudinal vl and transverse vt sound velocities (103 m/s) of solid oxygen at equilibrium
vapor pressure[48,54,223]
T (K) vl
vt T (K) vl
vt T (K) vl
vt
4
7
10
12
14
16
18
20
22

phase
1.855
1.845
1.832
1.822
1.810
1.797
1.780
1.755
1.713

0.916
0.900
0.884
0.870
0.856
0.838
0.814
0.780
0.716

23
23.5
24.5
25
28
30
32
34
36

1.675
1.645
phase
1.633
1.637
1.658
1.670
1.678
1.682
1.655

0.610
0.590
0.605
0.613
0.656
0.652
0.705
0.726
0.748

38
40
42
43
44
46
48
50
52

1.684
1.679
1.668
1.660
phase
1.422
1.412
1.403
1.393
1.383

0.763
0.775
0.771
0.762
0.432
0.431
0.431
0.430
0.429

As temperature is lowered, directional variations in the values of vl for the the high
symmetry directions slightly increase and at 44 K are about 3%. At the same time,
dependencies of vt (T ) for di erent directions diverge markedly with decreasing temperature and at 44 K directional variations are as high as 20 % (Fig. 16b).
Klein et al. [228] called attention to the other unusual feature of the phase: the vl =vt
ratio is more than a factor of 3. In the case of the orientationally disordered -N2
this ratio is about 2 [1], and in typical rare-gas crystals the ratio is about 1.5 [229].
This comparison indicates that the shear constant of -oxygen is anomalously low.
Anomalously large values of the vl =vt ratio were observed in the h110i direction in
single crystals of methane and interpreted as the contribution of rotation-translation
coupling to the intermolecular potential [230{232]. A similar anomaly large vl =vt
ratio was observed in the phase I of cyclooctane (C8 H16 ) which belongs to the same
space group as -oxygen.
Compressibility. The adiabatic s and isothermal T compressibilities calculated on
the base of the sound velocity data are given in Tables 11 - 13. Error of determining
s was  3%, and  7% for T . The isothermal compressibility T was calculated
using the Eq. (4.3) from the data on adiabatic compressibility, molar volume [190],
thermal expansion [190], and heat capacity Cp [46]. It is interesting to note that in
spite of nonmonotonic behavior of sound velocities the compressibilities rise with
temperature monotonically.

Using the relation c44 = (c11 c12 )=2 for an elastically isotropic cubic crystal, and
extrapolated to the triple point the average values of sound velocities vl = 1.381 105
cm/s and vt = 0.448 105 cm/s and the density by Krupskii et al. [190], we get the
following values for the adiabatic elastic constants for -oxygen at T = 54.3 K:
c11 = (2:58  0:03)  1010 dyn/cm2 ; c12 = (2:03  0:05)  1010 dyn/cm2 ; c44 =
(0:27  0:02)  1010 dyn/cm2 . The corresponding adiabatic compressibility s =
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[(c11 + 2c12 )=3] 1 is 4:52  10 11 cm2 /dyn in agreement with the ultrasonic value
extrapolated to the triple point (4:47  10 11 cm2 /dyn). The elastic constants c11
and c12 increase with decrease in temperature whereas c44 remains almost constant
(see Sec. 5.2.6, Fig. 42). The rates of change of elastic constants with respect to
temperature for c11 and c12 are - 0.1 and - 0.25 1010 dyn/cm2 , respectively.As can
be seen from Fig. 42, the di erence c11 c12 decreases with decreasing temperature
[226], which is consistent with the predictions of Ref. [233] as the rotation-translation
coupling e ect increases.
Relations among elastic moduli characterize the degree of isotropy and the interaction symmetry of particles in the crystal. In a cubic crystal the parameter
A = 2c44 =(c11 c12 ) determines the degree of elastic isotropy, while the parameter
Æ = (c44 c12 )=c12 characterizes the deviation from the Cauchy relation. The condition A = 1 corresponds to elastically isotropic crystals, while Æ = 0 holds only for
defectless crystals with central, harmonic forces. In the case of an isotropic elastic
continuum the conditions A = 1; Æ =p0 hold, which means the well-known Cauchy
relation for sound velocities: vl =vt = 3  1:732. The comparison with the value of
this ratio for -oxygen (vl =vt  3:1) shows that even for the triple point when the
condition of the elastic isotropy A = 1 is met, the solid is far from beeing an elastic
continuum. The strong deviation from the Cauchy relation c12 =c44 = 1 (7.5 at the
triple point) is indicative of the importance of non-central, angle dependent forces
and of strongly anharmonic orientational motion of the molecules in -O2 .
Heat capacity.

Fig. 17. Temperature dependence of the heat capacity of the ; , and
O2 (corresponds to data from Table 15).

phases of solid

The heat capacity of solid oxygen at the saturated vapor pressure was studied by
many authors: Eucken (17 - 73 K) [16], Clusius [234] (10 - 72 K), Giauque and
Johnston (12 - 90 K) [18], Hoge [235], Kostrukova and Strelkov (1.7 - 3.7 K) [27],
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Table 15
Heat capacity of solid oxygen at the equilibrium vapor pressure (data recommended in
Ref. [212])
T (K) Cp
CV
T (K) Cp
CV
T (K) Cp
CV
J/(molK)
J/(molK)
J/(molK)
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10
11
12
13
14
15
16

phase
0.0017
0.0137
0.0476
0.116
0.237
0.43
0.72
1.12
1.65
2.3
3.1
4.0
5.0
6.0
7.1
8.3

17
18
19
0.473 20
0:1152 21
0:2347 22
0:426
0:708 25
1:099 26
1:619 27
2:258 28
3:05
29
3:93
30
31
5:90
32
33
8:14
34

9.6
11.1
12.5
14.0
15.74
17.83
phase
22.73
23.61
24.6
25.66
26.73
27.88
29.14
30.44
31.74
33.01

35
10:87 36
37
13:48 38
39
15:888 40
41
19:858 42
20:976 43
22:869 44
46
24:610 48
50
24:610 52
54
27:691

34.5
35.92
37.24
38.57
40.11
41.575
43.04
44.48
45.84
phase
46.26
46:117
46.05
46.1
46.22
46.72

29:327
30:992
32:616
32:803
33:027
33:889
34:117
34:315
34:494
34:653

Borovik-Romanov, Orlova, and Strelkov (small ranges around the phase transition
points) [28], Kostrukova (4.3 - 19.3 K) [236], Fagerstroem and Hollis Hallett (1.3
- 71 K) [46,237] and Burford and Graham (0.7 - 4.2 K) [238]. The experimental
data were critically analyzed by Orlova [239] and Verkin et al. [212]. Analyzing the
experimental data, Verkin et al. [212] concluded that in the temperature range Ttr
- 25 K the most reliable data are the data from Giauque and Johnston [18], from
20 to 3 K are the data by Fagerstroem and Hollis Hallett [46] and below 3 K - the
data by Burford and Graham [238]. The error of the measurements is of the order
of 0:1%. The recommended values of the heat capacity from 1 K to the triple point
are given in Table 15. The same table shows the values of CV calculated using the
Eq. (4.1) from the data on Cp, molar volume and thermal expansion from Ref. [190]
and isothermal compressibility from Ref. [48,54,223]. The temperature dependence
of the heat capacity of solid oxygen is given in Fig. 17. The behavior of the heat
capacity of solid oxygen in the
transition region is shown in Fig. 122 and will be
discussed in Sec. 8.1 devoted to the
transition. The data of the low temperature
studies are presented in Table 16 in the form of the low-temperature limit of Debye
temperature 0D and in Fig. 18 in the form of the temperature dependence of Debye
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Table 16
Low temperature Debye temperature0D
Source
Lowest temperature reached
in experiment (K)

0D

Kostrukova and Strelkov[27]
1.66
100 a
Fagerstroem and Hollis Hallett [46]
1.3
104 2
Burford and Graham [238]
0.7
104.5 1.0
Tarasenko [223]
4
96 b
a In Ref.[27] the value 0 erroneously was given p3 2 times higher.
D
b Calculated using ultrasound
data of Ref. [223] (extrapolated to T = 0).

temperature D (T ) from Ref. [238].

Fig. 18. Temperature dependence of Debye temperature D (T ) [238].

4.1.3 Thermal conductivity

Unlike the heat capacity which to a great extent is insensitive to the quality of
samples, measurements of the thermal conductivity impose high demands upon the
sample quality.
The most comprehensive study of the in uence of growth conditions upon the quality
of samples of solid oxygen were performed by DeFotis [240] and Prikhotko et al. [241].
It is well known that there are no any problems in obtaining large single crystals of
O2 . For example, cylindrical single crystals of O2 of 3 cm height, and diameter
of 1 cm were grown by slow cooling for about 48 h in temperature gradient of about 2
K [240]. The high jump in volume during the
transformation and the anomaly
low equilibrium vapor pressure makes the obtaining of large single crystals of
and O2 unfeasible. At the same time, it proved possible to obtain samples of
- and O2 exhibiting considerable preferred orientation [241]. It was shown that
the number of nucleation centers of the phase could be reduced signi cantly by
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slowing down the velocity of passing through the
transition and annealing the
samples just below the transition point, which gives rise to amalgamation of grains
close in orientation and growing some of them at the expense of others. The authors
reported that they managed to grow single crystals of the phase of the size up to
0.2 - 0.4 mm and the crystals did not crack during the subsequent cooling through
the
transition.
The rst measurement of the thermal conductivity  of solid oxygen has been performed for the phase only [44,212]. The value of  = 2:27 W  cm 1 K 1 obtained
for transparent, homogeneous polycrystalline samples was assumed constant for the
whole phase.
The rst measurements of the thermal conductivity of the ; , and phases of solid
oxygen were performed by Je_zowski et al. in Wroclaw [90,242]. In this study, the
samples of solid oxygen were grown from the melt with the velocity of movement
of the solidi cation front of approximately 1 mm/h. The samples were annealed
slightly beneath the triple point for about 6 hours. As a result transparent single
crystals of O2 were obtained. The rate of cooling from Ttr to the point of the
transformation was 1 K/hour. The total time of
transition passage was about
100 hours. During this time, the temperature of the sample bottom was decreased
from 43.9 to 42.5 K, while the temperature gradient along the vertical axis of the
sample was kept constant (0.6 K). The same gradient was maintained during the
cooling cycle down to liquid helium temperature. The cooling rate of the -oxygen
was 1.5 K/h. The region of the
transition was traversed during 5 hours. The
samples of - and -oxygen were transparent without visible defects though slightly
cloudy.

Fig. 19. Temperature dependence of the thermal conductivity of solid oxygen [90,242].
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Table 17
Thermal conductivity  of solid oxygen [90,242]
T (K)

T (K)

T (K)
mW/(cmK)
mW/(cmK)
1.2
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.5
11.0
11.5
12.0

2.50
3.87
10.9
22.5
38.2
57.2
79.9
106.5
132.5
149.0
169.5
166.2
158.8
148.6
136.9
124.8
112.8
101.4
90.8
81.1
72.5
64.9
58.2

12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18
19
20
21
22
23

24
25
26
27

52.4
47.4
43.1
39.4
36.2
33.5
31.1
29.1
27.2
25.5
24.0
22.6
19.9
17.5
15.3
13.5
12.2

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

44
phase transition 45
3.58
46
3.64
47
3.66
48
3.65
49


mW/(cmK)
3.62
3.58
3.54
3.50
3.47
3.44
3.42
3.40
3.40
3.41
3.43
3.46
3.50
3.52
3.52
3.41
phase transition
1.44
1.60
1.75
1.91
2.05
2.12

Results of the measurements of the thermal conductivity of the ; ; and phases
of solid oxygen are given in Fig. 19 and in Table 17. As one can see, the temperature
dependence of the thermal conductivity in the phase is typical for dielectrics a
curve with a maximum around 6 K. The value of the thermal conductivity at the
maximum (approximately 0.17 W  cm 1 K 1 ) is nearly the same as the maximum
thermal conductivity of classical rare gas solids like Ar (0.1 W  cm 1 K 1 ) and Kr
(0.06 W  cm 1 K 1 ) [243] (see also [244]). It is also close enough to the value obtained for such typical simple molecular crystal as solid nitrogen [245]. However, it
is distinctly smaller as compared to the maximum thermal conductivity of quantum
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solids like He ( 20 W  cm 1 K 1 ))[244] or H2 (9.5 W  cm 1 K 1 ))[246].
The most intriguing feature is a jump in the thermal conductivity at the
transition point. The decrease of the  value amounts to 70%. The data are reversible
with respect to the direction of temperature variation. In the phase the thermal
conductivity only slightly decreases with rising temperature. The temperature dependence can be represented by the equation  = (3:92
0:017 T )  10 3 W/(cm
K). The total change of the thermal conductivity over the temperature range of
existence of the phase is around 10%. At the
transition point the thermal
conductivity drops by 60%. In the phase the thermal conductivity increases nearly
exponentially with temperature. Thus, the temperature dependence of the thermal
conductivity of solid oxygen is anomalous and di ers radically from both typical
antiferromagnet [247] as well as molecular cryocrystal [1].
In Ref. [90] it was supposed that the anomalous character of the thermal conductivity
of solid oxygen is of the magnetic origin. More speci cally, since the lower magnon
mode has a relatively small gap and large dispersion, i.e. large group velocity, it
was supposed that magnons contributes considerably to the heat transport. As a
result, in the low-temperature region the total thermal conductivity is the sum
of the phonon thermal conductivity and the magnon contribution from the lower
magnon mode, whereas librons and the upper magnon mode, due to large gaps in
their energy spectrum, contribute mostly to scattering processes.
As none of the measured thermodynamics characteristics show appreciable jump at
the
transition, the observed jump of the thermal conductivity at the
transition was associated in Ref. [90] with the magnon component of the heat transport. After the transition into the magnetically disordered phase this contribution
disappears. This gives rise to the jump. Measurements of the thermal conductivity in
high magnetic elds, which would shift the magnon modes and at the same time do
not disturb the phonon modes, could shed light on the nature of the jump. Another
possibility to verify the hypothesis of the magnon origin of the anomalies in the
thermal conductivity was used in Ref. [248,242]: the thermal conductivity of solid
oxygen doped with nonmagmnetic impurities has been measured. N2 and Ar were
taken as nonmagnetic impurities since they have parameters of the Lennard-Jones
intermolecular potential close to those of oxygen. Because of a strong e ect of such
impurities on magnon spectrum, it should be expected that the magnon contribution
to the heat transport will be suppressed.
It was found that in the low-temperature range the non-magnetic impurities actually
have a pronounced e ect on thermal conductivity, but the jump in the thermal
conductivity at the
transition and the thermal conductivity in the phase
are essentially insensitive to the presence of impurities (Fig. 20). The data suggest
that the jump has another origin than that proposed in Ref. [90] and that the
quantity that undergoes the jump at the transition point is rather the phonon mean
free path. The drop in the phonon free path may result from the appearance of a
new scattering factor - the existence of the regions of strong inhomogeneous lattice
distortion caused by strong magnetostriction e ects characteristic of the phase
of solid oxygen (see Sec. 6.7.1). Measurements of thermal conductivity in a strong
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Fig. 20. Thermal conductivity of solid oxygen containing impurities of Ar and N2 [248,242].

magnetic eld would make it possible to separate the contributions of the two e ects
in the jump.
An anomalous character of (T ) in the phase (Fig. 19) is a consequence of the
anomaly in temperature dependences of the sound velocities (Fig. 16), which in turn
is a result of unusually high magnetoelastic coupling in solid oxygen . According to
data presented in Fig. 16, the sound velocities increase with temperature throughout
nearly all the range of existence of phase . The phonon mean free path lphon ,
calculated taking into account data on the sound velocity, molar volume (Sec. 4.1.1)
and the phonon heat capacity (see Sec. 6.2, Table 28), reveals the \normal" for this
temperature range temperature dependence lphon  T 1 [90].
The increase of the thermal conductivity with temperature in the phase can be
qualitatively explained by the fact that the molecular rotation is becoming somewhat
less hindered with rising temperature and that the magnetic correlation length is
decreasing (see Sec. 6.7.3). As a result, phonon scattering decreases and the phonon
mean free path is rising with temperature. A similar e ect for so-called plastic phases
is known in molecular crystals, but in oxygen the rise is anomalously strong.
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4.2 Thermodynamics of high-pressure phases

Data on pressure dependence of lattice parameters along with the equation of state
are the main sources of information of the intermolecular potential. The available
at present experimental data refer mostly to room temperature though fragmentary
information exists for some other isotherms.
4.2.1 Lattice parameters

X-ray data by Olinger, Mills and Roof [73] on the pressure dependence of lattice
parameters of the and Æ phase along the room temperature isotherm are listed in
Table 18. An analysis of variation of the lattice parameters with pressure shows that
the change in volume occurs mainly due to a decrease in the separation between
molecules inside the close packed ab planes, while the separation between planes
remains practically unchanged. A quantitative measure of the anisotropy of the
compressibility, the ratio of average compressibilities of the phase along a and c
axes (a=a) : (c=c), amounts to 7 at the pressure range 5.6 - 9.6 GPa.
Table 18
Pressure dependence of lattice parameters a; b; c (
A), molar volume V (cm3 /mol), and
3
density  (g/cm ), of - and Æ-O2 at room temperature [73]
p,GPa
a
c
V

p, GPa
a
c
V

phase
5.5
5.9
6.18
6.35
6.76
6.8
6.90

2:84672 10:22498
2:8491 10:2322
2.841
10.237
2.837
10.222
2.818
10.165
2:80785 10:2183
2.805
10.248

14:69
14.44
14.36
14.30
13.97
14.00
14.01

2.187
2.216
2.228
2.238
2.291
2.285
2.284

7.41
8.07
8.38
8.77
8.95
9.61

2.784
2.761
2.740
2.756
2.730
2.706

10.196
10.203
10.180
10.230
10.136
10.154

13.73
13.52
13.28
13.51
13.12
12.92

2.331
2.367
2.410
2.369
2.439
2.477

Æ phase
p, GPa
9.99
10.11
10.15
10.20
10.32
10.34

a
4.238
4.225
4.219
4.218
4.223
4.227

b
2.956
2.951
2.949
2.951
2.945
2.951

c
6.754
6.761
6.661
6.766
6.761
6.754
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V
12.74
12.69
12.48
12.68
12.66
12.68


2.512
2.522
2.564
2.524
2.528
2.524

The character of the anisotropy radically changes after the transition to the  phase
[97,110]. Data on the pressure dependence of the lattice constants a; b; c of the monoclinic lattice in the  and  phases at room temperature from x-ray measurements
by Weck et al. [110] are given in Fig. 21. The pressure dependence indicates that

Fig. 21. Upper part: the angle of the monoclinic cell of "-O2 ; bottom part: data on the
pressure dependence of the lattice constants a (; ), b (Æ; ), c (4; N) of the monoclinic
lattice in the  and  phases at room temperature from x-ray measurements by Weck et
al. [110]. The data are normalized by the values of the respective lattice constants at 12
GPa (a0 = 3:688; b0 = 5:621; c0 = 7:944 
A from Ref. [202].

the compressibility in the phases  and  is strongly anisotropic as it is in the
and Æ phases, but in contrast to the and Æ phases, the most contractive in the 
and  phases is the lattice constant b, which contracts twice as much as the lattice
constants a and the contraction of the lattice constant c is intermediate.
Data on the pressure dependence of the lattice parameters by Weck et al. [110] and
by Akahama et al. [97] for the  phase agree well but for the  phase the data diverge.
According to Akahama et al., after the transition to the  phase the character of the
anisotropy of compressibility retains. According to Weck et al., after the transition
the lattice constant c exhibit a monotonic pressure dependence, while compressibility
along the a and b axes becomes negative. New measurements are required to remove
this discrepancy.
A di erent character has the anisotropy of the compressibility at low temperatures.
The pressure dependence of the lattice parameters and monoclinic angle of the
and  phases displayed in Figs. 22, 23 has been measured up to 9.6 GPa at 19 K in
the x-ray studies by Akahama et al. [107]. (Analyzing their results we must keep in
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mind that these authors were dealing with nonequilibrium samples (see Sec. 3.2).)
The compressibilities along the a and c directions are nearly the same, but due to
magnetic interaction in the phase the strong anisotropy of the compressibility is
observed in the ab plane. At low temperatures (19 K) the b=a ratio increases with
pressure from 0.637 at p = 0 up to 0.708 at 7.6 GPa.

Fig. 22. The pressure dependence of lattice parameters of the and  phases at 19 K [107].

Fig. 23. The pressure dependence of the monoclinic angle in the
[107].
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and  phases at 19 K

Fig. 24. Molar volume of solid O2 at 298 K as a function of pressure. The symbols indicate
respectively: Æ, data of Ref. [97]; , data of Ref. [110]; , data of Ref. [202]. Inset: the
set of the experimental P V data for the room-temperature and 19 K isotherms. The
symbols indicate respectively: half- lled squares, data of Ref. [186]; , 5, data of Ref.
[73];  diamonds, data of Ref. [202]; , data of Ref. [97]; , data of Ref. [91]; N, data of
Ref. [184]. For the 19 K isotherm: Æ, H, data of Ref. [107].

4.2.2 Equation of state

The rst measurements of molar volume and volume compressibility of solid oxygen
under pressure were carried out in the end of 1950's. Stevenson [31] and Stewart
[32] obtained p V data by using the Bridgman method along the T = 4:2 and 51
K isotherms in the pressure range up to 2 GPa. Schiferl et al. [186] approximated
Stewart's data for the isotherm T = 51 K by using the expression
V (p)T =51K = 26:08(p + 3) 0:1493 cm3 =mol.
(4:7)
where p is in kilobars.
The room temperature isotherm T = 298 K has been studied most thoroughly by the
x-ray technique [62,73,86,91,97,184,186{189,249,250,110]. The pressure dependence
of the molar volume at room temperature is presented in Fig. 24.
The room-temperature isotherm spans four solid-state phases: ; Æ; " and  . For the
and Æ phases the V (P ) curve appears like a single curve - no volume jump was
observed during the
Æ phase transition within the limits of experimental error.
However, the Æ " transition is accompanied by a giant volume jump amounting to
0.6-0.8 cm3 /mol (5-6%) according to data of Refs. [73,97]. The volume jump at the
"  transition according to data by [97] is smaller than 0.1 cm3 /mol (< 1:4%).
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The molar volume at the highest pressure of 116 GPa in Fig. 24 is 6.83 cm3 /mol
(the density  = 4.685 g/cm3 ) [97] which means two-fold compression relative to the
density of the phase at the solidi cation point 5.9 GPa at room temperature, or
three-fold compression relative to zero pressure and temperature ( = 1.538 g/cm3).
At these P and T the compressibility of solid hydrogen amounts to 8.8 [251,252].
The compressibility of solid oxygen is comparable with that of solid nitrogen, though
is slightly less (at 40 GPa the compression of solid oxygen is about 2.46 relative to
zero P and T compared with 2.54 for solid nitrogen [1]).
The best t of the experimental P V data to the phenomenologic equation of state
in the form of Vinet et al. [253]
P (X ) = 3B0 X 2 (1 X ) exp[ (1 X )];
(4:8)
where X = (V=V0)1=3 and  = 23 (B00 1), was obtained for the following adjusted
parameters: V0 = 24.7 cm3 /mol, B0 = 0.73 GPa, and its pressure derivative B00 = 9
[110].
The pressure dependence of the molar volume of solid oxygen at 19 K [107] is shown
in the same Figure 24. By tting the P V data to the equation of state in the form
of Vinet et al. Eq. (4.8), Akahama et al. [107] estimated the bulk modulus B0 and
its pressure derivative B00 of the phase to be 2.97 GPa and 7.78, respectively (as
zero pressure volume V0 the data from Barrett et al. [43,208] for 23 K V0 = 20.91
cm3 /mol) was used.
The low-temperature compressibility of solid oxygen is also comparable with that
of solid nitrogen: the compression to 1 GPa reduces the molar volume to 0.84 of the
value at zero P and T in the case of oxygen and to 0.8 in the case of nitrogen.
The volume jump at the
 transition at 19 K was estimated by Akahama et
3
al. [107] to be 0.36 cm /mol or V  =V  3%, twice less than VÆ  =V at room
temperature.
Using the low- and high-temperature experimental data on the molar volume, we
can estimate that the mean value of the thermal expansion coeÆcient at the range
5.5 - 10 GPa decreases from 210 4 down to 310 5 K 1 .
4.3 Conclusions

In this chapter practically all the available data were presented on the thermal
properties of solid oxygen over entire studied domain of temperatures and pressures.
These data constitute informational basis necessary for the analysis of any solidstate physical property and for all cryogenic application of solid oxygen. The set of
thermophysical properties obtained as a result of e orts of many researchers during
the last century is suÆciently complete, though some characteristics still should be
re ned or studied more elaborately. For example, an important question of the latent
heat at the
, transition is still an open question; there are some discrepancies
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between data on the molar volume obtained by di erent methods; it is desirable to
have more complete data on kinetic and elastic properties; important data on the
molar volume along the melting curve are unavailable; data on thermal properties
of the high-pressure phases are far from being complete.
The analysis of the thermal properties has been done in part in this chapter and
will be continued in the subsequent chapters.

5 Optical spectroscopy
5.1 Introduction

During the last 40 years a rich body of literature was generated, about several
hundred papers. All relevant optical techniques were successfully applied to solid
oxygen at ambient pressure and at high pressure since  1980. Each optical spectroscopic technique probe di erent fundamental excitations in the solid: Raman
spectroscopy (vibrons, librons, magnons), Brillouin spectroscopy (acoustic modes),
conventional and Fourier{Transform{type IR spectroscopy in the mid and far{IR
region (magnons, translation phonons, vibrons), absorption in the visible region
(electron{vibron{transitions), determination of optical density and re ectivity; use
of synchrotron radiation for structural analysis. Therefore we will structure this
chapter due to di erent fundamental excitations of solid oxygen.
The rationales for this type of studies changed in that time period: during 1970 {
1980 Raman spectroscopy in combination with mid{IR absorption was applied to the
vibron mode to con rm group theory of the ; and phases, whose structures were
proposed before by x{ray analysis; during 1980 { 1990 the known phases | structure
and dynamics | were modelled by di erent analytical theoretical approaches and
computer simulations on the basis of phenomenological and ab initio potentials,
necessary data to choose potential parameters were taken from optical spectroscopy;
since  1985 these optical methods were combined with diamond anvil cell technique
at low and high temperatures; when the research groups succeeded in to perform
spectroscopy on 100 m large samples then Raman and IR techniques in combination
with group theory were successfully applied to con rm or suggest crystal structures
of high pressure phases. In parallel (1975 { 1990) to these type of studies very few
groups investigated the magnetism of solid oxygen as a whole indirectly by visible
spectroscopy, whereas the magnon modes in -O2 was investigated directly by far{IR
absorption.
The aim of this chapter is to point{out the capability and the peculiarity of each
spectroscopic method; what can be deduced to the general understanding of oxygen
with respect to the molecular character and to the solid state as a whole. We will
present the experimental procedure (crystal growing, measurements, etc.) and correlate the results among each other. Whereas the main and basic discussion altogether
will be postponed to Chs. 7 ("Elementary excitations") and 8 ("Phase transitions").
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Table 19
.Peak frequencies ! and bandwidths in cm 1 of the observed Raman active vibron modes
of oxygen at di erent temperatures
gas
liquid
Ref.

!
!

!

1552.5 (77 K) 1552.5 (48 K) 1552.5 (28 K) 1552.5 (10 K) [47]
2
2
1.5
1.5
1556.2 (300 K) 1551.7 (80 K) 1552.5 (54 K)
0.2
0.16
1551.4
0.09
1556 (300 K)

[254]

1552.0 (80 K) 1553.5 (45 K) 1552.0 (40 K) 1552.0 (20 K) [71]
1552.0

Since these investigations at ambient and at high pressure are quite di erent with
respect to spectroscopic technique, sample requirements, aim of studies, we will
present these two applications in chronological order.
5.2 Optical spectroscopy at equilibrium vapor pressure
5.2.1 Raman studies of the vibron region

Sample preparation was performed either very simple, i.e. by freezing the liquid or
gas condensation in a Raman optical cell, or very sophisticated, i.e. single crystal
growing in conjunction with x{ray Laue system to orient single crystals. Standard
Raman technique allows a resolution of 1 { 0.5 cm 1 and wave number accuracy of 0.5
cm 1 ; if a double monochromator in combination with a Fabry{Perot{interferometer
is used, this resolution is about 0.01 cm 1.
Due to crystal structures group theory predicts in phase (C 2=m, number of
molecules in the unit cell Z = 1) and in phase (R3m; Z = 1) one Raman active vibron, whose relevant data from literature are collected in Table 19.
Isotope enriched samples, which were simply condensed and measured at 15 K,
deliver mode frequencies: 16 O-16 O 1555.5 cm 1 ; 16 O 17 O 1531.0 and 1528.6 cm 1 ;
16 O-18 O 1508.3 and 1510.7 cm 1 (see [255] for further isotope values). But we have
some doubts about the quality of these results. For comparison: 16 O-17 O 1524 cm 1
and 16 O-18 O 1505 cm 1 [71], 16 O-17 O 1524.6 cm 1 and 16 O-18 O 1504.2 [256].
The vibron in -O2 is split into a doublet, whose splitting is about 1 cm 1 and
increases by cooling; whereas the intensity ratio remains constant 3:1 (see Fig. 25).
This splitting is caused by molecules occupying two non-equivalent sites in this
phase (sphere-, disk-like molecules). Under the assumption of two nonequivalent
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Fig. 25. (a) Pure vibrational Raman spectrum of {oxygen at T=54 K [254]. (b) Energy
splitting of this doublet as a function of temperature at ambient pressure [71].

lattice sites for the molecules in the unit cell, Guissani et al. [257] employed an
analog of the exciton formalism taking into account the resonant vibron{vibron
coupling. This coupling leads to the mixing of the contributions from various lattice
sites and to the splitting of the vibron line. The calculations were performed for the
xed temperature 54 K. An atom { atom LJ potential leads to a moderate coupling
constant (0.28) which gives the splitting of 1.31 cm 1 (compared to the experimental
value of 1.08 cm 1 ) though an agreement in the intensity ratio with this coupling
constant is poor (close to  1 instead of  3), which suggests that the coupling
constant is negligible.
On the high frequency side of the fundamental mode (zero phonon line ZPL) there is
a broad wing (Fig. 26), whose intensity is about 3% of the one of the ZPL and whose
frequency region is about 80 cm 1 o the vibron mode. In the phase this band has
a complex structure, in the phase this phonon sideband is less structured, whereas
in the phase it is buried in the tail of the ZPL.
(cm-1)
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Fig. 26. Vibrational Raman spectrum of solid oxygen: (a) Pure vibrational line (b) Vibron-phonon sideband at di erent temperatures [71].

Two aspects can be deduced from this spectral feature, since the Raman intensity
is proportional to the change of the polarizability with a speci c change of normal
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coordinates and proportional to the density of states. In general, the polarizability
can be developed into a Taylor series:
Æ
Æ
Æ2
= 0 + Æq + ÆQ +    +
ÆqÆQ +   
(5:1)
Æq
ÆQ
ÆqÆQ
the rst derivative with respect to molecule vibration Q delivers the ZPL, whereas
the second derivative with respect to molecular coordinate Q and crystal coordinate
q contribute to the combination band (vibron and phonon sideband). The frequency
range of this sideband is less than the Debye frequency of solid O2 ; therefore this
sideband corresponds to the weighted phonon density of states. The intensity ratio
S = ln(I=I0 ), where I is the ZPL plus sideband intensity, I0 is the ZPL intensity, is
a measure of the phonon coupling to the vibron mode. This factor (similar to the
Debye{Waller factor in neutron or x{ray scattering) describes a strong coupling for
S > 10, medium S  1 and weak coupling for S < 0:1. For -O2 we have a weak
coupling regime, S  0:03:
5.2.2 FTIR studies of the vibron and overtone region

Inspite of the fact that neither the free molecule of oxygen nor the ideal solid of
; ; -O2 possess an IR-activity due to symmetry arguments, this region and
its overtone region (20 ; 30 ; 40 : : :) is of special interest.
Sample preparation has to ful ll several requirements: rst, one needs thick samples
because of weak signals in the mid IR; second one needs perfect (single) crystals to
avoid IR absorption of originally IR inactive fundamental modes, which are induced
by insuÆcient crystal quality. I.e. any kind of crystal imperfections are breaking
translational symmetry and as a consequence an electric dipole moment is induced.
Third: after crystal growing from the liquid the sample must be carefully cooled
down, passing the ! phase transition (change in volume about 5%) to avoid
any kind of scattering centers (cracks, holes ...) which are signi cant in an optical
absorption process. For example: thin lm samples, condensed from the gas on a cold
plate, produce broad bandwidths of IR or Raman active modes ( inhomogeneous  1
{ 5 cm 1 ) and strong ZPL of Raman or IR inactive modes as large as the phonon
sideband; whereas perfect single crystals possess homogenous bandwidth < 0:1 cm 1
and no contribution at the Raman or IR inactive ZPL (see Figures below).
Modern FTIR systems allow to record spectra with high resolution (. 0.01 cm 1 ),
with wavenumber accuracy of 10 6 cm 1 in principle (in reality  10 3 cm 1 ) and
very high sensitivity in comparison to similar Raman studies (factor 104 106 more
sensitive due to Raman cross section and oscillator strength in the mid IR).
Since the pure fundamental mode of solid oxygen is IR-inactive, the combination
vibron plus phonon sideband gains intensity: like in Eq. (5.1), one can expand the
electric dipole moment d into a Taylor series and look for the rst non-vanishing
term, e.g. Æ 2 d=ÆQÆq . Cairns et al. [38] studied these spectra as a function of sample
preparation and almost unavoidable (in those days!) impurities, such as water and
oxygen isotopes. But the main goal was to con rm by mid IR spectra the correct
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site symmetry and space group of {oxygen, suggested by x{ray powder analysis.
In addition to proof the non{existence of O4 molecules. Jodl et al. [258] repeated
these studies by modern FTIR on condensed thin lms. Their spectra still contain
traces of the induced ZPL; but the spectral quality of the phonon sideband was now
much better and this information promoted theoretical groups to model the density
of states of and -O2 by lattice dynamics.
Thin lm condensation at low temperatures (< 10 K) stimulated several studies
on amorphous and metastable solid O2 , which manifest themselves in characteristic
features in the region of the fundamental mode [259,260]. These investigations are
more relevant for epitaxial growth from 2D structures and monolayers of O2 on
grafoil. Here we are more interested in bulk phenomena.
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The IR active mode of CO (CO:O2 = 1:108) were studied recently by Minenko et al.
[261]. The general idea of this kind of measurements is to determine carefully the
speci c behavior of the guest molecule, which are highly diluted in the matrix, and
by that to probe indirectly the host crystal quality: CO in solid N2 [262], CO in solid
O2 [261], CO in solid Ar. The quality of spectra | the vibrational mode of CO |
or in other words the very high sensitivity of the FTIR-technique are demonstrated
in Fig. 27 and the temperature dependence of the narrow band (band maximum,
bandwidth) is displayed in Fig. 28.
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Fig. 27. Mid-IR absorption spectra of CO impurities in {O2 [261].
The results are: 1. The
phase transition can be clearly characterized to be of
rst order, due to the jump in frequency. 2. The phase transition happens between
23.75 { 23.90 K measured by a calibrated Si-diode (T < 0.02 K) 3. The system
possesses a very small hysteresis in cooling and heating; therefore we determine
T with uncertainty  0.2 K. 4. The homogenous bandwidth (resolution < 0.015
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Fig. 28. Frequency and bandwidth of the vibron absorption of CO molecule matrix isolated
in oxygen. Di erent symbols are cooling and heating cycles at the same sample [261].
cm 1 ) shows a linear behavior in both phases with temperature; this behavior can

be modelled by mode relaxation processes. Since the
transition is mainly of
magnetic character, phase is rhombohedric) the change in bandwidth at T is
moderate. In other systems, we observe a more or less strong deviation from linearity
in (T ) approaching the phase transition which we interpret as a precursor of the
speci c phase transition.
In Fig. 29 the phonon sideband is displayed near the IR inactive O2 vibron of
the and phases, which are quite di erent and which correspond pretty well
to theoretically determined phonon density of states ([76]). The well{pronounced
maxima in the phonon sideband of -O2 can be assigned to magnon and phonon
excitations (Fig. 29) [261]); see also Ch. 7 (\Elementary excitations").
Table 20
The position of maxima in the phonon sidebands to vibron overtones (frequencies in cm 1 )
maxima in phonon sideband
n  0
0 1 sideband 1591.04 1601.12 1605.96 1616.92 1552.5
0 2 sideband 3116.07 3125.96 3132.92 3142.87 3077.03
0 3 sideband 4617.5
4643.5 4578.46
0 4 sideband
6118.3 6053.26

Due to perfect crystals (long range interaction, translational symmetry) we could
not register the vibron (ZPL) in - and -O2 . But in the plastic phase and in liquid
O2 , on the contrary, there is a small contribution in that range due to short-range
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Fig. 29. Phonon sideband and vibron (fundamental 0 1 ) spectra of
solid and liquid oxygen [261].

Fig. 30. Phonon sideband to the second overtone (0 2 ) of solid oxygen
(T = 11 K).

interaction (collision induced IR activity).
In addition the phonon sideband to the second (Fig. 30), third and fourth overtone of
the O2 vibration was measurable. Since the gross pattern is the same (see Table 20),
the position of the di erent overtones can be deduced, if we take into account the
fundamental seen in Raman spectra.
These data can be used to determine the molecule anharmonicity and the solid shift
( = solid gas ), which can be decomposed into the environmental shift and
the resonance shift [263]. Finally, Fig. 31 displays the region of the third overtone
( 4600 cm 1 ). The broad features are the phonon sideband to the third overtone.
Whereas the narrow doublet is due to a bi-vibron excitation: i.e. at one molecule
the 0 1 mode and at a neighboring molecule the 0 2 is excited; both modes are
out of phase, therefore this bound state gains IR activity.
5.2.3 Raman studies of the libron region

If one is able to unambiguously assign the librons by polarized Raman scattering
on oriented single crystals one can con rm group theory of predicted structures.
The energy values of these modes can be used as input parameters to check the
quality of lattice dynamic models of solid oxygen; i.e. the intermolecular potential.
The librational data can be exploited to discuss the dynamics of the system.
Samples should possess a certain thickness (> 5 mm) and good optical quality with
small stray light, to be able to measure Raman frequency shifts as close as possible to
the exciting laser line. Whereas single crystals with known orientation would allow
polarized Raman scattering to achieve a clear assignment.
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Fig. 31. Mid-IR spectra of solid oxygen (T = 11 K) in the third overtone region (0 3 ):
left side measured spectra with position of expected 0 3 zero phonon line; right side
deconvolution into phonon sideband (lower part) and bi-vibron excitation [261].
Table 21
Peak frequencies ! and bandwidths in cm 1 of libron modes of - and -oxygen from
Raman studies, (T is temperature in K)
[47]
phase T !

[50]
T !

[71]
T !

[264]
T !

10 44:5 1:5 4 43:3 1:3 13 42:6 0:5 5 43 1
79 9
79:2 7:7 74:2 6
79 1
28 51 15 25 48
25 48 15 25 51 14

First measurement on condensed ( 1 cm thick) samples were performed by Cahill
et al. [47]: Figure 32 demonstrates quality of spectra and Table 21 contains all known
values, such as bandmaximum and bandwidth.
Group theory predicts for the phase two Raman active librons (Ag + Bg ) and for
the phase one (Eg ). The phase possesses on the contrary structural order with
orientational disorder (plastic phase), therefore we do not expect any libron but a
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Fig. 32. Raman spectra of ;
and -oxygen in the low frequency region. Di erent
spectra monitored with di erent resolutions. Vertical lines are contributions from freely
rotating oxygen molecules at T = 48 K [47].

wing at the Rayleigh line, as documented in Fig. 32 (top part).
Bier et al. [71] repeated these investigations with better crystal quality. From the
Stokes to anti-Stokes Raman intensity ratio one can determine the local temperature of the irradiated sample (Fig. 33). Temperature dependent measurements yield
accurate values for the Raman frequency shift and bandwidth (Fig. 34). Phase transitions from to to phase can be clearly associated therefore. Both values can
be modeled by mode relaxation processes within each phase: for example, the solid
line in Fig. 34 corresponds to a librational mode relaxation process via dephasing
[71].
The bandwidth of the lower energetic libron shows a signi cant deviation from the
solid line (the t curve due to the dephasing process) approaching T which we
interpret as a precursor of the to phase transition: increasing disorder, as a
consequence larger inhomogeneous bandwidth.
Mathai et al. [50] measured in solid 16 O2 and 18 O2 the isotope shift of both librons,
which were only about two thirds of that to be expected on the basis of the inverse
ratio of the square roots of the reduced masses. (The discrepancy is due to di erences
in the anharmonicity of the two isotopes.).
Cahill et al. [47] determined from these lattice mode frequencies the amplitude of
the torsional motion of molecules in crystals to be 9Æ in the phase and 18Æ in the
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Fig. 34. Temperature dependence of the librational frequencies and bandwidth of solid
oxygen (N from [47]) [71].

liquid phase.
Finally, due to literature, there was a controversial discussion in experimental and
theoretical work, if the higher energetic libron ( 75 cm 1 ) is the second libron or a
libron overtone or a combination of libron/magnon. The tentative assignment [71] of
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the two librations in phase and the one in phase was unambiguously con rmed
by Prikhotko et al. [264] by polarized Raman scattering on single oriented crystals.
Most recent data on libron spectra of - and -O2 will be discussed in Sec. 5.4.
5.2.4 FTIR studies on translational phonons

Generally speaking, the aims for these studies are similar to the ones for librons
by Raman scattering. But in that region (far IR < 150 cm 1 ) also the magnon
excitations are situated; one aim was to distinguish and properly assign both types
of excitations. In addition, it turned out that small amounts of impurities can obscure
spectra. From the rst studies ( 1960) it is known that these far IR absorptions are
very weak; therefore a lot of e ort in these studies was dedicated to improve crystal
quality and accordingly spectra: parameters for thin lm condensation, annealing
procedures and identi cation of impurity induced modes varying concentration.
Samples in general were condensed on cold plates, up to a thickness of 5 mm. Temperature was varied between 8 { 20 K. Concentration dependent studies were performed with O2 isotopes, N2 or Ar admixtures (< 20%). Far{IR FTIR studies with
He cooled bolometers covered the range of 10 { 110 cm 1 .
We have chosen two sets of spectra to demonstrate their quality, at least of condensed
samples (Fig. 35); and we collected frequencies of translational modes of reliable
experiments. Data on ! band maximum and bandwidth in cm 1 are listed in
Table 22.
Table 22
Peak frequencies ! and bandwidths in cm 1 of the observed optical translational modes
in -oxygen, (T is temperature in K)
[265]

[266]

[267]

phase T ! T !
T !
7 50 5 10 54  5 11 54 5
85 2 78  8
78 11
125 13

Group theory predicts for the and phase (Z = 1) 6 modes; one vibration, two
librations and three translations (as acoustic modes), i.e. no translational modes in
far IR spectra are expected. Jansen [268] described a symmetry analysis of lattice
vibrations (translations and librations) and spin waves (magnons, see next section)
in the -O2 ; especially the aspect of a unit cell with one molecule Z = 1 due to
structure ( -O2: C 2=m) or a unit cell containing two molecules (Z = 2) due to
magnetic structure ( -O2 : P 2=m or PA 2=m). In addition Jansen [268] elaborated the
dominant interaction (electric or magnetic dipole moment) of the radiation eld with
optical (~k = 0) phonons and magnons. To probe these results it would be necessary
to investigate single oriented crystals of -O2 by polarized Raman scattering and
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As already pointed out, impurities and the change in volume at the
phase
transition during cooling deteriorate far IR spectra: this is well documented e.g. by
Fugol et al. [265] who detected up to ten features in that frequency range of -O2 in

lattice excitations in the O2 -N2 solid mixture at T = 10 K [266].
Pritula et al. [266] studied the binary system (O2 )1 x (N2 )x | see right part of Fig.
35. Besides other aspects, such as assignment of impurity induced modes, solubility
of O2 in N2 and vice versa, they determined the concentration dependence of translational mode frequencies and draw the conclusion of a so called two{mode behavior;
which means that the absorption spectra of a mixed system are additive (Fig. 36).
Whereas in a one{mode behavior the phonons of species A gradually transform into
ones of species B (e.g. CO-N2 system). This was the rst try to con rm the T x%
{ phase diagram of N2 {O2 , known from x{ray studies. According to that diagram
the IR{spectra at T = 10 K and concentrations 20-80% N2 in O2 should be totally
di erent than what is presented in Fig. 35. Further studies are therefore necessary.

Fig. 36. Concentration dependence of the integrated absorption intensity of the respective

20

Fig. 35. Low frequency IR spectra of solid oxygen at di erent temperatures [267] and at

ln (Io/I)

spite of excellent spectroscopic equipment. In their far IR spectra also the Raman
active librons at 42 and 77 cm 1 can be clearly recognized.
According to us, we suggest to repeat studies in the far IR with perfect single crystals
of enough thickness and high purity sample gas, which is feasible nowadays. This
would permit a more profound physical discussion of phonons (librons by Raman,
translation by far IR) in the and phase, such as the symmetry aspects introduced
by Jansen [268], the comparison to theoretical values by lattice dynamics by Etters
et al. [76].
5.2.5 FTIR and Raman studies on magnons

From spectroscopic point of view, it was a challenging aim to demonstrate in Raman
scattering and by far IR absorption the existence of optical (~k = 0) magnons in solid
O2 , which were expected to possess low energy (< 50 cm 1 ). Due to common understanding now, one should observe spin waves in the phase (antiferromagnetic
structure with long-range order) and no magnetic excitations in the phase (frustrated antiferromagnet with only short-range order). In addition, one may expect to
nd contributions of magnon excitations in the usual phonon sidebands, which couple to fundamental excitations (librons, vibrons, excitons); of course, the knowledge
of magnon eigenfrequencies will help to select parameters for the magnetic part of
the intermolecular potential and thus to model magnon dispersion curves ! (~k).
Table 23
Peak frequencies ! and bandwidths
(T is temperature in K

T (K )
5
5
1
19
7
8
11

in cm 1 of the magnon absorption modes in -O2

!(cm 1 )

(cm 1 )

 27

2

27:5
6:4
27:5
27:6
27:2
6:3
27
27:2

0:5
1:1
3
2
1
2
0:2

reference
IR
IR

[45]
[49]

Raman
Raman
IR

[50]
[71]
[72]

IR
IR

[266]
[269]

The physical model of magnetic excitations in the di erent phases of solid oxygen,
such as origin, behavior, theory, will be extensively described in Chs. 6 (\Magnetic
properties") and 7 (\Elementary Excitations").
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The main spectroscopic work was performed between 1968 { 1975 by Raman scattering (He-Ne gas laser!) and far IR absorption (conventional optics), which is remarkable for these demanding investigations.
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Samples for these studies were condensed from liquid, with thickness between 6 and
50 mm and subsequently cooled down to be measured between 1 and 24 K. Figure
37 shows the quality of spectra and Table 23 contains best values to our knowledge.
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The absence of an isotope mass shift, expected 1.5 cm 1 if this mode at 27 cm 1
would be a libron, would be suÆcient to proof the excitation to be of magnetic kind.
Wachtel et al. [49] grew a sample of 99.2% isotopically pure -18 O2 and performed
far IR studies, whereas Mathai et al. [50] performed Raman scattering on a sample
containing 98% 18 O2 molecules; both studies con rmed the absence of an isotopic

Group theory [268] predicts for the phase (P 2=m or PA 2=m and Z = 2) two
magnon modes which should be either Raman or IR active (Ag , Bg ).

Fig. 37. Spectroscopic proof of magnon excitations in solid oxygen. Top: Raman spectra of
{oxygen at 4.3 K, showing the magnon line and the much more intense libron lines [270].
Bottom left: The temperature dependence of far IR absorption due to magnon excitation
at 27 cm 1 in solid oxygen is demonstrated by Blocker et al. [45]. Bottom right: The
magnon at 6 cm 1 is clearly recognizable in far IR absorption spectra of solid oxygen [49].

TRANSMISSION

shift, whereas the librational (Raman) modes showed the expected shift.
The temperature dependence of the high-energy magnon only was studied by several
groups ([45,72,266,269]) with similar results (Figs. 37 and 38).
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Fig. 38. Left part: Far IR-spectra showing the temperature dependence of the high-energy
magnon absorption band in -O2 . Right part: Temperature dependence of frequency and
bandwidth of this magnon mode at di erent temperatures ( data by Meier [72],  data
by Blocker [45]).

None of these authors discussed quantitatively these results from physics point of
view (mode relaxation, magnon{libron interaction, order parameter). Blocker et al.
[45] made some qualitative considerations about an expected magnon energy at ~k =
0 ( 24 cm 1 ). The temperature dependence, especially the softening of the mode,
near T , should be modelled on the basis of a magnetic Hamiltonian including
spin{ gure interaction. Meier et al. [72] just stated, with increasing temperature
librational states become more populated, with the consequence that the e ective
magnetic anisotropy decreases.
A direct con rmation of the magnetic character of these modes would be the determination of the dependence in an external magnetic eld. Wachtel et al. [49,271]
studied the low energy magnon (magnetic eld < 7 T) and Meier et al. [72] investigated both magnons (< 15 T) by far IR absorption in a magnetic eld at low
temperature on polycrystalline samples and determined the dependence of frequencies and of intensity ratios as a function of magnitude and direction of the magnetic
eld (Fig. 39). The intensity ratio I (low) / I (high) was determined to be 0.07 by
Wachtel et al. [49] and 0.017 by Meier et al. [72] (theoretical value 0.05).
By di erent authors a spin wave theory has been applied using a Hamiltonian suit75
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Fig. 39. Top: Spectra showing the magnetic eld dependence of the low energy magnon (
6 cm 1 ) and high energy magnon ( 30 cm 1 ) in -O2 at low temperatures [72]. Bottom:
Magnetic eld dependence of the two magnon frequencies in -oxygen [49].

able to describe the magnon properties of -O2 ; the presence of an external magnetic
eld was taken also into account. Meier et al. [72] applied this theory and derived
~ ) and I (low) / I (high) of both modes a set of parameters of the
from his values ! (H
magnetic Hamiltonian (Eq. 6.1, Sec.6.1) (For general discussion of the problem of
the choice of these parameters see Sec. 6.4.) Comparison of experimental and theoretical data leads to the conclusion that a spin op occurs near H = 7 T. In addition,
they derived dispersion curves ! (~k) for magnon excitations in -O2 at H 6= 0 (see
for details later, Ch. 7 (\Elementary excitations", Eqs. 7.35 - 7.38).
Of course, one would expect also combination modes of phonons or vibrons with
magnons due to strong magneto-elastic interaction in -O2 . But the ngerprints in
some suited spectra are not convincing to us: e.g. mode at 125 cm 1 in far IR spectra
by Fugol et al. [267] and mode at 75 cm 1 in Raman spectra (see Sec. 5.2.3).
Pritula et al. [266] introduced an interesting idea tuning the long-range magnetic
interaction in -O2 by doping with N2 (< 30%) or Ar (< 3%) and found the expected behavior in Ar: systematic decrease of high energy magnon intensity with
concentration and increase of bandwidth, much faster than lattice modes (Fig. 40).
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The determination of elastic constants by Brillouin scattering method involves the
measurement of frequency shifts from Brillouin spectra corresponding to a number
of crystal orientations, which are accurately known in terms of scattering geometry.
Therefore, it is mandatory to combine the Brillouin scattering technique with a
structural analytical technique, such as Laue method. The phase was favored for
these studies because single crystals of -O2 are essentially isotropic. The volume

It is common to exploit from Brillouin spectra the acoustic velocities, elastic constants, elastic anisotropy, Gruneisen parameters; in this section we will present only
spectroscopic aspects, whereas data analysis was already described in Sec. 4.1.2
(Sound Velocities).

5.2.6 Brillouin scattering on acoustic phonons

The authors explain this decrease of magnon intensity with impurity concentration
as a destruction of long-range spin correlation, so that the phase structure transforms to a structure with short-range magnetic order, resembling that of {oxygen.

Of course, these types of studies on mixtures are critical with respect to solubility
and miscibility of known T x% diagrams.

Fig. 40. Left part: Magnon absorption spectra at 27 cm 1 in solid oxygen with di erent
nitrogen concentrations [266] Right part: Integrated intensity and bandwidth of the high
energetic magnon mode in oxygen at T = 8 K doped with small amount of Ar [266].

ln (Io/I)

jump at the
phase transition ( 5% at equilibrium vapor pressures) prevented
further studies at lower temperatures of the ; phases up to now.
Single crystals were grown from liquid (size 20 mm high, 3 mm in diameter) and
carefully cooled down from 54 K to 44 K. Routine instruments were used such
as Fabry{Perot{interferometer for Brillouin scattering and x{ray Laue system for
crystal orientation.

ELASTIC CONSTANTS (kbar)

Figure 41 shows a Brillouin spectrum of the liquid and of the phase, whereas Table
24 presents elastic constants at two di erent temperatures.
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Fig. 41. Brillouin spectra of liquid
oxygen and of -oxygen just above
and below the triple point [225].

Fig. 42. Elastic constants of
-oxygen and their temperature
dependence [226].

Table 24
Elastic constants cij in kbar [224{226].

c11

c12

c44

A

T = 54 K 25.98 20.58 2.75 1.02
T = 44 K 27.01 23.18 3.06 1.56

Kiefte et al. [224{226] determined the elastic anisotropy A = 2c44 = (c11 c12 ) for
O2 to be 1.0 (5% error) and compared this value with a perfect isotropy (A = 1)
and with rare gas solids: A = 2.74 for Ne, 2.80 (Ar), 2.71 (Kr), 2.74 (Xe). In Fig. 42
one can recognize an increase of c11 and c12 with decreasing temperature, whereas
c44 component remains constant. Such a trend is consistent with an increase of
rotation-translation-coupling and less related to a magnetic coupling to the acoustic
phonons.
Consequently the conclusions from these peculiarities of Brillouin spectra of this
phase, such as temperature dependence or intensity ratio of longitudinal to transverse component, is that the elastically isotropic behavior of -oxygen is related to
the plastic nature of this material and that the molecular reorientation is based on
strong transverse and soft longitudinal modes.
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5.2.7 Bi-exciton absorption in the near visible

In the period of 1965 { 85 about 20 publications were produced in this research area
and they developed the following aims: 1. A typical molecular physics formulation
of question due to low lying forbidden electronic transitions. 2. Due to molecular
characteristics, such as spin, a search for an O4 entity in the compressed gas, liquid
and solid state. 3. The excitation of combinations of elementary modes like magnons,
librons, vibrons, electronic transitions, especially in the low temperature phases. 4.
Solid state physics aspects especially the di erent kind of magnetism in the ;
and phases investigated indirectly by light absorption. 5. The investigations of
solid oxygen at ambient pressure as a preparation for the high pressure studies, such
as the pressure dependence of the gap energy (in the " phase).
What do we expect and what is interesting here in our context from molecular
physics point of view? As outlined in Sec. 1.2 (\Molecular parameters") and due to
Fig. 43 the lowest electron con guration of the oxygen molecule gives rise to three
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Fig. 43. Potential energy curves (energy in eV versus internuclear distance in 
A) for low
lying electronic levels of oxygen molecule [272].

states 3 g ; 1 g ; 1 +g . Transitions between the ground state and upper states cause
broad absorption spectra in the region of 1 to 1.5 eV
(3 g ) ! (1 g )
(3 g ) ! (1 +g )

7882 cm 1
13120 cm 1

and are very weak; they are electric dipole forbidden and have been interpreted as
magnetic dipole transitions. In the solid, as well as the liquid phase and compressed
gaseous oxygen, the intensity of these transitions increases signi cantly. In addition
three new absorptions are found and are assigned to simultaneous excitation of a
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pair of oxygen molecules as follows:
(3 g )(3 g ) ! (1 g )(1 g ) 16800 cm 1
(3 g )(3 g ) ! (1 g )(1 +g ) 21000 cm 1
(3 g )(3 g ) ! (1 +g )(1 +g ) 27700 cm 1
All these single and double intramolecular electronic excitations will generate bands
in the crystals with typical properties characteristic of molecular solids such as a
phonon sidebands and Frenkel excitons.
All oxygen molecules in the solid are in their electronic ground state 3 g and vibrational state v = 0. At low temperatures the low energetic excitations correspond to
lattice excitations (translation, libration, ! < 100 cm 1 ) and in addition magnons
(! < 50 cm 1 ), due to the triplet (S = 1) ground state of the oxygen molecule. In
the bi-molecular states (; ; ) and especially in -O2 (two molecules per
magnetic unit cell) the coherently excited molecules interact with each other di erently by additional interaction, such as Coulomb interaction, exchange interaction,
molecular interaction. If this coupling is strong, this will give rise to a narrow absorption band due to localized or bound bi{excitations (BE); if it is weak this will
cause broad absorption bands conditioned by the relative motion of the two excitons
(delocalized or dissociated states, E + E).
Samples, thickness between 1 { 30 mm, were produced with bad optical quality
due the volume change at the
phase transition. Only in one investigation,
the authors were able to grow perfect single crystals (thickness 1 mm) in a soft
sample cell, which was removed later to perform x{ray scattering to orient the
crystal and perform polarized absorption in the phase (details see later). Most
studies were performed between 2 { 20 K to take advantage of small bandwidths
and to resolve ne structure in absorption bands. Standard UV{spectrograph in
conjunction with photographic photometry method was used. In one study light
absorption in additional magnetic elds was performed.
In the following, we selected some spectra with increasing complexity out of 5 electronic absorptions in combination with vibronic replica (v = 0, 1, 2, 3). Due to
symmetry arguments in the phase the single electronic transition and vibronic
replica 3 g (v = 0) ! 1 +g (v = 0), 3 g (v = 0) ! 1 +g (v = 1) contain the simplest spectral structure: pure vibronic transition as a zero phonon line and a phonon
sideband with librational features. The total integrated intensity of one absorption
band is proportional to the number of oxygen molecules, which indicates that in this
case the absorption is due to transitions of individual molecules (see Fig. 44).
The total intensity of the single electronic transition 3 g (0) ! 1 g (0) or ! 1 g (1)
or ! 1 g (2) is purely quadratic with number of molecules, which means that two
molecules take part simultaneously in the transition (see Fig. 49). The narrow band
consists out of a doublet (spacing 10 { 20 cm 1 ); the strongly asymmetric broad
band to higher energies is slightly structured (Fig. 45). The ne structure is due
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Fig. 44. Absorption spectra 3 g (v = 0)
!
3 g (v = 0) ! 1 +g (v = 1) of {oxygen at T=1.5 K: narrow gline and broad structured band to higher frequencies [273].

to a combination of pure +electronic transition with magnon or vibronic transition
with magnon in conjunction with the anisotropy of magnetic excitations in the
phase.
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Fig. 45. Absorption spectra 3 g (v = 0) ! 1 g (v = 0) or 1 g (v = 1)or 1 g (v = 2) of
{oxygen at T = 1.5 K: narrow line and broad structured band to higher frequencies [273].

An overview of bi{exciton transitions  ! ;  ! ;  !  and vibronic replicas are presented in Fig. 46. The total integrated intensity of each absorption band is purely quadratic with oxygen concentration. Ignoring for the moment
ner details such as removal of degeneracy (in case of ), or anisotropy of excitons or magnons, or librational peaks in the phonon sidebands, common to all are
a asymmetric broad ( 300 cm 1 ) band (E + E) and in some cases a narrow (< 50
cm 1 ) absorption band (BE).
The lines at the frequency scale are calculated values for free molecules (Fig. 46). In
the absence of interaction between a pair of excited molecules, the observed spectrum is simply the sum of the excitations of the two molecules: e.g. 23 g ! 21 g
means 3 g +3 g !1 g +1 g . The perturbations, arising from the molecular interactions (Coulomb-, exchange-, molecular type) remove the degeneracy, strengthen
the corresponding transition, produce splitting and frequency shifts.
After presenting some spectra, we would like to cite brie y the evolution of qualitative models, found in the literature.
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In the pure molecular picture (by [274{276]) this complex excitation in solid oxygen was treated to happen in a quasi free molecule in a solid environment: they
discussed change of molecular constants, solid state shift, symmetry splitting due
to environment, symmetry removal of pairwise unlike molecules etc. The advantage
is that the position of absorption bands, the general behavior of the bands is well
described (see Fig. 47), obvious in this type of solids with large intramolecular - and
small intermolecular interaction. The disadvantage is that details of low temperature
spectra cannot be explained.
In the solid state picture ([275,277,71,258]) this complex excitation is modeled by a
zero phonon line and a phonon sideband (see Fig. 48).
The zero phonon line (combination of electronic plus vibrational transition) considers solid-state e ects such as crystal eld splitting, density of states (DOS), possible
temperature dependence. Whereas the broad (300 { 400 cm 1 ) asymmetric absorption band (see Figs. 44 { 46), here assigned as a phonon sideband, would require
about 4 to 5 times the Debye frequency of oxygen (!D  70 cm 1 ). The transition
from solid to compressed gas would be also problematic to be explained in that
picture: may be collision induced (see Fig. 51).
In the Frenkel exciton picture ([278,273,279]) the pairwise interacting molecules
give rise to either two freely dissociating excitons (E + E, broad band absorption)
and/or one bound bi-exciton (BE, narrow absorption band). The origin of this coupling, mainly e ective only in the O2 and more than a perturbation, is manifold
and includes automatically the antiferromagnetic behavior of this phase: Coulomb{,
exchange{, intermolecular interaction.
If the solid state aspects are included, such as vibron coupling to librons, anistropy
4
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Fig. 46. General view of the light absorption spectrum by solid -O2 at T = 5 K in the
15000 to 30000 cm 1 region: 23 g ! 21 g (v = 0; 1; 2; 3); 23 g !1 g +1 +g (v = 0; 1; 2; 3)
and 23 g ! 21 +g (v = 0; 1; 2; 3) [275].
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Fig. 47. Energy level diagram of oxygen in the region of a possible vibronic transition in
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Fig. 48. Relation between molecule potential (electronic ground state A and excited state
B , v vibrational levels and phonon levels), energy diagram and possible transitions and
spectral regions (zero phonon line ZPL and phonon sideband SB).

of exciton DOS, anisotropy of magnon DOS etc., this third re ned model explains
all details of spectral features; each individual absorption band contains speci c
features due to the complex combination of elementary excitation with a pair of
molecules: magnon, libron, vibration, electronic transition.
Gaididei et al. [273,278{281] modelled in a series of papers the total Hamiltonian
of the crystal, containing terms for the pure electronic system, pure vibrations and
their combinations, and its interaction with light. Classifying the eigenstates of all
subsystems, in -O2, applying group theory, the authors were able to deduce optical
activity of transitions, energy splitting and shifts as documented in the absorption
spectra.
Afterwards a series of spectroscopic studies were performed to check this qualitative
model.
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Fig. 49. (a) Double transitions, as an example of the manifold of vibronic transitions: in one
molecule a pure electronic transition from 3 g (v = 0) ! 1 g (v = 0) or a vibronic from
3 g (v = 0) ! 1 g (v = 1); this electronic plus vibron transition may happen in adjacent
molecules interacting, like 3 g (v = 0) ! 1 g (v = 0) and 3 g (v = 0) ! 1 g (v = 1).
(b) Two molecules in the unit cell may perform an in phase and out of phase motion
accompanied by di erent intermolecular interactions; like coupled pendula.

Litvinenko et al. [275] studied the  !  transition in -O2 doped with 10,
15, 20% N2 and interpreted the change in spectra; especially the ne structure of
the narrow band (BE), as a local disturbance of the magnetic order of -O2 by the
non{magnetic impurities.
Prikhotko et al. [282] repeated these studies on the transition  ! ;  of 4%
O2 in -N2 and discussed the exchange interaction parameter of a pair of O2 as a
function of geometry and di erent environment. It is not clear from their results if
the magnetic contribution in the narrow band (BE) were decreased or if the spectra
simply broadened due to impurities and to crystal quality.
Prikhotko et al. [283] studied the splitting of absorption lines of molecular oxygen
under the in uence of a magnetic eld. Only the transition  !  was sensitive
to the magnetic eld and the splitting of the vibronic transition was monitored
~ ). This result was interpreted as a lifting of the degeneracy of the excited
! (H
state of the crystal ({state, i.e. S = 0, L = 2) under the in uence of the magnetic
eld.
Eremenko and Litvinenko [42] investigated the 23 g ! 21 +g transitions in strong
magnetic elds. From the absence of the Zeeman splitting they con rmed by spectroscopic techniques the antiferromagnetism of -O2.
The most interesting study to check the model was performed by Prikhotko et al.
[284] on single oriented crystals of -O2 with polarized light (Fig. 50). The ne
doublet splitting of lines in the spectra of the narrow band (BE) of the crystal and
the polarization of their components along the single crystal axes a or b, ( !
(0)(0);  ! (0)(1)) can only be explained by the resonance interaction
between pairs of excited molecules resulting in a bi{exciton splitting; especially in the
case of non-degenerated states . This splitting exists only in the low temperature
phase of -O2 due to magnetic interaction.
Recently Medvedev et al. [285] performed a careful study of several transitions as
a function of temperature: 3 g ! 1 g (0), ! 1 g (1), ! 1 g (2); 3 g ! 1 +g (0);
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(3 g )(3 g ) ! 1 g (0)1 g (1), ! 1 g (0)1 g (2); (3 g )(3 g ) ! 1 g (0)1 +g (0). These
authors repeated these studies of 1980's because much better spectroscopic techniques (FTIR systems) are available now; in addition, the authors were able to grow
perfect crystals and to maintain the optical quality down to T = 10 K. One of these
transitions is displayed in Fig. 51.
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Fig. 51. Temperature dependence of absorption spectra 3 g (v = 0)
solid oxygen [285].
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! 1g (v = 0) in

Remarkable in the evaluation of the spectra is the broad band (E + E), which
persists in the ; ; , liquid phase, whereas the narrow band (BE), which exists
only in the phase, shows an increasing structure during cooling. In Fig. 52 the
integrated intensity of the whole absorption band (BE, E +E) during cooling and
heating is displayed; one can clearly recognize the
phase transition. The
temperature dependence of the frequencies belonging to the ve maxima in the bi{
exciton band is also presented in Fig. 52 (right part). This demonstrates that the
speci c coupling exists only in the phase: doublet of 18 cm 1 as exciton{magnon
excitation, exciton{libron coupling at 30 cm 1 and 60 cm 1 , maximum of phonon
sideband at 130 cm 1 .
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of temperature with a characteristic jump at T ! phase transition. Right part: Only
in the phase (T < 24 K) there is a ne structure; the absolute and relative (pure
exciton transition at low temperature) frequency shift of these 5 features as a function of
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Due to the above elaborated model the absorption band should consist out of a
broad band (E + E) and a narrow structured band (BE), which was deconvoluted
tentatively in Fig. 53.
This type of deconvolution is applicable to all 8 above mentioned vibronic transitions
in the temperature and high pressure (see later) range: As a consequence one can
plot the integrated intensity of the electron{magnon excitations (doublet 18 cm 1 )
and of the electron{phonon excitations (peak at 30 and 60 cm 1 ) as a function of
pressure and temperature; as expected, this intensity in the bi{exciton disappears at
the
phase transition due to the weakness of the pairwise magnetic and elastic
coupling of molecules (see Fig. 54.)
These preliminary spectra and data at ambient pressure, given to us prior publication, will be discussed with high pressure data and published by Medvedev et al.
[285].
To conclude this section we would like to quote three papers dealing with a quan86
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titative model to describe the faint absorption in solid oxygen due to bi{molecular
transitions. Common to all three publications [52,287,96] was the aim to model a
weekly interacting pair of O2 {O2 molecules by a suited Hamiltonian and to nd the
energy eigenstates. The interaction with light should explain the above described
single/double transitions in solid O2 and one should understand the origin of the
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magnetic behavior.
This pair of O2 {O2 molecules was reduced to a four electron problem; the crystal
was set up by translation of a unit cell. The eigenstates (about 13000 many{electron
states) and energy levels (magnon system < 0.1 eV, neutral molecules < 10 eV, ionic
form < 50 eV) were derived rst under the assumption of a pair of non{interacting
molecules. Second the interaction was introduced bringing the two molecules closer
together modeled by a Coulomb term and an exchange interaction term. The model
contains three parameters: the free electron energies derived from the ionization potential, the Coulomb interaction derived from the electron aÆnity and the exchange
interaction parameter derived from optical absorption spectra. Electric dipole transitions in the molecule xed coordinate system were discussed in the crystal geometry
of the phase of O2 (site symmetry, factor group) to deduce optical activity.
Finally in all three publications | similar in their approach, but always more elaborated | theoretically derived results were successfully compared to experimental
data: 1. Heisenberg interaction parameters were calculated for -O2. 2. Intensities
of single/double transitions and their temperature dependence were qualitatively
compared to measured optical spectra. 3. The vibronic e ect, i.e. the enhancement
of the 0{1 band, was established and well recognized in the spectra. 4. Calculated
exciton dispersion ts to ne structures in the bi{exciton transition. 5. The e ect
of libron pro les was pointed out. 6. Ground state properties especially the magnon
excitations were discussed in the and the phase. It is pronounced that this
transition is driven more by magnons than by librons.
5.3 Optical spectroscopy at high pressure and at low temperature

The general aim to study molecular crystals, such as H2 , N2 , O2 ; CO etc., at high
pressure and low temperature is rst to establish the pressure (< 50 GPa) - temperature (10 { 300 K) diagram. Second, these high pressure phases can be determined
directly by structural analysis or indirectly by optical spectroscopy (IR{absorption
and Raman scattering) in combination with group theoretical considerations, as was
done successfully for solid N2 ([288,289]) and solid CH4 ([290,291]).
The speci c aims to study solid oxygen | now | are the following ones:









uncertainties in the phase diagram at low-pressure low temperature range
which of these high pressure/low temperature phases are magnetic and of which
type?
what is the origin of the orange/red color of the " phase? Does O4 {complex exist?
transition from a molecular insulator to a molecular metal (like in solid I2 ) or
non-molecular metal
possible order/disorder transitions, kind of phase transitions
charge transfer process (O2 -O2, O2 -O+2) as a function of pressure
superconductivity
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The ngerprints in our spectroscopic techniques { FTIR absorption or Raman scattering { about phase transitions are qualitatively summarized in Fig. 55: band frequency ! , bandwidth , integrated intensity I, band shape and form of sideband
(density of states).
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Fig. 55. Spectroscopic ngerprints (frequency !, bandwidth and integrated intensity I )
in Raman and IR spectra at a possible phase transition I, II as a function of pressure.

This general overview should point out that one can clearly state, if there is a phase
transition I ! II, and of which kind ( rst or second order).
The spectral regions { like before in Sec. 5.2 at ambient pressure { are < 100 cm 1
for magnon and phonon excitations, about 1500 { 3000 cm 1 for vibrons and their
combination, and between 17000 to 30000 cm 1 for the single/double electronic
absorption band.
5.3.1 Light scattering in the

phase

The only quasi "Brillouin{scattering" work on a high pressure phase at room temperature is done by Abramson et al. [94].
The high-pressure cell (diamond anvil cell, DAC) was loaded at room temperature to
about 6 GPa, the solid was heated in the liquid and subsequently carefully cooled to
produce single crystals (400 m diameter, 20 { 60 m thickness), checked by x{rays.
The technique, used to measure the acoustic velocities, is an impulsive stimulated
scattering: two IR-pulses, superimposed on the sample, produce an interference pattern. At maxima in scattered light intensity, the sample is warmed, at minima the
sample remain cool, therefore a density wave or acoustic wave travels through the
crystal. A third laser{beam, time delayed, detects this grating at Bragg angle, because the periodic uctuations of the refractive index in the density wave a ect the
intensity of the di racted probe pulses. Elastic constants as a function of pressure
are derived from resulting spectra (Fig. 56).
In their discussion of these data the starting point of a lattice dynamical model of
the phase of oxygen consists of force constants matrices. The only way to explain
the set of data, such as cij (p) and c=a(p), forces the conclusion that the interatomic
forces in -oxygen have noncentral components, comparable in size to those due to
central interactions.
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Samples were prepared by loading the DAC cryogenically and in some case the
crystal quality was improved by subsequent heating/cooling processes. Most measurements were executed between 10 { 300 K; recent magnon studies were done at 2
K. The pressure range was continuously enlarged during these 10 years; nally up to

Since the availability of the DAC technology eight papers were published on that
matter and the general aim was always to investigate or to con rm new high-pressure
phases of solid oxygen by optical spectroscopy.

5.3.2 Raman studies of the vibron, libron, magnon region

Fig. 57. The density of states of solid oxygen at p = 6.13 GPa (solid line) and at p = 7.41
GPa (dashed line) from lattice dynamic simulations modelling the elastic constants of Fig.
56 [94].

NUMBER OF MODES

From this LD model the authors derived several thermodynamic quantities such as
Gruneisen parameter, speci c heat, compressibility for -O2. The density of states,
calculated from this LD-model, is presented at 6.1 GPa and 7.5 GPa at room temperature (Fig. 57).

Fig. 56. Elastic constants as a function of pressure (T = 300 K) of solid oxygen [94].

ISENTROPIC MODULUS (GPa)

110 GPa. Comparing results in di erent publications some minor inconsistencies and
discrepancies could be identi ed. We think that this fact is linked to the treatment
of samples: vary pressure consequently only at higher temperatures or also at low
temperatures (metastability, reproducibility); heating of sample by laser irradiation,
mainly in " phase.
Used Raman systems, lasers optics and cryostat with DAC are standard equipment
to our mind.
Quality of high-pressure spectra in comparison to zero pressure ones can be judged
comparing Fig. 58, upper part with Fig. 26 for the vibrational region and Fig. 58,
lower part with Fig. 32 for the librational region.
The discussion of data can be summarized as follows:
1. The pressure dependence of vibrational and librational modes are presented at
di erent temperatures (Fig. 59). Characteristic changes in ! (p) (jumps in frequency,
changes of number of modes) point out phase transitions. If there is only a kink in
! (p) | i.e. a change in the slope of ! (p) | this may be a hint to a possible phase
transition with minor structural changes or local stress and pressure inhomogenuity
in the sample. But on the whole these di erent publications con rm more or less
the pressure{temperature diagram in the range of p < 20 GPa and T < 600 K by
spectroscopic analysis (see Fig.1 in Desgreniers et al. [85]).
2. Di erent groups have calculated the libron frequency and vibron frequency shift
as a function of pressure in -O2 , based on di erent potentials: Etters{type and
English{Venables type. High pressure | in general | can serve as a sensitive test for
intra{ and intermolecular potentials: V (r); r(p); ! (p). But the absolute agreement
between theory (two potentials) and experiment is only modest up to now (Fig. 60).
3. The vibrational Raman line splits into a doublet in -O2 at zero pressure (see
Sec. 5.2.1, Fig. 25). This splitting is caused by molecules occupying two nonequivalent sites in this phase (sphere{, disk-like molecules). If pressure is applied, this
doublet is changed in energy and intensity ratio (Fig. 61). This coupling of vibrational motions of molecules of di erent sites can be modeled by a Fermi-resonance
type of interaction, in which the anharmonic term in the intramolecular potential is
depending on molecular distances, i.e. on applied pressure.
4. Up to p < 25 GPa and below 200 K Carter et al. [88] claim a new phase, called 
phase. This still uncon rmed phase should not be confused with the metallic  phase
(see Sec. 3.3). In going from "-O2 to \ -O2" at 20 K the low frequency intermolecular
vibrational modes split abruptly by about 10 cm 1 , whereas the vibron remains a
single peak (Fig. 62). Due to the abrupt appearance of this splitting and due to the
splitting into two lines, the authors suggest the phase transition to be of rst order
and that this transition involves a doubling of the unit cell.
5. Akahama et al. [98] extended the former studies up to 110 GPa at room temperature in order to investigate the recently observed structural transition at 96 GPa.
Figure 63 display Raman spectra in the vibron and libron region and the pressure
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Fig. 58. Upper part: Raman spectra in the vibron region for solid 18 O2 (doped with 6%
16 O18 O) at various pressures [80]. Lower part: Raman spectra in the low energy region of
solid oxygen at various pressures (T = 219 K and 80 K) [75].

dependence of respective mode frequencies. The vibron mode frequency increases
still linearly with pressure, whereas the doublet splitting of both librons continues
up to 100 GPa (compare Fig. 62). In addition several combination tone or overtones
of librons are registered. Remarkable here is an increase of all Raman band intensities up to about 50 GPa and a subsequent decrease. This resonance Raman type of
behavior is attributed to a decrease of the band gap in solid oxygen with pressure
that coincides with the energy of the excitation laser light.
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Fig. 59. Pressure dependent vibron and libron frequencies of solid oxygen: at T = 10 K
[75]; at 25 K and 80 K [292]; at T = 148 K [75].

6. Most recently Mita et al. [293] studied the magnon excitation at 27 cm 1 (see
Sec. 5.2.5) by Raman scattering at T = 1.8 K up to 4 GPa (Fig. 64).
The changes in the slopes of the two Raman active librons and of the magnon at p 
0.07 GPa, at p  1.3 GPa and at p  3 GPa were attributed to phase boundaries.
The observation of the antiferromagnetic magnon found between zero pressure and
2.9 GPa and below 7 { 10 K means that the spin con guration of solid oxygen exists
at least up to this p { T range. The rapidly decreasing magnon intensity may be due
to the fact that pressure was varied at low temperature (crystal quality) or that the
magnetic coupling of pairwise oxygen molecules decreases. The last hypothesis is
unlikely because we would expect an increase of magnetic interaction by increasing
pressure (J (r) and r(p)).
5.3.3 FTIR studies of the vibron and its overtone region

Since about 1995 Fourier Transform IR{spectroscopy in combination with high pressure and low temperature is feasible; technical aspects are reviewed e.g. by Bini et
al. [294]. About 5 papers concerning solid oxygen were published by two groups.
The main aim was rst to supplement Raman data Sec. 5.3.2; since IR plus Raman
data with group theory allow to presume crystal structures for the high-pressure
phases ; ; Æ; ";  (p < 100 GPa, T < 300 K). Another aim is to discuss the pres93
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Fig. 61. Raman doublet of the vibron band in -O2 at di erent temperatures and pressures [75].
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Fig. 63. Left part: Raman spectra { vibron plus libron region { of solid oxygen at T = 298
K and pressures up to 105 GPa. Right upper part: Pressure dependence of vibron mode.
Right lower part: Pressure dependence of libron modes and their splitting [98].

sure dependence of mode frequencies (vibron, phonon) and deduce the change in
inter{ and intramolecular bonding. Finally the di erence of Raman active and IR
active modes and its pressure behavior will give insight into the molecule{molecule
coupling mechanism; etc.
Sample requirements are manifold: large polycrystals ( 200m) with good optical quality even at low temperature, avoiding crossing the phase transition !
(V  5%). To study anisotropy oriented single crystals for polarized IR{
absorption. Not too thick samples (< 10 m) to avoid saturation of IR-absorption
and to study the true bandshape. Both groups, mentioned above, used cryogenic
loading. The group around Bini (Italy) started with compressed liquid; careful crystal growing (l ) during days and subsequent slowly cooling the sample within the
phase. Pressure changes were only performed at highest temperature in the
l
range. Isobaric cooling and heating demonstate reversible behavior. The Akahama
group (Japan) started also with compressed liquid at 300 K and grow single crystals
by a strain{annealing method at 25 GPa and 650 K.
We will summarize their results (Refs. [295,176,101,102,98]) rst for the Æ phase and
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Fig. 64. Raman spectra of solid oxygen at T = 1.8 K at various pressures: two libron bands
(L1 ; L2 ) and the high{energetic magnon band (M). Pressure dependence of libron and
magnon frequencies [293].

then for the " phase. In the Æ phase mid{IR spectra show an additional peak and a
phonon sideband Fig. (65).
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Fig. 65. Left part: Low temperature IR spectra of the vibron plus phonon sideband region
of oxygen, before (lower part) and just at (upper part) the transition to the " phase. The
boundaries of the L1 and L2 regions are obtained at each pressure by summing the libron
frequencies (from literature) to the IR (full lines) and to the Raman (dotted lines) vibron
frequencies [176]. Right part: IR spectra of the vibron mode of solid oxygen recorded along
the 7 GPa isobar at increasing temperature [102].
23 , with D24
Up to now the crystal structure of the Æ phase was considered to be D24

site symmetry and one molecule per unit cell; therefore one Raman active vibron
only. Due to the fact one Raman active mode and one IR active mode the authors
claim a centro{symmetric cell with at least two molecules and a possible factor group
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NORMALIZED ABSORBANCE

C24 (monoclinic) or D24 (orthorhombic). This Æ phase | as the only phase | ranges
between and " phase at low temperatures. The evaluation of the band frequency
and band intensity of this IR{mode as a function of pressure and temperature is
presented in Fig. 66.
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Fig. 66. Left part: Frequency evolution of the Raman (squares, from literature) and IR
(circles) vibron components of solid oxygen as a function of pressure [176] Right part:
Evolution with temperature of the normalized absorbance along two isobars (p=5 and 7
GPa). Full lines t the data according to the law I = (1 T=TN )0:5 . The full segments
indicate the temperature TÆ at the phase transitions (p = 5 GPa, T = 158 K and p =
7 GPa, T = 211 K) [102].

Two neighboring O2 molecules can perform an in-phase vibration (Raman active
one) and an out of phase mode (IR active one) | see Fig. 49b. According to their
model, which was already successfully applied to solid N2 and H2 by others before, the di erence in frequency ! (Raman{IR) is proportional to the vibrational
coupling constant G, whose magnitude and sign (positive, negative) is important.
Varying pressure, this frequency di erence or coupling constant can be displayed as
a function of density or nearest neighbor distance (Fig. 67).
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Fig. 67. Vibrational coupling constant G as a function of nearest neighbor distance: full
symbols are experimental values, empty symbols are ab-initio values from literature for
the exchange integral J (R); the dashed line is due to an exponential t [102].

If there exists a magnetic interaction also in the Æ phase (like in phase), which
induces this vibrational coupling, then this coeÆcient G(R) can be expressed by
J 00 (R), the second derivative of J (R); where J (R) is the exchange integral in the
Heisenberg antiferromagnetic Hamiltonian (H = J12 S1 S2 ). Wormer et al. [296] calculated the R-dependence of this J {term for oxygen. The fact that this ab initio value
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J12 (R) and the experimental value G(R) from the frequency di erence (Raman{IR)
ts so nicely (Fig. 67) con rms the assumption that the Æ phase must be magnetic
too.
The temperature behavior of the normalized absorbance of this IR{mode is very
characteristic at the Æ
phase transition (Fig. 66, right part). Therefore, it is
modelled by a power law I = (1 T=TN )0:5 for all isobaric runs [102]. Since the
phase has a triangular short-range antiferromagnetic order and if the Æ phase has
a similar long-range antiferromagnetic order like the phase, the spin alignment
is destroyed at the phase transition and consequently the IR{absorbance can be
modelled by an order parameter I   2 . The exponent of this order parameter is
here 1/4; smaller than for most real and model 3D systems (1/3), but larger than for
a 2D Ising model (1/8). The authors consider this order/disorder phase transition
(Æ ! ) as a second proof for the magnetic character of the Æ phase. Due to common
procedure in literature this modelling of temperature dependence of the intensity
with respect to an exponent of this order parameter is meaningful and reliable only,
if experimental data close to the transition temperature are available (temperature
range < 10% of T ); which is not the case here. (In addition modelling of I (T )
should also contain volume e ects V (T )).
IR spectra in the " phase at 300 K and below 70 GPa ([295],[101]) and below 100
GPa ([103]) are collected for comparison in Fig. 68 and agree in shape and quality.
Spectra in the overtone region ( 3000 cm 1 , 2 fundamental mode) can be modelled as a combination band of Raman active and IR active mode, i.e. IR (+~k) +
IR( ~k) and IR (+~k) + R( ~k ), from which the authors deduce the vibron density of
states at di erent pressures Fig. 69. Agnew et al. [80] measured these broad features
in the overtone region and modelled one band by R(~k ) to IR ( ~k ) with j~kj = =a
and the other band in the same way at j~kj = 0; due to [295], these authors [80] had
to rescale the frequency and to choose a too large vibron anharmonicity, why the
authors reassigned this transition.
The authors [108] suggest for the " phase an O4 unit instead of O2 -O2 pairs like in
or Æ phase. Figure 71 shows the suggested geometry and the normal modes of this
O4 molecule. Table 25 contains the results of an ab initio calculation of this O4 unit
with respect to symmetry, activity, and mode frequencies. This model is con rmed
by the analysis of Raman and IR spsectra (Fig. 70).
Five out of six modes are optically active: symmetric stretching O { O (the known
Raman vibron), the asymmetric stretching O { O (very intense IR vibron), an asymmetric stretching O2 -O2 (the additional found IR mode at 300 cm 1 ) and a new
assignment of the two librational modes ([103], L1 and L2 ) to be the symmetric
stretching O2 -O2 and the bending mode in plane.
Gorelli et al. [101] found an additional IR-absorbance at about 300 cm 1 (Fig. 68)
in the " phase. The pressure dependence of this peak at 300 cm 1 (frequency, and
integrated intensity) and the one of the IR active vibron at 1500 cm 1 in combination
with Raman data by Akahama et al. [98] Fig. 63 and recent Raman data by [203]
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Fig. 68. IR spectra of the vibrational region and its overtone region of "-oxygen under
di erent conditions investigated by di erent groups: (upper left): IR absorption in the
vibration region of oxygen in the Æ and Æ " phases [295]; (upper right): overtone IR
absorption of oxygen in the Æ; Æ " and " phase at T = 23 K [295]; (bottom left): IR
spectra from 100 to 1800 cm 1 at T = 300 K and di erent pressures of solid oxygen:
spectra marked by an asterisk are obtained on thin samples (0:4  0:1 m thick); the
other spectra refer to thicker samples (50 1 m) [101]; (bottom right): IR spectra in the
same region at T = 300 K and at p = 26 GPa of solid oxygen [103].
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stimulated a completely new picture of the molecule bonding in the " phase.
This new model for the " phase consisting out of O4 units (in a crystal one should
speak of spin-Peierls states), consistently integrate now all the spectroscopic results,
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Fig. 71. (a) The O4 molecule is considered as two bound O2 molecules whose bond length
and geometry are slightly changed from gas phase values. (b) Normal modes of an O4
molecule with a D2h symmetry and their optical activity [203,108].

known up to now: pressure induced very large intensity of IR active mode, number
of Raman and IR active modes and their pressure and temperature dependence.
This state of the O4 unit is predicted to be a singlet state, therefore it is expected
that the " phase of solid oxygen is non{magnetic. The metallization of oxygen (at
p  100 GPa) is therefore anticipated to be an association between O2 -O2 molecules
[176]. An alternative model, to explain all IR and Raman modes should be at least
considered: since the structure of "-O2 is known (A2=m) one may imagine di erent
site geometries to factor out possible IR and Raman active modes and compare to
experiment.
5.3.4 Visible absorption studies of pure exciton, exciton/magnon and exciton/vibron

The rst observations of intense color changes associated with the solid phase transitions, obtained by pressure in oxygen, were reported by Nicol et al. [57]. Therefore
absorption measurements in the visible region at high pressure were obvious but
we found only two publications and one work in progress. Generally speaking, one
would expect information about electronic transition in the molecule, band gap
energy, vibron coupling and magnetic interactions, changes in the behavior of the
100

Table 25
Normal modes of the O4 molecule with the D2h symmetry and their optical activity
[203,108]
Mode
Symmetry Frequency (cm 1 ) Activity IR intensity (a.u.)
Antisymmetric
stretching (O-O)

b3u

1465

IR

431

Symmetric
stretching (O-O)

ag

1634

Raman

0

Bending out of plane

au

541

None

0

Bending in plane

b1g

804

Raman

0

Antisymmetric
stretching (O2 -O2 )

b2u

205

IR

19

Symmetric
stretching (O2 -O2 )

ag

524

Raman

0

free molecule itself etc from this type of studies such as absorption, transmission,
re ectivity.
Desgreniers et al. [85] report about the optical response of very high-density solid
oxygen to p = 132 GPa. After cryoloading the cell and growing oriented single
crystals, they determined from optical density in absorption spectra the absorption
edge as a function of pressure and the re ectivity between photon energies 0.4 eV
to 3.2 eV up to p = 132 GPa (Fig. 72).
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Fig. 72. Absorption edge as a function of pressure in solid oxygen (T = 300 K; -O2
at 5.5 GPa) for two di erent crystalline orientations(a, b) ([85]). Re ectivity of the diamond{oxygen interface as a function of photon energy above p = 118 GPa. Solid lines and
inset shows optical parameters to model experimental data ([85])

.
To explain the rise of re ectivity at larger photon energies the authors explored
di erent models; but common to all is the fact that free electrons must exist in
solid oxygen above a certain pressure. In addition they demonstrate that the optical
anisotropy of the system persists to at least p = 62 GPa, starting with aligned
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molecules in the phase with respect to the propagation at light. Both pressure
dependences here, of the absorption edge and the re ectivity data, indicate that
an insulator to metal{transition takes place in oxygen around p = 95 GPa. The
authors suggest two possible explanations: band overlap in the molecular phase or
a molecular dissociation.
Nicol and Syassen [297] published high-pressure optical spectra of condensed oxygen
(the , Æ , and " phases). The groups in Florence and Kaiserslautern performed
recently similar but complementary experiments in the , , , Æ , and liquid phases
([285,298]). Therefore, we would like to present both studies together. Nicol et al.
studied the visible region from 12000{28000 cm 1 using an optical double beam
system (Florence group measured from 7000{13000 cm 1 , using a FTIR system
with visible extension). After cryoloading and single crystal growing they (Nicol
group) investigated the pressure range < 40 GPa at T = 300 K (Florence group:
cryoloading, p < 10 GPa, T = 11 { 320 K). Electronic transitions  ! ; 2 !
2; 2 ! ; 2 ! 2 were studied by Nicol et al. (Florence group:  !  (0-0)
and  (0-1) only). Figure 73 shows some typical spectra of -O2 and "-O2.
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Fig. 73. Left side: Optical absorption spectra of O2 in the uid and phase for two
polarizations of the wave vector ~k respective to the c-axis of the crystal: ~k k c and ~k ? c.
Right side: Absorption spectra of "-O2 at several pressures ([297]).

We summarize rst Nicol's results: 1. The band maxima of these double excitations
(e.g.  ! 2 in Fig. 73, left side) move to higher energies increasing pressure: 0.03
eV/GPa; since the  {electrons are compressed into a smaller volume. 2. The intensity
of the vibronic transitions increase with pressure (Fig. 73, left side) because of
vibronic coupling of a pair of oxygen molecules (Fig. 49b). 3. Spectroscopic ndings
are used to make some assumptions about the reorientation of molecular axis in
the to " phase transition. 4. The band edge (absorption spectra 3 g ! 3 u in
Fig. 73, right side) at 2.4 eV (p = 11 GPa) is shifted to smaller energies 1.4 eV (p =
37 GPa), which the authors attribute to a band gap closure or admixing of allowed
electronic transitions. 5. UV{re ectivity measurements (region of 3 g ! 3 u ) were
explained on the basis of pressure induced charge transfer reactions (O+2 O2 , similar
to the covalent bond model by ([203]) in Fig. 71).
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The Florence group in collaboration with the group in Kaiserslautern studied six
samples and monitored the  ! (0 0) and  ! (0 1) transition raising
pressure at T = 14 K (Fig. 74) and raising temperature at pressures 4, 5 and 6 GPa
Fig. 75.
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Fig. 75. Temperature evolution of absorption bands ( ! (0 0) and  ! (0 1)) at
p = 6 GPa in Æ phase at cooling: expanded view near
Æ phase transition [299].

The analysis of these spectra at high pressure is performed with the knowledge of
similar transitions at ambient pressure (see Sec. 5.2.7). Diagrams, such as frequency
of pure electronic transition ( ! (0 0)) or vibronic one ( ! (0 1)) as a
function of temperature or pressure, are deduced from these spectra (Fig. 76).
Preliminary results are as follows ([298,285,286]): 1. Due to a typical molecular based
consideration the band origin for the pure electronic and vibronic transition from
spectra (such as Fig. 74) can be displayed as a function of pressure (see Fig. 76, left
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lines. Right part: Same band origins as a function of pressure for the solid ( , , Æ) and
liquid phases (gas phase values are given by the horizontal line) [286].

part). This evolution of band origin with pressure is substantially di erent for the
di erent phases: in liquid and phases like gas value; in the and Æ phases a linear
increase with pressure (see Fig. 76, right part). In general, one expects a blue shift
of electronic transitions, like in the " phase [297], because most material parameters
vary with density, such as refractive index or polarizability. The mere volume e ect
should be much smaller according to structural data. The band origin in the and
Æ phases evolve similarly, as a consequence of similar long range magnetic ordering.
It should be possible to model therefore the exchange integral J with these data:
! (p) at T  0 K (from Fig. 76, left part) ! J (distance between molecules). 2. The
substantial decrease of the vibrational energy in the electronically excited  state by
pressure (!0 1 = ! ( ! (0 1)) ! ( ! (0 0))) may be due to increasing
anharmonicity in this excited state. 3. The expanded section of Fig. 75 demonstrates
the coexistence of the and Æ phases near the Æ phase transition, due to maxima
in absorption spectra. This behavior { well con rmed during cooling/heating cycles,
in several samples and at di erent isobaric runs - allows us to classify this ! Æ
phase transition to be of rst order. 4. The ne structure (lower section in Fig. 74)
in spectra of -O2 at T =14 K (ambient pressure) was unambiguously assigned in
Sec. 5.2.7: the rst doublet was associated there to combined exciton plus magnon
transition (see Fig. 53). Although this feature broadens by pressure the intensity
of this doublet decreases quickly by pressure (like the magnon intensity in Raman
spectra, Fig. 64). One can clearly resolve this doublet feature, which is a further
proof of the magnetic character of the Æ phase. 5. At isobaric scans (p = 0, 4, 5
and 6 GPa) we collected spectra (like Fig. 75) which delivered band origins ( !
(0 0) and (0 1)) as a function of temperature at a given pressure. In Fig.
76 left part a cooling/heating cycle proofs reproducibility of data. At the phase
transitions (l ! ! Æ ) clear jumps in frequency  demonstrate again phase
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Table 26
Jumps in frequency (T; p) (in cm 1 ) at phase transitions liquid (l) ! ! Æ recorderd
at isobaric scans in spectra of electronic transitions  ! (0 0) and  ! (0 1)
[298,285,286]
p=0 p=4 GPa p=6 GPa  ! 
(T; p)

l!

!
!Æ

1
1

15
5

(0-0)
(0-1)

-2
6

53
36

128
49

(0-0)
(0-1)

94
82

524
455

749
653

(0-0)
(0-1)

transitions of rst order. We presume that this jump in frequency  at these phase
transitions ( ! Æ as well as ! ) may have several origins: due to a mere volume
change between suited structures and due to long/short range magnetic interaction
(J (r; )), exchange integral in Heisenberg Hamiltonian). According to the results of
Raman spectra (libron, vibron range) in these ; ; Æ; "-O2 phases (see Fig.
59) there is almost no jump in frequency at l ! ! Æ ; consequently the frequency
shift due to volume should be small. Therefore these jumps in frequency  (Table
26) are mainly due to magnetic interaction. Another proof that Æ phase is magnetic;
maybe like phase. 6. In the " phase these absorption bands (Figs. 74 and 75)
seem to disappear, as Nicol and Syassen observed for other electronic transitions
[297](Fig. 73) One possible explanation could be that the "-O2 phase consists out
of O4 entities (Stotal = 0; i.e. nonmagnetic) as was suggested by [203] to interpret
mid-IR and Raman spectra in this phase (Sec. 5.3.3).
(All these preliminary results - Florence and Kaiserslautern group - will be the
content of forthcoming papers ([298,285])
5.4 Recent results

During the last three years (2001-2003) about 20 papers concerning solid oxygen
came to our attention. After selecting, we would like to present a few of them
brie y, grouped around spectroscopy, structural analysis, towards metallization and
theoretical considerations.
The following publications are already incorporated somehow in the main text:
Prokhvatilov et al. [216] report on x-ray studies at the
phase transition at ambient pressure and con rm this one to be of rst order. Gaididei et al. [300] described
in a general form the transition from a Heisenberg antiferromagnet to a compressed
triangular spin lattice using a magneto-elastic coupling, applicable to solid oxygen.
Aquilanti et al. [173] modelled the O4 molecule on the basis of molecular beam data,
whereas Aquino et al [301] studied the O4 molecule by ab initio quantum chemistry.
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Mita et al. [105] presented again Raman data on the magnon at 27 cm 1 as a function of pressure and temperature (see also [293]). Gorelli et al. [108] discussed the
structure and magnetism of the "-phase consisting out of O4 units on the basis of
mid-IR and Raman data at high pressure and low temperatures. Even if we did not
cover too much about the liquid phase, we would like to mention two recent papers:
In section 5.3.1 (light scattering in the phase) we discussed already this technique
and their results [94]. The authors [302] extended these sound velocity measurements
up to 6 GPa at T = 30Æ C and up to 11 GPa at T = 200Æ C. From these data, they
established an equation of state (T p and  p diagrams) and a more precise uid
- phase line. In addition, these authors exploited their technique [94] to deduce
indirectly the thermal di usivity of uid oxygen up to 12 GPa at T = 300Æ C. There
is practically no information about di usion in molecular crystals in the strongly
repulsive region between molecules, besides this [303].
About 10 recent papers concern the spectroscopy of solid oxygen at ambient and at
high pressure. We already discussed the absorption spectra ((0 0) ! (0 0)
or (0 1)) in the visible region as a function of temperature (Fig. 51) and as a
function of pressure (Fig. 74), which possess a clear ne structure in the phase
and smear out in the or Æ phase due to di erent reasons. Loktev et al. [304] made
an attempt to calculate these absorption spectra. The absence of a long-range magnetic order and the special spin ordering in the phase lead to a substantial change
in the spectral function describing these electronic spectra. As a consequence the
corresponding absorption bands loose their ne structure and become broad and
structureless (compare Fig. 2 in Ref. [304] with Fig. 51 in Sec. 5.2.7). Recently
Medvedev et al. [305] modelled these experimental results - decrease of the intensity
of ZPL (zero phonon line), increase of the exiton-magnon splitting, increase of the
whole band width with increasing pressure - by a full Hamiltonian (electronic excitation plus lattice phonons) and interaction of crystal with light. The agreement
between experiment and theory is convincing. In a second qualitative theoretical
consideration Loktev and Sharapov [306] made a hypothesis how these  to  absorption bands should look like in an experiment, if one uses polarized light and an
oriented single crystal of Æ -O2 . A similar experiment and theoretical explanation for
the phase was already discussed in Sec. 5.2.7 (Fig. 50).
Brodyanski et al. [307] presented a small review on the low dimensionality of the
magnetism in all oxygen phases due to new spectroscopic studies. We would like to
point out only two aspects. First, in the spectral range of the rst overtone (Fig.
30) the authors discovered a new IR-active band besides the phonon sideband to
0-2 vibron excitation (Fig. 77a). This band is assigned to a simultaneous vibrational
absorption by two neighboring oxygen molecules, induced by the intermolecular interaction. The intensity of this band strongly decreases with increasing temperature
and a continuous decrease at the phase transition T l . (Fig. 77c). The authors discussed several kinds of possible molecular interactions, including similar results in
solid nitrogen ( -N2 ). As a result, they conclude that sphere-like molecules appear in
-O2 only to preserve the chainlike orientational and magnetic structure of disklike
molecules (Fig. 77d). Whereas in liquid oxygen only disk-like molecules remain to
form the magnetism (Fig. 77e). Both results were already anticipated theoretically
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Fig. 77. (a): Absorption spectra of -O2 in spectral region of rst overtone to fundamental
vibrations. (b): Simultaneous vibrational absorption by two oxygen molecules in the temperature range pertinent to - and liquid oxygen. (c) Integrated absorption of the band
shown in (b) as a function of temperature [263]: black squares - experiment; dashed line
- theory. (d) Magnetic structural unit of the -O2 . (e) Structural units of liquid oxygen
drawn from the spectroscopic results.

many years ago by Brodyanski and Freiman [78,84]. Second, the authors of Ref. [307]
stress on a certain similarity between solid oxygen and solid hydrogen plotting the
IR activity of the internal vibration as a function of pressure: the enormous increase
of this absorption coeÆcient with pressure is of the same order of magnitude for
both elements, but the pressure range for the onset of this change is quite di erent
(Fig. 78).
In section 5.2.7 we already discussed in detail visible absorption spectra (single and
double transitions) as a possibility to gain information about the magnetism in the
and phases: Fig. 51 showed the temperature dependence of these spectra, Figs. 52,
53, 54 described a rst qualitative analysis of these data. In [286] Medvedev made
a more mathematically driven deconvolution of these spectra into a pure electronic
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Fig. 79. Temperature dependence of frequencies of the following excitations:
3 g (0) 1 g (0) electronic (diamond), 3 g (0) 1 g (1) electronic-vibrantional (triangle), simultaneous excitation of 3 g (0) 1 g (0) exciton and 3 g (0 1) vibron (cross)
[285].

transition (exciton as ZPL) and a phonon sideband, whereas in this new publication
[285] the authors used a more solid, physics driven deconvolution: the band origin is
found modelling a Stokes- and anti-Stokes-component of the phonon sideband. The
authors applied this model successfully to several transitions: in the case of the
transition in solid O2 it was applied to the combination mode (vibron + phonon)
and to the combination mode (exciton + magnon + phonon), and in the case of the
transition in solid N2 to the combination mode (vibron + phonon) (Fig. 2 in
[285]). As a consequence these authors plotted the temperature dependence of this
band origin for both transitions: 3 g (0) 1 g (0) and 3 g (0) 1 g (1).
The authors claim that the frequency jump at the
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Fig. 80. The exchange integral J as a function of the nearest neighbors distance (see for
details in [298]): the points have been evaluated by means of Eq. 5 in Ref. [298] (di erent
symbols indicate each single run). The experimental data have been tted (continuous
line) by means of an exponential law (Eq. 6 in Ref. [298]). The dashed line is a t of ab
initio calculation for a dimer in a parallel con guration. We report also the calculated
behavior given by Etters et al. [76] (dotted line) according to lattice dynamic calculations
in solid oxygen at zero temperature and in the pressure range of 0  p  7:0 GPa. Crosses
are derived from Raman data.
cm 1 ) at T  24 K is due to the additional magnetic interaction in the phase and
deduce for the Heisenberg exchange constant a value J = 18 cm 1 , which is pretty
close to a result by ab initio calculations J = 20.8 cm 1 .

In addition on the basis of these spectroscopic studies the authors reanalyzed known
structural data of the
phase transition. This result (Fig. 10 in [285]) will be
discussed in Sec. 8.1 (Fig. 127).
The same transition ( ! ) - not as a function of temperature but as a function
of pressure - was studied by Santoro et al. [298]. After deconvolution of spectra
(Fig. 74) into exciton plus magnon (as ZPL) and a phonon sideband the band origin
was deduced as a function of temperature at several pressures (compare Fig. 79 at
ambient pressure with Fig. 76 at 6 GPa). Again a frequency jump at the Æ
phase transition at di erent pressure/temperatures was found. The authors [298]
like before Medvedev et al. [285] associate this energy contribution to the additional
magnetic interaction in the Æ (or ) phase. Since the authors found the Heisenberg
exchange constant J (p), and since volume-pressure or R p (R - nearest neighbor
distance) is known from literature, they could deduce J (R) from spectroscopic data.
In Fig. 80 [298] all information concerning J0 and J (R) are compiled and agree nicely
together: spectroscopic data [298], recent Raman data i.e. magnon as a function of
pressure [105], lattice dynamics calculations [76] and ab initio calculations [296].
In addition, the authors made some speculations about the electronic structure,
the magnetism, the change from O2 to O4 molecules in the " phase, based on the
dramatic change in the intensities of the absorption spectra ( ! ) from Æ to "
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Fig. 81. (a): Temperature dependence of vibron frequency. The inset shows the splitting
of vibron frequency in -O2 as a function of temperature: , data from Ref. [114]; , data
from Refs. [71] (T < 46 K) and [254] (54 K). (b): Resonance shift and environmental shift
in the and phases determined from vibron frequencies for 16 O18 O (), 16 O17 O ()
isotopes, respectively, and from vibrational overtone (stars) [114]. (c): Vibron bandwidth
as a function of temperature:  - cooling, 4 - warming [114]; Æ, data from Ref. [309]. The
inset shows the comparison of linewidth in the and phases [114].

phase (see Fig. 1 in [298]).
Kreutz [185,201] is in the process of redetermining the p T diagram of olid oxygen
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Fig. 82. Libron spectra in the and phases as a function of temperature. In a small
temperature interval (23.8-24.2 K) both types of libron spectra are clearly seen. (Arrows
indicate magnon position).[114]

(p < 10 GPa, T < 300 K) by Raman scattering with the following aims:






improve old measurements (see Tables 19 and 21, and Figs. 26, 33 and 34);
characterization of higher energy libron at  80 cm 1 in
phase (pure libron
or libron plus magnon or libron-libron combination);
magnon at 6 cm 1 and 27 cm 1 in the phase;
contradictions in Raman data of 0 ; Æ 0 ; Æ phases by di erent authors etc.

Due to much better Raman technique (frequency accuracy  0.05 cm 1 , resolution 
0.03 cm 1 ) Kreutz determined the vibron frequency (Fig. 81a) and vibron bandwidth
(Fig. 81c) as a function of temperature. In the liquid, this bandwidth is decreasing
at rising temperature due to motional narrowing. In the phase the sphere-like
disordered molecules possess a larger bandwidth (than disk-like ones), because - due
to this kind of molecular motion - these sphere-like molecules are more in uenced by
the surrounding. Figure 82 shows the coexistence of the Eg libron in the phase and
the Ag and Bg librons in the phase in a very narrow temperature interval at the
phase transition. A further unambiguously proof of the rst order character
of this phase transition.
As we already discussed in Sec. 3.3, there are several contradictions in the phase
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Fig. 83. Top part: Raman spectra of vibron (top left) and librons (top right) as a function
of pressure (p = 0.02 GPa) at about 22 K. Peaks belonging to , Æ or " phases are
respectively identi ed. Peaks in the libron spectra which are marked with an asterix originates from residuals of the " phase (see text). Spectra were collected while the pressure
was released. Bottom part: diagrams of vibron (bottom left) and libron (bottom right)
frequencies versus pressure at about 22 K. The phase transitions are distinguishable by
clear jumps in frequency. Pressure was reduced from 8 to 4 GPa. [201]

range between the , and " phases. Kreutz and Jodl [185,201] studied this p T
region by means of Raman spectroscopy and selected a thermodynamically careful
path. Pressure was varied only at room temperature. Then the sample was cooled
down isobarically and pressure was released at low temperatures. Some \control
spectra" have been measured by isobaric cooling and they con rmed previous spectra. Some spectra of vibron and libron excitations are presented in Fig. 83 (top),
band frequencies are plotted versus pressure in Fig. 83 (bottom).
The following discussion is accomplished from low pressures to high pressures, even
if one measured converse. One vibron is visible in phase and it is present up to
a pressure of 6.42 GPa. The spectrum at this pressure shows an additional small
contribution at lower frequency. They assigned this excitation to the vibron in the
Æ phase. This one exists up to the phase transition at about 7.8 GPa. In the libron
spectra one can see the Bg and the Ag librons of phase existing up to 6.54 GPa.
At this pressure also an analogue pair of peaks is present but shifted to higher
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Fig. 84. (a) Raman spectra at T =
300 K between 60 and 120 GPa.
(b) Frequency of oxygen vibron as
a function of pressure near the " 
phase transition. (c) Decrease of Raman intensity as a function of pressure in two di erent sets of experiments (symbols ; N); line is a guide
to the eye.

frequencies. At higher pressures, this pair which is assigned to the Æ phase, remains
whereas the pair from phase disappears. A third pair of peaks (similar to the
rst ones) appears at 7.79 GPa. These two bands are drastically shifted to lower
frequencies, which were assigned to the librons in the " phase.
In Fig. 83 (right top) at p = 5.89 GPa the libron peaks of the and " phases can
be recognised (the ones of the " phase are marked by an asteriks in Fig. 83 (top)
denoted by open diamonds in Fig. 83 bottom). The authors explain this coexistence
of and " phases mainly by the fact that pressure was reduced from " phase to
phase during this experiment. But nevertheless, relicts of " have been present
in the spectra received by isobaric cooling at 6.54 GPa (from to =Æ ). It seems
that the pure Æ phase appears only at thermodynamical absolute stable conditions.
Since pressure was increased at low temperature in most of the old experiments in
the literature, the samples have not been at thermodynamically stable conditions.
Thus, in these studies one has observed only a mixture of and " phases where
more careful experiments show the existence of Æ phase in this region. Therefore,
this recent experiment can clarify the contradictions in the literature with respect
to the existence or the non existence of the Æ phase.
A speci cally selected p T path in the phase diagram has a signi cant relevance on
thermodynamic conditions. It decides therefore on the existence or the nonexistence
of phases in a certain p T range. This is the main result of this recent spectroscopic
study by Kreutz and Jodl [185,201].
We already reported in Sec. 5.3.2 about Raman investigations at high pressures.
Loubeyre's group [110,310] extended these studies until p = 120 GPa (at T = 300 K)
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and con rmed the data by Desgreniers et al. [85] p < 70 GPa and by Akahama et al.
[98] p < 96 GPa. Spectra are presented in Fig. 84a, the evolution of vibron frequency
as a function of pressure is demonstrated in Fig. 84b (see also Fig. 63).
The author found an exponential decrease of the Raman intensity with increasing
pressure Fig. 84c and explained this behavior due to absorption in solid oxygen
(band gap energy x(p) smaller than exciting laser wavelength); whereas Akahama
et al. [98] observed an increasing and decreasing Raman intensity with pressure,
which they attributed to a resonance Raman e ect (see Fig. 63 left part). Finally
after metallization (p > 96 GPa) a weak but clearly detectable Raman signal was
monitored (Fig. 84a).
Due to modern technology (FTIR-spectrometer, Brillouin-apparatus) and due to
better crystal growing technique - even of thick samples - Medvedev et al. [311]
reinvestigated the magnon at 27 cm 1 ; see Sec. 5.2.5, especially Fig. 38. The aims
are: 1. remeasure the magnon at 27 cm 1 and 6 cm 1 by IR absorption and by
Raman-/Brillouin technique both as a function of temperature and pressure. 2.
reanalyze data to deduce more accurate values for the magnon dispersion curves
! (~k) and for parameters A, B and J for the Heisenberg exchange interaction. 3.
deduce from integrated intensities as a function of T and p the magnetic order
parameter at the T transition.
The improvement of these new results is the narrow homogenous bandwidth (FWHM

Fig. 85. Temperature evolution of infrared absorption (a) and Raman scattering spectra
(b). Inset in (a) shows the magnon band at T = 15 K with a bandwidth of  0:5 cm 1
and pure Lorentzian band shape (solid curve) [311].
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Fig. 86. Magnon frequency (upper part) and magnon bandwidth (bottom part) vs. temperature [311]. IR data: N, O, ,  - data from Ref. [311];  - Ref. [72], Æ - Ref. [266].
Raman data:  - Ref. [114],  - Ref. [270,50],  - Ref. [72], + - Ref. [45],  - Ref. [266]. The
dashed line (upper part) is a guide to the eye. Inset at the upper part: the experimental
relative frequency shift with temperature () in comparison with theoretical values ()
[311]. Inset at the bottom part: IR bandwidth data from ref. [311] are modelled by a pure
magnon dephasing (elastic scattering) mechanism. Solid line (bottom part) is a t of IR
data from Ref. [311] with a power function  T 4:4 , extrapolated to T = 0 (broken line).

at T ! 0 K); 0 and (T ) are modelled by magnon mode relaxation processes (see
inset at Fig. 86, bottom part) and near T by the precursor of the phase transition.
The magnon intensity as a function of temperature is also measured for the rst time
(Fig. 87) and its behavior con rms the rst order behavior of
phase transition.
The curve will be compared to the one of the magnetic di raction intensity peak by
[324] and mirrors the magnetic order parameter of the phase.
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Fig. 87. Integrated normalized intensity of magnon peak [311] ( - IR data from Ref. [311],
 - Raman data from Ref. [114]), Æ - intensity of the magnetic di raction peak (101) from
Ref. [324]; solid line shows the spin-spin correlation function hSi Sj i for 2D Ising model
[312].

In addition, the authors of Ref. [311] checked also carefully the whole range 10
- 85 cm 1 and found no further IR-active modes (translations). This result is in
accordance with group theory (see Sec. 5.2.4 and [268]) and is in contradiction to
the ndings by [265], [266], [267] - see Fig. 35. We think that these authors monitored
IR intensity due to bad crystal quality (defect induced) or observed IR modes close
to the Raman active modes (near 45 cm 1 and 80 cm 1 ).
Even if we did not cover too much about the liquid phase, we would like to mention
two recent papers: In section 5.3.1 (light scattering in the phase) we discussed
already this technique and their results [94]. The authors [302] extended these sound
velocity measurements up to 6 GPa at T = 30Æ C and up to 11 GPa at T = 200Æ C.
From these data, they established an equation of state (T p and  p diagram)
and a more precise uid - phase diagram. In addition, these authors exploited their
technique [94] to deduce indirectly the thermal di usivity of uid oxygen up to 12
GPa at T = 300Æ C. There is practically no information about di usion in molecular
crystals in the strongly repulsive region between molecular, besides this [303].
5.5 Conclusions

We discussed the relevant literature about investigations on solid oxygen, rst at
equilibrium vapor pressure, and second at high pressure. In both sections we structured the outcome from optical spectroscopy, such as IR absorption, Brillouin and
Raman scattering, visible absorption, due to elementary excitations (magnon, phonons,
vibron, excitons and their combinations). The results, which will be more deeply
discussed in the following chapters, are: energy of elementary excitations, phase
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diagram and phase transitions, crystallographic structures, magnetism of low temperature phases. This set of data will hopefully in uence theoretical modeling, a
better understanding of the richness of phenomena, and further experiments on
solid oxygen.

6 Magnetic properties
In the case of condensed oxygen, we have a unique possibility to investigate the
interplay of the long and short magnetic orders with di erent types of orientational
and translational order parameters. In the case of the phase we have a long-range
magnetic order strongly interacting with translationally and orientationally ordered
systems; in the case of the phase we observe a strong response of the orientational
system to the change of the long-range magnetic order by a strong short order;
at the
transition a 2D short magnetic order transforms into a quasi-1D one
as a response to the change of the lattice structure; in the phase the short-range
magnetic order interacts with two di erent types of the orientational disorder; at the
transition into the liquid state we can observe a response of this quasi-1D magnetic
order to the onset of the translational disorder; at last, rising pressure we can observe
the response both the long- and short-range magnetic orders to the decrease in
intermolecular distance until the supposed breakdown of magnetism at the Æ "
transition.
The magnetic properties of solid oxygen is generally described by the Hamiltonian
[49,55,58,190,313,271,314{319]

H=

Xh

f

A (Sfz )2 + B (Sfy )2 +
i

1X
J 0S S 0;
2 f ;f 0 ff f f

(6:1)

where Sf is the spin operator at site f (S = 1); A > 0 and B > 0 are constants of
single-molecule anisotropy, and Jff 0 is the exchange interaction constant of molecules
at sites f and f 0 . The z -axis in Eq. (6.1) coincides with the molecular axis, while the
x-axis is directed along the monoclinic b-axis.
The form of the anisotropy operator agrees with the point symmetry group of an
O2 molecule in -O2 crystal. The constant A is due to the intramolecular spin-spin
dipole and spin-orbit interactions and for the case of a free O2 molecule it reduces to
the spin- gure constant (see Eq. 1.4) determining the spin- gure interaction (A ' 4
cm 1 [124]). It would appear reasonable that for solid oxygen the parameter A, as
related to the intramolecular interaction, is renormalized only slightly, since a strong
renormalization would be incompatible with the concept of oxygen as a molecular
crystal. The anisotropy constant B has no analog for a free O2 molecule, and its
appearing in the Hamiltonian (6.1) is connected with the slight monoclinic distortion
of the O2 lattice (see Fig. 6). The degree of the monoclinic distortion decreases
with rising temperature; as a result the anisotropy constant B must be a decreasing
function of temperature and must turn to zero at the
transition point since
the hexagonal symmetry of the basal planes is restored in -oxygen.
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Fig. 88. Monoclinic structure of O2 . The magnetic structure is indicated by the arrows. The exchange interaction between the in-plane and out-of-plane nearest neighbors
is described by the respective exchange interaction constants J1 ; J2 ; J3

The magnetic structure and magnetic properties of solid oxygen are determined
at least by three exchange interaction constants J1 ; J2 ; J3 (Fig. 88), which are the
intersublattice exchange interaction constant for two nearest neighbors from the
same basal plane, the intersublattice exchange interaction constant for two nearest
neighbors from adjoining basal planes and the intrasublattice exchange interaction
constant for nearest neighbors in the same basal plane, respectively. To describe
the exchange interaction we will use the exchange interaction constant J1 and two
dimensionless parameters = J2 =J1 and  = J3 =J1 . Thus, neglecting by the interaction with more distant neighbors the magnetic Hamiltonian (6.1) is completely
described by the set of 5 parameters: J1 ; ; ; A; B .
There is nothing extraordinary for conventional magnets to nd all the necessary
parameters from such magnetic experiments as ferromagnetic or antiferromagnetic
resonance, measurements of the magnetic susceptibility, IR measurements, magnetic
measurements in strong magnetic elds, and so on, but in the case of solid oxygen
no self-consistent set of parameter was proposed for a long time in spite of numerous
magnetic and magneto-optical studies. There are several reasons why solid oxygen
is so special in this aspect, some of them being connected with intrinsic properties
of solid oxygen, others may be considered as originating from general technical difculties dealing with such speci c objects like solidi ed gases, but ultimately all of
them are associated with intrinsic properties of solid oxygen. First of all, there is
very strong interconnection between magnetic and lattice properties which reveals
itself as large magneto-elastic or magnetostriction e ects; unusually large thermal
expansion results in large changes of exchange coupling constants, which manifest
itself as unusual magnetic behavior; the coincidence of the magnetic and structural
transitions that hinders an unambiguous separation of magnetic and lattice contributions into properties under discussion; the large jump in volume at
transition
which makes obtaining of single crystals of -oxygen practically unfeasible. That is
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Fig. 89. The powder susceptibility of
[64]).

;

and

oxygen (averaged data of DeFotis

why the results of di erent studies sometimes appeared con icting.
6.1 Magnetic susceptibility

Measurements of the magnetic susceptibility is, in general, the most straightforward
probe of magnetic properties of matter. Information concerning the magnetic structure and the exchange interaction strength can be extracted from the susceptibility
data.
Investigation of the magnetic susceptibility of condensed oxygen were initiated as
early as at 1910 by Kamerlingh Onnes and Perrier [11,15,320]. More systematic
studies were carried out in the fties by Borovik-Romanov [26], Kanda et al. [29],
and Borovik-Romanov et al. [28]. Large systematic discrepancies between results
of these studies caused investigators turn back to this problem again and again
[321,322,66,74,319]. If for the phase all the sets of the experimental data lay in
the range of 10%, in the phase the discrepancies grow to 20%, and in the phase
they reach 40%.
An useful summary and detailed discussion of the literature data on the susceptibility
published before 1981 was given by DeFotis [64].
The powder susceptibility of -, -, and -oxygen as a function of temperature is
given in Fig. 89, which represents averaged experimental data of DeFotis [64] and in
Fig. 90, which represents experimantal data by Meier et al. [66,319]. Recommended
values of the magnetic susceptibility (Table 27) were obtained by averaging the set
of the experimental data. Data by DeFotis were obtained for ve di erent samples:
three of them were either single-crystals (in -O2 ) or preferentially oriented aggregate
samples (in case of - or -O2 ), and two of them were powder samples.
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As one can see, the resulting curves of the magnetic susceptibility of condensed oxygen exhibit a quite complex temperature behavior. The magnetic susceptibility of
liquid and -O2 increases with decreasing temperature that is typical for paramagnets. The susceptibility of the two low-temperature phases decreases with temperature which was the ground for Borovik-Romanov et al. [28] and Kanda et al. [29]
conjectured that solid oxygen at low temperature is an antiferromagnet. In reality
turned out that the long-range magnetic order is characteristic only for -oxygen
whereas -oxygen possesses by a strong short-range magnetic order.
At the phase transition points the magnetic susceptibility exhibits jumps which connected with changes in the character of magnetic and orientational states and jumps
in volume at the transitions. The drop in the susceptibility of 3.5% accompanies the
liquid-solid transition. Large drops in the susceptibility of  55% and of  40% take
place at the
and at the
transition points, respectively.
Before proceeding to the analysis of the experimental data let us discuss some speci c features of susceptibility measurements of condensed oxygen. In addition to
usual experimental errors resulting from limitations of the experimental set-ups and
methods of measuring, there are some additional sources of discrepancies which one
needs to keep in mind comparing results on susceptibility by di erent authors.
In the most studies the authors performed relative measurements of temperature
dependencies of susceptibility and the absolute values were obtained by comparing
their results with those from Leiden for liquid oxygen [11,15,320,323]. Absolute data
were obtained also by Borovik-Romanov [26] for one point in solid at 20.3 K and for
one point in liquid at 77.8 K, and by Meier et al. [319,66]. As for data of Kanda et
al. [29] and Uyeda et al. [74], it is not clear from experimental details given in their
papers whether they performed absolute or relative measurements.
At the same time, numerous experiments for di erent properties revealed that
melting-freezing phenomenon proceeds in oxygen in an anomalous way resulting
in large di erences between data obtained during melting and freezing runs (for
more detailed discussion see Sec. 8.5 "Melting"). In the case of susceptibility measurements, Meier et al. [319,66] observed that the jump in susceptibility at melting
was very reproducible as opposed to data at freezing where they observed variations
up to 10%. This means that the comparison with data for liquid is ambiguous.
In Fig. 90 two sets of data are shown by Meier et al. [319,66] which were obtained
with increasing temperature; they di er in the time of passage through the region
of the
transition: during the slow run the transition region was crossed for
two hours, and four times faster during the quick one. As can be seen, slow and
fast passages through the
transition resulted in essentially di erent results in
the whole temperature range including the liquid phase [319,66]. In the case of the
phase, the di erence was as high as 2%. The fact that the di erences persists even
in the liquid phase means that their source is not only cracking of the sample but
incomplete
transformation.
In the case of the noncubic and phases, there is an additional problem connected
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Fig. 90. Two sets of data on the magnetic susceptibility of condensed oxygen at zero pressure [66,319], di ering in the time of passage through the region of the
transformation.
Full circles represent a slow run (2 hours), open circles a faster one (1/2 hour).
Table 27
Magnetic susceptibility of solid oxygen [64]
T (K)  (10 6 cm3 /g) T (K)  (10 6 cm3 /g) T (K)  (10 6 cm3 /g)
54.36
53
51
49
47
45
43.8

phase
293
293.8
295.1
296.3
297.5
298.8
299.5

43
42
41
40
38
36
34
32
30

phase
135.5
130.1
126.8
123.8
120.0
117.2
114.4
111.6
109.5

28
26
24
22.5
20
15
10
5

107.2
105.3
104.2
phase
60.14
55.46
50.6
48.62
48.1

with anisotropy of the susceptibility. In the case of polycrystals, the measured quantity is a powder susceptibility

 = ck k + c??; ck = 1=3; c? = 2=3;

(6:2)

where k and ? are principal values of the susceptibility parallel and normal to
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the easy axis, respectively. In the case of preferentially oriented samples, the coeÆcients ck and c? di er from random powder values 1/3 and 2/3 which in uences the
measured susceptibilities.
It is signi cant that demands on growing conditions which could decrease the mentioned drawbacks are mutually contradictory: if in attempt to diminish the forming
of the uncontrolled pores in the samples one slows the rate of passage the
transition, it at the same time provokes the coarsening of grains. The last remark
does not refer to the phase since it is cubic and its susceptibility is isotropic.
The phase data by Defotis [64] lie between the "slow" and "fast" data by Meier
et al. [66]. The relative error in the susceptibility data estimated by both authors is
1%, the di erence between the two sets amounts to 2.1% lying near the limit of the
total error of two works.
For the phase the di erence between the data by Meier et al. and DeFotis amounts
to 2.7% at 42 K which is a little over limits of the total relative uncertainty estimated
by the authors ( 1% of Meier et al. and  1:2% of DeFotis), but the di erence
decreases with temperature and becomes less than 1% at 25 K.
The largest di erences between data by Meier and DeFotis exist for -O2 with the
latter manifests far more stronger decrease with temperature than the former. The
susceptibility di erence between 22.5 and 5 K is 6  10 6 cm3 =g for Meier's et al.
data ( 10% of the value at 22.5 K) to be compared with twice as large decrease
for average data by DeFotis. The strongest decrease with temperature is exhibited
by three "single-crystal" samples ( 25%).
The most recent experimental data on the magnetic susceptibility Ref. [74] obtained
by Date group considering their own experimental data in comparison with various
published data [29,64,66,319] are in close agreement with data by DeFotis.
A large value and strong anisotropy of the thermal expansion in uences the thermal
dependence of susceptibility in the and phases.
Thus, data on the magnetic susceptibility bear large information not only on the
magnetic subsystem of solid oxygen but also on properties of translational and orientational subsystems coupled to the magnetic one.
(The discussion of the magnetic susceptibility will be continued in Secs. 6.4, 6.5,
and 6.7.)
6.2 Magnetic heat capacity

An additional insight into the magnetic nature of -O2 can be gained from heat capacity data. It is from the analysis of the magnetic heat capacity that the Kharkov
group rst arrived at the conclusion that -O2 is a quasi-two-dimensional antiferromagnet [55,190,58,317].
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There are several factors that hinder an accurate separation of magnetic and nonmagnetic contributions into the total heat capacity. The coincidence of magnetic
and structural phase transitions at T point prevents such separation in the vicinity of the transition. But even well below the transition point certain diÆculties still
exist which are connected with the problem of the exact evaluation of the phonon
and libron contributions into the heat capacity. The most reliable separation of the
magnetic contribution into the heat capacity can be done in the low temperature
region (T < 10 K) though at the expense of dealing with less accurate experimental
values.
Di erent contributions to the heat capacity are given in Table 28. The phonon contribution was calculated [209] in the Debye approximation with D = 104 K taking
into account the D (T ) dependence which was determined on the basis of the temperature dependence of sound velocities [48,54,223] and the libron contribution was
estimated from the libron spectrum [55,190]. The di erence Cp CV was calculated
using the data on the isothermal compressibility [48,54,223], and on the thermal
expansion [190,55]. As one can see, at 10 K the magnetic contribution into the total
heat capacity amounts 20%. At the same time the libron contribution at this point
is three times smaller, and the di erence Cp CV not exceeds 2% of the total heat
capacity and can be assumed negligible at the low-temperature region.
In order to obtain information on the parameters of the magnetic system of solid
oxygen, the experimental magnetic heat capacity must be compared with theoretical
estimations. The theoretical magnetic heat capacity is determined by the spin-wave
spectrum E (k) and can be written as a sum over two branches of the spectrum
E1 (k) and E2 (k):
1
Cmag =R =
3
n=1;2 (2 )
X



Z



(En =T )2 exp (En =T )
3
dk
;
[exp (En =T ) 1]2

(6:3)

where R is the Gas constant. Spin-wave theory was developed by di erent methods by many authors [49,58,313,271,314{319] (see Ch. 7). The resulting dispersion
relations En (k) (energy vs. quasimomentum relations) are given in Sec. 7.3.1 (Eq.
7.22).
The anisotropy parameters A and B can be expressed in terms of the exchange
eld J (0), and frequencies of magnon modes in -oxygen at ~k = 0 (AFMR modes)
E1 = E1 (0) and E2 = E2 (0) (see for details Sec. 7.3.1). Thus, the magnon heat
capacity Eq. (6.3) contains three variable parameters, and it is most convenient to
use in this capacity the exchange eld J (0) and two dimensionless parameters
and  (see de nitions at the introductory section to Ch. 6). The sensitivity of the
magnetic heat capacity to changes in these parameters can be readily seen from the
low-temperature asymptotic for Cmag :
!
!
=
2)3=2 E1 (0) 3 E1 (0) 1=2 E1 (0)=T
4R (1 +
Cmag =
e
:
(6:4)
p p1 + 2 J (0)
(2 )3=2
T
where  is the spin order parameter (see Sec.7.3.1, Eq. 7.23). As can be seen, the
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Table 28
Contributions of phonons, magnons, and librons to the heat capacity of -oxygen
exp
calc
T
CV
Cph
Cmag
Cmag
Clib
(K)
(Jmol 1 K 1 )
2
2.5
3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0
10.0
12.0
14.0
16.0
18.0
20.0
22.0
23.0

0.01387
0.02734
0.04740
0.07579
0.11520
0.1653
0.2347
0.4257
0.7084
1.099
1.620
2.258
3.930
5.90
8.15
10.87
13.48
15.9
17.8

0.01381
0.02698
0.04662
0.07404
0.11052
0.1574
0.2159
0.3730
0.5918
0.881
1.247
1.691
2.834
4.20
5.72
7.28
8.83
10.33
11.1

0.00005
0.00036
0.00078
0.00175
0.00469
0.00791
0.01864
0.0507
0.1078
0.189
0.319
0.433
0.762

0.00006
0.00040
0.00133
0.00316
0.00619
0.01079
0.01739 0.00021
0.0391 0.0021
0.0771 0.0088
0.139
0.029
0.233
0.054
0.368
0.13
0.776
0.30
1.37
0.3
2.13
0.3
2.99
0.60
3.91
0.7
4.83
0.75
5.3
1.4

dimensionless interplane exchange coupling constant enters into Eq. (6.4) as a
singular factor, and thus the low-temperature magnon heat capacity is very sensitive
to this parameter. The best choice obtained by comparison of the calculated and
experimental magnetic heat capacity (see Fig. 91) is J (0) = 125:9 cm 1 ; = 0:025.
The fact that the inequality  1 holds means that -O2 is a quasi-two-dimensional
antiferromagnet.
An asymptotic expression for pure two-dimensional case has the form:
!
3R E1 2  E1 
Cmag =
e
 J (0)
T

E1 =T :

(6:5)

The dimensionless intrasublattice exchange parameter  also enters into Eq. (6.4) as
a singular factor. For the quasi-two-dimensional antiferromagnet (  1) it imposes
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Fig. 91. Magnetic heat capacity. Experimental points - see text, solid curve is the best t
to Eq. (6.3).

on the magnitude of  the condition [326]

 < 1=2;

(6:6)

which is a direct consequence of the condition of stability of the collinear antiferromagnet structure (see Sec. 6.4). If the condition Eq. (6.6) is violated, the calculated
magnon frequencies become imaginary for a region of wave vectors along the direction k = (0; k; 0). For the 3D antiferromagnet ( = 1) the magnitude of  instead
of the condition Eq. (6.6) should meet the condition

 < 1:

(6:7)

6.3 Magnetic structure of -O2

Borovik-Romanov et al. [28] and Kanda et al. [29] who made the most comprehensive at that time studies of temperature dependencies of the magnetic susceptibility
were most likely the rst who conjectured explicitly that solid oxygen is an antiferromagnet. In particular, based on the change of the character of temperature
dependence of the magnetic susceptibility at
transition Borovik-Romanov et
al. put forward the suggestion that this structure transition is accompanied by the
transition into the antiferromagnetic state.
The rst who arrived at the right conclusion that not both low-temperature phases
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are antiferromagnetic but only the phase was Alikhanov, who carried out the rst
neutronographic study of solid oxygen [34,192] and found magnetic re ections in
his di raction diagram of -O2. In more detailed studies Alikhanov [41] and Collins
[39] con rmed that the neutron di raction diagram contains some lines which are
absent in the x-ray pattern. Judging from their intensities there was no way to
miss these lines in the x-ray measurements. As is well-known, the existence of extra
lines in the neutron powder pattern over and above those seen in the x-ray pattern
would constitute a fairly conclusive evidence for the existence of an ordered magnetic
structure.
Collins found that these two extra lines occur at the interplane distances which are
twice the values of nuclear lines, and as a result inferred that the antiferromagnetic
structure is commensurate with the lattice. In his turn, Alikhanov analyzing these
additional lines on the base of C 2=m structure of -O2 (his preliminary assignment
of the structure of -O2 was published in the footnote to Ref. [35], see also [192])
has found that magnetic moments lie in the basal planes ab and directed along a
crystal axis normal to the molecular axis. Barrett et al. [43] con rming the C 2=m
space group of -O2 indexed these small-angle additional lines as (100) and (101) and
de ned the magnetic structure of -O2 as a two-sublattice collinear antiferromagnet,
though they mistakenly believed that magnetic moments directed along molecular
axes.
The further analysis of magnetic properties of -O2 by Wachtel [313] and by Wachtel and Wheeler [49,271] allowed them to make the statement that the magnetic
moments in the ab planes directed along the monoclinic axis b (Fig. 88). This conclusion was made on the basis that the relative intensities of the two purely magnetic
lines (100) and (101) in the neutron di raction pattern are best accounted for this
magnetic structure. But more conclusive was the absence of the (010) magnetic line
because the intensity of this line is proportional to sin2 ' where ' is the angle between the scattering vector and the magnetic moment. It must be emphasized that
an unambiguous analysis should take into account the behavior of the magnetic form
factor [210].
Thus, -O2 circumvents the magnetic frustration by means of the small monoclinic
distortion (see Ch. 3, Fig. 6), so that a two-sublattice magnetic structure is favored.
Each spin has four in-plane nearest neighbors at the opposite magnetic sublattice
(n1 ) and two in-plane next-nearest neighbors at the same sublattice (n2 ). With this
arrangement of the magnetic moments, four nearest neighbors of each molecule in
the same basal plane and four next-next nearest neighbors (n3 ) from the adjacent
planes have oppositely directed moments along the monoclinic b axis, and two next
nearest molecules which lie along the b axis have magnetic moments directed along
the same direction (Fig. 88). The numbers n1 ; n2 , and n3 and corresponding them
exchange parameters J1 ; J2 , and J3 determine the exchange eld J (0) (see Eq. 7.19,
Sec. 7.3), which controls all the magnetic properties.
Meier and Helmholdt [210] argued that, in addition to the two intensive magnetic
lines found by Alikhanov and Collins, they observed an additional number of weak
magnetic re ections and among them a weak (010) di raction peak. Including this
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re ection into re nement of the magnetic structure they obtained that magnetic
moments are not completely directed along the b axis and the de ection could be as
high as 10Æ . Commenting this result Stephen and Majkrzak [324] pointed out that
Meier and Helmholdt have ignored a number of stronger unindexed peaks and so it
is not clear how much con dence could be placed in their result.
In conclusion of this discussion let us cite the important consideration by DeFotis
[64]: "...it is not possible to rule out on symmetry grounds a magnetic structure
exhibiting a slight canting of the magnetic moments from the b axis leading to a
weak ferromagnetic moment. But no evidence for such canting is apparent in any
susceptibility data. Neither of the usual mechanisms leading to weak ferromagnetism
is operative in the case of -O2 . It would be surprising, therefore, if a canted magnetic
structure did develop".
6.4 Magnetic interaction parameters

Majority problems and diÆculties, in developing of a consistent picture of the magnetic properties of solid oxygen, are focused on the problem of the magnetic interaction parameters. As was mentioned above, a minimal set of such parameters
includes ve quantities: three exchange coupling constants J1 ; J2 , and J3 and two
anisotropy constants A and B (Eq. 6.1). The choice of the parameters has been
rather controversial with di erent experiments yielding apparently di erent results
(see Table 29). The problem was that most groups tried to extract all the necessary
information from a separate magnetic property using in this capacity the antiferromatgnetic resonance (AFMR) frequencies [49,313,271,319], parallel susceptibility
[64], magnon heat capacity [55,190].
A typical example of such analysis and problems emerged from it was the approach
developed by Wachtel and Wheeler [49,313,271]. They used the Hamiltonian Eq.
(6.1) and calculated the magnon spectrum of -O2 within a model with isotropic
exchange interaction neglecting the intrasublattice coupling constant J2 and assuming that the nearest neighbor number z = n1 + n3 = 8, J1 = J3  J , and the dimensionless parameters which were introduced in the preceding section = 1;  = 0. To
determine three unknown parameters J; A, and B they set two calculated centerzone magnon frequencies to the experimental AFMR frequencies, obtaining two of
three necessary equations. To obtain the third equation they attributed the magnon
frequency at the zone edge to the value 37.5 cm 1 , which they obtained analyzing
data by Eremenko group [325,42,275] on sideband spectra in the double excitation
bands 23 g ! 21 g and 23 g ! 21 +g . The parameters obtained by Wachtel and
Wheeler are given in Table 29.
The Neel temperature TN calculated by these authors within the mean eld approximation with obtained parameters turned out to be 35 K, approximately 1.5
times higher than the
-transition point, the alleged experimental Neel point.
It was pointed out by the authors that the discrepancy is somewhat too large to be
attributed to shortcomings of mean eld calculations, taking into account that an
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usual molecular eld approximation (MFA) error approximately equals to the inverse coordination number 1=z , and that the experimental transition point is shifted
toward the low-temperature range by the in uence of progressively increasing orientational disordering with temperature.
But the main weakness of the described model lies in the fact that it is in contradiction with data on speci c heat and magnetic susceptibility measurements. Namely,
the analysis of the low-temperature speci c heat of -O2 performed in Refs. [55,190]
revealed that for T < 10 K, when the contribution of molecular librations is negligible, the sum of the lattice and magnon components to the speci c heat with the
latter calculated with the magnon spectrum from Refs. [49,313,271] exceeds the experimental heat capacity signi cantly. Moreover, as was pointed out by Slusarev et
al. [58,317], the magnetic susceptibility of oxygen, corresponding to the magnetic
parameters found by Wachtel and Wheeler, exceeds the experimental susceptibility
by a factor of 6. Thus it was emphasized that only when coupled with the agreement with the susceptibility measurements, the parameters derived from the magnon
zone-boundary energies can be considered as realistic.
The authors of Refs. [55,190] came up the opinion that the main drawback of
Wachtel-Wheeler's approach was the assumption that the exchange interaction is
isotropic and put forward the model that -O2 is a quasi-two-dimensional magnetic
material, i.e.  1. According to Refs. [58,317], the anisotropy of the exchange
interaction is due to two factors: rst, the distances between the in-plane and outof-plane nearest neighbors di er by a quantity of the order of 1 
A, and the second,
there is an angular dependence for the overlap integrals. The latter factor can lead to
a di erence in the in-plane and out-of plane coupling constants not exceeding several
times, but the di erence in the intermolecular distances is suÆcient to obtain the difference approximately in two orders of magnitude. This conjecture launched a long
discussion in literature [64,68,319,74] but subsequently obtained a direct support in
an ab initio calculations of the exchange interaction of oxygen molecules [67,137]
(see Sec. 2.4). (It should be noted that Bhandary and Falicov in their model of the
antiferromagnetism and light absorption in solid oxygen [52] proposed the value of
J1 , which is in close agreement with values obtained in quasi-2D models, though it
is not quite clear from their paper how this value was obtained.)
Theory of magnetic properties of the two low-temperature phases as a quasi-2D
Heisenberg system was developed by Slusarev et al. [58,317,326]. They used the
random phase approximation that for the magnetically ordered phase coincides with
the Tyablikov approximation [327]. It was shown that this model is not subject
to the drawbacks of the Wachtel-Wheeler model and the entire set of magnetic
characteristics (the magnetic heat capacity, magnetic susceptibility, and frequencies
of antiferromagnetic resonance) can be explained in a consistent way. The parameters
A; B; J1 ; J2 which were extracted in these studies from the comparison of theory
and experiment are given in Table 29.
For a long time there was no information about the intrasublattice magnetic coupling constant and it was just ignored by theory inspite of the fact that the stability
of the two-sublattice magnetic structure is controlled by this parameter [326]. The
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dimensionless intrasublattice interaction parameter , a ratio of next-nearest to
nearest-neighbor magnetic interactions, is determined by the competition between
the relief of magnetic frustration and elastic strain energy. The sign of this constant
was determined for the rst time by Krupskii et al. [190] from the temperature dependence of the linear expansion coeÆcients of -O2 . Their considerations were as
follows. There are two di erent mechanisms that contribute to the thermal expansion of the lattice of -O2 in this temperature range. The rst one, positive, is a
usual mechanism that is due to the anharmonicity of lattice vibrations; the second
one, is of magnetic origin and results from weakening of the exchange intermolecular
interaction with rising temperature. The contribution of the second mechanism to
the thermal expansion can be either positive or negative. If the exchange interaction
under discussion is repulsive in nature, then with increasing temperature the contribution to the thermal expansion due to the decreasing magnetization is negative,
and vice versa. As is seen from Fig. 13 and Tab. 11, the linear expansion coeÆcient along the monoclinic b axis, i.e. along the direction where the intrasublattice
exchange interaction is most important, becomes negative at approximately 18 K
with rising temperature. This unambiguously indicates the presence of an additional
mechanism with a negative contribution to the linear thermal expansion along this
direction. Thus, the intrasublattice magnetic interaction is also of antiferromagnet
nature. A quantitative estimate of this parameter was obtained by Slusarev et al.
[317,326] (Table. 29) from data on the temperature dependence of the lattice constants [55,190]. Assuming the exponential dependence of the exchange interaction
constants on distance [174]:

J (R) = J (R0 ) exp [ k (R=R0

1)] ;

(6:8)

(R0 is the intermolecular distance at T = 0 K, k = 12) they found that the parameter
 increases from 0.41 to 0.43 in the temperature range 0 - 23.5 K. The same value
( = 0.42) was obtained by van Hermert, Wormer, and van Avoird from ab initio
quantum chemistry calculations [67]. The rst measurement of the intrasublattice
exchange constant was given by Stephens et al. [68,324] in inelastic polarized neutron
scattering studies. They obtained the value which is in accord with the value by
Slusarev et al. All data on the parameter  available in literature are listed in Table
29.
We next discuss the single-spin anisotropy terms in the Hamiltonian Eq. 6.1. The
anisotropy parameters A and B govern the k = 0 antiferromagnetic resonance
(AFMR) frequencies. Since solid oxygen is a molecular crystal, there is no reason to expect that the value of the out-of-plane anisotropy parameter (spin- gure
coupling constant) A in the solid at small pressure di ers signi cantly from the free
O2 molecule value A0 = 3.96 cm 1 [124]. The only mechanism which is the source
of departure of A for the molecule in solid from its value for the free molecule is
the spin-librational interaction. As was shown in Ref. [328], the spin- gure coupling
constant is renormalized by the spin-librational interaction, and the e ective spingure constant is a product of the spin- gure constant for the free molecule and
the orientational order parameter: A = A0 lib . Taking into account that in -O2
lib  0.9 [159], this e ect accounts for 10% reduction of the easy-plane anisotropy
constant A from the free molecule value. That is why signi cantly di erent values
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Table 29
Numerical values for the parameters describing the magnetic properties of -oxygen as
used in literature. Footnotes to the Table show which properties were used when obtaining
the data. The de nition of the parameters J1 ; J2 ; J3 ; A; B is based on the the Hamiltonian
Eq. (6.1), so that some of J -values di er by a factor of 2 with respect to the values in the
original publications which used di erent forms of the exchange Hamiltonian
J1
J2
J3

A
B
Refs.
(cm 1 )
(cm 1 )
4.01
0
4.01
0
1
10.1 0.5 [49,313,271] a
40
25
0.625
[52] b
17.15 > 0
0.94
>0
0.05
5.71 0.99
[55,190] c
45
18.9
0.5
0.42 10 2
4.0 0.194 [58,317,326] d
27.5
27.5
1
3.96
[64] e
5.94
5.94
1
3.96 0.20
[64] f
4.2
4.2
1
[64] g
38.5 10.5 small 0.27
1 4.0 0.12
[319] h
41.7 17.5 - 1.8 0.42 - 0.044
[67] i
41.7 10.4 small 0.25
1 1.68 0.094
[74] j
35.49 17.74 small
0.5
1 2.26 0.129
[68] k

1

2.016 0.113
[324] `
0.1
4.0
[82] m
- 0.03 3.97 0.18
[79] n
a Two AFMR frequencies 6.4 and 27.5 cm 1 and the zone edge magnon energy value 37.5
cm 1 from Ref. [42,275] were used.
b Ab initio estimates.
c AFMR frequencies and heat capacity.
d AFMR frequencies, magnetic susceptibility, and heat capacity.
e Magnetic susceptibility ?.
f AFMR frequencies.
g Heat capacity.
h Heat capacity.
i Ab initio calculations.
j High- eld data and magnetic susceptibility.
k Neutron scattering data and AFMR frequencies.
` Neutron scattering data and AFMR frequencies.
m Phenomenological J (R) dependence, Eq. 2.27.
n Ab initio calculations.
38.7 19.36 small
41.7 19.3
4.17
16.055 6.226 - 0.481

0.5
0.46
0.39

from Refs. [49,313,271,55,190,74,68,324] seems to be unreasonable.
As was said above, the anisotropy constant B has no analog for a free O2 molecule,
and its appearing in the Hamiltonian Eq. (6.1) is necessary to introduce the in-plane
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anysotropy. The term BSy2 is believed to originate from the magnetic dipole-dipole
interactions between the triplet spins of the O2 molecules, so the main source of
the in-plane anisotropy energy is may be compared with the magnetic dipole-dipole
interaction. For a two-sublattice antiferromagnet of classical point magnetic dipoles,
the energy is given by
1 X mi mj
Edipole = 2
2
ij

3(mirij )(mj rij )
;
Rij3

(6:9)

where  = 2B is the magnetic moment of an oxygen molecule, mi is a unit vector
along the magnetic moment of i-th molecule, rij = Rij =Rij . The sums converge to 0.073; 0.113, and - 0.04 cm 1 , for spins oriented in the x; y , and z directions [324].
If the di erence in energy for classical spins pointing along x and y directions is
taken as the dipole contribution to the anisotropy, B = 0.186 cm 1 compared with
0.113 cm 1 found from the AFMR energies (see Table 29).
There are di erent opinions about the source of this discrepancy between values
of the anisotropy parameter B found from the AFMR data and by calculating the
dipole sum. According to Ref. [324], these e ects could be due to intermolecular
crystal- eld e ects, or to a systematic error in the quantum corrections to the
magnon spectrum. Because the anisotropies are a relatively small fraction of the
intermolecular exchange interaction, it is possible that the magnetic coupling to
nearby molecules a ects the single-spin energies. On the other hand, quantum corrections to the magnon spectrum may need to be re ned.
Authors of Ref. [74], who obtained even larger di erence between the values of the
dipolar anisotropy B , proposed that the reason of the discrepancy has to do with the
assumption of the point-wise character of the classical magnetic dipole attributed to
the oxygen molecule. It was shown that the value of B found from the AFMR or spinop data is not obtained if the point dipole at the center of molecule is assumed.
Instead, the spin-distribution model was introduced. The total magnetic moment
was divided into two parts placed at the molecular axis at the distance r. The dipolar
sums were calculated as a function of r and the agreement with the experimental
value was obtained for r = 1.9 
A, a little larger than the internuclear distance. The
result seems to be reasonable considering the distribution of antibonding magnetic
orbital.
An independent estimate of the in-plane anisotropy constant was obtained in Refs.
[66,319]. It was supposed that the spin- op eld (see Sec. 6.5) is determined by the
maximum anisotropy in the ab plane:
2 = 2Banis Bexch :
Bsf

(6:10)

Taking the Bexch = 2zJ (gB S ) 1 = 227 T and Bsf  7:0 T, we get Banis  0.11 T
(0.1 cm 1 ). In order to estimate the contribution of magnetic dipole-dipole interactions to the anisotropy, we have performed dipole eld calculations. One has to be
very careful in calculating these elds because of problems of convergence. From a
comparison of the results of these calculations with that estimated from experiment,
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it can be inferred that the in-plane magneto-crystalline anisotropy is determined by
the dipole- eld.
An important contribution to this discussion was made by Jansen and van der Avoird
[79] who found that the lower magnon frequency, which is mainly determined by J
and B , is rather di erent for the rst-principle spin Hamiltonian and the Hamiltonian Eq. (6.1). As a result, they concluded that it is not justi ed to replace the
exact magnetic dipole-dipole interaction operator by an e ective single-molecular
term BSy2 . The only justi cation for this term is that it leads to the same preferred magnetization direction as a classical dipole-dipole interaction model, with
the correct order of magnitude for the anisotropy parameter B .
6.5 Behavior in strong magnetic elds

Important information on the magnetic parameters can be extracted from data on
behavior of magnetic materials in strong magnetic elds. In particular, high- eld
magnetization measurements provide the data on the perpendicular susceptibility
and the observation of the spin- op phenomenon permit to obtain independent estimates of the anisotropy elds HB , HA , and the exchange eld HE .
Meier, Schinkel and de Visser were the rst who found the spin- op transition in their
study of the magnetization of solid oxygen in magnetic elds up to 35 T [66]. The
measurements were performed for -O2 at 1.4, 4.2, and 20.3 K and for -O2 at 27.1 K.
The -oxygen magnetization curve is a straight line but -oxygen exhibits the spinop that manifests itself as an in ection point at 7.2  0.2 T in the magnetization
curve. Within the limits of accuracy the measurements (error in the limits 3%)
the phase magnetization curves did not exhibit a temperature dependence. And
since the temperature dependence of the spin- op transition is a source of important
information on the magnetic properties, the high- eld experiments were extended up
to 50 T by the Date group [74] using two types of magnets at High Magnetic Field
Laboratory at the Osaka University. The experimental setup was provided with a
precise temperature control system and ensures the eld with error not larger than
0.3%.
The magnetization curves for the ; , and phases by the Date group are shown
in Fig. 92. The data con rm the existence of the spin- op transition in the phase
characterized by the nonlinearity below 10 T. The curves for the and phases are
linear.
The phenomenon is far more conspicuous in the form of the eld dependence of a
dM=dH vs. H curve (where M is the magnetization, H is the magnetic eld). The
data of the both groups are compared in Fig. 93. In the case of single-crystal samples
the peak eld in the dM=dH vs. H curve measured in the magnetic eld directed
along the antiferromagnetism vector is the spin- op eld Hc1 . In the case of powder
samples there was a problem how the peak eld and Hc are related to each other.
Lacking a ready theory at the moment of publication of their work, Meier et al.
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Fig. 92. Magnetization curves of the ; , and phases of solid oxygen. Solid lines: Uyeda
et al. [74] (broken line: the nonlinear magnetization curve at 22 K above 30 T).

made an arbitrary assumption that for a polycrystal sample the in exion point in
the magnetization curve or the peak in the dM=dH curve is situated at lower eld
than the spin- op eld for a single-crystal sample at 0 K. Taking the di erence to
be about 30% they obtained for Hc1 the value ' 11 T, which is inconsistent with
antiferromagnetic resonance data.

Fig. 93. dM=dH vs H curves of oxygen in the - phase. Curves: experimental data of
Uyeda et al. at 4.2, 19.6 and 23.6 K [74]; solid circles: data of Meier et al. at 4.2 K [66].
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Fig. 94. The observed temperature dependence of the spin- op critical eld Hc [74].

The magnetization of a -O2-type biaxial polycrystalline antiferromagnet was calculated by Ostrovskii [329]. The behavior of the magnetization vector of a collinear
single-crystal antiferromagnet as a function of applied magnetic eld H is described
by theory developed by Neel [330]. To extend this theory for polycrystalline antiferromagnets with a random orientation of microcrystals with respect to the magnetic
eld one need to average the magnetization vector of microcrystals over the orientations of microcrystals. The anisotropy operator assumed in Ostrovskii's calculations
was the same as in the Hamiltonian Eq. (6.1). Taking into account that for -O2 the
anisotropy constants A and B are subject to the inequality A  B , it was assumed
that the antiferromagnetism vector of a microcrystal does not go out of the easy ab
plane. As a result, Ostrovskii found that, contrary to the assumption made by Meier
et al., the peak in the dM=dH curve for polycrystalline samples is also situated at
Hc1 , as in the case of single-crystals.
The same conclusion was inferred by Uyead et al. [74] from unpublished calculations
by Uyeda and Date [331]. They found that under assumption, that the anisotropy
energies are small compared with that of the exchange interaction, the result holds
true regardless A=B ratio.
Owing to higher precision of their measurements, Uyeda et al. [74] were able to
detect the temperature dependence of Hc1 , which was beyond the accuracy limit
of Meier et al. measurements. The result is shown in Fig. 94. The spin- op eld
Hc1 = 6.9 T at 4.2 K and increases with temperature; no peak was found in the
magnetization curve in the phase.
An additional interesting feature was found in the high eld magnetization curves.
Uyeda et al. [74] noted that at temperatures close to T the magnetization above Hc1
becomes nonlinear (Fig. 92). They suggested that this behavior might be a precursor
of the spin- ip transition into a paramagnet phase. This transition still was not found
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Fig. 95. Temperature dependences of the perpendicular and powder susceptibilities in the
phase [74].

in experiment. Meier et al. [66] noted a small temperature-independent increase of
the dM=dH curves above Hc1 but Uyeda et al. did not con rm this increase in their
experiments.
The fact that at elds higher than Hc1 the sublattice magnetization vectors are
always normal to the magnetic eld implies that in such elds one always measures
?. The observed ? [74] is given in Fig. 95 combined with the low eld data on
the powder susceptibility. The behavior of these curves suggests that the intrinsic
TN should be around 30 K if there was not the structural phase transition at T
[74].
From the experimental value ? = (75  5)  10 6 cm3 =g and the value of the
zero-temperature sublattice magnetization

M0 = NgB S=2 = 175 emu=g:

(6:11)

6.6 SR studies of antiferromagnetic properties of -O2

During recent years additional important information on the magnetic structure and
dynamics of condensed oxygen was obtained from muon spin rotation (SR) studies
[89,95,332,333]. The SR technique accurately measures the internal magnetic- eld
distribution with a resolution of about 1 G. The spin-polarized beam of low-energy
positive muons is produced from pion decay. They are implanted one at a time
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Fig. 96. The temperature dependences of the relaxation rates 1=T1 and 1=T2 of nonoscillating (longitudinal) (a) and of oscillating (transverse) (b) components of the muon polarization, respectively, from Ref. [333].

into the bulk of studied material. The implanted muon precesses about the local
magnetic spin B with a Larmor frequency ! =  B , where  =2 = 135.5342
MHz/T is the muon gyromagnetic ratio. After a mean lifetime  = 2.197 s, the
muon decays into a positron and two neutrinos. The distribution of decay positrons is
asymmetric with respect to the spin-polarization vector P(t) of the muon, where the
highest probability of emission is along the direction of the muon spin. Consequently
the time evolution of the muon spin polarization P(t) can be monitored.
The muon spin has a component transverse to the local eld precessing with the
frequency ! while the component parallel to the local eld gives a non-oscillating
contribution to the muon polarization. The number of decay positrons recorded per
time is tted to a function representing the sum of oscillating and non-oscillating
components:

P (t) = N0 e

t=

h

Ak e

t=T1

+ A? e

t=T2 cos(!

i

 t + ) + b;

(6:12)

where Ak and A? are asymmetries of the longitudinal and transverse components,
1=T1 and 1=T2 are longitudinal and transverse relaxation rates, respectively, b is the
time-independent random background.
Figures 96 (a, b) represents the temperature dependences of the relaxation rates
1=T1 and 1=T2 of longitudinal and transverse components of the muon polarization,
respectively, from Ref. [333]. The 1=T2 values found in Ref. [95] are twice as large
with both curves revealing the same temperature dependence. The sharp increase
in the transverse relaxation rate above about 14 K the authors attributed to the
spin-spin correlation time increasing as the system approaches the critical region.
In a zero external magnetic eld long-lived oscillations in the muon spin polarization
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Fig. 97. The temperature dependence of the magnetic eld at the muon site on data by
Storchak et al. [95] ( lled circles) and by Morris et al. [333] (crosses) alongside with the
temperature dependence of the magnetic moment per O2 molecule from magnetic neutron
di raction studies by Bernabe et al. [334{337] (open cirsles). Theoretical curves [95]: solid
curve is the Brillouin curve for 3D spin S = 1 with parameters B0 = 1275 G and TN = T ;
dashed curve is the same with B0 = 1275 G and TN = 40 K; long-dash curve was obtained
for a model Hamiltonian representing strongly anisotropic antiferromagnet ( = 10 2 ).

in -O2 is observed typical for a static magnetically ordered state. The muon precession frequency corresponds to the internal magnetic eld B which is proportional
to the sublattice magnetization. At low temperatures the temperature dependence
of the precession frequency is weak and in the low-temperature limit corresponds to
a magnetic eld at the muon site B0 = 1275 G on Storchak's et al. data [95] and
1257.4 G on Morris' et al. data [333]. The di erence is far above the total error of
the measurements that was claimed by the authors: up to several units in Storchak's
et al. work and 0:3 G in Morris' et al. The latter authors attributed the di erence
to a large temperature inhomogenuity in Storchak's et al. measurements.
The temperature dependence of the oscillation frequency made it possible to nd the
local eld B and thus the temperature dependence of the sublattice magnetization
eld. The temperature dependence of the magnetic eld at the muon site on data
by Storchak et al. [95] and Morris et al. [333] alongside with the temperature dependence of the magnetic moment per O2 molecule from magnetic neutron di raction
studies by Bernabe et al. [334{337] are given in Fig. 97. In the same gure the experimental curves are compared with theoretical models. The experimental curves
cannot be described satisfactory by Brillouin curves (solid and dashed lines) representing in the molecular eld approximation the sublattice magnetization for 3D
spin S = 1 antiferromagnet. A quantitative agreement was obtained only for a model
Hamiltonian representing strongly anisotropic antiferromagnet ( = 10 2, long-dash
curve).
Summarizing, the muon spin rotation studies of solid oxygen presented an indepen137

Fig. 98. Experimental neutron pro le for the magnetic scattering in -oxygen (solid circles)
and expected pro le for uncorrelated moments (solid curve) [83].

dent evidence in support of two-dimensional nature of magnetic ordering in -O2.
It was found that the temperature dependence of the muon precession frequency
exhibits behavior characteristic of a two-dimensional Heisenberg S = 1 system with
the anisotropy parameter  10 2 quite similar to that of the antiferromagnetic
phase of the high-temperature superconductor parent compounds. The temperature
dependence of the local magnetic eld at muon site in the vicinity of the
transition is characteristic of the rst order phase transition (compare with IR spectra
of guest molecules in the oxygen matrix, Sec. 5.2.2).
6.7 Magnetic dynamics in magnetically disordered phases

Much more complicated is the situation concerning the magnetic nature of the
phase. Di erent magnetic properties appear to be controversial. The magnetic susceptibility in the whole range of existence of -O2 increases with temperature as in
an ordered antiferromagnet while no long range magnetic order was found in neutron
elastic scattering experiments.
The and liquid phases are clearly paramagnetic (Fig. 90). In all disordered phases a
broad di use peak was observed [83,87], centered around q = 1.2 
A 1 in the phase
(Fig. 98) and about q = 1 
A 1 in the liquid and phases (Figs. 99, 100). The
scattering in the phase is very similar to that in the liquid, however, the peak is
broader than in the phase.
6.7.1

phase

The puzzling discrepancy between an antiferromagnetic behavior of the magnetic
susceptibility and the results of neutronographic studies rose several important ques138

Fig. 99. Experimental neutron pro le for the magnetic scattering in -oxygen (open circles)
and expected pro le for uncorrelated moments (solid curve) [87].

Fig. 100. Comparison of the experimental neutron pro le for the magnetic scattering in
liquid oxygen (open circles) and the best- t curve (solid line) for -oxygen [87].

tions concerning the magnetic nature of the





phase:

Does the magnetic system correspond to a long-range or a short-range order, and
in the latter case, how it goes along with the antiferromagnetic-like behavior of
the magnetic susceptibility and what is the correlation length.
Is the magnetic system 2D or 3D, and in the latter case what is the interplane
coupling?
Is the structure commensurate or non-commensurate?
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Fig. 101. Two types of three-sublattice 120Æ Loktev antiferromagnetic structures: (a) "+"
helicity; (b) "-" helicity (see Sec. 6.7.2).

The rst neutron-di raction study of -O2 was carried out by Alikhanov [34,192].
Though his neutron di raction pattern of phase did not contain any additional
re ections compared with the x-ray di raction pattern by Black et al. [338] or with
the electron-di raction pattern by Horl [33], he inferred that extra intensity presumably of magnetic origin was present in the (111) and (110) re ections. Eventually
Alikhanov did not arrive at any de nite conclusions about its magnetic nature. It
was done by Collins in his neutron-di raction study of - and -oxygen [39].
Collins produced a very similar powder pattern to that obtained by Alikhanov, and
instead of two antiferromagnetic Bragg lines of phase he found a broad peak at
a scattering angle of about 12Æ indicating a short range magnetic order (SRMO).
It is interesting to note that Alikhanov's neutron di raction pattern of -O2 [34]
exhibits the same di use peak but he just overlooked it. No lines indicating antiferromagnetism of -O2 was found and since the peak intensities were strongly sample
dependent Collins concluded that the phase in contrast to the phase does not
exhibit the long-range magnetic order (LRMO). The inference about the absence
of LRMO was con rmed in a more detailed neutron-di raction study by Meier and
Helmholdt [210]: quantitative analysis of their experimental di ractogram clearly
showed only di use magnetic scattering.
Analyzing data by Collins on the di
p use scattering Stephens et al. [339] inferred
that it centered at a wave vector 1= 3 times the in-plane lattice vector, that is, the
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short-range magnetic order of the phase has a three-sublattice 120Æ -structure, or
the so-called triangular antiferromagnetic structure for which the angles between the
adjacent spins in the ab plane are equal to 2=3 (Fig 101). This magnetic structure
for -O2 was theoretically proposed by Loktev [59] and was called in literature on
solid oxygen "Loktev structure". (A magnetic structure of the similar type was considered by Yafet and Kittel [340].) As was proved by Loktev, this structure ensures
the lowest energy of a classical antiferromagnet spin system on a two-dimensional
triangular lattice. It was assumed that the anisotropy energy in Eq. (6.1) could be
neglected compared with the exchange energy and only the nearest neighbor interaction was taken into account. This spin arrangement possesses by a number of
interesting properties that will be considered in brief below. (see Sec. 6.7.2).
In the rst neutron scattering experiment Stephens et al. [68,324] showed the inelastic nature of the magnetic di use peak, thus clearly excluding LRMO models
including the in nite degenerate helix of Refs. [341,342]. At the same time, their
experiment was rather diÆcult to interpret: a strong nuclear background, the restricted range of the scattering vectors q (0.6 - 1.6 
A 1 ). Therefore, a more precise
experiment was necessary in order to be able to distinguish more clearly between
possible theoretical models of the phase.
Large experimental e orts were devoted to estimate the magnetic correlation length.
The elastic scattering method is not well suited for this task since it gives no way to
separate re exes of magnetic and nonmagnetic origin. The most adequate method
allowing separation of the magnetic contribution to be made is the polarized neutron
scattering technique.
The best way to separate the magnetic scattering from other contributions is to measure the di erential cross sections with two di erent directions for the polarizations:
one parallel to the scattering vector and one perpendicular to the scattering vector. The di erence between the two measurements are entirely magnetic. All other
contributions as nuclear, isotope incoherent, nuclear spin incoherent, background or
electronic noise are exactly the same for the two measurements and eliminated in
the di erence.
The polarized neutron scattering experiment on -O2 (the q range 0 - 4 
A 1, T =
35 K) was performed by Dunstetter et al. [83]. All theoretical models proposed for
oxygen were checked; di erent values of the correlation length, and di erent values
of the parameter = J2 =J1 were tested. The results made it possible to choose the
best magnetic model for -oxygen.
The magnetic scattering data exhibits an asymmetrical broad peak with maximum
at q = 1.20 
A 1 (Fig.98). The data extrapolated to q = 0 are 0.0251 barn/steradian,
corresponding to a static magnetic susceptibility of 11610 6 cm3 /g, which coincides
with DeFotis' value [64] for 35 K (see Fig. 89 and Table 27).
The best agreement between observed and calculated pro le is obtained for a short
range, two-dimensional helicoidal order with propagation vector k = 3(2a1 a2 ),
with  = 0.393 and a correlation length  = 5.0 
A, (a1 ; a2 ; a3 are vectors of the
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Fig. 102. Short-range two-dimensional helicoidal order with the angle between the spins
of the neighboring molecules of about 140Æ [83].

hexagonal reciprocal lattice) . The correlation length of 5 
A corresponds roughly to
the second neighbors in the hexagonal planes. Such a propagation vector corresponds
to a helix propagating in a direction parallel to vector a in the direct hexagonal
lattice, with an angle between the neighboring molecules of about 140Æ or 280Æ
(Fig. 102).
This model is the only model which provides a pro le with a maximum at q =
1.20 
A 1 . The Loktev 120Æ structure ( = 1/3) although giving a good t with
experiment, is ruled out, since the calculated peak is slightly shifted from the experiment. Analysis of Ref. [83] clearly excluded the LRMO in nite degenerate helix
as well of Refs. [341,342]. (Let us note that authors of the inelastic neutron study
[343] claim that they found the presence of two di erent characteristic correlation
lengths: a larger one of the interplanar origin and a smaller one they attributed to
intraplanar correlations.)
The calculated powder magnetic susceptibility in the phase  = 10=9I (0) [317]
where I (0) is the exchange eld in the phase (I (0) = (3/2)J (0). Thus, the calculated ratio between phase and phase magnetic susceptibilities

(T = T )=(T = 0) = 20=9  2:22:
The experimentally observed value of this ratio (see Sec. 6.1) agrees with this estimate ((T = 24 K)=(T = 5 K) = 2.17.
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Neutron scattering experiments indicate that there is no disagreement between the
lack of long-range magnetic order and data on the magnetic susceptibility, but do
not clarify the antiferromagnetic-like temperature dependence of the latter.
The explanation of the anomalous behavior of the magnetic susceptibility was proposed by Slusarev et al. [58,317]. The breakdown of the long-range order in the
quasi-two-dimensional system is due to long-range correlations, while the susceptibility are related to spin correlations at short distances. Since the exchange energy
I (0) >> kB T , the high degree of short-range order persists in the whole region of
existence of the phase. The correlation length rc , estimated in Ref. [317]

p

h

1=2

i

rc  a exp(J1 = 3T )

(6:13)

(a is the lattice constant), decreases from  3a ( 10 
A) to  2a ( 6 
A) when
temperature increases from 24 to 43 K which does not imply any changes of the
susceptibility with temperature at all.
The observed temperature dependence in the phase can be fully explained by the
high value of the thermal expansion coeÆcient in the basal planes ( 10 3 K 1 ,
see Sec. 4.1.1, Table 12) and related changes in the exchange constant J1 . The observed temperature dependence of the magnetic susceptibility follows the inverse
exchange constant if one takes into account the exponential dependence of the exchange constant on distance Eq. (6.8) and the temperature dependence of the lattice
parameters from Table 12.
An important insight into the magnetic nature of the phase gives results of MonteCarlo analysis of LeSar and Etters [82]. They applied a constant-pressure MonteCarlo procedure with continuously deformable, periodic boundary conditions to calculate properties of the and phases. The potential between O2 molecules was a
sum of the site-site potential Eq. (2.13) and the Heisenberg Hamiltonian Eq. (2.16)
with the distance dependence of the exchange constant described by Eq. (2.31).
As followed from the calculations, after the transition to the phase nearly all signs
of static magnetic order disappear and the magnetic system of the phase acquires
a dynamic nature. The individual magnetic moments do not uctuate about the
static equilibrium orientations, but instead sample all orientations uniformly. The
instantaneous values of Si Sj for the individual steps for a typical nearest-neighbor
pair in -O2 are presented in Fig. 103. The values at each step uctuate between
the limiting values of  1, but the accumulated average stabilizes into a well-de ned
result (Fig. 103). The relative spin orientations between neighbors take on wellde ned expectation values. Just above the theoretical transition temperature the
spin-spin correlation function hSi Sj i  0:35 are nearly identical for all six nearest
neighbors. This indicate that the magnetic order is, on the average, quasihelical,
with an average angle between neighboring spins of 110Æ which is close to the value
120Æ for the ideal case.
 just
The calculated value of the in-plane spin correlation length is lc = 8  1 A
above the transition temperature that is in a close agreement with polarized neutron
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Fig. 103. The instantaneous values of Si Sj for the individual steps for a typical nearest-neighbor pair in -O2 . Solid line is the accumulated average value [82].

scattering data [68] (lc = 9  1 
A). It was found that lc decreases quite rapidly with
increasing temperature, which di ers from the theoretical result by Slusarev et al.
[317] and experimental data of Ref. [68] who obtained that lc is nearly constant in
the entire region of existence of the phase.
Let us note one more important result of the Monte-Carlo study. It was found
that the correlation function hSi Sj i between the out-of-plane neighbors is extremely
small, which is expected for the quasihelical structure. It is a consequence of the
fact that this quantity is identically zero for the ideal static quasihelical structure.
The contribution to the magnetic energy from out-of-plane neighbors is very small,
which means that -O2 is even more two-dimensional magnetically than -O2.
Baryl'nyk and Prokhvatilov [92] in their x-ray study of polycrystalline -oxygen
found an anomaly temperature behavior of the width and peak intensity of x-ray
re exes: instead of broadening and decreasing of the intensity they found that the
width of x-ray re exes considerably increases and their peak intensity decreases with
decreasing temperature in the whole range of existence of the phase from T to
T . This e ect is shown in Fig. 104. The most characteristic region of the x-ray
di raction pattern of polycrystalline -oxygen for two temperatures just below the
transition and just above
transition points is shown in Fig. 104a. The
half-width of x-ray re exes from various planes of the phase as a function of
temperature is shown in Fig. 104b. The authors attributed this anomaly behavior
to a spontanous magnetostriction which are due to the strong magnetoelastic interaction. Unlike the phase, where the magnetoelastic interaction results in the
monoclinic lattice distortion, in the phase we have local uctuating distortions
which die down with increasing temperature. It was found that the spontaneous
magnetostriction e ect is enhanced by the introduction of the atomic Ar and Kr
impurities and weaked by the dissolution of N2 molecules [93]
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Fig. 104. Temperature dependences of the intensity and halfwidth of x-ray re exes of the
phase: (a) the x-ray di raction pattern recorded at 26 and 42 K; (b) the halfwidth of
x-ray re exes [92].

A main general conclusion: the works described in this section have provided evidence that the peculiar magnetic behavior of oxygen can be traced back to microscopic scales, since quantities directly derived from microscopic probes are able
to account for the antiferromagnetic-like behavior observed in macroscopic experiments. The presence of static magnetic short-range order is then established, and
therefore the physics of oxygen should be describe in terms of phenomena occurring
at length-scales not larger than those corresponding to a few (two-three) unit cells.
6.7.2

-O2 as a model frustrate antiferromagnet on triangular and rhombohedral
lattices

Antiferromagnets with the structure of oxygen are one of the simplest examples
of frustrated magnetic systems. Such systems exhibit very interesting properties including rich variety of structures and critical phenomena that distinguish them from
unfrustrated system [341,342,344{348]. A number of theoretical studies were devoted
to oxygen as a model frustrated antiferromagnet [341,342,346{354] . Inspite of the
fact that for the most part results of these studies are not directly related to properties of -O2 as a system possessing only SRMO, some conclusions should be borne
in mind when analyzing results of experiments.
There is an additional important feature that distinguishes the triangular and collinear
antiferromagnetic structures. In the case of collinear antiferromagnetic structures
global spin rotation generates all possible ground states, while an extra lattice re ection is needed for the triangular lattice. In the latter case each magnetic con guration
can be conveniently described by going over from spins of individual sublattices to
their linear combinations

B1 = p3(S1 S2); B2 = S1 + S2 2B3; B3 = S1 + S2 + S3;
where vectors Bi satisfy the relations
B1 ? B2; B12 = B22 = (3S )2; B3 = 0:
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(6:14)

Fig. 105. Two ground state of opposite helicity separated by a domain wall (bounded by
dashed lines). The helicity of each triangle is indicated [344].

In Figs. 101a, 101b two possible magnetic con gurations on the triangular lattice
are shown which are not obtainable from each other by global spin rotation. The
global orientation of each of the two magnetic structures is determined by a single
continuous parameter, the angle ' shown in Figs. 101a, 101b (bottom parts) and
one discrete parameter, the sign of the polarization or just polarization:

B1x = B cos '; B1y = B sin ';
B2x = B sin '; B2y = B cos ':

(6:15)

The signs "+" and "-" in Eq. (6.15) correspond to the "+" and "-" polarizations
respectively. The ground-state of the magnetic structures is continuously degenerate
in the angle '; an additional double discrete degeneracy of the ground state is manifested by the two polarization ordering. According to the Mermin-Wagner theorem
[355], the long-range magnetic order of the orientational type in a two-dimensional
system is violated at any nite temperature due to a continuous degeneracy, that is,

hSii = hB1i = hB2i = 0;

(6:16)

where the angle brackets denote statistical averaging.
It is important that the absence of a long-range magnetic order in the X Y plane
does not mean that the symmetry of the system is the same as that in the paramagnetic state [348,354]. Since the lattice re ection is a discrete symmetry operation,
the system can have long-range polarization order without violating the MerminWagner theorem. The symmetry of this order is higher than that of the orientational
order, but lower than in the paraphase. The corresponding state of the spin system
was called a state with a long-range correlation order or the correlationally ordered
(CO) phase [354]. The symmetry group of the CO state obtained by averaging any
of the magnetic structures Eq. (6.15) over the angle '

FCO = 3=mm210 ; TCO = fa1 ; a2 g
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(6:17)

is a subgroup of index 2 of the symmetry group of the paramagnetic state

FP M = 6=mmm10 ; TP M = fa1 ; a2 g:

(6:18)

where F and T are the point magnetic symmetry group and the translation subgroup respectively, and 10 is the time inversion operation. As can be seen from Eqs.
(6.17) and (6.18), the presence of polarization order does not lower the translational
symmetry.
In accordance with the Landau-Lifshitz classi cation, the CO phase is formally not
magnetically ordered since its symmetry group contains the time inversion operation
10 . Nevertheless, it corresponds to a certain long-range spin order since its symmetry
(Eq. 6.17) is lower than symmetry of the true paraphase (Eq. 6.18). In the true
paraphase the "+" and "-" polarizations are the characteristics of the short-range
order.
As can be seen from Fig. 105, each polarization can be characterized by di erent
pattern of "helicity" or "chirality" of + 1, - 1, or 0, which was assigned to each
triangle. Then the term "polarization" [351{354] corresponds to the term "staggered
helicity" [344] or "staggered order of chirality" [345].
The de nition of helicity or chirality is somewhat arbitrary. In Ref. [345] the helicity
for each triangle was de ned as

=

p2

3 3

(S2  S1 + S3  S2 + S1  S3 )z =

p2

[sin(#2 #1 ) + sin(#3 #2 ) + sin(#1
3 3
where the corner sites 1, 2, and 3 are numbered counterclockwise
and downward triangles (Fig. 105). In Ref. [344] the helicity is de
(#2

#1 ) + (#3

#2 ) + (#1

#3 );

#3 )] ;

(6:19)

for both upward
ned as
(6:190)

where the angles are chosen in the range ( ;  ).
At nonzero temperature, regions of two topologically inequivalent ground states
characterized by opposite polarizations can coexist with boundaries (domain walls)
between them as shown in Fig. 105. As can be seen from this Figure, antiparallel
spins along the domain wall yields helicity zero for each triangle forming the wall.
Domain walls are elementary excitations of the system which are responsible for
destroying polarization order. Two other types of elementary excitations, spin waves
and vortices, are responsible for destroying orientational spin order [344,345]. Thus,
the thermodynamics of the system is determined by the interplay of these three
types of elementary excitations. As a result, the system displays very rich physics
[344,348].
The parameter  de ned by Eq. 6.19 can be treated as the order parameter of the
phase transition between the paramagnetic and CO phases. Because of the two-fold
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degeneracy in this system the transition is of an order-disorder-type phase transition.
The phase transition was studied in Refs. [345,344] using the Monte Carlo method.
It was shown that at low temperatures the system is ordered in a state of almost
perfect polarization. As the temperature increases, the number of triangles with zero
helicity increases and domains with opposite polarization develop. The polarization
order parameter goes to zero at Tc  0:51J , where J is the exchange interaction
constant between the nearest neighbors in the plane, and hence must de nitely lie
below the stability region of the -oxygen. Thus, only a short-range correlation
(polarization) order can exist in -O2 .
Up to now, we were considering planar antiferromagnetic structures. A large number
of papers is devoted to the role of three-dimensional interplanar spin-spin interaction
in rhombohedral spin structures [341,342,346{354]. Refs. [351{354] are devoted to
the role of the interplanar spin-spin interaction on the correlation order, and on the
reason given above may bear no relation to -oxygen.
Antiferromagnets with rhombohedral lattice can be frustrated both in the basal
(X Y ) planes and in the third direction. If frustrations exist in all three directions
concurrently, such systems may exhibit a wide variety of helicoidal spin structures
[341,348,350]. The well-known source of helimagnetism is exchange coupling competition between di erent shells of neighbors. A similar scenario was found in the rhombohedral Heisenberg antiferromagnet even if the exchange coupling range is limited
to nearest neighbors. The physical origin of such behavior can be ascribed to a competition between in- and inter-plane couplings which is caused by the rhombohedral
structure even if the exchange interaction couples only nearest neighbors: the inplane coupling favors the 120Æ three-sublattice con gurations while the inter-plane
one prefers collinear con gurations. Thus, magnetism of the Heisenberg antiferromagnetic model for the rhombohedral lattice is much more subtle than previously
recognized.
Rastelli and Tassi have shown [341] that in the presence of an interplane coupling
a new helical order sets in. There is in nite number of nonequivalent helices, which
minimize the ground-state energy. Each of these is stable because its spin wave
spectrum is a real quantity. This degeneracy for the ground state, which is called
a degenerate helix, corresponds to a locus LQ in the wave-vector space of the Q
vector giving the periodicity of the helical order. This locus for a small dimensionless
interplane coupling constant ( = J2 =J1 ) is a line which makes one full turn around
the six cylinders centered around the point (0; 4=3a; 0) and the ve equivalent ones
corresponding to the pure 120Æ order in the basal plane; a being the basal lattice
constant. The radius of the cylinders is 2j j=31=2a and they extended from 3=c to
3=c, where c is the interplane distance. Therefore, the order in the plane is similar,
but not exactly equal to that of a 120Æ helix. In addition, there is a phase relation
between the spin orientations in neighboring planes due to the Qz component. This
relation is varied greatly depending on which of the in nite helices one is considering
since Qz spans the full range ( 3=c; 3=c). For a vanishing but nonzero the locus
of degeneracy for Q consists of six equivalent straight lines of minimum length equal
6=c (Qx = 0, Qy = 4=3a, 3=c < Qz < 3=c), whereas for zero - pure 2D case
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- the ground state reduces to the 120Æ three-sublattice phase with no phase relation
between the di erent planes.
Zero-point-motion uctuations lift this continuous degeneracy, leaving only a discrete degeneracy picking out a certain helix of the manifold LQ [347]. Thus, it was
found that even in the isotropic case quantum uctuations restore the long range
magnetic order (LRMO). It was found that the classical scenario could reappear in
the intermediate temperature when thermal uctuations overcome quantum uctuations [347].
In Refs. [342,346] the elastic neutron scattering cross section from the degenerate
helix spin structure was calculated and compared with that measured by Stephens
et al. [68]. The latter authors ascribed the width of the neutron scattering peak to
the absence of LRMO, whereas in Refs. [342,346] it was attributed to the in nite
degeneracy of the ground state.
As was discussed above, neutron scattering gives a broad magnetic peak centered
at a wave-vector corresponding to a 120Æ order (Fig. 101). Because of the in nite
degeneracy a large number of clusters of di erent Q corresponding to the same
ground-state energy, should enucleate when a sample is cooled from the paramagnetic phase below its transition temperature. For this reason, even if LRMO is
present, the in nite degeneracy contributes to the width of the peak in the neutron
scattering experiment. In this case, the elastic neutron scattering by a single crystal
results in a ridge of Bragg peaks corresponding to the scattering wave-vectors running along the "degeneration line". In the case of a polycrystalline sample instead
of well-de ned Bragg peak neutron scattering results in a broad structure which
extends between the minimum and the maximum value of jQj as jQj runs along LQ.
The data appear compatible with the expected behavior of a degenerate helix possessing LRMO. The authors of Refs. [342,346] argued that from the available experimental data it is not possible to deduce that -O2 has only short-range order. LRMO
is absent if no anisotropy eld is present since the spin wave energy dispersion curve
vanishes for all wave vectors belonging to a degeneracy line.
Meier [349] ascribed the absence of LRMO to the instability of the spin-wave spectrum. Rastelli and Tassi [347], in contrast, attributed this instability to the wrong
choice of the ground state, assumed to be 120Æ three-sublattice structure. The true
ground state degenerate helix, supports well-de ned spin waves.
6.7.3

phase and liquid oxygen

Inspite of clearly paramagnetic character of the magnetic nature of the phase as
evidenced by the temperature dependence of the magnetic susceptibility, magnetic
dynamics properties of this phase are far from being trivial. The P m3n lattice
structure of -O2 (a A15 structure) exhibits two di erent types of orientational
disorder (Sec. 3.2, Fig. 8) implying two types of spin dynamics.
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Fig. 106. The crystal structure of the phase specifying the main exchange interactions
between molecules with the di erent type of disorder.

The questions that have to be answered by experiment and theory to characterize
the magnetic system of -oxygen are the following:





How far are the spin correlations extended around each molecule?
Which pairs of molecules have their spins correlated: disc-disc, sphere-sphere, or
sphere-disc and how strong are the correlations?
What are the contributions of the magnetic system to the thermodynamic and
kinetic properties?

The magnetic susceptibility of -O2 can be described by the Curie-Weiss law (T ) =
C=(T + (T )), where the Curie-Weiss temperature (T ) slightly decreases with
increasing temperature in the range 44.5 - 54 K from  61 K down to  55 K [78].
At these temperatures the quantity 0 = C=T (the paramagnetic susceptibility of
noninteracting molecules) exceeds  roughly twofold. The di erence between these
two quantities re ects the e ect of the exchange intermolecular interaction.
The magnetic scattering of -oxygen was measured by polarized neutrons with polarization analysis. The experimental data on the cross-section by Dunstetter et
al. [87] is represented in Fig. 99. The comparison with the cross-section for a pure
paramagnetic scattering of the molecular oxygen gives the evidence for strong antiferromagnetic uctuations. The di use peak around q = 1 
A 1 is essentially broader
than that observed for phase [83] (see Fig. 98 implying that the correlation length
in the phase is smaller compared with that in the phase and only the moments
not far than the next-nearest neighbors are correlated).
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The crystal structure of the phase specifying the main exchange interactions
between molecules with the di erent types of disorder is given in Fig 106. The
strongest magnetic interaction (speci ed by the exchange constant J1 ) should be
expected for the nearest neighbors in a chain of disc-like molecules (the intermolecular distance at 44 K Rdd = 3:364 
A and a preferentially parallel molecular axes).
An indirect interchain coupling is accomplished through the disc-sphere
interaction
p
(J2 ). Due to the higher intermolecular distance (Rds =Rdd = 5=4; Rds  3:761 
A)
this interaction should be reduced compared to J1 by a factor of 5 (the orientational dependence
was ignored in this estimate). The direct interchain interaction
q
A) is very small: J3 =J1  0:05; the sphere-sphere
(Rd0 d =Rdd = 3=2; Rd0 d  4:127 

interaction (Rss  5:837 A) and more remote ones are certainly negligible.
Since J2 ; J3  T , the magnetic system of -O2 can be considered as a set of disordered chains with strong antiferromagnetic correlations between the nearest neighbors in the chain. These chains are weakly interacting with each other. Thus, -O2 is
a quasi- one-dimensional magnetic material. The sphere-like molecules at the corners
and at the body-center positions of unit cells contribute to the magnetic susceptibility and magnetic heat capacity as isolated spins. (It is interesting to note that
three groups arrived independently and simultaneously at the conclusion about the
1D magnetic nature of -oxygen [78,356,74]).
Taking the main exchange constants into account, Brodyanskii and Freiman [78,357]
calculated by means of high-temperature expansions the magnetic susceptibility ,
magnetic heat capacity CV mag and double spin correlation functions
ij

= Sp [Si Sj exp(

H=T )] Sp [exp( H=T )] :

(6:20)

For nonnegligible correlation functions dd , ds , dd0 they obtained that with a good
accuracy
(6:21)
dd : ds : dd0  J1 : J2 : J3 :
Retaining only the leading term of the high-temperature expansions, we have that
the correlation functions vary inversely with temperature:
dd

=

4 J1
;
3T

ds

=

4 J2
:
3T

(6:22)

An additional con rmation of the quasi-1D nature of the magnetic system of -O2
was obtained from calculations of the magnetic heat capacity [357]

Cmag = CJ + CD + CDJ ;

(6:23)

where CJ , CD , and CDJ are the contributions to the magnetic heat capacity from the
exchange and spin- gure interactions, and magnetic anisotropy energy, respectively.
The leading contribution to the magnetic heat capacity is introduced by the exchange
interaction (CDJ =CJ  10 2 ; CD =CJ  2  10 3 ), where the main part results from
the intra-chain exchange interaction:

Cmag  (J1 =T )2 :
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(6:24)

The relative contribution of the sphere-disk coupling to the magnetic heat capacity is
4(J2 =J1 )2  15%. The contribution from the direct interchain exchange interaction
is negligible.
These theoretical results are in very good agreement with the best- t magnetic model
of -oxygen obtained from the data on polarized neutron scattering [87]. The main
result of re nement is the model with a very strong antiferromagnetic intrachain
correlation between the nearest disc-like molecules.
The spin correlation between sphere-like and disc-like molecules was not taken into
account in this re nement. This is justi ed by the fact that in addition to the small
strength of their exchange interaction (J2 ) the magnetic moments of the sphere-like
molecules should be frustrated due to the antiferromagnetic correlation between the
nearest disc-like molecules [87].
Three possible directions of the spin with respect to the molecular axis were checked
in the re nement: perpendicular to the molecular axis, aligned along the molecule,
and uncorrelated to the molecule (isotropic). The best t was obtained when the
spins were aligned in an arbitrary direction perpendicular to the molecular axis, as
it is also the case for and phases.
The simultaneous existence of 1D and 2D magnetic phases in the same substance
is a unique case and, most probably, is impossible in ordinary low-dimensional
compounds, where covalent forces act in the low-dimensional complexes (chains or
planes) and van der Waals forces act between them. The possibility of such structures being realized in solid oxygen is due to the proximity of energy minima of a
pair of molecules in the H (parallel) con guration and two disk-like molecules. The
rst is realized in the collinear orientational structure of the and phases and
the second is realized in the phase. The quasi-2D-magnetic structures of - and
-O2 correspond to the collinear orientational structure while the quasi-1D chain
structure of -O2 "imposes" the quasi-1D character of the magnetic structure.
As evidenced by numerous experiments, a remarkable similarity exists between the
phase and liquid oxygen. First of all, melting of oxygen is distinguished by an anomalously small relative volume jump Vm =Vs (Vm is the volume jump on melting and
Vs is the molar volume of solid phase) and saturated vapor pressure at the triple
point compared with other cryocrystals except of solid uorine, nonmagnetic twin
of solid oxygen (see Sec. 8.5). A surprisingly small jump in the magnetic susceptibility (+ 3.5%) accompanies melting (Fig. 90). A close similarity was observed
between Raman spectra of and liquid oxygen [47] (see Ch.5, as well as between
their polarized neutron scattering spectra (Fig. 100) [356,87].
A strong short-range magnetic order was found in -oxygen [356,87] and in liquid
oxygen [358,87] (see also [359{362]). The most surprising fact for the authors was the
observation of a rather strong antiferromagnetic short order at "hot" liquid at 80 K:
"The data indicate that the e ects of magnetic order seen in the low temperature
crystal phases have a residual e ect in the liquid phase. This behavior appears
surprising as compared to crystalline phases it might be expected that thermal
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disorder would eliminate any residual magnetic e ects at higher temperatures" [358].
Anomalous features displaying by liquid oxygen can be explained by a conjecture
that in liquid O2 the -phase-like chain structure of disk-like molecules persists as
a short-range order [78,357,84].
The values of (T ) calculated under this assumption are described by the CurieWeiss law with a temperature-dependent Curie-Weiss constant. At the triple point
exp
calc
liq  40 K, the experimental value liq being about 46 K [66]. An alternative
assumption that on melting a rearrangement takes place into a close-packed structure typical for simple liquids, taking into account the experimental jump in molar
volume, would result in a sharp increase in the average intermolecular distance
(R  3:9 
A) and, as a consequence, in a signi cant decrease in the exchange interaction which will not be compensated by the increase of the coordination number.
The Curie-Weiss constant for such a system would be about 27 K. Furthermore, it
should be taken into account that the close-packed structure would present a frustrated magnetic system, which would increase the discrepancies with experiment on
the magnetic susceptibility.
The spin-spin correlation functions were calculated for liquid oxygen in the framework of this model [84]. As for -oxygen, the interchain correlations can be disregarded. The disk-disk correlation function undergoes a jump of about 15% on
melting and in liquid phase it decreases approximately inversely with temperature.
For T = 80 K it gives an estimate dd  0:3, which is in consistence with the fact
that antiferromagnetic correlations are clearly observed in experiment Ref. [358].
6.7.4 Conclusions

Though most experimental results concerning magnetic properties of the , , and
liquid phases have found their qualitative explanation (and in some cases even a
quantitative one), this does not mean that the understanding of these complex
systems is complete. We o er two examples which illustrate the situation. Dunstetter
et al. [198] pointed out that the idea that the A 15-type structure of -O2 persists in
liquid O2 as a local order is in contradiction with Raman data: the vibron mode in the
phase is splitted due to two di erent sites, whereas in liquid it does not. Recently
the absence of such splitting was con rmed in precision Raman measurements by
Kreuts and Jodl [114].
As a second example let us consider data of SR studies of the muon relaxation rate.
The temperature dependence of the muon relaxation rate  in a weak transverse
magnetic eld for , , , and liquid oxygen is given in Fig. 107 [89]. Data by
Storchak et al. were con rmed in the SR study in zero eld [337] (estimates for
the SR depolarization rates obtained from neutron scattering data [332] also gave
values close to that from Ref.[89]). The temperature dependence of the relaxation
rate shows a maximum at temperature close to the - transition. No explanation
was proposed for the nature of the observed peak in the vicinity of T . It remains
even unclear whether it re ects an intrinsic property of oxygen or is a result of the
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Fig. 107. The temperature dependence of the muon relaxation rate  (left) and of the
muon polarization (right) in a weak transverse magnetic eld for the , , and liquid
phases [89].

muon interaction with the rotational magnetic moment of the muon-oxygen complex.

6.8 Magnetic properties of high-pressure phases

Probing magnetic properties of oxygen at high pressure presents a challenge for
experiment. Data of measurements of the magnetic susceptibility as a function of
pressure are limited by the pressure range up to 0.5 GPa. The feasibility of neutron scattering or susceptibility measurements at higher pressures is problematic
at the present time. At the same time a considerable body of information on magnetic properties of high-pressure phases has been obtained from thermodynamic and
optical data.
6.8.1 Magnetic susceptibility of -, -, and -O2 at elevated pressure

The e ect of applying relatively small hydrostatic pressure on the magnetic susceptibility of -, -, and -O2 can be seen in Fig. 108 [66]. The inset shows the variation of
the phase susceptibility at 4.2 K as a function of pressure. As can be seen, though
the e ect of pressure is large, the general pattern of the curves remains unchanged.
The general trend of the (T ) curves with rising pressure re ects the increase of
the exchange interaction constants with pressure and was used to extract the J (R)
dependence [66]. At the same time, some other factors in uence the resulting (T )
curves. For example, one can see that (T )T =T in the phase decreases more
rapidly with increasing pressure than that in the phase. This fact is a consequence
of higher compressibility of the phase. In its turn, due to higher compressibility of
the phase compared with that of the phase, (T )T =T at the phase decreases
with increasing pressure more rapidly than that in the phase. As a result, there is
an e ect of attening of the (T ) curves with rising pressure. The pressure dependence of the magnetic susceptibility was calculated and compared with experiment
in Ref. [78].
The pressure dependences of the

and
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phase transition lines obtained

from the pressure dependence of the magnetic susceptibility are given in Fig. 124
(see Sec. 8.1.1).
Recently Kreutz and Jodl [185] investigated by means of Raman scattering the higher
magnon mode as a function of temperature and pressure up to 1.25 GPa. Using these
data they estimated that the critical pressure where the sublattice magnetisation
disappears coincides approximately with the phase boundary of the nonmagnetic "
phase. The authors believe that they can exclude on this basis two magnetic phase
transitions proposed by Mita et al. [105,200].
6.8.2 Magnetic properties of Æ -O2

Even in the absence of direct experimental data on magnetic nature of the Æ phase
there is a consensus in literature that in this regard Æ -O2 is closely similar to -O2. In
a perfect analogy to the phase, the preservation of monoclinic distortion
p in the ab
planes (the departure of the b=a ratio of the lattice parameters from 1= 3  0:577,
see Fig. 109) is a serious argument in favor of the magnetic nature of the Æ phase
[199]. Etters et al. in lattice dynamics calculations [76] obtained the correct F mmm
structure of the Æ phase with one molecule in the crystallographic primitive cell and
with an antiferromagnetic order of the oxygen spins. Using the lattice parameters of
the Æ phase presented in Ref. [187] and the dependence of the exchange constant on
distance from Ref. [174], an estimate for the Neel temperature coinciding with TÆ
was obtained in Ref. [199]. Short-range order magnetism persists to higher pressures and temperatures, within the -O2 phase boundaries. Experimental evidences
con rming this latter expectation are still missing.
As was rst shown in a series of studies of solid oxygen at ambient pressure by Eremenko and co-workers [325,42,275], optical spectra of solid oxygen are considerably
induced by exchange interaction, thus, optics is a powerful tool for studying the

Fig. 108. Pressure dependence of the magnetic susceptibility of solid oxygen. Inset: the
phase susceptibility at 4.2 K as a function of pressure [66].
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magnetic properties of solids (see Secs. 5.2.2, 5.2.7, 5.3). Rich information on magnetic properties of Æ -O2 was obtained by the Florence group from Fourier transform
infrared (FTIR) measurements [102,298]. Not only data on pressure dependence of
the exchange interaction constant was obtained but information on temperature behavior of the long- and short-range magnetic order parameters was extracted from
spectroscopic data as well.
Santoro et al. [298] performed near-infrared measurements of absorption spectra
of electronic transitions between the ground 3 g state and the lowest excited 1 g
and 1 +g states at low temperature and high pressure in Æ - and -O2. Two bands
were observed between 8000 and 12000 cm 1 (Fig. 110) assigned in accord with the
ambient pressure results (see Fig. 51) to the 3 g ! 1 g (0 0) and (0 - 1) transitions,
respectively.
The temperature evolution of the maximum and of the zero phonon line (ZPL)
frequency extracted by the deconvolution of the 3 g ! 1 g (0 0) band at 6.0 GPa
is shown in Fig. 111. In the Æ phase the frequency decreases continuously approaching
the transition to -O2 . After a big jump at the Æ
phase transition, due mainly
to the loss of the long-range magnetic order, the frequency is almost constant with
temperature in the phase. The di erence between these quantities increases with
temperature, thus con rming the role of the sidebands in determining the line shape.
The existence of the ZPL in the -O2 shows that a certain amount of spin correlation
is retained in this phase.
Figure 112 shows the pressure dependence of the ZPL frequency in the Æ phase at

Fig. 109. (a-c) Pressure dependence of the b=a ratio along the 65, 85, and 145 isotherms
across the
Æ phase transition [109]. Solid lines represent results of lattice dynamics
calculations from Ref. [76] plotted versus rescaled pressure (see Ref. [109]).
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Fig. 110. Absorption spectra at the 3 g !1 g (0-0) and (0-1) transitions recorded along
the 6.0 GPa isobar on cooling (Ref. [298]).

Fig. 111. Temperature dependence of the (00) absorption maxima (full dots) and of the
ZPL frequency (open dots) of the 3 g !1 g band at 6.0 GPa [298].

14 K and in the phase. The points relative to -O2 have been obtained by extrapolating the frequency evolution in this phase to the Æ
transition temperature,
therefore, they correspond to di erent temperatures. The behavior in Æ -O2 is very
steep, increasing of about 1200 cm 1 ; on the other hand, in -O2 , it is much more
at with a total increase of only 200 cm 1 .
The ZPL transition is allowed in the electric dipole approximation and corresponds
to the simultaneous excitation of two nearest-neighbor
belonging to dif
  molecules

ferent magnetic sublattices. The energy of the 3 g 3 g ground-state contains a
negative spin-spin exchange interaction and, consequently, the electronic transition
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Fig. 112. The pressure dependence of the ZPL frequency in the Æ phase at 14 K and in the
phase. The points relative to -O2 have been obtained by extrapolating the frequency
evolution in this phase to the Æ
transition temperature [298].

energy is higher than the value for the isolated molecule. As a result, there is a
positive frequency jump of the electronic bands at the transition from the shortrange magnetically disordered phase to the low-temperature magnetically ordered
Æ phase (Figs. 111, 112). Thus, these studies represent a powerful tool to evaluate the exchange interaction parameters such as the exchange interaction constant
and correlation functions at di erent pressures. The molecule which is excited to
the 1 g state from the initial 3 g state looses its interaction magnetic energy J (0)
with neighboring molecules due to zero value of the spin in the nal state, and the
transition energy E! of the crystal increases of the same amount. An additional
contribution to E! is given by the energy m of the magnon. Therefore, the
frequency ! of the electronic transition in the Æ phase is given by
(Æ!)  = 0 + J (0)jhS1 S2 i(Æ) j + m(Æ) ;
(6:25)
where 0 is the frequency of the pure excitonic band. The frequency of the ZPL is
assigned to ! , J (0) is the exchange eld (see Sec. 7.3, Eq. 7.19).
In the

phase

( !)  = 0 + I (0)jhS1 S2 i( ) j + m( ) ;
where I (0) is the exchange eld in the phase.

(6:26)

To extract magnetic characteristics from Eqs. (6.25) and (6.26) Santoro et al. [298]
used a number of approximations. First, the temperature dependence of 0 resulted
from the thermal expansion of the crystal, was neglected, that is, the whole temperature dependence of the ZPL frequency was attributed to the magnetic contribution
to the ZPL frequency. For example, the ZPL frequency shift between the lowest
temperature in the Æ phase and the phase is
(Æ!)  ( !)  = J (0)jhS1 S2 ijT =0

I (0)jhS1 S2 ijT =TÆ + m(Æ)
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m( ) :


(6:27)

Fig. 113. The exchange interaction constant as a function of the nearest neighbor distance.
Continuous line is the t of the experimental of the experimental data by means of the
exponential law Eq. (2.31). Parameters of the t are J0 = 48.9 cm 1 , = 3.77 
A 1, =
0.5 
A 2 , R0 = 3:186
A to be compared with that from Tab 9 (41.7 cm 1 , 3.77 
A 1 , 0.5
2

A , 3.186 
A, respectively, represented by dotted line) Ref. [298].
Second, the di erence  (Æ)  ( ) was neglected. As additional approximations, a
m

m

classical low temperature limit was used for the correlation function in Æ phase:
hS1 S2i(T ! 0) = 1 and the zero pressure Monte Carlo result by LeSar and
Etters [82] = hS1 S2 ijT =TÆ = - 0.3 for -O2. Neglecting contributions from the
intrasublattice coupling we have J (0) = 4J1 whereas I (0) = 6J1 . Finally, Santoro et
al. expressed the exchange-coupling constant in terms of the ZPL frequency shift:

 (Æ)
( )
J1 = ! ! :
4 6r

(6:28)

Factor r takes into account the variation in J1 due to the thermal expansion at the
temperature interval 0 - TÆ . At ambient pressure r = J1 (R)T =T =J1 (R)T =0 
0:75. Resulted values of J1 obtained at di erent pressures are shown in Fig. 113 as
a function of the nearest-neighbor distance.
Among approximations which were used in the above analysis of the FTIR data, one
of the most open for criticism is neglect of zero-point oscillations in the spin-spin
correlation function at zero temperature. Another way of looking at these data is to
consider that J (R) dependence is known (Eq. (2.26) with parameters from Tab. 9
- dotted line in Fig. 113) and to nd the temperature dependence of the spin-spin
correlation function along an isobar from the set Eqs. (6.25), (6.26). As a result, from
data shown in Fig. 111 we have that for the isobar 6.0 GPa the zero temperature
value hS1 S2 iT =0 = 0:79 (to be compared with a classical limit hS1 S2 iT =0 = 1);
hS1 S2iT =TÆ = 0:63.
An additional information on magnetic properties of Æ -O2 was obtained from studies
of IR absorption in the fundamental mode region where a narrow peak was detected
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by Gorelli et al. [102] (Fig. 65b). The intensity of this peak decreases continuously
with rising temperature and vanishes as the phase is reached. The integrated
absorbance as a function of temperature is shown in Fig. (66b).
The sharp infrared band observed in the Æ phase was interpreted by Gorelli et al.
[102] in terms of the antiferromagnetic ordering of the molecular spins. The Raman
and IR modes can be interpreted as the in- and out-of phase stretching motions of
a pair of molecules in the elementary cell. The charge transfer mechanism strongly
contributes to the induced dipole moment of the pair allowing the detection of the
IR vibron peak at high pressure. The missing observation of the analogous infrared
mode in the phase is only due to a smaller transition dipole moment related
to the larger separation between the two molecules. The temperature behavior of
the normalized absorbance I (Fig. 66b) has been tted with the power law I =
(1 T=TN ) giving  0:5 for all the pressures. Here TN is the temperature of
the Æ
transition as given in Ref. [73]. Assuming the proportionality between
absorbance of the IR vibron line and the square of the magnetic order parameter 
we get  = (1 T=TN )0:25 . The lack of data very close to the critical temperature
does not allow the identi cation of the exponent with the critical parameter. An
accurate investigation of the infrared intensity close to TN could provide a better
insight of the phenomenon of the Æ
phase transition.
The data on the temperature dependence of the vibrational IR frequency can provide
an additional information on temperature behavior of the spin-spin correlation function. To extract this information let us expand the Heisenberg term in the magnetic
Hamiltonian Eq. (6.1) in terms of the displacements xi = ri re of the internuclear
distance ri with respect to the equilibrium internuclear distance re up to the second
order terms:
H12 = J12 (R; r1; r2)S1 S2 = H120 + H12vibr;
(6:29)
where
H120 = J120 (R; r1; r2)jx1;x2=0S1 S2;
(6:30)
vibr is the magnetic contribution to the single molecule and pair vibrational
and H12
energy:


1 2 2
vibr
H12 = 2 a(x1 + x2 ) + bx1 x2 S1 S2;
1 @ 2 J12
@ 2 J12
a=
;
b
=
:
(6:31)
2 @x21 x1 ;x2 =0
@x1 @x2 x1 ;x2 =0
Neglecting anharmonic terms, the total potential that describes the vibrational frequency is


vibr
U intra = k x21 + x22 + H12
(6:32)
where k is the intramolecular elastic constant perturbed by nonmagnetic crystal eld
contributions. The magnetic contribution to the intramolecular potential Eq. (6.32)
is responsible for the evolution of the infrared mode frequency with temperature
shown in Fig. 114.
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Fig. 114. The temperature shift of the IR mode frequency peak with respect to the extrapolated frequencies at T = 0 K along di erent isobars. Solid lines result from a t analysis
according to a power law proportional to T 6 [102].

The IR vibrational frequency for the intramolecular potential U intra is
s

1 k + k
;
IR =
2


(6:33)

where k = hS1 S2 iT (a 4b) is the magnetic contribution to the intramolecular
elastic constant,  is the reduced mass. Taking into account that k  k we arrive
at the following equation for the vibron frequency:
!

a 4b
IR = 0 1 +
hS1 S2iT ;
2k

(6:34)

where 0 = (2 ) 1 (k=)1=2 is the vibronic frequency with no magnetic contribution.
The frequency shift with respect to the frequency at T = 0 K is
 (T ) =
As a result,

(a

4b)0
[hS1 S2 iT =0
2k

 (T )
=
 (TÆ )

hS1 S2iT ] :

hS1 S2iT =0 hS1 S2iT
hS1 S2 iT =0 hS1 S2iT =TÆ

(6:35)

(6:36)

where IR (T ) = IR (T ) IR (T = 0) is the frequency shift with temperature
0
shown in Fig. 114, IR (T = TÆ ) = IR
IR (T = 0) is the frequency shift at
T = TÆ . Temperature behavior of the spin-spin correlation function described by
Eq. (6.36) agrees well with that following from the set Eqs. (6.25), (6.26).
On the ground of scarce indirect data it is nowadays believed that a magnetic collapse
takes place at the Æ " phase transition and that the " and  phases are nonmagnetic.
We will come back to this problem at Secs. 8.3.4, 8.3.5.
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6.9 Conclusions

Unique magnetic properties of oxygen attract the attention of investigators over a
century and a half since the discovery by Faraday of the paramagnetism of the oxygen
molecule (see Table 2). In this chapter we have described and analyzed literature
data on magnetic properties of solid oxygen at ambient and elevated pressures.
Magnetic properties of liquid oxygen have also been touched on in short, since their
analysis have helped to elucidate the peculiarities of magnetic properties of the
phase. Data of magnetic, neutron, x-ray, and SR studies together with data of
optical studies from Ch. 5 and data on thermal properties from Ch. 4 have provided
a rather detailed general idea to what extent solid oxygen combines routine and
peculiar magnetic properties.
Let us list the main omissions in literature on magnetic properties of condensed
oxygen:








Detailed data on the temperature behavior of the magnetic susceptibility in the
vicinity of the
transition. Continuous versus discontinuous behavior? Histeresis phenomena?
Data on magnetic properties at elevated pressures. Measurements of the magnetic
susceptibility at p > 0.5 GPa, neutron scattering, SR measurements.
Detailed data on the nonlinear behavior of magnetization curve at magnetic elds
over 30 T (a precursor of the spin- ip transition?).
Unumbiguous picture of the short-range order in the , , and liquid phases.
Temperature behavior of the correlation length in these phases. A long- or shortrange helicity order, or none?
Magnetic properties of doped oxygen: O2 - Ar, O2 - Kr solutions; O2 - N2 , O2 F2 , O2 - CO solutions.
Magnetic properties of supercooled metastable phase.

7 Elementary excitations
The experimental information on the elementary excitations spectra has been discussed in Ch. 5. The frequencies of optically active librons and magnons at the
Brillouin-zone center were obtained in Raman and IR spectrum studies. A certain
amount of preliminary information is needed for the identi cation of lines in Raman
and IR spectra. As a rule, for the interpretation of the observed spectra one has
to carry out an analysis of the symmetry of the spectrum and to calculate the elementary excitation spectrum of the crystal under investigation. This chapter deals
with problems of theoretical studies of translational, orientational and magnetic
excitations in di erent phases of solid oxygen.
Though the Hamiltonian of the system of interacting oxygen molecules has a general form, due to di erent character of translational, orientational, and magnetic
ordering, each of the phases requires a separate treatment.
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Compared with a conventional magnet, the calculations in the case of -O2 are more
involved because in this case we are dealing with three systems of coupling quasiparticles - phonons, librons, and magnons. Though -O2 has the simplest orientational
structure among the molecular cryocrystals, the presence of the strong short-range
magnetic order makes the theoretical treatment of the phase quite a cumbersome
problem. Orientationally and magnetically disordered phase has received little attention from the theoretical side. Lattice dynamics calculations for the high-pressure
phases are limited by Æ -O2.
The correlation diagram of the and phases of solid oxygen (Fig. 115) gives
the symmetry species and activities of the k = 0 motions. All of the zone-center
optic modes are Raman active. In both the and phases there is one molecular
stretching mode. The phase has two nondegenerate librations and the phase one
doubly degenerate libration.
First calculations of the lattice dynamics of solid oxygen were carried out in the
1970s (Jelinek et al. [151,152], Burakhovich and Freiman [363], Burakhovich et al.
[55], Krupskii et al. [190], Kobashi et al. [60]). Though no account has been taken in
these calculations of the magnetic nature of solid oxygen, they represent a necessary
and rather informative step in the development of the theory. They provided a test,
in the rst approximation, of various potentials, enabled the identi cation in Raman
and IR spectra, and gave an estimate of the e ect of anharmonicity.

Fig. 115. Correlation diagrams for - and -oxygen [47].

Important estimates concerning translational and librational vibrations follow from
simple mean- eld considerations [79,159]. Translationally the molecules in -O2 vibrate as three-dimensional, nearly harmonic oscillators. Two of the fundamental
frequencies that correspond with the vibrations in the ab plane are near equal, the
third fundamental frequency for the vibrations in the c? direction is about 50%
larger. The potential is markedly sti er in the c? direction. This is con rmed by the
smaller root-mean-square (rms) amplitude of vibrations in this direction (Table 30).
As can be seen from this Table, the rms amplitudes are quite di erent in the three
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Table 30
Translational and librational amplitudes in - and -O2
-O2
-O2
Parameter
Value
Parameter
Value
hu2a i1=2 0.1092 A a hu2a i1=2 = hu2b i1=2 0.1200 A b
hu2b i1=2 0.1115 Aa
b
hu2c? i1=2 0.0889 Aa
hu2c? i1=2
0.0940 A
9:1Æ c
10:4Æ d
.
h#2i1=2
10:84Æ a
h#2 i1=2
11:164Æ b
12:8Æ e
11:6Æ f

a Theory [79] for T = 0 K.
b Theory [79] for T = 30 K.
c Experiment for T = 10 K [47].
d Experiment for T = 28 K [47].
e Theory [151,152] for T = 10 K.
f Theory [159] for T = 30 K.

independent crystal directions which gives an indication of the crystal anisotropy.
The ratio of the ground state rms translational displacement to the intermolecular
distance Rnn is hu2a + u2b + u2c? i1=2 =Rnn = 0:056; which is near twice as large as for
solid N2 [1].
The librational states of the molecules are rather localized in - and -O2 and
look like weakly anharmonic two-dimensional oscillator states, slightly anisotropic
in the case of -O2 and isotropic in -O2 (Table 30). The lower frequency in -O2
corresponds with libration about the a axis, the higher one with libration about
the b axis. The root-mean-square angular displacements are about 11Æ , as compared
with 16Æ for -N2 at T = 0 K [1].
As can be seen from the comparison of the ground state rms amplitudes, translational vibrations in solid oxygen are more anharmonic compared with that in solid
nitrogen but for librational vibrations the reverse is true. This di erence re ects the
distinction in the structures of the intermolecular potentials for the both substances
and ultimately the di erence in the nature of the stability of -O2 and -N2 .
The zero-point energy Ezp (per molecule) at P = 0 for -O2 according Ref. [175] is
204.7 K (1.7 kJ/mol). Judging from the rms amplitudes obtained in this paper, which
are slightly overestimated compared with data from Table 30, Ezp is overestimated
as well and should be considered as an upper estimate. The zero-point energy is
approximately 20% of the binding energy, of which approximately 40% is due to the
librational motion. The high value of the reduced zero-point energy indicates that
O2 displays properties typical for quantum crystals. One of such is a small value
of the ratio Tmelt =D which for solid O2 is approximately 0.5 (as known [364], the
inequality Tmelt=D < 1 is a signature of a quantum crystal). It is interesting to
note that though the reduced value of the zero-point energy for solid N2 is near the
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same as that for solid O2 (see Table 10.1 in Ref. [1]), the ratio Tmelt=D for solid N2
is approximately 0.75, markedly higher than for solid O2 , due to less anharmonic
translational vibrations.
Libron, magnon and phonon branches of the spectrum of elementary excitations
exhibit essentially di erent anisotropy. The former two reveal signi cant anisotropy
[55,190] while for the latter the anisotropy is far less pronounced [151,152]. Librons
and magnons with the wave vectors in the ab plane is characterized by signi cant
dispersion, while for librons and magnons propagating along the normal to the ab
plane the bandwidths are comparatively small. The nonequivalence of the di erent
spectral branches is due to the fact that the anisotropic and exchange interactions are
more short-ranged than the isotropic interaction determining the phonon spectrum.
7.1 Librons

There was a long discussion in literature concerning the assignment of the 43 and 78
cm 1 lines in the Raman spectra of -O2 [55,60,175,190,76] (see Sec. 5.2.3). On the
basis of lattice dynamics calculations these authors have cast doubts on the assignment interpretation by Cahill and LeRoi [47] of these lines as librons. As followed
from these lattice dynamics calculations based on di erent models of the anisotropic
forces, at the
transition the libron spectrum is only insigni cantly changed.
The lowering symmetry at this transition leads to removal of the two-fold degeneracy of the frequency of the libron mode at k = 0 with a splitting of a few cm 1 . At
the same time, according to Raman data [47], the doubly degenerate Eg mode of
-O2 with frequency  50 cm 1 is splitted into Bg and Ag modes with frequencies 43
and 79 cm 1 , respectively. According to these authors, the experimentally observed
Raman line at 79 cm 1 could be a two-particle either magnon-libron [55,190] or
two-libron [60,175,76] line while the Bg and Ag splitting is not resolved. Etters et al.
[76] have proposed that the higher frequency belongs to a libron mode that lies at
the edge of the Brillouin zone for the structural lattice, but which has q = 0 in the
magnetic Brillouin zone. This mode could become visible in Raman spectroscopy
when there is a strong coupling between the librons and spins. The weakest point of
all these interpretations is, however, that under various temperatures and pressures
no indication of the doublet character of the lowest peak in -O2 has been observed.
Subsequent experimental and theoretical studies gave an insight into what really
happens with the libron spectrum under the
transition. Measurements by
Bier and Jodl [71], Prikhotko et al. [264], and by Kreutz and Jodl [114] have given
a strong evidence that the assignment by Cahill and LeRoi [47] is correct (see Sec.
5.2.3). Most recent data on libron spectra from Raman studies by Kreutz and Jodl
[114] are shown in Fig 82. In contrast with earlier Raman results [71] but in accord
with FTIR data [106,285], Kreutz and Jodl observed between 24.2 and 23.8 K the
coexistence of libron spectra of and phases, an evidence of the rst-order phase
transition. This result should be compared with more early data (mid-eighties) [71]
exhibiting a continuous mode transition from Eg (in the phase) to Ag in the
phase (see Fig. 34) and implying the second order phase transition.
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Fig. 116. The plot of the lattice potential of -O2 along the normal coordinates for the Bg
and Ag librons, with (solid curves) and without (dashed curves) the contribution of the
Heisenberg term [79].

From the theoretical side, Krupskii et al. [190] suggested that the large splitting of
the libron spectrum at the
transition could be due to an additional term in the
libron Hamiltonian, which is proportional to the magnetic order parameter. Since for
T > T the magnetic order parameter turns to zero this term is nonvanishing only
in the phase. Jansen and van der Avoird [171,79] found that because of the very
strong dependence of the exchange coupling parameter on the molecular orientations
the Heisenberg term from the spin Hamiltonian Eq. (6.1) should be included in the
libron spectrum calculations.
The plot of the lattice potential along the normal coordinates for the Bg and Ag
librons, with and without the contribution of the Heisenberg term, clearly demonstrates its role in this problem (Fig. 116). This term lowers the lattice energy of -O2
at the equilibrium geometry. At the same time it drastically increases the sti ness
of the potential in the Ag direction, but much less in the Bg direction.
An integrated formalism that includes magnon-phonon and magnon-libron coupling
in dynamics of orientationally ordered and phases of solid oxygen was developed by Jansen van der Avoird [171,79] on the base of the time-dependent Hartree
method (random phase approximation). We will consider the problem of magnonlibron coupling following a more simple approach of Ref. [365].
The intermolecular exchange constant can be written in a form equivalent to Eq.
(2.27), that is, as a sum of a part independent of the orientations of the O2 molecules
and an orientationally dependent term. The latter part contributes to the anisotropic
intermolecular potential, which determines the spectrum of librons in the orientationally ordered and phases. Both the spin independent part of the intermolecular potential U ( 1 ; 2 ; R) and the exchange part J ( 1 ; 2 ; R) may be written as
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a sum of products of invariants ( 1 n), ( 2 n), ( 1 )( 2 )[77]:

U ( 1 ; 2 ; R) =
J ( 1 ; 2 ; R) =

X

i;k;l

X

i;k;l

Aikl (R)( 1 n)i ( 2 n)k ( 1 )( 2 )l ;

(7:1)

Bikl (R)( 1 n)i ( 2 n)k ( 1 )( 2 )l ;

(7:10 )

where i; k; l are integers, the pairwise sums of which are even numbers; Aikl , Bikl
are expansion coeÆcients, which are functions of molecular parameters and intermolecular distance. The anisotropic parts can be obtained from the expansions of
Eqs. (7.1), (7.10 ) after excluding the terms with i + k + l = 0 which corresponds
to the isotropic parts of the exchange constant and spin-independent intermolecular
potential. In fact, the representation of the Kohin potential (Eqs. 2.9 and 2.11) is
an example of the expansion Eq. (7.1) up to terms with i + k + l  3, which includes
all terms necessary for the derivation of the harmonic approximation.
Taking into account the explicit form of the exchange intermolecular interaction
(Eq. 2.16) and averaging Eq. (7.10 ) over the ground spin state, we can obtain the
total anisotropic intermolecular interaction Vanis ( 1 ; 2 ; R) in a form of a sum of
the spin-independent and spin-dependent contributions:

Vanis ( 1 ; 2 ; R) = Uanis ( 1 ; 2 ; R) + Janis( 1 ; 2 ; R)hS1S2 i;

where hS1 S2 i is the spin correlation function. Finally we have

Vanis ( 1 ; 2 ; R) =

X

i;k;l
i+k+l6=0

(Aikl + Bikl hS1 S2 i)( 1 n)i ( 2 n)k ( 1 )( 2 )l :

(7:2)
(7:3)

As can be seen from Eq. (7.3), the anisotropic intermolecular potential, which determines the spectrum of librons in the orientationally ordered and phases, contains
the additional term, which depends on the character and value of the magnetic order.
In the molecular eld approximation we have that in the phase mn = hSmSn i
= 0 and in the phase for the nearest molecules from the di erent sublattices
mn = s2 , where s is the average spin. For the ordered three-sublattice magnetic
structure we would have mn = s2 =2, which can serve as an estimate of the spin
correlation function for the case of the short magnetic order.
The expansion coeÆcients Aikl , Bikl are generally speaking of the same order of
magnitude, which means that the additional term cannot be treated as a small
perturbation but should be taken into account in the zero approximation.
The system of interacting rotors is described by the Hamiltonian

H = Hkin + Uanis ;

(7:4)

where the kinetic energy operator is

Hkin = Brot

X

f

!
@
1 @2
1 @
sin #f
+
sin #f @#f
@#f sin2 #f @'2f
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(7:5)

Here Brot = ~2 =2I (I is the molecular moment of inertia) is the characteristic rotational constant (see Ch. 2); #f and 'f are the angles determining the molecular
orientation at site f .
Since Brot  Vanis , the rotor wave functions have localized near # = 0, that is the
anharmonic terms are small and librons are well-de ned quasiparticles. Retaining
in the Hamiltonian Eq. (7.4) only harmonic terms and neglecting the interplane
interaction, we obtain for the frequencies of librons in - and -O2 in the center of
the Brillouin zone the following expressions:

2
n



o
O2 :
~ Eg = 6Brot 2A200 + A111 + 2B200 + B111
(7:6)
O2 :

2



1 + B1  o ;
2A1200 + A1111 + 2B200
111 1

2
n 



~ Bg = Brot 4 A1200 + 2A2200 + 2 A1111 + 2A2111

1 + B 1  + 4 2B 2 + B 2  o ;
+ 2 2B200
111 1
200
111 2



~ Ag



= 6Brot

n

(7:7)
(7:8)

where Aikl ; Bikl are values of respective parameters of the intermolecular potential
1 and A2 ; B 2 are values of
for the intermolecular distances in the phase; A1ikl ; Bikl
ikl
ikl
respective parameters of the intermolecular potential for the intermolecular distances
in the phase for the nearest neighbors from the opposite and the same magnetic
sublattices, respectively; is the spin correlation function for two nearest spins in
the - phase , 1 ; 2 are the spin correlation functions in the phase for two
nearest neighbors from the opposite and the same sublattices, respectively.
Neglecting the small monoclinic distortion at the
-transition, that is the small
1
2
di erence between Aikl ; Aikl and Aikl (and the same for the Bikl -parameters), we
can simplify Eqs. (7.6)-(7.8):

2
n
o
~ Eg = 6Brot (2A200 + A111 ) + (2B200 + B111 )
(7:60 )


~ Ag



~ Bg

2



2



= 6Brot f(2A200 + A111 ) + (2B200 + B111 ) 1 g ;


1
= 6Brot (2A200 + A111 ) + (2B200 + B111 ) ( 1 + 2 2 ) ;
3


(7:70 )
(7:80 )

Equations (7.6)-(7.8) and (7.60 )-(7.80) provide an explanation of the main anomaly
features of the temperature dependence of librons in - and phases (Fig. 34) - large
and strongly asymmetric splitting, and a more strong temperature dependence of
the Ag mode than that of the Bg mode (see also Fig. 11 from Ref. [114]).
According to data from Raman scattering spectra [47,71,114], at the
transition
the two-fold degeneracy of the libron spectrum is lifted and the doubly degenerate
Eg mode of -O2 with frequency  50 cm 1 is split into Bg and Ag modes with
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frequencies  44 cm 1 and  78 cm 1 . The reconstruction of the structure accompanying the phase transition and the related changes in the anisotropic part of the
intermolecular potential cannot be the reason of such large splitting. If we disregard
terms proportional to in Eqs.(7.6)-(7.8), the resulting splitting is

Brot

0 =

~ Eg

[2(A2200

A1200 ) + (A2111

A1111 )]:

(7:9)

Estimates were obtained  < 5 cm 1 [55,190,60].
As follows from Eqs. (7.60 )-(7.80), the large splitting is completely due to the spinlibron interaction:
2B
 = rot (2B200 + B111 ) ( 1
(7:10)
2):
~ Eg

Other anomaly features of the libron spectrum are
in also due
 to the spin-libron

teraction. The displacements Ag = Ag
Eg , Bg =
Eg
Bg of the Ag
and Bg modes respective the Eg mode of -O2 can be found from the following
equations:

2

2


~ Ag
~ Eg = 6Brot (2B200 + B111 ) 1
;
(7:11)
2

2


1
~ Eg
~ Bg = 6Brot (2B200 + B111 )
( + 2 2) :
(7:12)
3 1
In a general theory the spin correlation functions should be found in a self-consistent
way together with the libron spectrum, but as a zero approximation they could be
found independently from the spin Hamiltonian Eq. (6.1). The following estimates
can be obtained:
j j  j 1 j; j 2 j;
(7:130)
j 1 + 2 2 j  j 1 j; j 2 j;
(7:1300 )
As follows from Eqs. (7.11), (7.12) and inequalities Eqs. (7.130), (7.1300 ), Bg 
Ag , that is the splitting is strongly asymmetric around Eg . This explains the
long-state problem of the anomalously large libron splitting.










The di erent behavior of the Ag and Bg frequencies can be understood qualitatively
as follows [366]. When the molecules librate around the b-axis (Ag symmetry) the
interaction with four nearest-neighbor molecules from the opposite magnetic sublattice (see Fig. 88) is mostly involved, but when they librate around the a-axis (Bg
symmetry) the interaction with two next-nearest-neighbor molecules from the same
magnetic sublattice is involved. The latter is much weaker than for the Ag librational
mode.
The variation of the libron frequencies with temperature are caused by three factors:
rst, there are anharmonic temperature shifts of the frequencies with temperature,
second, the parameters Aikl ; Bikl vary with temperature due to the thermal expansion of the lattice, and third, due to the temperature dependence of the spin
correlation functions. In the case of the phase the latter factor is most important.
In the case of the phase the temperature shift of the Eg mode is mostly determined
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Fig. 117. Temperature dependence of the frequency of the Eg libron mode of -O2 . Solid
line - theoretical results [190],  - experimental data [47], Æ - experimental data [114].

by the thermal expansion of the lattice. The resulting temperature dependence can
be written in the form

@
@T

!

P

@
=
@T

!

V

@
+
@V

!

T

@V
@T

!

P

(7:14)

Anharmonic corrections to the librational frequencies of the phase was calculated
in the mean- eld approximation in Ref. [159]. The anharmonicity is manifested in the
explicit temperature dependence of the librational frequencies. It was shown, that
contrary to solid N2 , the sign of the anharmonic correction in -O2 is positive. Since
(@ =@T ) = (@ =@ )(@=@T ) while (@=@T ) < 0 (here  is the orientational order
parameter [1]), the sign of the anharmonic correction is determined by the sign of the
derivative (@ =@ ), which could be either positive or negative, depending on signs
and values of molecular and crystal eld constants in the self-consistent potential.
As a result, in the case of -O2 the derivative (@ =@ ) < 0 and (@ =@T ) > 0.
As was shown by numerical estimates, (T= )(@ =@T )  10 3 and the e ect is
dominated by the second term in Eq. (7.14), the thermal expansion of the crystal.
The comparison of the calculated [190] and experimental dependencies of the Eg
frequency on temperature is given in Fig. 117.
The e ect of an external magnetic eld on the libron spectrum of - and -O2
was calculated by Jansen and van der Avoird [367]. They predicted that the libron
frequencies would be shifted by the external magnetic eld, which changes the spin
correlation function and according to Eq. (7.3) a ects the anisotropic part of the
intermolecular potential. Due to high rigidity of the magnetic structure of -O2, the
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Fig. 118. The magnetic eld induced shift of the Ag and Bg librons in -O2 (a) and the
Eg -libron mode in -O2 (b) [367].

resulting shift of Ag and Bg librons is small even in strong elds and amount to
{ 2.5 cm 1 for elds up to 30 T (Fig. 118a). The magnetic eld induced shift of the
Eg -mode for -O2 is given in Fig. 118.
When the magnetic eld is parallel to the ab plane of the phase one might expect
several symmetry-breaking e ects [367]. The threefold symmetry is distorted in this
case with the result that the Eg mode will be slightly splitted.
Due to the zone-folding e ect, extra phonon or libron peaks may become visible in
the IR or Raman spectra though their intensities are predicted to be small.
7.2 Lattice dynamics calculations

Gaididei, Loktev and Ostrovskii [368] noted that the magnon-phonon coupling leads
to the zone folding: the magnetic unit cell contains two molecules, and as a result,
in the folded zone phonon zone subdivided into acoustical and optical phonons and
the number of libron and magnon branches is doubled.
The most extensive zero-temperature lattice dynamics harmonic calculations based
upon both the one-molecular crystallographic unit cell and the two-molecular magnetic cell have been made by Etters et al. [76]. At the rst step the Gibbs free
energy was minimized with the parameters of the monoclinic lattice cell of -O2
and the intramolecular bond length as independent variable parameters. Using obtained equilibrium lattice parameters harmonic lattice-dynamics calculations have
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been made. The calculations were based on the site-site Etters - Kobashi - Belak
(EKB) potential (see Ch. 2). Since the strong anisotropy of the Heisenberg term
are not taken into account in the EKB potential, the calculated dispersion curves
su er from the same shortcomings as all older lattice dynamics calculations and reproduce the libron modes incorrectly. Nonetheless, many qualitative results of these
calculations retain its validity.
The magnetic unit cell contains two molecules in the unit cell, twice as large as
the structural unit cell. There are six phonon modes, four libron modes, and four
magnon modes for every wave vector q in the smaller Brillouin zone, that is, compared with the crystallographic cell, magnetic unit cell supports one additional vibron, two additional libron modes, three additional optical phonon modes and two
additional magnon modes. The problem is that none of these modes was observed
in experiment.
The integrated lattice dynamics calculations in the RPA approximation have been
made by Jansen and van der Avoird [79]. It was found that the mixing between
the lattice modes, phonons and librons, and magnons, is in general, small. The only
substantial amount of mixing occurs in those regions of the Brillouin zone where the
dispersion curves for the lattice modes and those for the magnons would cross. Even
the weak coupling then leads to an avoided crossing and to interchange of character
of the modes involved.
The translational lattice frequencies for the orientationally disordered -O2 have
been calculated by Kobashi, Klein, and Chandrasekharan [60] using di erent empirical Lennard-Jones (6-12) intermolecular potentials to account for the interactions
between nearest discs, between the nearest disc and sphere and between the second
nearest discs. The model completely neglects the e ect of molecular rotation. The
model was able to account for the low shear constant of -O2 , but considerably
overestimated the elastic anisotropy. This discrepancy was attributed to the neglect
of translation-rotation coupling.
The role played by the molecular reorientational motions in the crystal dynamics
of -O2 was examined by Klein, Levesque and Weis [228] in a molecular dynamics
study of a system of molecules interacting via atom-atom potential. The simulated
crystal revealed two types of molecules with two quite di erent types of dynamical
behavior. Very slow transverse acoustic phonon modes were found with vt =vl  3:5
in fair agreement with experiment [48,225]. The liquid has been shown to be very
similar in structure and dynamical behavior to the phase.
7.3 Magnons
7.3.1 Zero- eld magnons

The rst calculation of the spin excitation spectrum was done by Wachtel and
Wheeler [49,313,271]. According to the usual excitation wave method, the diag172

onalization of the Hamiltonian Eq. (6.1), was performed in two steps. First, the
Hamiltonian Eq. (6.1) was written as a sum of a single-particle mean- eld Hamiltonian H0 and the interaction Hamiltonian Hint :

H = H0 + Hint =
1 X
+
J (S
2 ij ij xi

hSxii) (Sxj

ASzi2 + BSyi2 + J (0)hSx iSxi

X

i

hSxj i) + 21 [S+iS

j

+ S i S+j ]





hSxiihSxj i

(7:15);
where hSxi is the expectation of the operator Sx in the single molecule ground state,
which should be found from self-consistency conditions. S + = Sy  Sz . Here the
direction of the moments (b-axis) is taken as the axis of spin quantization.
The eigenvalue problem for H0 can be solved in a straightforward manner, yielding
the following eigenvalues:

A+B

 02 =
2

s



A B 2
+ J 2 (0)hSxi2 ;
2

1 = A + B:

(7:16)

(0 is the ground state energy, 1 ; 2 are the rst and second excited states, respectively. The resulting eigenfunctions then used as the basis for transformation
of the Hamiltonian H = H0 + Hint into second quantized representation in terms
of Fermion creation and annihilation operators cyfi ; cfi . Di erent approaches and
approximations of the excitation wave method [313,49,271,55,190,319], and Green's
function method [316,318] were used to treat the problem.
Spin-wave theory was developed by di erent methods by many authors [49,58,313{
319,271]. At low temperatures the occupation number of the ground state nf 0 =
cyf 0 cf 0 is close to unity. In this limit terms not quadratic in ground state may be
neglected (so-called Bogolyubov approximation [369]). Introducing the product operators ayfi = cyfi cf 0 and afi = cyf 0 cfi , which approximately obey the Bose commutation relations, and transforming the Hamiltonian to these operators, we obtain the
Hamiltonian quadratic in Bose excitation operators. The next simpli cation consists
in neglecting by excitations from the ground state to the second excited state. The
resulting dispersion relations (energy vs. quasimomentum relations) can be written
in the form:
En2 (k) = [10 + ( 1)n J (k) sin 2#]2 J 2 (k);
(7:17)
where 10 = 1 0 is the energy necessary to excite the molecule from the ground
P
state to its rst excited state; 0 ; 1 are given by Eq. (7.16); J (k) = ~Æ Jf ;f +~Æ eik~Æ is
the magnetic structure factor, ~Æ are lattice vectors vector; # is a mixing parameter
which determines the ratio of j + 1i and h 1j in the ground state. It depends on the
relative magnitudes of the anisotropy parameters A and B and the exchange eld
J (0) = J (k = 0):
A B
tan 2# =
(7:18)
2J (0)hSxi
With account of nearest, next nearest and next-next neighbors we have the following
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expression for the exchange eld:

J (0) = n1 J1

n2 J2 + n3 J3 ;

(7:19)

where n1 ; n2 ; n3 are numbers of the respective neighbors (n1 = 4; n2 = 2; n3 = 4) and
J1 ; J2 ; J3 are respective exchange constants (see Fig. 88). As a result, the magnetic
structural factor for the -oxygen structure can be written in the form

J (k) = J (0) k;
"

kx
ky
1
k = 1 =2 + cos 2 cos 2
( = J2 =J1 ;  = J3 =J1 )

(7:20)

1
k
k
 cos ky + cos y cos x
2
2
2

!#

kz

:

It is important to note that because of complexity of the commutation relations
for spin operators, there is no single "true" dispersion equation which would be independent of the way of transformation of the spin Hamiltonian into the Bosonic
Hamiltonian and of subsequent approximations used for its diagonalization. All these
approaches are so-called uncontrollable approximations contrary to a few controllable ones (among these are the high-temperature expansions [370] and the lowtemperature Dyson approach [371]). That is why, it is important to use di erent
approximations for the derivation of the dispersion equation, and then, comparing
magnetic characteristics calculated with di erent dispersion equations, to decide
which approach is preferable.
The simplest approximation not based explicitly on the assumption of small uctuations of the spin density is the random phase approximation (RPA) coinciding with
the Tyablikov approximation [327] in the case of the ordered phase. This approximation was used by Slusarev et al. [58,317] to develop theory of magnetic properties
of and phases.
As a rst step a unitary transformation was performed over the Hamiltonian Eq.
(6.1), a rotation around the "diÆcult z-axis" by an angle 'f , which depends on the
site number:

Sf x ! cos 'f Sf x + sin 'f Sf y ; Sf y ! cos 'f Sf y

sin 'f Sf x:

(7:21)

Such transformation makes it possible to simplify the calculations, since by the
choice alternatively 'f = 0;  the original antiferromagnet system was reduced
to an e ective ferromagnet one. In the nal results we must perform the inverse
transformation.
After applying the decoupling procedure usual for the RPA approximation, the set
of linearized equation of motion in k-space was obtained, where spin components
Sx ; Sy ; Sz are coupled to components of the quadrupole magnetic moment Qij =
(1=2)(SiSj + Sj Si ) (2=3)Æij with the result that the order of the system is doubled.
As a result, the following expression was obtained for two lower branches of the spin
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wave spectrum:

J 2 (0)
En2 (k) =
 [1 + ( 1)n k]
2 k2
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Here  is the spin order parameter of the system

=

)

)

2A2
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1X x
hS i
N k k

(7:22)
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and 1 and 2 are order parameters of quadrupole magnetic ordering:

1 =

1 X x x
hSk S ki
N k



hSkz S z ki

; 2 =

1 X x x
hSk S ki
N k



hSky S y ki :

(7:24)

The self-consistency parameters are determined by integrals over the Brillouin zone,
which makes it possible to neglect anisotropies contributing only to the center and
to the band edges. In this approximation 1 = 2 =  . As follows from Eq. (7.22),
the frequencies of antiferromagnetic resonance (AFMR) E1 (0), E2 (0) are de ned
by the exchange eld J (0), respective anisotropy constants A and B , and by the
quadrupole magnetic order parameter  :
q

q

E1 (0) = 4BJ (0); E2 (0) = 4AJ (0):

(7:25)

At T = 0 K the order parameters  and  satisfy two self-consistency conditions:

=2
where

3
R;  = 2R;
2

(7:26)

i 1=2
1 Xh
1 2 (k)
:
(7:27)
N k
According to Ref. [372], in the two-dimensional case R = 1.393, and in the threedimensional case R = 1.156. The self-consistency parameters  and  , determined
by the system of equations Eq. (7.26), equal for 2D and 3D:

R=

2D :

 = 0:817;  = 0:293;

(7:28)

3D :
 = 0:923;  = 0:399:
(7:29)
Since the estimate obtained  1, it is natural to use in numerical calculations
the values of these parameters for the two-dimensional case. Using the value of the
exchange eld obtained by the t to the experimental data for the magnon thermal
capacity (J (0) = 125:9 cm 1 ) and IR experimental data [49] (E1 (0) = 6.4 cm 1 ;
E2 (0) = 27.5 cm 1 ) from Eq. (7.25) for the anisotropy constants we have A = 5.125
cm 1 and B = 0.278 cm 1 .
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Bearing in mind that we will compare di erent forms of the dispersion equation
obtained in di erent approximations for the Hamiltonian Eq. (6.1), we will recast
Eqs. (7.17) and (7.22) in the form more convenient for such comparison.
The dispersion equation Eq. (7.17) has the same total number of parameters as the
original magnetic Hamiltonian Eq. (6.1), but the anisotropy parameters A and B
enter into Eq. (7.17) through quantities 10 and sin 2#. Appearing of these quantities
re ects the way which was used to obtain the dispersion equation in this speci c
form. They can be expressed in terms of the exchange eld J (0), and E1 (0) and
E2 (0), frequencies of two antiferromagnetic resonance (AFMR) modes in the infrared
absorption of -oxygen at ~k = 0. As a result of straightforward transformations, Eq.
(7.17) takes the form
n
o1=2
En (k) = [a+ + ( 1)n a k]2 J 2 (k) ;
(7:170)
where parameters a are given by

q
1 q
2
2
2
2
E2 (0) + J (0)  E1 (0) + J (0) :
a =
2

(7:30)

After similar transformations Eq. (7.22) can be written in the following form:
1
En (k) = q
2 k2
h
i
o1=2
1)n a k]2 J 2 (k) + 1 k2 J 2 (0) 2 a2+
;
(7:220)
The comparison of the proposed dispersion equations can be readily done in the
form of Eqs. (7.170 ) and (7.220). As seen, at k = 0 they coincide. At small wave
vectors the dispersion curves given by these equations agree very closely but the
di erence becomes more and more essential with rising wave vectors. Such magnetic
quantities as magnetic heat capacity, which samples the whole Brillouin zone, can
be described far better with the dispersion equation Eq. (7.22) [58,317] than with
other dispersion equations proposed in literature.
n

 [a+ + (

Dispersion curves for the dispersion equation Eq. (7.22) (or Eq. 7.220 ) are given
in Fig. 119. As can be seen, the magnon spectrum is strongly anisotropic. For the
directions in the basal ab plane the spectrum is characterized by more signi cant
dispersion than for magnons with the wave vector normal to the basal plane. These
magnons are characterized by rather small dispersion.
For magnons with k in the basal plane the maximal frequency is

p

Emax  J (0)= 2:

Emax  72:7 cm 1 .

(7:31)

For magnons with the wave vector k normal to the basal plane k = (0; 0; k) due to
the anisotropy of the exchange interaction there is a gap between the two spectral
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Fig. 119. Dispersion curves for magnon modes in -O2 .

branches at the boundary of the Brillouin zone. The edge frequencies for the two
branches are
"
#1=2
4
2
2
2
J (0)
:
(7:32)
E 12 (0; 0;  ) = E 12 (0) +
1 =2
For the adopted parameters ( = 0.025;  = 0.465) we have the following estimates:
Emax  72:7 cm 1 ; E1 (0; 0;  )  37:7 cm 1 , E2 (0; 0;  )  46:2 cm 1 , and the gap
1 = E2 (0; 0;  ) E1 (0; 0;  ) amounts to 8.5 cm 1 .
It has been speculated [190] that the observed doubling of exciton-magnon absorption lines [273] is related to the discussed nature of the magnon spectrum of -O2
(see Ch. 5), but no attempts were made to use the theoretical magnon spectrum for
discussion of optical spectra.
Allowance for the intrasublattice exchange interaction ( 6= 0) makes magnons with
wave vectors along a and b axes inequivalent. Degeneracy at the zone edge for the
high-symmetry directions is lifted and another gap exists between the two spectral
branches at the boundary of the Brillouin zone at k = ( , 0, 0) and (0,  , 0). The
gap is proportional to the dimensionless intrasublattice coupling constant :
 E22 (0) E12 (0)
2 = p
:
(7:33)
J (0)
8 2
The gap is rather small but, in principle, measurable (  0:25 cm 1 ).
The dispersion equation Eq. (7.22) contains one important feature of dispersion
curves, which is lacking in other forms of the dispersion equation. Since the maxi177

Fig. 120. Schematic dispersion curves of phonons and magnons in -O2 serving to illustrate the way the phonon-magnon coupling results in strong temperature dependence of
the phonon velocity. Solid curves are uncoupled acoustic translational (based upon crystallographic unit cell) and magnon modes (based upon magnetic unit cell), coupled modes
(0) , and !(1) , !(1) are respectively the
in the folded zone are given by dashed curves. !0 , !max
0 max
zone center and zone edge magnon frequency at T = 0 K and at a nonzero temperature.

mal energy of magnons described by Eq. (7.22) is proportional to the magnetic order
parameter (Eq. 7. 31), which is a decreasing function of temperature, the dispersion
curves of magnons are strongly temperature dependent. Among possible experimental implications we note here the anomaly temperature dependence of the sound
velocities (see, Sec. 4.1, Fig. 16).
A qualitative model, which provides an explanation in which way the anomaly behavior of the sound velocities stems from the strong temperature dependence of the
magnon dispersion curves is illustrated in Fig. 120 One can see, when the zone edge
magnon frequency decreases with temperature, the slope of the acoustic coupled
phonon-magnon mode nearly goes to zero at the - transition. Schematic dispersion curves of phonons and magnons in -O2 serve to illustrate in which way the
phonon-magnon coupling results in strong temperature dependence of the phonon
velocity. Solid curves are uncoupled acoustic translational (based upon crystallographic unit cell) and magnon modes (based upon magnetic unit cell), coupled
(0) , and !0(1) , ! (1) are
modes in the folded zone are given by dashed curves. !0 , !max
max
respectively the zone center and zone edge magnon frequency at T = 0 K and at a
nonzero temperature.
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7.3.2 Magnetic eld behavior of magnons

In the external magnetic eld
term, the Zeeman energy

H the Hamiltonian Eq. 6.1 acquires an additional
HZ = B g HSi
(7:34)
X

i

The dispersion relations for magnons in the presence of the magnetic eld were
calculated in Refs. [49,313,314,318,319]. The cases H k x; y; z must be treated separately.
H k z:
8
"
!#
<
#
# 2
n
z
2
2
En (k) = :  + ( 1) J (k) sin sin 2' + cos
2
2
!2 91=2
=
#
#
J 2 (k) sin2 + cos2 sin 2' ; ; (n = 1; 2); (7:35)
2
2
where z , is the di erence of the lowest two eigenvalues of the single-particle Hamiltonian:
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gB H
A sin2 (#=2) B
; tan 2' =
:
cos =
2 2(J (0)hSxi + A)
2 (J (0)hSxi + A cos2 (#=2))
(#1;2 is the angle between the magnetic eld H and the magnetization of the i-th
sublattice.) In the case H k z; y # = #1 = #2 .
H k y:
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#
#
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2
2
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En (k) = :  + ( 1) J (k) cos
2
2
!2 91=2
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(7:36)
2
2 ;
where y , the MFA excitation energy:
!

1
#
= A + B sin2
+ T y;
2
2
8
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gB H
A B sin2 (#=2)
; tan 2' =
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cos =
2 2(J (0)hSxi + B )
2 (J (0)hSxi + B cos2 (#=2))

y

In the case H k x one has to distinguish between the cases H < HSF and H > HSF .
H k x, H < HSF (HSF is the spin- op eld):
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In this case #1 = 0; #2 = 2 .
1h x 2
( ) + (x2 )2 + 2J 2 (k) sin2 ('1 + '2 ) 2J 2 (k) cos2 ('1 + '2 )
2 1
h
i2
+( 1)n (x1 )2 (x2 )2 + 4J 2 (k) sin2 ('1 + '2 )[x1 + x2 ]2
o1=2 1=2
2
2
x
x
2
4J (k) cos ('1 '2 )[1 2 ]
; (n = 1; 2);
(7:37)

En (k) =
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8"
!#2
<
#
#
n
2
x
2
sin sin 2'
En (k) = :  + ( 1) J (k) cos
2
2
tan 2'j =

!2 91=2
=
#
#
J 2 (k) cos2 sin 2' sin2
; (n = 1; 2);
2
2 ;

where

"

(7:38)

#

1
1
#
#
sin2 + T x ;
= A + B cos2
2
2
2
2
8"
#2
"
#2 91=2
<
=
A
B
#
#
Tx = :
cos2
+ J (0)hSxi 2B cos2
;
2 2
2
2 ;
#
gB H
A B cos2 (#=2)
; tan 2' =
:
cos =
2 2J (0)hSxi
2 (J (0)hSx i B cos2 (#=2))

x

Experimental spectra showing the magnetic eld dependence of the two magnon
modes are given in Sec. 5.2.5, Fig. 39. A comparison of experimental and calculated
results is given in Fig. 121. The experimental absorption band corresponding to the
low-energy magnon is splitted: one absorption maximum does not shift when the
eld increases, and the frequency of another increases with the eld (Fig. 121a). In
the case of the high-energy magnon the splitting was not found (Fig. 121b).
7.4 Conclusions

We discussed results on the lattice dynamics calculations concerning the elementary
excitation spectra of , , and oxygen. An important characteristic feature of
solid oxygen as a magnetic system is an anomaly large coupling between lattice
and magnetic subsystems. It was shown, in particular, that it is essential to include
the Heisenberg term in the lattice dynamics calculations to explain the long-state
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Fig. 121. Magnetic- eld dependence of the frequency of the low- energy (a) and high-energy
(b) magnons, measured on polycrystalline samples of -O2 . Experimental absorption maxima are represented by open dots, vertical arrows indicate the FWHM (full width at half
maximum). The H k X curve starting at H = 0 corresponds to the non-spin- opped
phase, the other H k X curve corresponds to the spin- opped phase [319].

problem of the anomalously large libron splitting in -O2 . Developed an integrated
scheme for lattice dynamics and spin-wave calculations provides a good approach for
the theoretical treatment of the system. The calculated spectrum of magnons permits
to describe the magnetic properties of -O2 in fair agreement with experiment.
Among theoretical problems that remain to be solved are as follows:
 Detailed calculations of the dispersion curves and density of states for phonons,
librons and magnons;
 Calculations of thermal and magnetic properties with obtained density of states;
 Calculations of anharmonic phonon and libron e ects;
 Calculations of kinetic and relaxational properties;
Lattice dynamics calculations of the high-pressure phases.

8 Phase transitions
8.1

transition

Among phase transitions existing in simple molecular solids the
transition
in solid oxygen has attracted a particular attention both experimentalist and the181

oreticians. The problems devoted to this phase transition, which have been under
discussion in numerous studies, are the following:
 transformation of the lattice structure at the transition;
 behavior of the thermodynamic and kinetic characteristics of solid oxygen at the
transition;
 transformation of the magnetic structure at the transition;
 the interplay between the structural and magnetic phase transitions;
 transformation of the spectra of lattice elementary excitations (phonons, librons,
and magnons,);
 transformation of optical spectra.
 the
phase transition as a secondary xed point of the International Temperature Scale.
Some of the results related to these points were presented already in Chs. 3 - 7. In
particular, Sec. 3.1 is devoted to the structures of the and phases (Figs. 6, 7);
Sec. 4.1.1 describes the linear (Fig. 13) and volume (Fig. 14) expansion coeÆcients
and the molar volume (Fig. 15) at the
transition; we touched on the problem of
behavior of the heat capacity (Fig. 17) in Sec. 4.1.2 though a more detailed discussion
will be given below; the sound velocity (Fig. 16) and the thermal conductivity (Figs.
19, 20) are described in Secs. 4.1.2 and 4.1.3 respectively. Transformation of di erent
branches of the spectrum of elementary excitations have already been described in
Ch. 5: vibrons (Fig. 26, Sec.5.2.1; Figs. 28, 29, Sec.5.2.2); librons (Figs. 32, 34,
Sec.5.2.3; Figs. 81, 82 Sec. 5.4); translational phonons (Fig. 35, Sec.5.2.4); magnons
(Figs. 37, 38, Sec.5.2.5; Figs. 86, 87, Sec.5.4); di erent combinations of electronic,
vibron, and exciton excitations (Figs. 51, 52, Sec.5.2.7; Figs. 79, Sec.5.4). Behavior
of the magnetic susceptibility at the transition was described in Sec. 6.1 (Figs. 89,
90). Here we will present behavior of main structure, thermodynamic, optical and
magnetic characteristics at the
transition and will discuss the transition as a
uni ed phenomenon.
The most controversial point concerning the
transition is the order of the
phase transition which in its turn depends on whether the phase is magnetically
ordered or not. More important is the fact that the reverse is true, namely, if
transition is of the second order, there is no the long-range magnetic order in the
phase. The argumentation is based on the Landau-Lifshitz considerations [373] that
a second-order transformation is impossible in the case of the triple reduction of the
number of symmetry elements.
Many e orts were devoted to the question whether or not the thermodynamic constraints for a second-order phase transition are met for the
transition, that is,
whether the heat of the transition H and the volume jump V are zero. In the
case of noncubic crystals, possessing anisotropic thermal expansion coeÆcients, in
addition to the condition  V = 0 the de nition of a second-order phase transition
demands that a more strong condition than  V = 0 should be met: the lattice
parameters should change continuously. It is clear that the condition of  V = 0
is a consequence of the continuity of the lattice parameters, but the reverse is not
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necessarily true. As we will see below, in the case of the
transition in solid
oxygen this condition casts doubts that the transformation is of the second order.
8.1.1 Experimental ndings on thermodynamics of the

transition

There has been no generally accepted experimental evidence of the transition order
coming from measurements of thermophysical properties. First of all, the existence
of the latent heat and hysteresis e ects in the
transition has been disputable
(see Table 31). The Giauque and Johnson experiment [18] showed the presence of
the latent heat, Hoge [235] has discussed his data assuming the existence of hysteresis phenomena. The existence both the latent heat and hysteresis was questioned by
Muijlwijk et al. [375] and by Fagerstroem and Hollis Hallett [46]. Usually the temperature at which the heat capacity has its maximum value is taken as the transition
point temperature. Orlova [374] reported that this maximum value corresponds to
the point where transformation of about 40-60 % of the substance from one phase
into another takes place and gave no data for the latent heat. In the experiment
by Kemp and Pickup [376] the sample was heated continuously with a very small
power input. If there was the latent heat associated with the
transition, near
the transition point the curve of the temperature versus heating time would have
a at plateau. The authors had doubts whether or not their curve had a at at
all. A large uncertainty for the transition point of 5 mK (Table 31) has been due
in the author opinion to a poor thermal contact between the sample and the cell.
Roder [211] claims that the heat of transition of 10 J/mol, an order of magnitude
smaller than the values of other authors, can be estimated from data represented
by Kemp and Pickup [376]. Ancsin [217] used another mode of the power input for
the investigation of the phase transitions. After supplying a small portion of heat
to the sample he measured the sample temperature versus time until equilibrium.
He attributed to the latent heat all the heat necessary to warm the sample from
the region of constant e ective Debye temperature in the phase to the region of
constant e ective Debye temperature in the phase. With such a de nition the
width of the transition was several Kelvin. Nonetheless, he observed a very sharp
peak of the heat capacity anomaly within the temperature interval of 5 mK.
Borovik-Romanov, Orlova, and Strelkov [28] investigated the heat capacity in detail
in the temperature range 23 - 24 K. They observed a narrow peak with the maximum
value of CP = 2300 Jmol 1 K 1 at T = 23.88 K and the half-width of 0.05 K. The
temperature dependence of the e ective Debye temperature was found to display a
pronounced minimum at the
transition resembling the anomaly in the sound
velocities (Fig. 16). From the continuous behavior of the curve at the transition the
authors made the conclusion that the
phase transition is of the second order.
The most detailed study of the behavior of the speci c heat near the
transition
has been done by Fagerstroem and Hollis Hallett [46]. They found that in the vicinity
of the transition point of width jT T j  0:5 K the Cp curve has a typical
very sharp -shaped anomaly (Fig. 122). They measured the temperatures with a
carbon resistance thermometer and did not claim a better accuracy for the measured
temperature than 0.1 %. In this temperature range the speci c heat changes by
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Table 31
The transition temperature T (K) and the heat of transition H (J/mol) of the
phase transition at the equilibrium vapor pressure
T
H
Reference
23.5
73.0
Eucken (1916)[16]
23.66 0:10
93.8 0:4
Giauque and Johnson (1929)[18]
23.8
88.3
Clusius (1929)[234]
23.876 0:005
no data a
Hoge (1950)[235]
23.876 0:002
Orlova (1962)[374]
23.866 0:004 no latent heat
Muijlwijk et al. (1969) [375]
23.89
no latent heat Fagerstroem and Hollis Hallett (1969)[46]
23.880 0:005
 10 b
Kemp and Pickup (1972)[376]
23.867 0:005
103.13
Ancsin (1975)[217]

a According to Roder [211], Hoge estimated the heat of the transition as about 1/5 of the
heat of fusion ( 90 J/mol).
b Estimated by Roder [211] from data by Kemp and Pickup [376].

about two orders of magnitude. The peak value of the speci c heat was found to
be 2260 J  mol 1 K 1 with the half-width of 0.03 K. The measured temperature
increment for the peak value of the speci c heat was 8.10 mK. The entropy change
associated with the anomaly part of the speci c heat curve was found by integrating
the Cp=T curve. To obtain the entropy associated with the transition alone, a regular
part of the heat capacity was subtracted from the total heat capacity. This regular
part was approximated by the sum of the Debye speci c heat associated with the
translational motion and of the Einstein speci c heat associated with the librational
motion. As a result, the entropy associated with the -anomaly was found to be
about R ln 1:65. No evidence was found of a hysteresis e ect, nor a latent heat
associated with the
phase transition. To state this result most closely we
will cite the paper by Fagerstroem and Hollis Hallett [46]: "In each measurement
the temperature increased steadily as the heat was added, at a rate consistent with
the speci c heat determined from the results. In no case were there any indications
of e ects ascribable to a conventional latent heat, in contrast to the situation at
the
transition, where a latent heat was clearly observed. Nor was there any
evidence from the response of the thermometer to the initiation of the heating period
to suggest signi cant nonuniformity of heat ow in the sample and accompanying
lags in the response of the thermometer. Thus we nd no evidence of a latent heat
associated with this transition."
It is interesting to note that though Ancsin published only data on the gross heat
capacity of his sample, the peak in the speci c heat, which follows from his data has
the maximum value of about 2300 J  mol 1 K 1 and the half width of 0.02 K. Thus,
in spite of numerous statements about irreproducibility of the speci c heat anomaly
at the
phase transition, the peak values obtained by Borovik-Romanov et
al., Fagerstroem and Hollis Hallett, and Ancsin are in excellent agreement. This is
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a strong experimental evidence in support of the assignment of the transition to
the second order. It is important that the considerable variation in the latent heat
attributed by di erent authors to this phase transition originates rather from di erences in the de nition of the latent heat than from di erences in the experimental
data (see for details metrological studies Refs [375,376,217].

Fig. 122. Temperature dependence of the speci c heat of solid oxygen in the
transition region. The horizontal bars indicate the temperature change in each speci c heat
determination: the size of the bar for the highest speci c heat value is within the size of
the triangle. The results indicated by circles were determined rst, and those marked with
triangles second, after the sample had been cooled from about 26 K to about 22 K [46].

In the end of the nineties of the last century interesting studies of the heat capacity
of oxygen in the region of the
phase transition were made by the Wroclaw
metrology group [377,378] during the investigation dedicated to the realization of
the International Temperature Scale of 1990 (ITS 90) [379]. The triple point of
oxygen is a primary xed point of the Scale (Ttr = 54.3584 K), while the solid-state
phase transitions are recommended as secondary xed points. It is signi cant that
the Wroclaw group measured the heat capacity of a special massive stainless-copper
sealed thermometric cell containing about 0.2 mole of pure oxygen (99.998 mol %).
The accuracy of temperature measurements was 0.1 mK. For the measurements they
used both the method of the continuous power input (similar to that of Kemp and
Pickup [376]) and the pulse heating method (analogous to that of Ancsin [217].
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One of their important observations is that if oxygen was cooled down from the
phase to about 20 K or lower and kept there for a few hours, the results were
reproducible in all runs. In this case they observed a at section (plateau) in the
curve the sample temperature versus the supplied heat, that is, the temperature
remained constant until the latent heat of the transformation was added. For the
latent heat they obtained 90 J/mol in accordance with the value obtained by Giauque
and Johnson [18].
However, if oxygen was cooled to the temperature only few tens of Kelvin lower
than T , the data of measurements could not be reproduced in di erent runs, and
the measured latent heat was lower than for the annealed samples. They proposed
that this was the reason why Fagerstroem and Hollis Hallett [46] did not observe
the latent heat at this transition.

Fig. 123. The heat capacity of the cell with oxygen in a region of the transition [377,378].
(a): The heat capacity of the cell with oxygen in a region of the
phase transition
tested by: 1 - continuous heating method; 2 - pulse-heating method; 3 - the
transition
tested by the continuous method. (b): The double peak structure of the sharp peak of the
heat capacity at the
phase transition shown in Fig. 123a [377,378].

The gross heat capacity of the cell with oxygen in the vicinity of the
phase
transition obtained using the continuous and pulsed methods is given in Fig. 123.
They observed the heat capacity peak with a total width of about 0.05 K consisting
of two peaks separated by 0.02 K. This observation imply that two phase transitions
occur within the temperature interval of 0.05 K. Such a scenario was theoretically
predicted by Slusarev et al. [58,317,326] (see Sec. 8.1.2). It should be noted once
again, that these results were obtained for a special sealed thermometric cell, which
was not intended for measurements of physical properties of solid oxygen. Therefore,
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these results remain to be con rmed in a conventional sample cell.
To come to a de nite conclusion about the order of the
phase transition,
another key parameter, the volume jump V at the transition, is important. For
the second-order phase transition the condition V = 0 should be met. At the
same time, this condition is very hard to check accurately experimentally. Most
frequently, referred values of the volume jump at the
phase transition are
not experimentally found characteristics but values which follow from the ClausiusClapeyron equation
(dP=dT )tr = H=V
(8:1)
relating the slope of the phase transition line with the heat of transition H and
the volume jump at the transition V . The values found in such a way cannot be
considered as independent characteristics of the transition.
The pressure dependence of the transition temperatures T and T for pressures
below 1 GPa has been measured by Stevenson [31] and Stewart [32] by the pistondisplacement technique and by the pressure dependence of the magnetic susceptibility by Dundon [56] and Meier et al. [66] (Fig. 124). The experimental error in
the derivative dP =dT of the
phase transition curve is unknown but the
values of the derivatives, which can be nd from the published transition curves,
di er from 3385 bar/K (Stevenson [31]) and 330 bar/K (Stewart [32]), down to 290
bar/K (Dundon [56]). Using the data on the heat of transition from Giauque and
Johnson, Stevenson calculated the volume change to be 0.117 cm3 /mol; the estimate
by Dundon is 0.135 cm3 /mol 10%. Stewart assumed the transition to be of the
second order and did not present the volume change, but using the derivative of his
transition curve and the heat of transition from Giauque and Johnson, Roder [211]
estimated the volume change to be 0:125 cm3 /mol.
The direct experimental data on the volume jump V at the
transition were
obtained in x-ray measurements by the Kharkov group. [190,216]. Though results
of these two works are within the limits of the total error of two experiments, the
di erence between them is important for qualitative conclusions concerning the order
of the transition.
According Krupskii et al. [190], the di erence in molar volumes of the two phases at
the points 23.5 and 24 K (Tables 10, 12) is 0.047 cm3 /mol (0.2%). As one can see in
Fig. 14, in the vicinity of the
transition there is a -peak in the temperature
dependence of the volume expansion coeÆcient, and the question remained if this
volume change is due to the thermal expansion of the crystal or to the volume
jump at the transition. It is clear that not only to give an unambiguous answer to
this question but just to re ne the experimental estimate of the volume change at
the transition, it is necessary to approach to the phase transition point as close as
possible. In a recent x-ray study of the phase transition Prokhvatilov et al. [216]
studied an in uence of the thermal prehistory of the sample and of the rate of
change of temperature on the structural characteristics of solid oxygen. Authors
claim that in the transition area they observed a two-phase state and hysteresis
phenomena (see inset in Fig. 15). For the volume jump at the transition they give
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Fig. 124. Pressure dependence of the
and
phase transition lines for pressures
below 1 GPa ( Meier, Schinkel and de Visser [66]; Æ Stewart [32]; + Stevenson [31]; dashed
line - the melting line from Mills and Grilly [30]).

the value V  0:1  0:04 cm3 /mol (0:5  0:2%), twice as large compared to the
value by Krupskii et al.. Unfortunately, experimental data were published only as a
large-scale Figure, no data were published on behavior of lattice parameters in the
transition area.
As was discussed in Sec 3.2, there is a close similarity between structures of the
and phases and formally to stress this similarity the structures of the phase
can be depicted in monoclinic axes (see Fig. 7). The slight di erence between the
crystallographic structures of - and -oxygen becomes clear when comparing the
monoclinic ab plane in -O2 with the hexagonal plane of the -O2 . The monoclinic
unit cells of both phases can be transformed into each other by a small inhomogeneous deformation of the closely packed ab planes. The structure of -O2 can be
obtained from the structure of -O2 by means of a small distortion of the hexagonal
plane in -O2, as shown in Fig. 125. It is precisely this kind of deformation takes
place at the
transition. At this transformation a sharp increase or a jump of
about 5 % in the parameter b from the value of 3.2720 
A at 24 K in the phase

to 3.4236 A at 23.5 K in the phase is accompanied
by the same decrease in the
p
parameter a (Fig. 126). As a result, the a=b 3 ratio of the lattice parameters, which
can be taken as a quantitative measure of the monoclinic distortion ([285]), changes
from unity in the phase to 0.9121 at 23.5 K and monotonically decreases to 0.9063
with temperature decreasing to zero (Fig. 126, Inset).
The reason of such behavior of lattice parameters at the
transition is quite
transparent. With appearing of such monoclinic distortion the distance from a given
molecule to the four nearest neighbors from the opposite magnetic sublattice of a
given molecule (see Fig. 88) decreases to 3.2005 
A and the distance to the two
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Fig. 125. The distortion of the basal plane at the
line corresponds to the phase, the dashed line - the

phase transition [190]. The solid
phase.

Fig. 126. Temperature dependence of the basal-plane lattice parameters for and phases
of solid oxygen. In order to make the possibility of the discontinuous behavior of these
parameters at the phase transition more clear, for the O2 the nomenclature
p of the
monoclinic cell was used for the lattice parameters (see Refs. [380,319]. Inset: a=b 3 ratio.

nearest neighbors from the same magnetic sublattice increases resulting in a gain in
the magnetic energy of the lattice while there is some loss in the elastic energy. A
compromise, which provides the maximum gain in the total free energy, determines
the resulting distortion. (This line of reasoning will be discussed on a quantitative
level in the following section.) Thus, it is the antiferromagnetic ordering that is
responsible for appearing of the monoclinic distortion of the regular hexagon at the
transition. That is why the monoclinic distortion can serve as a signature of
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the transition from the paramagnetic
phase to the magnetic and Æ phases and
p
the departure of the a=b 3 ratio of the lattice parameters from unity can serve as
a quantitative measure of the magnetic energy (see Sec. 8.1.2)
To reveal the role of in-plane and out-of-plane structural characteristics in the behavior of the molar volume at the
phase transition, it is instructive following
to Medvedev et al. [285] to introduce an additional
p structural characteristic, the
area of the unit cell S (S O2 = ab; S O2 = b2 3). Let us expand the volume of
the unit cell into the product of S and the interplane distance c? and analyze the
behavior of the each factor separately. The temperature dependences of the area of
the unit cell and the separation between the basal planes of the and phases are
given in Figs. 127a and 127b re ecting the data of Tables 10, 12. As is seen, both S
and c? undergo either a small jump at the
transition or a sharp increase in
the transition region. The di erence in the areas of the unit cells of the two phases
at the points 23.5 K and 24 K, S , is 0.026 
A2 (0.14%) and the di erence in
the separation between the basal planes of the two phases at the same temperature
points, c? , is 0.003 
A (0.08%). The relative di erence in volumes of the elementary cells of the two phases, V =V , (0.22%) is a sum of the relative di erences
S =S and c? =c?. Thus, about 2/3 of the relative jump in volume is due to the
"in-plane physics" and about 1/3 is due to the "out-of-plane physics". It is worth
noting that the small magnitude of S =S compared with that for the in-plane
lattice parameters (a =a; jb j=b  0:05 is a result that the increase in the a
parameter is near cancelled by the decrease in the b parameter.

Fig. 127. Temperature dependences of the area of the unit cell (a) [285] and the separation
between the basal planes for the and phases (b) [190].

Inspite of a small magnitude, the sharp increase in the interplanar distance c? during
the transition to the phase holds signi cance in understanding the driving forces
of the phase transition indicating that the interplane correlations are an important
factor of the transition. Up to now, there has been proposed no plausible explanation of this anomalous behavior of c?. In Ref. [190] the suggestion has been made
that the sharp increase in c? is due to loss in the long-range magnetic order at the
transition with the result that the regions of short-range magnetic order in
neighboring basal planes become uncorrelated. This mechanism however o ers no
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explanation why the thermal expansion coeÆcient of -O2 in the direction perpendicular to the basal planes is negative. It is conceivable that the observed behavior is
connected with the librational movement of molecules. With a rise of the amplitude
of librations with temperature an e ective dimension of the molecule in the direction
perpendicular to the basal planes decreases and the respective contribution to the
thermal expansion turns out to be negative.
As was pointed out in Refs. [319,380], to come to a de nite conclusion about the order
of the
transition, the temperature dependence of the basal lattice parameters
(Fig. 126) should be also invoked. The observed behavior of the lattice parameters
was treated in Refs. [319,380] as an evidence of discontinuous change at the transition
implying a rst-order transformation. It should be noted however that to turn this
argument to a reliable proof the experimental data on the lattice parameters are
needed in a far more close vicinity of the transition point than we had so far. The
point is that both the lattice parameters a and b (Fig. 126) and the linear expansion
coeÆcients a and b (Fig. 13) have a singular behavior in the vicinity of the
transition. In the absence of the experimental data, certain predictions can be made
by extrapolating the structural data to the transition point.
As follows from the experimental data (Fig. 13, Tab. 11), the singular part of the
T )1  , where  is slightly di erent for a (T )
a (T ) and b (T ) behaves as  1=(T
and b (T ): a  0:18, b  0:07. By extrapolating the temperature dependences of
the a (T ) and b (T ) up to the T , we get the following estimates for the lattice
parameters a and b of the phase at the transition point: a(T = T ) = 5.44 
A,
b(T = T ) = 3.41 
A. As estimates show, though the monoclinic distortion decreases
p
markedly as temperature approaches T , the ratio a(T = T )=b(T = T ) 3 =
0.924 is still far from unity characteristic for an ideal hexagon, that is, a much
portion of the monoclinic distortion survives up to the transition point. But what is
more important, for the estimated values of the lattice parameters a(T = T ) and
b(T = T ) the collinear two-sublattice antiferromagnet structure (the Neel state) is
very close to the magnetic instability point which will be discussed in next Section.
Analysing the data on hysteresis phenomena and the observation of the coexistence
of the and phases, which are signatures of the rst-order phase transition, the
following warning should be kept in mind: care must be taken to avoid temperature
nonuniformity across the sample at the transition area. At the same time, it is
in this temperature range that the intrinsic parameters of solid oxygen make it
extremely diÆcult to meet this condition. The problem is that the time of the
establishment of equilibrium in temperature at the transition range is very large
and is unknown from experiment. The rate of the establishment of equilibrium in
temperature is determined by the thermometric conductivity  = =(Cp  l2 ) where
 is the coeÆcient of the thermal conductivity,  is the density and l is a geometrical
factor having the dimensions of length. The characteristic time  of the establishment
of equilibrium in temperature  =  1 . The receiving of a quantitative estimate
of  is impeded by the fact that the quantity l has no clear-cut meaning, but it
can be excluded from consideration if we take ratio between values of  in two
temperature points. At temperatures outside the close vicinity of the transition point
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 is about half an hour. Taking into account that the heat capacity increases in the
transition area by two orders of magnitude and the thermal conductivity drops at
least several-fold we can estimate that the time of the establishment of equilibrium
in temperature at the transition area increases up to several tens or even hundreds of
hours. That is why the possibility must not be ruled out that the phenomena which
were put down to a manifestation of the rst order phase transition stem from the
fact that the samples which experimentalists were dealing with in experiment were
far from equilibrium and uniformity in temperature. (Information on time which
was allowed for the establishment of thermal equilibrium in di erent experiments
is lacking unfortunately in published papers, but it was within a day in the case
of x-ray data from Ref. [190], within an hour in the case of more recent x-ray data
from Ref. [216], and within days or even a week in the case of recent optical data
from Refs. [285,311,114].)
8.1.2 Theory of the

transition

During last twenty- ve years numerous theoretical studies have been made dealing
with di erent aspects of the
transition [65,82,96,317,326,79,367,380{382].
To understand the nature of the phase transition, several questions have to be answered:
 What is the nature of stability of the phase and why does it lose its stability
when temperature increases?
 What is the nature of stability of the phase and why does it lose its stability
when temperature decreases?
 What are the instability points of both phases and is there a temperature range
where an intermediate phase (stable or metastable) could exist?
 Which forces (magnetic, elastic, magneto-elastic) drives this transition?
As was discussed in Sec 8.1.1, the monoclinic lattice of -O2 can be obtained by
a nonuniform deformation of the rhombohedral -O2 , so relative to the phase,
the phase possesses some excessive elastic energy. In the absence of the magnetic
interaction -O2 would be stable down to T = 0 [153,154]. Thus, the stability of
the collinear antiferromagnetic structure is a necessary condition for the stability of
-O2.
The stability of the collinear two-sublattice antiferromagnet structure (the Neel
state) -O2 against changes in the parameters of the exchange interaction was investigated by Slusarev et al. [326]. By neglecting the anisotropy energy and the
interlayer exchange interaction, they found that the Neel state is stable if the intrato intersublattice exchange constant ratio  = J2 =J1 satis es the condition
0   < 1=2:

(8:2)

This condition is a manifestation of the fact that the Neel state is unstable for sufciently strong antiferromagnetic intrasublattice exchange interaction. If the condi192

tion Eq. (8.2.) is violated the calculated spin-wave energy becomes imaginary for a
region of wave vectors along the (010) direction [324].
Thus, the
transformation was predicted to be two closely lying phase transitions. First, there occurs at the point  = 1=2 a second-order phase transition
to a two-dimensional helical structure which at the point where  turns to unity
goes over to the Loktev triangular structure. Such two-step transformation from the
two-sublattice collinear antiferromagnet structure to the three-sublattice one via an
intermediate helicoidal magnetic structure provides a way to circumvent two problems associated with the
transition: the absence of the latent heat and the
forbidden possibility of the second-order phase transition between such structures.
In order to nd the instability point and to estimate the width of the region where
the helical phase can exist, the experimental data from Ref. [190] on the temperature
dependence of the lattice parameters were extrapolated from the point 23.5 K to the
transition temperature and assuming the exponential dependence of the exchange
interaction constant on distance from Ref. [174] (see Sec. 2.4), Slusarev et al. [326]
found that the parameter  attains the critical value of 1/2 at the point Tc = 23:65
K. Let us give also a somewhat di erent estimate for the position of the instability
point. Making use Eq. (2.27) for the distance dependence of the exchange constant
we nd that  increases from 0.466 to 0.490 in the temperature range 0 - 23.5 K.
By using estimates for the in-plane lattice parameters in the region 23.5 K - T
obtained at the end of preceding Section, we nd that the critical value of  = 1=2 is
reached at the point T = 23:81 K, in an immediate vicinity of the transition point.
Though there were published experimental results, which may be considered as
a manifestation of the described above two-step way of the transition [377,378],
the helical phase has not been found experimentally. The possible reason will be
discussed below in this Section. But irrespective the problem of existence of the
helicoidal phase, the fact that the calculated instability point of the Neel state
in fact coincides with the
transition point is an important evidence of an
essentially magnetic nature of the transition.
Though the condition Eq. (8.2) is an important clue, it does not exhaust the problem
of the
transformation since it does not provide answers to the questions about
the nature of stability of both phases and of driving forces of the transition.
Without going into quantitative details we can understand what is going on at the
transition if we consider the system of spins lying at sites of a hexagonal
elastic plane (antiferromagnet sign of the exchange interaction and an easy-plane
anisotropy are the case). It is clear that the hexagonal lattice is stabilized by the
elastic forces whereas magnetic forces tend to produce a monoclinic deformation of
the plane. Thus, at zero temperature depending on the relation between the elastic
and magnetic forces we will have either the nondistorted hexagonal lattice with
the triangular magnetic structure or the distorted lattice with the collinear Neel
magnetic structure. It should be also taken into account that the average magnetic
moment at the site decreases with rising temperature, and the relation between
the elastic and magnetic forces will be changed with rising temperature in favor
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of the former ones, and thus, the hexagonal symmetry can be restored with rising
temperature. Let us turn now to the quantitative side of this picture.
Gaididei and Loktev [65] approached to the problem of the stability of the hightemperature phase starting from the magnetic Hamiltonian Eq. (6.1) and using
the phenomenological equation for the elastic energy (u) = (1=2)iklmuik ulm , where
iklm are elastic moduli tensor, uik are the components of the strain tensor, u is the
displacement vector. Neglecting out-of-plane displacements, we can write the elastic
energy in the form

1
1 
(u) = c11 u2xx + u2yy + c12 uxxuyy + (c11 c12 ) u2xy ;
(8:3)
v
2
where v is the unit cell volume, cij are elastic moduli.
Neglecting the magnetic anisotropy terms in Eq. (6.1) and expanding the exchange
integral J (jrf rf +j) = J (jf + uf + uf j) (f is the number of the lattice cite,
 is the nearest neighbor vector) in powers of the displacement vectors we get the
magnetic Hamiltonian as a sum of Heisenberg and magneto-elastic terms:
X
H = 12 J (f ; uf )Sf Sf +:
(8:4)
f ;
Here
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As a result, in the molecular eld approximation we obtain the following expression
for the free energy of the system per unit cell:
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(8:7)

Here  is the magnetic order parameter, J (q; u) is the Fourier transform of J(r, u),
Eq. (8.5):
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The lattice and spin structures which ensure the minimum of the free energy (Eq.
8.7) can be found from extremum conditions

@F
= 0;
@q

@F
= 0;
@uij
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@F
= 0:
@

(8:9)

The last equation of the set (Eqs. 8.9) de nes the magnetic order parameter as a
function of temperature

=

2 sinh [2J (q; u)=T )]
:
1 + 2 cosh [2J (q; u)=T )]

(8:10)

Equations (8.9) has three types of solutions providing a minimum of the free energy
Eq. (8.7). The rst one

q = ( p23 ; 23 );

(0;

4
2
); ( p ;
3
3

p2 );

(8:11)

3

6 2 
; uxy = 0
(8:12)
 c11 + c12
corresponds to an undistorted hexagonal plane ( = (c11 c22 )=2 is the shear
modulus). The dimensionless parameter  = J1  2 =8v is the ratio between the
exchange and elastic shear energies. The spin structure corresponding to the vectors q (Eq. 8.11) is the three-sublattice 120Æ Loktev structure (Sec. 6.7, Fig. 101).
The three di erent vectors q (Eq. 8.11) corresponding to the same value of the free
energy Eq. (8.7) correspond to three antiferromagnetic domains.

uxx = uyy =

For the free energy Eq. (8.7) in this case we obtain
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where  (T ) is de ned by Eq. (8.10) and
3 
 
2
J (q; u) = J1 1 + 6
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(8:14)

The second type of solutions

q = ( p23 ; 0); ( p3 ; ); ( p3 ;

)

(8:15)

corresponds to a two-sublattice collinear antiferromagnetic structure. For the components of the strain tensor we have in this case
4 2 
 
u xx
=

1

;
uxy = 0:
(8:16)
yy

c11 + c22
For the free energy Eq. (8.7) in this case we obtain
(

"

Fcol = J12 1 + 122 1 +


2(c11 + c22 )
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where  (T ) is de ned by Eq. (8.10) and
(
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The extremum conditions Eq. (8.9) have one more group of solutions in addition to
Eqs. (8.11) and (8.15).This third type of solutions has the form:

q

(


2
1
= p ; 2 cos 1
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8
3

q

1 + 16=9 2

)

(8:19)

(and two other vectors obtained from the vector q by rotations by 60Æ ).
The spin structure described by these vectors is a two-dimensional antiferromagnetic
helical structure. The existence of this magnetic structure in oxygen as an intermediate phase between O2 and O2 was suggested in Ref. [326]. This solution can
exist if the condition

1 q
1 + 16=9 2  1
(8:20)
5
8
is met. This places a constraint on the parameter  :

 > 1=10:

(8:21)

It can be shown that exactly the same inequality is the condition that the solution
Eq. (8.19) is a minimum of the free energy (Eq. 8.7). For  = 2=9 the solution
Eq.(8.19) coincides with Eq. (8.11), that is, the helicoidal structure for this speci c
value of  reduces to the hexagonal one.
For the components of the strain tensor we have in this case
"
#
2 2
2
u xx
=
f
g ;
uxy = 0:
yy

(c11 + c22 )
where

(8:22)
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1 + 2 2;
16 2 
16
9 
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21
1
27
16
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+
1 + 2 2:
2
2
16 2  16
9 

(8:23)

For the free energy Eq. (8.7) in this case we obtain
"
#


2 2
2
2
Fhel = J1  g +  f + (c + c ) g (3g + 2f )
11 12

2J (q; u)
T ln 1 + 2 cosh
;
T
"

where  (T ) is de ned by Eq. (8.10) and

#
4 2 
J (q; u) = J1 g 1 +
(g + f ) :
(c11 + c12 )

#

(8:24)

"

(8:25)

At zero temperature the free energy Eq. (8.7) is a sum of the magnetic energy
E mag = J (q; u) and the elastic energy (u), and if we neglect terms proportional to
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the small parameter =(c11 + c12 ) the free energies of the three magnetic structures
(Eqs. 8.13; 8.17; 8.24) reduce to very simple equations:
mag = (3=2)J ; (u) = 0; F = (3=2)J ;
Ehex
1
hex
1

mag = (1 + 8 )J ; (u) = 4 J ; F = (1 + 4 )J ;
Ecol
1
1 col
1
mag
2
2
Ehel = g J1 ; (u) =  f J1 ; Fhel = ( g + f )J1 :

(8:26a)
(8:26b)
(8:26c)

As can be seen from Eqs. (8.26), the three-sublattice and collinear structures are,
respectively, the most and the least advantageous from the point of view of the
elastic energy, and the helicoidal one is intermediate between these two. The most
advantageous from the point of view of the total free energy is the three-sublattice
or the collinear one depending on the value of the parameter  , with the former for
small  and the latter for large  , and the helicoidal being the least advantageous
structure. Comparing the free energies Eqs. (8.26a) and (8. 26b) one can see that at
zero temperature the collinear structure is stable for   1=8, that is, for

J1  2  v:

(8:27)

The entropy contribution to the free energy, which becomes more and more important with increasing temperature, has di erent temperature dependencies for the
three magnetic structures under discussion with the result that the phase transition
to the more stable phase may take place at a certain nonzero temperature. The
temperature behavior of the free energy and the magnetic order parameter of the
collinear and three-sublattice structures for di erent values of the parameter  is
given in Fig. 128.
The entropy of the magnetically ordered structures is given by the following equation:
"
!#
2J (q; u)col 
2J (q; u)col  2
+
:
(8:28)
S=R = ln 1 + 2 cosh
T
T
The heat of phase transition between the magnetically ordered and disordered structures is determined by the jump in entropy Strans at the transition point Ttrans :
Qtrans = Strans Ttrans :
(8:29)
By substituting  = 0 into Eq. (8.28) for the entropy of the disordered phase we
nd
Sdisord = ln 3;
(8:30)
yielding for the jump in entropy:


2J  2
1
Strans =R = ln [1 + 2 cosh (2Jcol trans =Ttrans )] + col trans ;
(8:31)
3
Ttrans
where trans =  (T = Ttrans ),
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As can be seen from Figs. (128 a, b), depending on the value of the parameter 
(the ratio between the exchange and elastic shear energies) there are three di erent scenarios of the magnetic phase transition. Figure (128a) gives us the ranges
of stability of di erent structures, while Fig. (128b) shows the type of scenario. As
is seen from Fig. (128a), at  small (  0:125), the hexagonal lattice either magnetically ordered or disordered is stable at all temperatures. At T = 2J1 (see Fig.
128b) a second order phase transition takes place from the three-sublattice magnetic
structure to the disordered one. At 0:125 <  < 0.25 there are two phase transitions with rising temperature. First, the two-sublattice antiferromagnetic monoclinic
lattice transforms discontinuously (see Fig. 128b) into the three-sublattice antiferromagnetic hexagonal lattice which undergoes a second order phase transition into
the magnetically disordered structure. At  > 0.25 the two-sublattice collinear
antiferromagnetic structure on a monoclinic lattice is stable at low temperatures.
With rising temperature a rst order phase transition to the magnetically disordered
hexagonal structure takes place. The transition temperature Ttrans and the jump in
entropy at the transition Strans =R increase with  from Ttrans =J1 = 2; Strans =R
= 0.5 for   0:25 up to Ttrans =J1 = 16/3; Strans =R = ln 3  1:099 for  ! 1.
For the case shown in Fig. (128) ( = 0:3) Ttrans = 2:15J1 ; Strans =R = 0:85. If
estimating the heat of transition Qtrans we use for Ttrans the actual value of T ,
we have Qtrans = 168.8 J/mol for  = 0.3 and 218.1 J/mol for  ! 1, respectively.
To assess the role of the magneto-elastic coupling on the transition temperature,
let us compare the transition temperatures obtained above for the model where
the coupling has been taken into account with the Neel temperature for the anti-

Fig. 128. The temperature behavior of the free energy (a) and the magnetic order parameter (b) of the collinear and three-sublattice structures for di erent values of the parameter
 (labels the curves). Both free energy and temperature are given in units of J1 . Solid
lines - collinear magnetic structure; dashed lines - three-sublattice structure; dot-dash disordered structure. Vertical lines - jumps in the order parameter; dotted lines - labile
states; sections of the solid curves between the vertical and dotted curves - metastable
states.
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ferromagnetic system on a rigid (nondeforming) lattice. In this case, the magnetic
phase transition is of the second order, and the mean- eld equation for the Neel
temperature for the two-sublattice collinear antiferromagnet is [383]
2
TN = S (S + 1) J (0)
3

(8:32);

where J (0) = n1 J1 n2 J2 + n3 J3 (see Eq.(7.19)), n1 ; n2 ; n3 are numbers of the
respective neighbors (n1 = 4; n2 = 2; n3 = 4) and J1 ; J2 ; J3 are respective exchange
constants (see Fig. 88). Neglecting the out-of-plane exchange interaction, we have
for the S = 1 antiferromagnet
4
TN = (4J1
3

2J2 ) :

(8:32a)

Let us note that the very existence of the two-sublattice antiferromagnet is possible on a distorted lattice which results from the magnetic-elastic coupling. So, we
rst allow for such distortion and then consider the magnetic transition on a xed
distorted lattice.
In the case of small  , for a very weakly distorted hexagon, J2  J1 and TN =
(8=3)J1  2:667J1 instead of TN = 2J1 for a three-sublattice ideal rigid hexagon. In
the case of large  , for a very elongated rigid hexagon, J2  J1 and TN = (16=3)J1 
5:333J1. Thus, the magneto-elastic coupling increases the phase transition temperature.
Before proceeding to the application of the developed theory to the
phase
transition in solid oxygen, it is necessary to estimate the magnitude of the coupling
constant  . From Eq. (2.31) using data of Table 9 we obtain  = 11:1. To estimate the
shear modulus  we used experimental data on the transverse sound velocity from
Ref. [48,54,223] (see Table 14) and data on density (Table 10) to obtain  = 1:291010
dyn/cm2 at low temperatures (7 K) and decreases to 0:53  1010 dyn/cm2 at 23.5 K.
Using these values and J1 = 40 cm 1 from Table 29 and data on the molar volume
from Table 10 we nally get that  increases from 0.4 at low temperatures to 0.95
at 23. 5 K.
The fact that the magneto-elastic coupling increases the phase transition temperature and can change the order of the transition from the second to the rst one is
readily illustrated with the use of the phenomenological Landau expansion of the
free energy of the system ([380]).
The Landau expansion of the free energy describing the magneto-elastic system can
be written in the form

F = 12 a2 (T Tc) 2 + 14 a4 4 + 61 a6 6 + 1v (u) + Fmag el:

(8:33)

Here a2 ; a4 ; a6 are positive constants;  is the magnetic order parameter ( 2 =
x2 + y2 ), v 1 (u) is the elastic energy (Eq. 8.3), and the last term describes the
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magneto-elastic coupling which because of symmetry requirements takes the form
1 h
Fmag el = g y2
2

x2 ) (uxx

i

uyy ) + 2x y uxy :

(8:34)

Tc is the temperature of the second-order phase transition, which takes place without
regards for the magneto-elastic coupling.
By assuming that the shear distortion condition uyy = uxx is met, the free energy
takes the form:
F = 21 a2 (T Tc) 2 + 41 a44 + 16 a66 +


i
1 h
1  2
 uxx + u2xy + g y2 x2 uxx + 2x y uxy :
(8:35)
2
2
By using the minimum conditions of the free energy Eq. (8.35) with respect to uxx
and uxy
@ F =@uxx = @ F =@uxy = 0;
(8:36)
we can eliminate uxx and uxy from Eq. (8.35) and arrive at the equation for the free
energy in the form of the Landau expansion for the uncoupled magnetic system with
renormalized  4 term:

F = 12 a2 (T Tc) 2 + 14 a4 g2=2 4 + 16 a6 6:




(8:36)

This free energy may describe either a second- or a rst-order phase transition,
depending on the sign of the  4 term. If the magneto-elastic coupling is weak and the
renormalized  4 term remains positive, we still have a second-order phase transition
at T = Tc . If the coupling is strong enough, so that
a4 g 2 =2 < 0;
(8:37)
we have a rst-order phase transition at T = T1 > Tc :
3 (a4 g 2 =2)2
:
T1 = Tc +
16
a2 a6

(8:38)

Using the exchange-striction model [384,385] the criterion can be obtained for the
order of the magnetic phase transition involving only experimentally observable
quantities. According to this criterion, the magnetic phase transition is of the second
( rst) order phase transition if inequality } < 1 (} > 1) is met, where
} = A (R=V ) (dT =dP ) (T ) 1
(8:39)
N

where A is a numerical constant (A
volume,  is compressibility.

N

 1), R is the Gas constant, V

is the molar

For the parameters relevant to solid oxygen }  0:1, that is, the condition of the
second order phase transition is ful lled. It should be noted that though this criterion
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was con rmed for a large number of magnets [385] there are some examples when
the criterion is violated.
The developed mean- eld theory of a structural-magnetic phase transition in a twodimensional Heisenberg antiferromagnet demonstrates a number of important features of the coupled magneto-elastic system but an attempt to estimate observed
quantities using the set of parameters relevant to solid oxygen yields unreasonable
high values of the transition temperature and the latent heat both for the low- and
high-temperature values of the parameter  . The most plausible reason of the failure
of the mean- eld theory to describe magnetic properties of solid oxygen is ignoring
quantum spin uctuations.
Ground-state properties of a coupled spin-elastic system on a triangular lattice with
allowance for quantum uctuations was considered in Ref. [300]. The spin system
was treated in the linear spin-wave approximation using the Holstein-Primako representation, and to describe the elastic degrees of freedom the phenomenological
approach (Eq. 8.3) was used. It was found the quantum uctuations change both
the sti ness of the lattice and the constant of the spin-elastic interaction. No attempts were made to apply this approach to solid oxygen.
The random phase approximation theory of magnetic properties of solid oxygen developed by Slusarev et al. [58,317,326] was outlined in Chs.6, 7. This theory is not
subject to the condition of smallness of spin uctuations and can be used for treating the spin system in the transition area. For the Neel temperature the following
equation was obtained:
1
1
3X
=
(8:40)
N k I (0) I (k) TN

where N is the number of sites, I (k) = ~Æ Jk eik~Æ is the magnetic structure factor for
the triangle lattice; I0 = 6J1 + 4J2  (3=2)J0 is the exchange eld for the triangle
lattice.
P

As known, in the 2D case Eq. (8.40) diverges for the pure Heisenberg Hamiltonian
due to long-wave (small k) uctuations and no long-range magnetic order is possible
for nite temperatures. In the case of the Hamiltonian Eq. (6.1) there are three interactions which cut the small-k uctuations: the inter-plane exchange, spin-orbital,
and magneto-dipole interactions, with the characteristic energies J2 ; A; B respectively. Assuming that the interplane exchange interaction is the primary cut-o
factor, we nally get the following equation for the Neel temperature:

TN =

p jIln(0)j ;
6 3

(8:41)

Using the estimates = 0.025 and J (0) = 125.9 cm 1 (I (0) = 271.7 K) obtained in
Ch. 6 from the t to experimental data on the magnetic heat capacity and magnetic
susceptibility we obtain the estimate TN = 22.3 K which in fact coincides with T .
Thus, the strong discrepancy between the high value of the exchange eld and the
low temperature of the
transition in solid oxygen is resolved if the quantum
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uctuations in the quasi-two-dimensional Heisenberg antiferromagnet are taken into
account.
Thus, two di erent approaches were developed to the theory of the
transition
in solid oxygen: the random phase approximation theory by Slusarev al. [58,317,326]
and the mean- eld theory by Gaididei and Loktev [65]. The former one, which takes
into account quantum spin uctuations gives a good description of the main magnetic characteristics of the and phases of solid oxygen: the magnetic susceptibility, magnetic heat capacity, AFMR frequencies, Neel temperature. At the same time,
this theory does not take into account the magneto-elastic coupling which renders
the explanation of the monoclinic distortion of the lattice at the
transition
impossible. The latter theory takes into account the magneto-elastic coupling but
disregards quantum spin uctuations. This theory fails to give correct temperature
behavior of the magnetic characteristics of - and -O2 but gives a natural explanation of the lattice transformation at the
transition. The development of the
theory, which would combine merits of the two above described approaches is still
a problem for the future.
8.1.3 Conclusions

The experimental and theoretical studies of the
transition (see also Secs.
4.1, 5.1, 6.1, 6.6, 6.7, 7.1 - 7.3) have been demonstrated a unique complexity of
this phenomenon resulted from the unparalleled strong magneto-elastic coupling.
Even the assignment of the phase transition to the rst or the second order is still
a controversial subject. The most credible studies of the heat capacity and molar
volume at the transition area have given zero values for the heat of transition and
the jump in volume suggesting that the transition is of the second order. A strong
evidence supporting this conclusion is the coincidence of the peak values of the heat
capacity at the transition point in all published papers. At the same time, there are
studies that claimed that small but nonzero values were found for these key thermodynamic quantities implying the rst order of the transition. In recent optical
studies monitoring all elementary excitations (librons, magnons,vibrons, excitons)
jumps in frequency were found across the
transition; moreover, the coexistence
of the and phases and hysteresis phenomena were observed which are usually
signatures of the rst-order phase transition. However, even these ndings cannot
be considered as a nal word in the problem: the thermometric conductivity drops
at the transition almost to zero (or the rate of the establishment of equilibrium in
temperature jumps up to in nity) resulting in possible nonuniformity and nonequilibrity of the temperature distribution over the sample. The procedure for running
experiments in these conditions is still to be developed.
The theory of the
transition which would take into account all important
factors { the quasi-2D character of magnetic properties of solid oxygen, quantum
spin uctuations, and the magneto- elastic coupling { is lacking as well.
Thus, the
and theorists.

transition is still a challenging problem both for experimentalists
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8.2

transition

In contrast to the
transition, the main characteristics of the
transition, found in the rst studies (Refs. [16,234,18]), never have been the matters of
disagreement, and have only been re ned in the subsequent works (see Table 32).
This is a well-de ned rst-order phase transition with the large heat of transition
and volume jump and a radical change of the type of the molecular packing. The
structural rearrangement at this transition is so essential that the latent heat of
transition is even larger than the heat of fusion of oxygen.
The said above does not mean that the problems associated with this phase transition have been of little interest. Among these problems let us mention the following
ones:
 The nature of the phase transition (the nature of stability of the - and -O2).
 Kinetics of the lattice rearrangement.
 Behavior of the magnetic characteristics at the transition.
 Theory of the transition.
 A comparison with the isomorphic phases in F2, N2, and CO.
 The
phase transition as a secondary xed point of the International Temperature Scale.
The main thermodynamic parameters of the transition are listed in Table 32.
8.2.1 Stability of the

and

phases of solid oxygen

Analysis of the contributions of the isotropic and anisotropic interactions to the
static energy of the - and phases (Table 33) enables us to understand the di erence in the nature of the stability of these phases, and as a consequence, the nature
of the phase transition. As is evident from Table 33, the rhombohedral structure
of -O2 is stabilized by the anisotropic part of the intermolecular interaction. This
structure is realized due to a compromise situation where there is a gain in the energy of the anisotropic interaction and a loss in the energy of the isotropic one. The
latter is caused by the fact that for the intermolecular distance in the basal plane
characteristic of -O2 ( 3:3 
A) the six nearest neighbors, which make the main contribution to the crystal energy, are located on the repulsive branch of the isotropic
component of the intermolecular potential (see Ch. 2). For spherically symmetric
particles this situation is realized in a crystal under pressure. In -O2 the role of
the e ective external pressure is played by the noncentral interaction, in which the
contribution of the valence forces dominates.
Stabilization of the crystal state by the anisotropic interaction is characteristic as
well for crystals with very strong quadrupole interaction (CO2 and N2 O) where the
crystal state is retained only at very high degree of orientational order. The stabilizing e ect of the anisotropic interaction can be described by an e ective orientational
pressure, which for CO2 and N2 O is of the order of 8 GPa at T = 0 K. For -O2 the
corresponding estimate,  8.5 GPa (at T = 24 K) is somewhat conditional due to
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Table 32
The transition temperature T (K), the heat of transition H (J/mol), and the volume
jump at the
phase transition at the equilibrium vapor pressure
T
H
Reference
42.5
43.76 0:05
43.5
43.806
43.811 0:002
43.804 0:003
43.78
43.801 0:0025
43.8007 0:00025
43.8015 0:0005
43.7964 0:0002 a

700
743.1 2
730.2

742 5

Eucken (1916)[16]
Giauque and Johnson (1929)[18]
Clusius (1929)[234]
Hoge (1950)[235]
Orlova (1962)[374]
Muijlwijk et al. (1969) [375]
Fagerstroem and Hollis Hallett (1969)[46]
Kemp and Pickup (1972)[376]
Ancsin (1975)[217]
Cowan et al. (1976)[386]
Preston-Thomas (1990)[379]

2.04 b

Jump in entropy,
S=R
Volume jump,
V , cm3 /mol

1.18 0:06 c
1.18
1.08 0:05
1.19

Stewart (1959) [32]
Barrett et al. (1967) [208]
Janke (1967) [387]
Krupski et al. (1979) [190]

dP=dT , bar/K

157.4

Stevenson (1957) [31], Stewart (1959) [32]
Meier et al. (1982) [66]

a De ned as the secondary xed point of the International Temperature Scale of 1990 (ITS
90).
b From data on the heat of transition H [46].
c Extrapolation to zero pressure [211].

the crystal anisotropy.
The lattice of -O2 has a quite exotic structure (see Sec. 3.2, Fig.8) which should
be regarded as partially ordered: in a cubic unit cell of symmetry P m3n, containing
8 molecules, the molecules are found in two nonequivalent states. A fourth of the
molecules are orientationally disordered ("spheres"), while the reminder precesses at
an angle of 90Æ to the h100i axis, undergoing small nutational vibrations. The precessing molecules, with an e ective disc-like electron density distribution ("discs")
form chains oriented along three h100i directions. The distance between molecules in
the chains is the smallest intermolecular distance in the crystal. A similar structure
is found in -F2 and has also been observed as high pressure phases of nitrogen
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Table 33
Contribution of various components of the intermolecular potential to the energy of the
and phases (in K)[77]
-O2 (T = 24 K) -O2 (T = 44 K)
Isotropic part of the static energy Uis a
dispersion
{2690.3
{1938.8
valence
5293.7
1208.8
sum
2603.4
{730
Anisotropic part of the static energy Uanis b
valence
{4101.2
{362.7
dispersion
152.5
36.5
quadrupole-quadrupole
20.7
3.1
sum
{3928.0
{323.1
Binding energy U c
calculated
{1324.6
{1053.1
experimental
{1247.5
Crystal eld U1 d
valence
3692.7
{780.4
dispersion
{355.5
142.1
sum
3357.2
{638.3
Molecular eld U0 e
valence
{2786.8
{843.9
dispersion
336.0
179.6
quadrupole-quadrupole
{41.3
{32.8
sum
{2462.1
{697.1
P
a Uis = 1
2 ij hU ( i ; j ; Rij )i ; (see Eq. 2.2).
b Uanis = 1 P U ( i ; j ; Rij ) i Uisj .
2 ij
c U = Uis +
Uanis . 

1 Æ , V is the interaction matrix generated by singled U1 = P V1
i i
1
i
3
particle terms in the intermolecular
potential
[1].



Æ
1Æ
e U0 = 1 P V Æ i
Æ 1Æ , V
i
j j 3 Æ
2 ij 2 (ij )
3
2 (ij ) is the interaction matrix
generated by coupling terms in the intermolecular potential [1].

and carbon monoxide [1]. The existence of such a structure in systems with signi cantly di ering intermolecular potentials suggests that this phase may have a rather
general character.
As is evident from Table 33, the anisotropic interaction in -O2 does not play a
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dominant role, and the orientational pressure is only 0.5 GPa which is close to
that for -N2 and -CO [1]. A rather unusual distinctive feature of -O2 is that the
anisotropic interaction acts almost entirely inside the chains of disc-like molecules.
8.2.2 Theory of the

transition

As in the case of
transition in solid N2 and CO, the change in the nature of
the orientational state at the
transition is imposed on the structural phase
transition. But the relationship between the orientational and translational subsystems in these two substances is di erent. The theory of orientational disordering in
the rigid lattice solid N2 and CO, developed by Antsygina et al. (see [1]), makes it
possible to describe the observed phase transition in solid N2 and CO, and implies
that in the
transition in solid N2 and CO the main role belongs to processes in
the librational subsystem and that the structural fcc-hcp transition is a secondary
phenomenon (the di erences between the hcp and fcc lattice energies is very small,
about 0.01%). In the case of the
transition in solid oxygen the situation is di erent. As was shown in Ref. [159], in a rigid lattice the librational subsystem does not
manifest instability with respect to transition to the orientationally disordered state
(see below). From Table 33 one can see that energies both translational (isotropic)
and orientational (anisotropic) subsystems change appreciably at the
transition meaning that the contributions from static energies and translational phonons
to free energies of both lattices should be taken into account as well.
Since the anharmonicity of the lattice vibrations is small, use of the Debye model
is wholly satisfactory. The e ect of librational anharmonicity on thermodynamic
properties of -O2 was taken into account in the self-consistent- eld approximation
in Ref. [159] by analogy with calculations for N2 -type crystals (see Ref. [1]). The
basic problem in developing a theory of the
transition (Ref. [77]) in solid oxygen
is the choice of an adequate approximation for the description of the phase with its
strongly anharmonic orientational motion of the molecules. The diÆculty lies in the
fact that methods, employed for solution of the corresponding quantum problem [1],
do not work without introduction of limits on the angle of deviation of the molecular
axis from the equilibrium direction in the crystal. In order to avoid this diÆculty
Brodyanskii and Freiman [77] generalized the classical model of Krieger and James
[388] and Kohin [157], which does not use any assumptions on the character of the
rotor movement. To some degree the use of a classical approximation is justi ed by
the fact that the -O2 is the "high-temperature" phase, and quantum e ects cannot
play a signi cant role in stabilizing the phase.
The single-particle self-consistent potential for the anisotropic interaction in - and
-O2 may be written in the form [1]
anis = (U0  + U1 )P2 (cos #) + U0  2 =2;
USCF
(8:39)
where U0 and U1 are constants of the molecular and crystal elds, respectively;
P2 (cos #) = 12 + 32 cos2 #, # is the polar angle describing the deviation of the molecular axis from the equilibrium directions in the crystal;  = hP2 (cos #)i is the orien206

tational order parameter, and h:::i denotes a thermodynamic average. The choice of
the orientational order parameter in this form is traditional in the analysis of the behavior of the orientational systems [1] and is based on the following considerations.
First of all, this Legendre polynomial is a symmetry related function for a number of
structures typical for such kind of systems: P a3; R3m; P m3n, etc. In the case of the
orientational analog of a magnetic order of the "easy axis" type, the fully ordered
state corresponds to # = 0 and, accordingly,  = 1. The orientationally disordered
state corresponds to hcos2 #i= 1/3, that is  = 0. The analog of a magnetic order of
the "easy plane" type is the state with # = =2 ( = 1=2).
First, making use the classical approximation we estimate main features of the orientational subsystem of the disc-like molecules in the phase, and after that we will
describe results of the quantum treatment of - and -O2 .
Within the mean- eld approximation the free energy Frot of the system of classical
rotors described by the potential Eq. (8.39) has the form
1
(F
NT rot

F0rot ) = 21T 2 + 3

1

Z

2

ln ex dx:
0

(8:40)

where F0rot is the free energy of the free rotor system, and dimensionless energy
parameter  was introduced:
3 U  + U1
= 0
:
(8:41)
2 T
Minimizing the free energy with respect to the order parameter  , we obtain the
following equation
1 3
=
+ ( ):
(8:42)
2 2
where
Z1
Z1
2
2
2
x
( ) = x e dx= ex dx:
0
0
The state of the system of rotors in the eld Eq. (8.39) within the self-consistent
eld approximation is described by the equation
1

4
2 + t signU0 = 3( );
3

(8:43)

where the reduced temperature t = T=jU0 j and reduced crystal eld  = U1 =U0
were introduced. The equation of self-consistency Eq. (8.43) connects  and t. After
nding t for given  , we can nd the order parameter  . As is evident from the
behavior of the function ( ), the sign of the orientational order parameter  is the
same as that of  .
The type and number of solutions of Eq. (8.43) is determined by the sign of the
molecular eld constant U0 and by the reduced crystal eld  .
The case  = 0, U0 > 0, realized in N2 -type crystals, is described in detail in Ref.
[1]. The behavior of the order parameter is typical for rst-order phase transitions
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of the \order-disorder" type, and characterized by the existence of a temperature of
absolute instability for the orientationally ordered state Tmax or the point of maximal
overheating of the orientationally ordered phase. Tmax is determined by the condition

@=@T

! 1

(8:44)

In the case U0 < 0, Eq. (8.42) has only a single solution at any temperature. The
type of order is uniquely determined by the sign of the parameter  . For  < 0,
states with a positive  exist, while for  > 0 the order parameter  is negative, and
for  = 0 the orientationally ordered state cannot exist. Making use Eq. (8.42), the
point of internal instability is determined by the condition
"
#
@
3  @
9 signU0 @ 1
=
1
! 1:
(8:45)
@T
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4 t @
Since @=@ is always positive, for U0 < 0 the condition Eq. (8.45) is never reached,
that is, the system of rotors cannot exhibit an internal instability and an ordered
state exists in an unbounded temperature region. This behavior of the rotor system
is analogous to that of a ferromagnet in a magnetic eld. The crystal eld U1 plays
the role of the e ective magnetic eld in this system.
As can be seen from the Table 33, for the both phases under discussion, U0 < 0; for
-O2 the parameter  is negative which corresponds to a state with a positive order
parameter while for -O2 the parameter  is positive, corresponding to  < 0 .
The
transition takes place at a point where the free energies of the two phases
become equal. At this point a structural transition occurs leading to a change in
sign and magnitude of the crystal eld.
As follows from the developed classical approximation, the nutational motion of
the precessing molecules in -O2 is signi cantly hindered: the orientational order
parameter near the melting point is  = - 0.395, which corresponds to =2 h#2 i1=2
 15Æ.
Let us now turn to the quantum problem making use of the fact that the librational
motion of rotors in the phase and the nutational motion of rotors in the phase
are essentially hindered.
The Schrodinger equation describing the motion of the rotors in the self-consistent
eld Eq. (8.39) has the form
"
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!
@
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sin #
+ 2
Brot
sin # @#
@#
sin # @'2

2
(U0  + U1 )P2 (cos ) + U0
2
where Brot is the rotational constant.
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Analytical methods of solving Eq. (8.46) were developed by Slusarev et al. [389] (see
also [1]). Let us consider rst the librational motion in -O2 [159]. After substitution
of oscillator variables u; v instead of angular variables #; ' by the expressions

u =  cos '; v =  sin ';  = sin #;
the Schrodinger equation (8.46) for a rotor assumes the form of the equation for anharmonic oscillators. The self-consistemt- eld equations can be derived in a simple
way from the Bogolyubov variational principle (see [327]). According to this principle, if we will represent the Hamiltonian of a system in the form H = H0 + H1
where H1 = H H0 , the system free energy F satis ed the inequality
[H1 exp( H0 =T )]
F  (H)  F (H0) + TrTr
 Fmod:
exp( H =T )
0

(8:47)

Inequality Eq. (8.47) permits to estimate the free energy of the system. Methods
based on the Bogolyubov variational principle work well if the Hamiltonian H0
satis es two conditions: rst, it should be a good zero approximation to the original
system, and second, the calculation of the averages values, which appear in Eq.
(8.47), can be worked out, which thus permits to have Fmod. Minimizing Fmod with
respect to parameters of the Hamiltonian H0 we will receive the best estimate of
the free energy F of the original system.
In the case of the phase it is appropriate to choose for H0 the Hamiltonian of a
harmonic oscillator

H0 = V21 Pu2 + Pv2





V 
+ 2 u2 + v 2 ;
2

(8:48)

where Pu = i(@=@u); Pv = i(@=@v and V1 ; V2 are variational parameters which
will be found from the conditions that the free energy Fmod be a minimum. As a
result we obtain the following set of equations for the librational energy " and the
order parameter  :
 + 2q
"=
6Brot (U0 + U1  )
3
Brot
"
=1
(2 +  )coth :
(8:49)
"
2T
The expression for the librational speci c heat has the following form [1,389]:

CV rot
("=2T )2
=2
1
R
sinh2 ("=2T )

!
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(8:50)

Let us turn now to the consideration of the orientational system of the phase. Using the fact that < #2 >1=2 is close to =2, we shall consider the quantum problem,
generalizing the variational procedure of Bogolyubov [327] for a system of hindered
rotors, described by the negative values of the orientational ordering parameter. In
contrast to the procedure where oscillator variables are introduced to describe the
orientationally ordered phases with a positive order parameter [1], for the description
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of a system of precessing molecules it is necessary to introduce an oscillator variable associated with the nutational motion: r = tan(=2 #); ( 1 < r < +1),
retaining the rotational variable for the azimuthal angle '.
In the new variables, after the substitution of the wave function in Eq. (8.46) to preserve the self-consistency of the kinetic energy operator, we arrive at the Schrodinger
equation with the Hamiltonian
"
#
@2
@ 3  3 2
@2
2
2
2
2
H = Brot (1 + r ) @r2 + 4r(1 + r ) @r + 2 1 + 2 r + (1 + r ) @'2
(U0  + U1 )
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U0  2
+
+
:
2 2 1 + r2
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(8:51)

In this case we choose as a zero approximation the system described by a single
rotor and a single oscillator degree of freedom:
@ 2 V2 2
@2
+
r
B
rot
:
(8:52)
H0 = V21 @r
2 2
@'2

V1 ; V2 as in the case of Eq. (8.48) are variable parameters.
The free energy of the precessing rotors is then given by

Frot = T ln 2sh "
N

2T
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2
where the variable parameters V1 ; V2 appear in Eq. (8.53) through expressions =
(V1 =V2 )1=2 and " = (V1 V2 )1=2 .

Minimizing the free energy Eq. (8.53) with respect to the variational parameters
V1 ; V2 , we arrive at the closed system of equations
"

" = (5 + 4 )
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#
U0  + T=3 + Brot =2 1=2
;
1 2 2 2

1 Brot
"
+
(5 + 4 )cth :
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As can be seen from Eq. 8. (52), the quantity " has the meaning of an Einstein
frequency for the nutational motion of the precessing molecules in -O2 .

=

The expression for the speci c heat associated with the orientational degrees of
freedom of the precessing molecules.
!
CV rot 1 ("=2T )2
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:
(8:54)
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This expression admits an obvious explanation, since the rst two terms have the
simple physical meaning of the classical speci c heat of a one-dimensional rotor and
an anharmonic quantum oscillator. The last term in Eq. (8.54) is due to the coupling
of the nutational and azimuthal motion. Considering the presence of two types of
molecules in -O2 { orientationally disordered sphere-like and precessing disk-like
ones (see Sec. 3.1), di ering in the nature of their orientational motion, the free
energy and speci c heat can be written as a sum of the contributions of these two
types of molecules:

F rot = 34 F rot + 14 F0rot ;

3
1
CV rot = CV rot + CV0 rot ;
4
4

(8:55)

The temperature dependence of the total free energies for the - and -O2 is given in
Fig. 129. The free energies calculated for the classical model are given for comparison.
As can be seen, the curves calculated for the quantum and classical models are very

Fig. 129. Temperature dependence of the free energy: the heavy solid lines correspond to
the quantum model, and the light solid lines correspond to the classical model, and the
dashed line corresponds to the orientationally disordered phase [77].

close for -O2 and quantum e ects are negligibly small, but this is not the case for
the phase. The greater deviation between the classical and quantum results for
-O2 is due to the di erence in the zero-point orientational energy of the two phases.
In the case of the phase the contribution to the zero-point energy is related to the
two librational degrees of freedom per molecule, while in the phase it stems only
from the nutational motion, which six of the eight molecules in the unit cell undergo.
That is, in -O2 each molecule possesses 3/4 of an oscillator degree of freedom. As a
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result, the calculated temperatures of the
phase transition with and without
allowance made for quantum e ects di er appreciably: 46.8 and 56 K, respectively.
The
transition takes place at very high degree of orientational order. The order
parameter for the phase at the transition point is  = 0:92 (cf.  = 0:94 for the
loss of lattice stability for CO2 and N2 O [1]). The rms nutation angle =2 h#2 i1=2
calculated from the order parameter for O2 is 12.9Æ at T = 48 K.
8.2.3 Concluding remarks

The developed theory makes it possible to perceive why the -O2 structure is realized as a high-temperature phase in so di erent diatomics as oxygen, uorine,
nitrogen and carbon monoxide. The reply to this question is readily illustrated by
Tab. 34. As can be seen, this phase is characterized by a large entropy associated
with the precession motion of the disc-like molecules and the rotational motion of
the orientationally disordered molecules. At the same time, the loss in the potential
energy is small since the phase is translationally ordered. Thus, the
transition
can be considered as an intermediate step to a complete disordering.
Table 34
Contribution of various kind of motion of the molecules to the entropy (S=R) of the and
phases at the
transition and calculated and experimental jumps in entropy at the
transition [77]
Motion
Phase Transla- Libra- Nuta- Free precession Free rotation
tional tional tional
of disc-like
of sphere-like
molecules
molecules
-O2
-O2

2.04
3.10

0.76
{

{
0.43

{
1.95

S calc =R
S exper =R

{
1.01

Sum

2.80
6.49
3.69
2.04

The comparison with the data of Tab. 34 shows that the calculated result for the
jump in entropy S calc =R = 3.69 overestimates the experimental one S exper =R
= 2.04 (see Table 32) by a factor of 1.8. The main error in S calc =R is due to the
neglect of correlation e ects in the rotational and precession motion of the molecules,
that is, the assumption of free precession and free rotation of the molecules in -O2 .
This overestimation is a quantitative measure of the degree of precision of the model
of \discs and spheres".
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8.2.4 Kinetics of the

transformation

Described above thermodynamics of the
transition does not consider the
mechanism of the transformation. A suggesting concerning a possible mechanism
implying certain orientation relations for the to transformation was made by
Horl [390]. In particular, he proposed that the direction h111i is parallel to the layer
(001) . Barrett et al. in their study of the transformation Ref. [208] had, however,
observed no indication of orientation relations. A special x-ray study devoted to this
problem DeFotis [391] who con rmed that no orientation relationship exist in the
to transformation.
The problem is that the formation of a new atomic or molecular con guration should
be a cooperative process since a single atom or molecule with its uncorrelated jumps
can not carry any information about its future atomic environment in the new phase.
The reconstruction of one crystalline structure into another can be ful lled in a
continuous mode in the case that the symmetry group of one phase is a subgroup
symmetry for another. However, the polimorphic transformation between the cubic
phase and the rhombohedral phase is realised in the absence of such groupsubgroup intersection. A praphase conception was proposed in Ref. [392] for the
description of phase transitions just in the case when such intersection is absent.
This praphase represents in itself a hypothetic phase with a symmetry group playing
a role of a supergroup for both phases participating in the phase transition.
As was shown by Kraposhin et al. [393], the polymorphic transformation from the
rhombohedral (distorted FCC) phase to the cubic phase with the A-15 structure
can be described in the framework of the root lattice in the 8D-Euclidian space E 8
as the hypothetical praphase. It is interesting to note that in phase O2 -molecules
having the spherical distribution of the electron density are positioned in vertices
of the BCC lattice while the disc-shaped molecules are positioned in icosahedron
vertices.

8.3 High-pressure phase transitions

Pressure-induced changes in crystalline structures are accompanied by modi cations
of the optical response. From a light blue transparent crystal, oxygen turns orange
at the
Æ phase transition, and red at the Æ  transition [62,177]. This color
change is a peculiarity of solid oxygen and does not occur in other light homonuclear diatomic molecular solids, which are transparent in the visible and ultraviolet
at similar pressures. The  phase of solid oxygen is an evident example of how compression can perturb the electronic states of a simple molecule in the solid. Upon
further compression, the crystal gets darker and becomes nearly opaque to visible
light at around 40 GPa [177] due to the movement of the band edge from the UV
to lower energies, and at 96 GPa transforms to a metal.
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8.3.1

Æ phase transition

As can be seen from Figs. 6, 9 (see also the inset at Fig. 130), the structures of
-O2 and Æ -O2 are very closely related and one can be obtained from the other
by a small continuous shift of the ab planes. The monoclinic C 2=m structure of
-O2 transforms into the orthorhombic F mmm structure of Æ -O2 when the angle 0
(shown at Fig. 9 and at the inset at Fig. 130) equals to 90Æ . According to the Lifshits
classi cation [373], the second-order phase transition between these structures is
symmetrically permitted. At the
Æ phase transition the distance between nearest
neighbors does not change appreciably; nonetheless small jumps at the transition
were observed by Kreutz and Jodl [201] in the Raman frequencies of the vibron
and libron peaks (see Fig 83, Sec. 5.4) suggesting that the transition is of the rst
order. The same conclusion was made by Gorelli et al. [109] based on discontinuous
changes and the metastability of the phases in their experiments. A weakly rstorder phase transition from monoclinic to orthorhombic structure was predicted in
lattice dynamics calculations by Etters et al. [76]. This transition is driven by a
shear force along the a axis of the crystal and results in a discontinuous softening of
the transverse acoustic shear mode propagating in c? direction and a discontinuous
drop in the angle 0 from its value appropriate to -O2 to 90Æ at the orthorhombic
phase [76].
The pressure dependence of the angle 0 from the x-ray data by Gorelli et al. [109]
is shown in Fig. 130. The comparison with data obtained by Akahama et al. [107]

Fig. 130. The pressure dependence of the angle 0 at di erent temperatures: 196 - 271 K (diamonds); 145 K (black triangles); 102 K (black turned down triangels); 65 K ( lled circles)
(errors are in the range 0.02-0.3Æ ) Ref. [109]. The solid line represents results from lattice
dynamics calculations by Etters et al. [76], plotted versus a rescaled pressure. The inset
shows the structure of - or Æ-O2 specifying the angle 0 , the key parameter of the
Æ
phase transition.
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shows that results essentially depend on the way in which the pressure was changed
in experiment. The data given in Fig. 130 were obtained in decompression runs. At
pressures above 6-7 GPa, depending on the temperature, the angle 0 is very close
to 90Æ but shows a sudden increase of about 6Æ with decreasing pressure. It should
be noted that the values of 0 obtained in the run at 145 K show the tendency
for a continuous increase suggesting a possibility that with rising temperature the
order of the phase transition can change from rst to the second one. Unfortunately,
experimental data at the transition area for higher temperatures (145 - 200 K) are
lacking.
The data from lattice dynamics calculations for T = 0 K [76] were plotted at Fig.
130 after multiplying the calculated pressure by a factor of about 2.3 to t the
calculated and experimental transition pressures. At the same time, there is a quantitative agreement between theory and experiment for the change of 0 at the transition. Akahama et al. [107] in their low-temperature (19 K) x-ray study performing
compressive runs observed the discontinuity in the values of 0 at about 7 GPa but
did not consider it as a manifestation of the phase transition. Gorelli et al. [109]
attributed the di erence in the transition pressure observed in decompression and
compression runs to hysteresis phenomena. In recent Raman studies Kreutz and Jodl
[185,201] clari ed the role of thermodynamic conditions on observed experimental
results in this p T range of the phase diagram (see Sec. 5.4). In particular, they
studied magnon, libron and phonon excitations at several isobars in the pressure
range up to 1.25 GPa [185]. They measured band frequency, band width, and band
intensity of all modes as a function of temperature and pressure. The authors believe
that on the basis of these results they can exclude all second-order phase transitions
in the low-temperature low-pressure range of the oxygen phase diagram, which were
controversial point of discussion in literature.
8.3.2 Æ

transition

Magnetic properties of the Æ phase were under consideration in Sec. 6.8.2. The
disappearing of the monoclinic distortion in the ab planes (Fig. 109) at the Æ
transition as well as the strong red shift of the 3 g ! 1 g (0-0) and (0-1) electronic
absorption bands, showing the same behavior as observed at ambient pressure at
the
transition suggest that the Æ and phases as magnetic systems are
similar. This means that in the absence of direct magnetic measurements many
considerations concerning magnetic properties of -O2 can be carried over to that
of Æ -O2 . In particular, this consideration can be used to estimate the boundaries of
stability of the Æ phase with respect to increase in temperature and pressure.
As was pointed out in Sec. 3.3, the low-temperature boundary of existence of the
phase, consisting of sections of the
and Æ
transition lines, goes as a
single curve approximately as a straight line Eq. (3.1). It was noted in Sec. 8.1.2
that the equation for the Neel temperature (Eq. 8.41) gives a very good estimate
for T at ambient pressure. It turns out that this equation gives a good estimate
of the
and Æ
phase transition lines at elevated pressure. According to
Eq. (8.41), the Neel temperature is determined by two parameters of the exchange
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interaction: the exchange constant J1 and by the parameter of two-dimensionality
= J2 =J1 . Resulting dependence of the transition temperatures T and TÆ on
pressure is governed by the dependence both J1 and on pressure. The exchange
constant J1 increases with pressure somewhat steeper than linearly. At the same
time the parameter decreases with rising pressure - the system becomes increasingly more quasi-two-dimensional with rising pressure. The quantity j ln j in the
denominator in Eq. (8.41) increases with pressure, resulting in essentially linear dependence of the transition temperatures on pressure. Thus, combining data on the
distance dependence of the exchange interaction constant (see Sec. 5.4, Fig. 80; Sec.
6.8.2, Fig. 113) with data on the equation of state (Sec. 4.2.2, Fig. 24) and using
experimental data on lattice parameters from Refs. [73,187,107] we estimated the
pressure dependence of the phase transition lines which are in a good agreement
with experiment. The fact that the phase transition line is completely determined
by parameters referring only to the magnetic system suggests that the magnetic
interaction plays a dominant role in these transitions. Unfortunately, the data on
lattice parameters along the
and Æ
transition lines are very scarce which
hinders more detailed calculations of the transition lines.
Spectroscopic studies of all kinds of excitations in the Æ phase and their behavior at
the Æ
transition were also used to extract information on magnetic properties
of Æ -O2 and to estimate the role of the magnetic interaction in the Æ
transition
[102,298,299] (see Secs. 5.3.3, 5.3.4, 6.8.2). In particular, the distance dependence of
the exchange interaction constant was obtained from data on frequency jumps of the
electronic bands at the transition (Sec. 6.8.2). It was supposed that the temperature
behavior of the the IR absorbance I along di erent isobars is modelled by the magnetic order parameter  according to the relation I   2 (see for details Sec. 5.3.3,
Fig. 66). The analysis of the temperature dependence of the IR absorbance at the
Æ transition range made it possible to estimate the critical exponent of about 1/4
indicating that the dimensionality of the magnetic system of Æ -O2 as in the case of
-O2 is < 3. Due to the anisotropic compressibility the degree of two-dimensionality
of the magnetic systems of both magnetic phases increases with pressure.
Inside the ab planes the stability of the Neel antiferromagnet state (at T = 0 K)
is determined by the value of the intra- to intersublattice exchange constant ratio
 = J3 =J1 and the criterion of stability Eq. (8.2) imposes an upper bound on the
value of . This raises the question, what is the pressure behavior of the parameter
. The answer is determined by the character of the anisotropy of compressibility in
the ab planes. Since the anisotropy is due mainly to the magnetic interaction, the
more contractive is the lattice constant a and  decreases with increasing pressure.
This conclusion is supported by existing experimental data both for the Æ phase
[73] and for the phase [107] (see Sec. 4.2.1). Thus, the stability of the Neel state
increases with pressure, and on this ground it seems reasonable to anticipate that
the high-pressure " phase is magnetic as well. However, spectroscopic studies show
that the epsilon phase is most likely nonmagnetic and thus a magnetic collapse takes
place at the Æ " phase transition.
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8.3.3 Æ

" transition

At room temperatures the light orange crystal of Æ -O2 at approximately 10 GPa
transforms to dark red "-O2 . This transformation was rst observed by Nicol et al.
in 1979 [57]. The " phase takes up the most part of the investigated range of the
phase diagram extending from 7.6 GPa at low temperatures [98] and 16.3 GPa at
high temperatures [183,81] up to 100 GPa [184,85,97]. A radical transformation of
the lattice at the Æ " transition is evidenced by a giant volume jump amounting
to 5-6% at room temperatures [73,97].
The most important question concerning any phase transition is the question about
its nature. As was said at the end of the preceding section, in the case of Æ -O2 there
are no apparent reasons for the loss of stability with rising pressure. As was the
case for all discussed phase transitions, information on the pressure driven lattice
distortions and the analysis thereof can be helpful in attempts to clarify the nature
of the Æ " phase transition. To our knowledge, such analysis is lacking in literature.
Relations that give the correspondence between parameters of two monoclinic lattices { -O2 and "-O2 are the following:

a"

! c?

= c sin

;

b"

! 2b

;

c"? = c" sin

"

! 2a :

(8:56)

where a" ; b" ; c" ; " ; a ; b ; c ; are parameters of monoclinic unit cells of " and
phases, respectively. As follows from these relations, in the case of the " phase
the axes are chosen in such a way that bc are closed packed planes and the a axis
coincides with the molecular axes.
There is a consensus in literature that the layered structure typical for the , , and
Æ phases with molecular axes perpendicular to the close-packed planes is preserved
after the Æ " phase transition, and that "-O2 belongs to the monoclinic A2=m
space group with the unit cell containing eight molecules [86,91,97,202,110]; at the
same time, the de nite structure including the positions of the molecules in the
unit cell has yet to be determined. Nonethelss, the existing structure data and the
close-packing principle leave only a small room for arbitrariness in the arrangement
of the molecules in the unit cell. An arrangement of the molecules at the bc planes
which is compatible with existing optical [177,70] and structural [86,91,97,202,110]
data including the dimensions of the unit cell is depicted in Fig. 131.
According to the x-ray data Ref. [73], the volume reduction which takes place at
the Æ " transition occurs due to closer packing within the bc planes rather than
a decrease in separation between the planes, that is, a=a  c? =c?; b=b. The
relative jump in volume at the transition can be decomposed into a sum of relative
jumps in lattice parameters at three orthogonal directions:
a b c?
V
=
+
+
:
V
a
b
c?

(8:57)

Using the data on pressure dependence of the lattice parameters along the roomtemperature isotherm from Refs. [73,86,91,97,202,110], we obtained the following
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Fig. 131. A possible arrangement of molecules at the bc face of the A2=m unit cell of "-O2 ,
which are compatible with the dimerization hypothesis. The intermolecular bonds between
the molecules in the dimers are marked by the solid lines.

estimates: c? =c?  5%, b=b  3:5% (V=V

 8:5%).

As was said above, an increase in pressure across the and Æ phases is attended by
an increase in the parameter b=a testifying that the ratio between the magnetic and
elastic energies increases with pressure. Over this range of pressure the parameter
b=a increases from 0.637 at p = 0 up to  0:71 at the Æ " transition. The 11%
increase in b=a is a consequence of a more than tenfold increase in the exchange
integral (see Fig.80, Sec. 5.4). A jump in this parameter across the Æ " transition
(the b=c? parameter in A2=m group notations) from 0.71 up to 0.79 amounts the
same 11%, which at once casts serious doubts that this jump re ects an increase in
the magnetic interaction. The subsequent monotonic decrease of b=c? with increasing
pressure down to 0.745 at 96 GPa is an additional argument against the assumption
of the magnetic origin of the changes in the parameter b=c? in the  phase.
The Florence group on the base of optical studies Refs. [101,108,176,203,295,298]
put forward the hypothesis that the Æ " transition is caused by a pairing of the O2
molecules and forming of a diamagnetic O4 molecule. Two main arguments in support of this hypothesis (see Sec. 5.3.3) were obtained from the spectroscopy: a large
infrared activity of "-O2 shown in Fig. 132 (see also Fig. 68), and the disappearing
of the 3 g !1 g (0-0) and (0-1) electronic transitions at the Æ " transformation
(Fig. 133). This e ect should be also observed in structural data: if the O4 dimer
formation hypothesis is correct, the intermolecular distance between the molecules
in the dimers should be the least.
At the
Æ transition the frustration typical for the -O2 (the equivalency of three
intermolecular bonds at the ab planes) is partially removed; at the Æ " transition
the frustration is lifted completely and all three bonds between the nearest neighbors
become inequivalent.
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Fig. 132. Absorption spectra of "-O2 in the far infrared region at room temperatures [203].

Fig. 133. Disappearing of the absorption peaks of the 3 g !1 g (0-0) and (0-1) electronic bands at the Æ " transition. A new much broader and intense band appears rapidly
shifting with pressure [203].

The separation between the nearest neighbors for the proposed arrangement (Fig. 131)
are the following:
1q
1q
l1 = b2 + 4c2 + 4bc cos ; l2 = 9b2 + 4c2
8
8

b
12bc cos ; l3 = :
2

(8:58)

According to the x-ray data by Ref. [73], the distances between the nearest neighbors
at the Æ phase at p = 10:34 GPa are l1 = l2 = 2:578 
A, l3 = 2:951 
A. For the
parameters of "-O2 obtained in the x-ray study at 12.5 GPa [202] l1 = 2:356 
A;


l2 = 2:151 A; l3 = 2:811 A. Thus, the arrangement of the molecules shown in Fig.
131 is in accord with the dimerization hypothesis that suggests that the dimer bond
length is  2:2 
A [101,108,176,203,295,298].
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The authors supposed that the formation of the intermolecular bond between two
nearest neighbor O2 molecules is tuned by pressure and takes place between 10 and
20 GPa and that the ground state of the resulting O4 molecule is a singlet. Thus, if
this hypothesis will be proven to be correct, it will suggest that the Æ " transition
is caused by the magnetic collapse and that the " phase is nonmagnetic. In the
absence of data of magnetic properties, x-ray measurements of exact positions of
the molecules inside the unit cell of "-O2 can provide key information on the nature
of the Æ " phase transition in solid oxygen.
8.3.4 "

 transition (insulator-metal transition)

The insulator-metal transition has been found in absorption edge and re ectivity
measurements[184,85], and con rmed in optical studies (see Sec. 5.3 and references
therein), x-ray di raction [97,110], Raman [98,110], IR absorption [103], and resistivity [99,100] measurements. In this section we will discuss x-ray di raction studies,
Raman studies, measurements of electrical resistivity, and theory of the insulatormetal transition in solid oxygen.
x-ray di raction studies [97,110]. By using a high brilliance synchrotron radiation
source an angle-dispersive powder x-ray (up to 116 GPa, by Akahama et al. [97])
and a single crystal energy dispersive x-ray (up to 115 GPa, by Weck et al. [110])
di raction studies have been carried out at room temperature. Di raction patterns
obtained in both studies for the " phase are in agreement with the A2=m monoclinic cell with Z = 8 proposed in Refs. [86,91]. Akahama et al. [97] observed a
structural phase transition to a new high-pressure  phase. The structure of the 
phase has been interpreted to be isostructural with the monoclinic unit cell of "-O2
and suggested that the "  phase transition may be explained by elongation and
contraction of lattice constants. This conjecture was disputed by Weck et al. on the
base of their single-crystal x-ray data.

Single crystals were grown from a 2.6 mol% O2 in the He sample at 450 K and
22.5 GPa. Above 10 GPa the miscibility of He in solid O2 is very small, and it was
checked that the properties of the " phase for the oxygen solids embedded in He were
the same as with pure samples. The helium matrix provided the best hydrostatic
medium under pressure. The phase transition has been studied with two grown-in
He single crystal samples with di erent orientations.
For the rst sample, seven di erent di raction lines were observed (Fig. 134): (013),
(031), (004), (222), (222), (122), (022). The orientation of the second crystal enabled
the observation of the (100) re ection. Six di raction lines were followed: (013),
(222), (002), (100), (122), (022). As seen in Fig. 134, at around 50 GPa, the crossing
of d022 with d013 and d031 with d004 has been observed. This crossing explains a
slight di erent evolution of the lattice parameters of the " phase than those found
by Akahama et al. (see Sec. 4.2).
Changes in the di raction pattern were recorded above 95 GPa though no discontinuity was observed for the d spacing at these pressures and the monoclinic cell could
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Fig. 134. Pressure dependence of the d spacings. (Æ) symbols correspond to the rst
(second) experiment. The two vertical lines (dotted and dashed lines) indicate the domain
of transition (between 96 and 110 GPa). [110]

be re ned up to 101 GPa. The (013), (031), (002), (222), (222) re ections gradually
disappeared and were no more observable above 101 GPa.
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Fig. 135. X-ray spectra collected at 110 GPa [110]
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At 101 GPa, the (022), and 122) re exions undergo strong variations of their d
spacings and di raction angles while the (200) re ection shows only a slight change.
At 110 GPa, a new structure is stabilized with discontinuous change in the d spacing,
degeneracy lifting, and a new position of the re ections in the reciprocal space. The
re ections are well resolved and strong (Fig. 135) indicating a displacive transition,
characterized by a modi cation and a sliding of the bc planes. Due to kinetic e ects
the transition is spread between 96 and 110 GPa. Starting from 110 GPa the xray data cannot be related to the monoclinic cell testifying that metal  -O2 is not
isostructural with "-O2 but obtained structural information was too limited for a
re nement of the new structure.
From visual observation under a metallurgical microscope, it was observed that
after the transition at 96 GPa the oxygen sample became as shiny as the metal
gasket [97]. The same behavior has also been observed by Desgreniers, Vohra and
Ruo [85]. They have reported that at pressures  95 GPa an increase in the nearinfrared re ectivity is observed. This was attributed to the onset of creation of
nearly free electrons by a pressure-induced band overlap. They have also pointed
out from a linear extrapolation of the pressure dependence of the absorption edge
that the absorption edge should approach zero at 110 GPa. Since the metallization
is accompanied by a structural transition, the band gap may close discontinuously.
As to the mechanism involved in the metallization, Akahama et al. [97] suggested
that the structural changes at the transition are not too drastic as expected in molecular dissociation, that is, the  -O2 phase in a molecular metallic state. (The volume
reduction of the "  phase transition is smaller than 0.1 cm3 /mol or V=V < 1:4%
[97]. Such value of the volume reduction is too small compared with that expected in
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. [110] and
Goncharov et al. [113] in Raman studies.
Raman studies [110]. To prove that oxygen remains molecular in the metallic 
phase it was necessary to demonstrate the existence of the intramolecular vibron
excitation in the pressure domain of the  phase, the vibron being the signature of
the intramolecular bond. The molecular excitations of "-oxygen have been studied
previously by Raman and IR spectroscopy [98,103]. The problem was that the intensity of the vibron excitations, strongly decreased under pressure when approaching
the "  transition and could not be followed in the metallic phase above 96 GPa.
To enhance the intensity of the signal, Raman measurements by Weck et al. [110] in
the Mbar range were performed in a 5.6 mol% O2 mixture (corresponding to a 10
vol% O2 in Ne). The mutual miscibility in the case of the O2 and Ne solid mixtures
is practically lacking at pressures above 7 GPa, so rapidly increasing pressure in an
O2 /Ne mixture resulted in a ne mixed powder of O2 and Ne crystals of about 1
mm size thus strongly enlarging the re ecting surface.

Results of the Raman study can be seen in Fig. 136. In a good agreement with data
by Akahama and Kawamura [98], between 20 and 96 GPa the vibron frequency in
the " phase increases linearly with pressure with a slope of 2.17 cm 1 /GPa. The
vibron width also increases linearly with pressure and reaches 10 cm 1 at 96 GPa.
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At 96 GPa no discontinuity in the vibron frequency was observed.

Fig. 136. (a): Pressure dependence of the vibron frequency [110]. The circles are the data
of two experiments. The line is a linear t with a 2.17 cm 1 GPa slope. The two vertical
lines (dotted and dashed lines) indicate the domain of transition (between 96 and 110
GPa). (b): Oxygen vibron spectra at several pressures above 60 GPa. The intensities have
been normalized. The stars at 92 and 99 GPa indicate the position of the vibron peak.

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 . Between 110 and 120 GPa, the vibron frequency is almost
independent of pressure.
The volume reduction of the "  phase transition is smaller than 0.1 cm3 /mol
or V=V < 1:4%, which is too small compared with that expected in molecular
dissociation.
Recently Goncharov et al. [113] published results of the detailed room-temperature
Raman measurements of solid oxygen through the "  transition and in  phase
up to 134 GPa. The obtained data showed unambiguously that the "  phase
transition is not isostructural, and that the  phase is clearly molecular.
Figure 137 shows representative Raman spectra and the pressure dependence of the
low-frequency modes through the transition to the  phase. Raman spectra obtained
for "-O2 are in agreement with previous studies Ref. [98]. Above 96 GPa new lowfrequency Raman bands a f become visible, while those related to "-oxygen
where dominating bands are L1 and L2 (Ref. [98]) lose their intensity with pressure
rapidly. At 134 GPa (the highest pressure reached in the study) the low-frequency
excitations of " oxygen are almost completely supplanted by new bands, which were
attributed to the high-pressure  phase. Measurements on pressure release show that
the observed spectral changes are reversible, but exhibit hysteresis in terms of the
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Fig. 137. Left: Raman spectra of oxygen through the "  phase transition [113]. Raman
bands of "-oxygen are labeled according to Ref. [98]. The spectra are shifted vertically
for clarity. Right: Raman frequencies of oxygen as a function of pressure [113]. Solid and
dotted open symbols correspond to pressure increase and decrease, respectively. Circles
and dashed lines represent the " phase bands; squares and solid lines represent the  phase
bands. All lines are guides to the eye.

relative intensities. Unlike the low-frequency spectra, the vibron spectra show no
visible changes through the transition (cf. Fig. 136, data from Ref. [110]).

Fig. 138. Pressure dependence of the Raman vibron frequency [113]. Solid and dotted
large symbols correspond to pressure increase and decrease, respectively. Circles show
room-temperature, and diamonds 80 K data. The thick solid line is a guide to the eye; the
long dashed lines are extrapolations of the low-pressure and high-pressure data. Triangles
and dotted lines (guide to the eye) are from Ref. [110]; crosses and dash-dot lines are from
Ref. [98].

The pressure dependence of the vibron frequency is shown in Fig. 138. Below  100
GPa the data by Goncharov et al. are in a reasonable agreement with previous
measurements Refs. [98,110]. Above 96 GPa, the slope of the vibron frequency shows
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the kink (Fig. 138) that was reversibly reproduced on pressure release.
The Raman data presented in Fig. 137 indicate that at the phase transition to the
metallic state a structural ( rst-order) phase transition takes place. The number
of the low frequency Raman modes (six Raman bands, some of which can be an
unresolved superposition of two or more modes) suggests a rather complex crystal
structure for the  phase.
The new Raman data neither con rm nor rule out the existence of the O4 molecules
but impose some additional constrains on the model. In particular, at the transition,
the low-frequency modes experience a sudden frequency discontinuity (with the exceptions of the L2 and 4 modes). To explain this discontinuity in the framework
of the O4 model, one would need to invoke a deformation or a disruption of O4
molecules at the transition.
In any case, the Raman data clearly show that the O-O vibron persists at least up
to 134 GPa testifying that the metallic  phase is molecular.
Electrical resistance measurements [99,100]. In the rst measurements of the electrical resistance of solid oxygen in a diamond anvil cell by Shimizu et al. [99] it was
found that below 60 GPa the resistance of the sample is too high to be measurable with the apparatus used. Starting from 65 GPa the resistance of the sample
decreased down to a measurable level, and a rapid decrease in the resistance with
increasing pressure was observed (Fig. 139). The estimated resistivity at the highest
applied pressure of 95  5 GPa was  3  10 1  cm, which is 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 [99] (Fig. 139) together with metallic character of re ectivity [85] evidences that at pressures exceeding 95 GPa solid
oxygen becomes metallic.
8.3.5 Status of theory of the insulator-metal transition in solid oxygen

The most important question that arises in relation with the insulator-metal transition in molecular solids, whether the metal phase is molecular or atomic, has been
resolved in the case of solid oxygen in favor of the molecular phase. This put before
theory several important questions:
 What is the driving force of the insulator-metal transition? Is the mechanism of
the transition the same as for other diatomic molecular solids as for halogens?
 What is the interplay between magnetism and metallization? Does the spin disappear before or at the insulator-metal transition or does it remain in the metallic
state?
 What is the scenario for higher pressure: pressure driven molecular dissociation or
association, amorphization...?
E orts of theory were aimed at studying pressure-induced magnetic collapse and
metallization using state-of-the-art rst-principles techniques [104,394{399]. It was
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Fig. 139. Electrical resistivity of solid oxygen as a function of pressure at room temperature
[99].

also important to investigate whether the dissociation of O2 molecules occurs or not,
at metallization. In rst ab initio calculations [394] the " phase was missing in the
series of phases emerged in simulations with rising pressure, and Æ -O2 transformed
directly to  -O2 which supposedly could be attributed to a known weakness of the
local spin density approximation (LSDA) overestimating the binding energy of the
metallic phase relative to the magnetic insulator phase. Results of calculations of
the pressure variation of the magnetization show that the magnetic collapse preceds
to the structural transition, and it seems likely that the latter is driven by magnetic
collapse and metallization.
Kususe et al. [395] performed rst-principles calculations of the geometries and
electronic structures of "-O2 by using a full-potential linear-combination-of-atomicorbital method [400] based on the density-functional theory [401]. To correct the
underestimation of the energy gap due to LSDA method, a scissors method [402]
was used in the self-consistent calculations, that is, unoccupied bands were shifted
upward by a certain amount, which should be considered as an empirical parameter.
It was chosen in such a way that the indirect energy gap closed at 90 GPa. The geometry optimization was performed using four special k points and also performed
the band calculations and spin polarization using 185 k points. The model unit cell
used in the calculations was one-fourth of the actual unit cell of "-O2 with the primitive vectors in the ab-plane twice shorter than that of actual unit cell. Calculations
referred to the pressure range from 13.7 GPa to 90 GPa.
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The calculated dependence of the intramolecular bond length and the intermolecular
distance on the pressure are presented in Fig (140 a, b), respectively. It was found
that the change in the intramolecular bond length is small although it becomes
slightly shorter as the pressure is increased. At 13.7 GPa the calculated bond length
is  1:20 
A and  1:18 
A at 90 GPa, so that the change is less than 2%. The
calculated intermolecular distance is  2:43 
A at 13.7 GPa and  2:07 
A at 90
GPa, the change is about 15%. As follows from these calculations, a large di erence
persists between the inter- and intramolecular distances indicating, in agreement
with data by Weck et al. [110], Akahama and Kawamura [103], and Goncharov et
al. [113] that the molecular dissociation does not occur at metallization.
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Fig. 140. Pressure dependence of (a) intramolecular bond length and (b) intermolecular
distance. The open symbols represent the results for -O2 and the closed symbols represent
the results for "-O2 [395].

Spin polarization is strongly a ected by the application of pressure (Fig. 141a)
decreasing with increasing the pressure from that of a free oxygen molecule, 1.0
B =atom, to 0.6 B =atom at 13.7 GPa and 0.1 B =atom at 90 GPa. The reason
for this is that the oxygen molecules approach closer to each other as the pressure is increased and, thus, the overlap between the molecular wave functions and
the transfer integrals become larger, resulting in the enhancement of the kinetic
or superexchange interaction. Fig. 141a shows that the calculated spin polarization
remains nonzero at the metallization pressure. The reason for this is that metallization is caused by band overlap and, thus, the spin polarization does not disappear
by a little overlap at pressures just above metallization. Therefore, as far as this
metallization is caused by the band overlap, the spin polarization should remain at
the metallization pressure. This could be one of the characteristic features of the
metallization of solid oxygen. This point should be studied further because in this
study it was restricted by the mean eld approximation.
The band structure calculations made it possible to calculate the indirect energy gap
as a function of pressure (Fig. 141b). Finally, Kusuze et al made some qualitative
statements about the di erent metallization pressure in solid oxygen and halogens.
Comparing the electronic structure of solid oxygen with those of solid halogens, the
authors wanted to understand if there are di erences between their metallization
mechanisms (in O2 at  100 GPa; F2 > 200 GPa). The energy gap in solid oxygen
is opened only by the exchange interaction; whereas in solid uorine there are two
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contributions to the energy gap - the exchange interaction and the di erence in
the orbital character of valence - and conduction bands. The authors proposed the
following consideration why molecular dissociation does not occur in solid oxygen:
since both the valence and conduction bands consist of 2p  orbitals of oxygen
molecules, the change in the charge density with pressure is expected to be small
and, as a result, the bonding force between two atoms in a molecule remains almost
unchanged.
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Fig. 141. (a) Pressure dependence of spin polarization. (b) Pressure dependence of energy
gap. The open symbols represents the result for -O2 and the closed symbols represent
the results for "-O2 [395].

Tossatti et al [104] tried to model theoretically the magnetic order for the " phase
to be a 120Æ planar spin-spiral structure. Because of lack of reliable data for the
precise molecular structure of "-O2 the authors used as a starting point the structure
of  -O2. Then they adjusted geometrical parameters such that they could t the
known structure factor for "-O2 at 16.6 GPa. With this "model" " structure they
determined the band structure, indirect band gap and molecular magnetic moment
as a function of decreasing volume. These results should be critically compared to
the ones by Kusuze et al [395].
Another nonmagnetic insulating ground state of solid oxygen at pressures corresponding to the " phase was found to be energetically favored in rst-principles
calculations by Neaton and Ashcroft [111]. The predicted static ground state belongs to an orthorhombic structure, possessing a two-molecule primitive cell and
Cmcm space group symmetry. In this structure the oxygen molecules order into
symmetric herringbone-type chains along [010] (the b axis) and perpendicular to
the molecular bonds. They form through the shearing of adjacent (010) planes of
the F mmm structure, reducing the coordination of the molecules from four to two.
Schematic arrangements of the F mmm, Cmcm structures, and the C 2mm structure
proposed in Ref. [394] as a candidate  phase are shown in Fig. 142. The F mmm
structure is related through continuous distortion to the nearly close-packed C 2mm
structure by a displacement of (001) planes in the [100] direction. The orthorhombic
Cmcm structure results from an intraplanar distortion in which the center molecule
moves o site. It is important that this structure is also consistent with results of
IR measurements [101,103,108].
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Fig. 142. Schematic arrangements of the F mmm (a), Cmcm (b), and C 2mm (c) structure.
The molecules in white (oriented along [001]) are shifted by half a lattice vector out of
the plane. The orthorhombic Cmcm structure results from an intraplanar distortion in
which the center molecule moves o site. Chains run perpendicular to the plane and are
indicated by bold lines. [111]

8.3.6 Conclusions

At low temperatures at the pressure range of 1 Mbar, solid oxygen undergoes a
sequence of pressure-driven phase transitions ! Æ ! " !  . The nature only
of the lowest pressure one is completely understood. Even in the absence of direct
magnetic measurements of Æ -O2 , spectroscopic and structure measurements supply
a conclusive evidence that in regard to magnetic properties the and Æ phases are
alike. Using data of FTIR studies of the Æ
transition the exchange interaction
constant as a function of the intermolecular distance was found. A large body of
valuable information concerning the " and  phases was obtained in Raman and IR
studies. On the basis of spectroscopic information a hypothesis was proposed that
at the Æ " phase transition pairs of O2 molecules form O4 dimers having a singlet
ground state implying that the " phase is nonmagnetic and the Æ " transition is
characterized by a magnetic collapse. The insulator-metal nature of the "  phase
transition obtained rst in optical studies was subsequently con rmed in conductivity measurements. The lack of information about positions of molecules in the unit
cells of the " and  phases leaves many questions concerning the nature of these
phases, and the Æ " and "  phase transitions unanswered. The observation of
the vibron peak up to highest reached pressures ( 130 GPa) demonstrates unambiguously that the metallic  phase is molecular. Studies at still higher pressures
are bound to answer to very intriguing question { what is the scenario for higher
pressure: pressure-driven molecular dissociation or further association.
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8.4 Superconductivity

In 1998 Shimizu et al. [100] discovered that at low temperatures of 0.6 K metallic
oxygen becomes superconducting. Figure (Fig. 143) shows the relative resistance
R=R1K of oxygen as a function of temperature at pressures of 98, 120 and 125 GPa.
As the temperature decreases, the temperature dependence of the relative resistance
shows a metallic behavior. An abrupt drop of the resistance was observed at a temperature of 0.6 K. The drop became sharper as pressure increased and the curve
attens out forming a distinctive step of residual resistance. The residual resistance
is caused by non-superconducting domains in the sample. The existence of these
domains is attributed by the the authors to the nonuniform pressure distribution in
the sample. (The superconducting part of the sample increases with pressure at the
same superconducting transition temperature TC of 0.6 K.) Comparing to sulfur,
the neighbor element of oxygen in the VI b series of the Mendeleev Table, exhibiting the pressure-induced superconductivity with TC of 15 K [403], the transition
temperature of oxygen is rather low.

Fig. 143. Relative resistance R=R1K of oxygen as a function of temperature below 1 K at
pressures of 98 (small circles), 120 (large lled circles) and 125 GPa (open circles) [100].

In measurements of the magnetic eld dependence of the resistance at the transition
area (Fig. 144a) it was found that the drop in the resistance decreases with external
magnetic eld and disappears in the magnetic eld of 2000 G. The critical eld
dependence of the transition temperature is given in the inset in Fig. 144a. To
prove the superconducting nature of the drop in the resistance measurements of
the Meissner e ect were performed. Figure 144b shows the Meissner e ect for the
superconducting oxygen at the magnetic eld of 225 G. The transition signal from
oxygen manifests itself as a kink at around 0.5 K. The Meissner demagnetization
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Fig. 144. (a): Magnetic eld dependence of the relative resistance R=R1K at 120 GPa. Inset
shows the critical magnetic eld as a function of temperature at 115 GPa ( lled circles)
and 120 GPa (open circles) [100]. (b): The Meissner e ect for superconducting oxygen at
a magnetic eld of 225 G. Superconducting signal from oxygen manifests itself as a kink
at around 0.5 K [100].

signal disappeared when pressure was decreased down to 50 GPa.
8.5 Melting-freezing transition

The rst measurements of the melting curve of oxygen were taken by Lisman and
Keesom [23] in Leiden Laboratory in the mid-thirties. Using the capillary blocking
technique rst used by Kamerlingh Onnes and Gulik [404] they studied a small
portion of the melting curve near the triple point. Using the same technique Mills
and Grilly [30] extended the study up to 0.3 GPa.
Most of researchers who studied the melting-freezing transition in oxygen noted
its special character. In their paper devoted to the investigation of melting of a
number of cryocrystals, Mills and Grilly [30] described the melting of O2 in a special section "Unusual melting-freezing transition in O2 ", in which they stated: "A
rather speculative conclusion we reach is that there must be something unique in the
melting-freezing transition in O2 ." Giauque and Johnson [18] discussing the problem
that they met in their heat capacity measurements had wrote: "We suspect that the
somewhat poorer agreement for solid oxygen may be due to some characteristics in
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Table 35
The smoothed experimental data on the melting of oxygen [183]
P (GPa)
T (K) P (GPa)
T (K) P (GPa)
T (K) P (GPa)
0
0.5
1.0
1.5
2.0

54.4
104
137
163
185

2.5
3.0
4.0
5.0
6.0

206
223
253
283
317

7.0
8.0
9.0
10.0
11.0

352
386
419
453
485

12.0
13.0
14.0
15.0
16.0

T (K)
517
548
579
609
638

its behavior observed by Wahl [405], who found that liquid oxygen becomes viscous
close to its freezing point and readily supercools to a glass interfused with crystals
of the solid modi cation stable just below the melting point."
Nicol, Hirsch, and Holzapfel [57] in the rst diamond anvil cell study of oxygen
observed visually that at room temperatures (298 K) the colorless liquid freezes to
form colorless solid at 6 GPa. They noted a surprising thing: this pressure is 0.2 GPa
higher than the room temperature melting pressure of hydrogen [406] and is nearly
3.5 GPa higher than the melting pressure of N2 at room temperatures [407]. The
section of the melting curve between 300 and 500 K (6 and 10 GPa, respectively)
was measured by Yagi, Hirsch and Holzapfel by Raman scattering technique [69].
Hochheimer, Jodl, Henkel, and Bolduan [180], and Jodl, Bolduan and Hochheimer
[182] performed detailed Raman studies of the melting line along the liquid phase
boundary which has enabled to locate the liquid
triple point and to complete
the melting line up to 10 GPa. Young et al. [183] and Yen and Nicol [81] by using
the most temperature-resistant materials succeeded in extending the melting line
up to about 650 K (16.3 GPa). Another triple point was found on the melting line
at 645  10 K, 16.3  0.7 GPa (
" liquid). The smoothed experimental data
on the melting line are tabulated in Table 35.
In the region of coexistence of the and liquid phases, the melting curve was determined by the appearance (disappearance) of the vibron doublet in the Raman
spectra of the phase. At higher pressures, the melting was detected by visual observation under microscope. The visual observation technique is especially e ective
in the vicinity of the triple point
" liquid, since the three coexisting phases
have quite di erent colors: the liquid phase is colorless and transparent, the phase
is yellow, and the " phase is dark red or orange, depending on the orientation of the
crystallites.
The melting curve of solid O2 resulting from these studies is shown in Fig. 145 in
comparison with the melting curves of H2 , N2 , and F2 . As one can see, the melting
curves of N2 , and F2 are very close together, but the O2 is so steep that it crosses
the melting curve of H2 near room temperature.
The P

T dependence along the melting curve is usually described quite well by
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Fig. 145. The melting curve of solid O2 [183] in comparison with the melting curves of H2
[408], N2 [183], and F2 [183].

the Simon empirical relation [409]

P = AT c + B:

(8:59)

The Simon equation describes the melting curve with a high degree of accuracy and
is widely used for interpolation and extrapolation of experimental data [410,411].
This empirical equation possesses remarkable predictive power. Based on careful
low-pressure measurements, the melting curves can be extrapolated very closely to
high pressures even though as much as a twenty-fold extrapolation is involved.
Mills and Grilly [30] tted their experimental data on melting by the Simon equation
(8.59) where the parameters A = 2:58478 bar  K c; B = 2732:95 bar and c =
1:742594. Except for the kink around the liquid
triple point (T  300 K),
this equation reproduces the experimental melting line up to 400 K. Above this
temperature, a discrepancy appears between the experimental curve and the Simon
equation with this set of coeÆcients, the latter being much steeper. Loubeyre [412]
tted melting data by Yen and Nicol [81] by the Simon equation with the following
set of coeÆcients: A = 6:238 bar  K c; B = 2430 bar and c = 1:5791. This Simon
equation gives a very good description of high-pressure data except as before the
kink around the liquid
triple point.
We noted above the puzzling steepness of the melting curve of oxygen which is
comparable to that of hydrogen. The slope of the melting line is described by the
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Clausius-Clapeyron equation
(dP=dT )melt = Sm =Vm ;

(8:60)

where Sm and Vm are the entropy and volume jumps, respectively, during melting. Behavior of Sm and Vm along the melting curve is one of the main problems
in the physics of fusion [411], but, unfortunately, except for the triple point, no data
exist for these quantities along the melting curve.
Young et al. [183] discussed the origin of this anomaly and proposed that due to
additional  -electron bonding between molecules in solid oxygen, the jump in rotational entropy during melting is so large compared with other diatomics that at
a xed pressure melting occurs at lower temperatures, or at xed temperature at
higher pressure. It is unlikely that this explanation sounds very convincing, the
more so that the fusion entropy at least in the triple point is smaller than in other
diatomics [357].
To some extent, an opposite suggestion was made in Refs. [357], which o ered
a possible explanation of anomalous properties of oxygen at the triple point. As
known [212,413], the parameters characterizing melting of oxygen at the triple point
(anomalously low volume jump during melting, fusion entropy, and saturated vapor
pressure) distinguish it (along with uorine) from the simplest molecular systems. As
was shown in Ref. [357], the assumption that the -O2 chain structure is preserved
in liquid oxygen in the form of a short-range order provides a satisfactory explanation for the observed anomalies. Mills and Grilly [30] observed that in contrast
to all the other studied substances (isotopes of hydrogen, nitrogen, and neon) only
in the case of melting of oxygen they observed the phenomenon of hysteresis. The
initial pressure corresponding to the onset of solidi cation is about 10% higher than
the melting pressure. As was noted by the authors, this di erence remained fairly
constant during the multiple cycling and could be removed only by considerable
manipulations.
In conclusion of this section let us note that it is impossible to develop theory
of melting without a detailed knowledge of the behavior of the thermodynamic
characteristics along the melting line. No such data exist for oxygen.
8.6 Conclusions

Detailed conclusions concerning the
,
, and high-pressure phase transitions
have been described in Secs. 8.1.3, 8.2.3, and 8.3.6, respectively. Only a few general
remarks will be made here.
The phase diagram of solid oxygen is studied in the pressure range over 1 Mbar
and temperatures over 600 K. The existence in this area of six solid-state phases is
unambiguously con rmed. The low-pressure low-temperature section of the phase
diagram is occupied by the , , and phases, existing down to the solid-vapor
equilibrium line. Of the high-pressure Æ , ", and  phases detailed information exist
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only for the former. For the two latter the space group has been proposed but atomic
positions in the unit cell still remain to be determined. The existence of a number
of other low-pressure low-temperature phases have been discussed in literature, but
information about these phases are rather controversial and, most likely, as follows
from the most recent studies, refer to nonequilibrium samples.
Except for the orientationally disordered cubic phase, all other phases have similar
layered structures that can be obtained from the rhombohedral lattice of -O2 by
small distortions. All the sequence of the ! (Æ; ) ! (";  ) phase transitions
can be considered as a sequence of steps of lifting lattice frustration. The relationship between triangular versus stretched planar structure of all the layered phases
of oxygen in an intriguing way connected with magnetism versus nonmagnetism
and insulating versus metallic behavior. To a large extent this connection remains
unexplained.
And very intriguing is the scenario for still higher pressure - pressure driven molecular dissociation or further association.

9 Summary and Outlook
Solid oxygen has been studied during the last 100 years and about thousand publications are known. This is the rst comprehensive review - quoting about 400 papers,
which we considered to be important. Although we tried hard to collect all publications on solid oxygen we may have missed the one or the other (important one); if
so we would like to apologize.
The content of this review is organized in such a way that the material is ordered
with respect to di erent properties such as structural (chapter 3), thermodynamic
(chapter 4), optical (chapter 5), magnetic (chapter 6). After a short historical introduction, the di erent potentials and interactions are described (chapter 2). The
review is closed by one section about elementary excitations (chapter 7) and one
about phase transitions (chapter 8). Again we would like to emphasize that we limited ourselves only to solid oxygen at ambient and at high pressures; only in very
few cases - like similarity between and liquid phase or melting curve - we touch
also a few publications about liquid oxygen.
In the following we would like to summarize the results and stress open questions
for both areas (experimental and theoretical work) chapter by chapter:
In chapter 2 we described and compared phenomenological intermolecular potentials,
including ab initio ones, which were used successfully in modelling structures and
dynamics of solid oxygen. The spin-spin interaction is clearly pointed out - speci c
for solid oxygen in comparison to other simple, diatomic molecular solids.
In chapter 3 structures at low temperatures and low pressures are fully presented,
whereas for the high-pressure phases (";  ) only the crystal structures but no details
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about atomic positions are known.
These structural data were unambiguously con rmed by di erent kinds of optical
spectroscopy (Raman scattering, IR absorption, visible absorption) based on suited
group theory. But there are several controversial optical studies about low temperature/low pressure phases (; 0 ; Æ 0 ), which might be due to either metastable phases
due to non-equilibrium sample production or due to slightly di erent magnetic structures with respect to the phase. The stability of known fully assigned structures
can be explained by the interplay of several interactions - like electrostatic, magnetic and elastic. More theoretical studies about high-pressure phases are necessary,
especially about " phase, built up tentatively from O4 -units, and the  phase. The
insulator-metal transition around 100 GPa is well con rmed by di erent techniques
(structural, electric, optical studies). An important result of Raman studies - the
persistence of the vibron mode in metallic  testi es that metallic oxygen is molecular. It would be important to support the data of Raman measurements with data
of direct structure measurements.
In chapter 4 thermodynamic properties, like lattice constants, thermal expansions,
speci c heat and compressibility, as a function of temperature are known by different research groups using di erent techniques, resulting in controversial sets of
experimental values. Therefore, we compared carefully these techniques, discussed
advantages and disadvantages and selected on reliable data set as recommended
material for further theoretical considerations. The section about measurements of
thermal conductivity, which imposes high demands on crystal quality, contains hints
how to grow crystals of high quality. The situation for low temperature/low pressure
phases is more or less completed, whereas the one about high pressure phases (Æ; ";  )
is in the very beginning. Only lattice constants as a function of pressure are known
from two di erent groups, which are controversial. Besides these structural studies
using synchrotron radiation no further technique to determine thermodynamic data
is up to now applied.
In chapter 5 di erent optical techniques (Raman and Brillouin scattering, optical absorption) were applied to study all elementary excitations (magnons, translations,
librations, vibrons, excitons) and their combinations. Both low temperature/low
pressure phases ( ; ; ; l) and high-pressure phases (Æ; ") are carefully studied by
di erent research groups delivering reliable data such as mode frequencies, bandwidths, intensities, bandshapes as a function of temperature and pressure. In addition indirect results from ngerprints in spectra are collected to make statements
about phase diagram, structures, magnetism. On top these spectroscopic data were
used for theoretical considerations about structure and dynamics of all phases and for
improving intramolecular potentials. Due to recent studies by the group in Kaiserslautern on thermodynamical stable samples at low temperatures and pressures the
controversy about  ; 0 ; Æ 0 phases and the Æ phase line seems to be solved. What
is missing is careful Raman studies of the " phase using laser excitation in the IR
region to avoid absorption of coloured samples; for example: since the structure is
known but not the site geometry, one has to determine carefully the libron region
(up to 20 modes are expected, up to now 2 are found only) and the vibron split236

ting. The transition insulator/metal and the range above 110 GPa should be studied
again by di erent optical techniques, not only by Raman scattering.
In chapter 6 the magnetism of the phase was studied by di erent techniques
several times: by susceptibility measurements, by speci c heat studies and by x-ray
and neutron scattering. The kind of magnetism in O2 - quasi 2-D-antiferromagnet
with long range interaction - is now fully understood and well described by qualitative or quantitative (ab initio) models and is consistent with all experimental
ndings. A set of magnetic interaction parameters checked by several experimental
techniques, is nowadays fully accepted. The magnetism of the phase by experimental investigations (susceptibility and neutron scattering) was controversial with
respect to long and short range regions. Therefore, di erent theoretical models of
a frustrated antiferromagnet on a triangular and rhombohedral lattice were established. The magnetism of the and liquid phases was deduced from investigations of
magnetic susceptibility, magnetic part of speci c heat and polarized neutron scattering. It is agreed that in both phases a quasi 1-D magnetic order persists as a
short-range order on the disc-like molecules, arranged on chains. The magnetism
of high-pressure phases is not directly studied, because standard techniques ((p)
or neutron scattering) are up to now not feasible; via ngerprints of optical spectra some indirect information about magnetism is known. The Heisenberg model
(exchange parameter J (p), spin-spin correlation function hSi Sj i(p) for the and Æ
phases are experimentally probed by di erent spectroscopic techniques and several
research groups. All data show that magnetically these two phases are alike.
In chapter 7 elementary excitations (magnons, translations, librons, phonons) were
treated separately, since these excitations are too speci c (e.g. rotor, oscillator)
and since there is strong coupling between modes. Rich, complete data from optical spectroscopy, concerning mode frequency, bandwidth, intensity, bandshape as
a function of temperature and pressure, are known. The libron-modelling in the
and phases follows routine calculations and approximations: such as temperature
dependent mode frequency explained mainly by volume expansion in one phase. The
large libron splitting in the phase - a puzzle for many years - was solved by lattice dynamics theory using an elaborate intermolecular potential and - for magnetic
interaction - a Heisenberg exchange term with the exchange coupling parameter being dependent on the intermolecular distance and their orientations. The magnon
- modelling in O2 was performed by spin wave theory, which was developed by
several groups using di erent methods: the agreement between experimental and
theoretical results (of mode energies, dispersion curves, anisotropic splitting) is sufciently good. What is missing here is more elaborated calculations (consider for
example phonon anharmonicity, zero point energy, kinetic properties), more re ned
dispersion curves and density of states and lattice dynamics of high-pressure phases.
In chapter 8 all kind of phase transitions like structural, magnetic, insulator-metallic
were discussed. The
phase transition - a topic of research since 80 years - is
described by a rich body of experimental ndings on the basis of many di erent
experimental techniques. Controversial is the statement, that this transition is of
second order on the basis of speci c heat measurements and structural data; that it
237

is of rst order on the basis of optical studies and x-ray investigations. Theoretical
modelling of this
transition follows two complementary di erent directions:
the rst one takes into account quantum spin uctuations but no magneto-elastic
coupling, the second one emphasizes magneto-elastic coupling ignoring zero point
motion. This controversy from experimental point of view may be due to us because
di erent studies were not performed at really thermodynamically equilibrium conditions. This aspect should be carefully reinvestigated. The
transition is of
rst order and all experimental results agree more or less. The phase is modelled
by a classic or quantum-mechanical librational rotator and the phase by a classic nutational rotator. Comparison with N2 -like crystals (N2 , CO, CO2 , N2 O) are
outlined and emphasized. The high-pressure phase transitions (
Æ;
Æ; Æ "
are well documented by x-ray di raction studies, and by Raman and FTIR studies.
Theoretically the
Æ transition is well modelled by the competition between the
magnetic and elastic interactions. The spectroscopical data show that the
Æ
transition is of clearly-de ned rst order. No attempts were made to model this
transition theoretically. The nature of the Æ " transition is the least understood. A
hypothesis was put forward that a pairing of the O2 molecules to produce a singlet
(nonmagnetic) ground state (an O4 dimer) takes place at this transition. Thus, it
is supposed that this transition is characterized by a magnetic collapse. Further experimental and theoretical studies of this transition are needed. Structural data on
atomic positions of the molecules in "-O2 can essentially clarify the problem. The
"  phase transition has been probed by various experimental methods including
x-ray di raction studies (synchrotron radiation), Raman and electrical resistance.
This insulator/(molecular-) metal phase transition is modelled by rst principle calculations of geometries, electronic structures and magnetism. This whole complex
(experiment and theory) should be con rmed by other research groups; especially
structural studies about atomic positions of O2 in the  phase are missing. Superconductivity measurements (R(T; p; H )) were performed at the "  transition by
one group, but theory on superconducting compressed oxygen is missing. The melting curve of oxygen, con rmed by di erent groups, is being considered anomalous,
because it is comparable more to hydrogen than to N2 or F2 . A qualitative explanation of this anomaly uses qualities of the phase, but a complete theoretical
description is missing. The lack of data on thermodynamic characteristics of solid
and liquid phases or at least jumps in molar volume and entropy along the melting
line hinders the progress in this problem.
Starting from the earliest days of Dewar in Cambridge, and Kamerlingh Onnes
in Leiden solid oxygen has been a playground of solid state physics. It displays
a large variety of key solid-state phenomena, including antiferromagnetism, quantum and anharmonic e ects, low-dimensional e ects, interplay between di erent
order parameters, temperature- and pressure-induced phase transitions of the rst
and second order (or close to the second order), soft-mode behavior, spin- op phenomenon, pressure-induced charge-transfer e ects (evolution of bonding with pressure), pressure-induced magnetic collapse, pressure-induced insulator-metal transition, pressure-induced superconductivity, many-body e ects.
In "Conclusions" to separate sections we listed a number of problems both in ex238

periment and in theory that still remain to be solved. These problems span the
whole region of the phase diagram. Naturally, the most "hot" are problems at highpressure frontiers. What will be the evolution of the molecular bond with pressure
until its ultimate destruction? The example of sulfur, the heavier member of the
oxygen family, forming progressively larger complexes with increasing pressure [414]
shows that this evolution does not have to be simple.
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