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a b s t r a c t

The temperature dependence of the magnetic susceptibility is analyzed at some constant pressures by a
power-law formula using the experimental data from the literature for the a� b and b� g transitions in
oxygen. A weak discontinuous (nearly continuous) transition occurring from the a to the b phase, be-
comes more discontinuous (weakly first order) for the b� g transition as observed experimentally,
which can be explained in terms of the critical exponents deduced from our analysis.

The magnetic field dependence of the differential susceptibility is also analyzed in this study for the
a� O2 at 4.2 K by a power-law formula using the experimental data. l-type of observed behaviour of the
differential susceptibility is discussed in terms of our analysis for the a� O2.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxygen crystallizes in three phases at zero pressure. Below
24 K, solid oxygen is monoclinic (a-O2) while between 24 and 44 K
it is trigonal (b-O2) [1]. Above 44 K, the solid phase of oxygen is
cubic with orientational disorder (g-O2) [2]. As the pressure in-
creases at room temperature, the three solid phases occur, name-
ly,b-O2 [3,4] at 5.46 GPa, d-O2 [4] at 9.3 GPa and ε-O2 [5,6] at 9.9 GPa,
and further the ε-O2 phase transforms to the x phase at 96 GPa [7],
as also pointed out previously [8]. At a very high pressure of 96 GPa,
solid oxygen undergoes a transition to a metallic state at room
temperature [9]. Those phases of O2 molecule have been shown in
the P-T phase diagrams using various experimental techniques. In
particular, oxygen phase equilibria near 298 K have been described
[10]. By the Raman scattering, the experimental P-T phase diagram
of oxygen has been determined [3,11e13]. X-ray diffraction mea-
surements at 298 K up to 13 GPa have provided the existence of
high pressure phases [14]. Also, using the x-ray diffraction at low
temperature and high pressure the T-P phase diagram of O2 has
been obtained experimentally [13,15e17]. It has been pointed out
that at pressures below ~10 GPa, phase diagram of oxygen re-
sembles closely that of other molecular crystals such as nitrogen
(N2) [18]. The phase relation among a�, b�, d� and ε� O2 has been

revealed and the a� d phase boundry was located on a higher-
temperature region than 240 K [16]. It has been pointed out that
there occurs a triple point among the phases of b, d and ε [17]. Very
recently, we have calculated the T-P phase diagram of oxygen and
we have predicted some thermodynamic quantities [19] using the
mean field theory on the basis of the experimental data [11,12].

High pressure properties of solid O2 have been studied for
various phases as reported in the literature. Using Raman spec-
troscopy, the pressure dependence of intramolecular and inter-
molecular mode frequencies in solid oxygen has been studied [20].
The intramolecular frequency change and the volume of a-O2 have
been calculated as a function of pressure using harmonic lattice
dynamics method [21]. Over a large pressure domain, X-ray
diffraction [6,16,22e25], spectroscopic [8,18,26,27] and some
theoretical [28e30] studies have been reported.

Magnetic properties of the oxygen molecule close to the phase
transitions can be investigated. Since magnetic exchange in-
teractions can be responsible for the structural transition [31e34],
the temperature and pressure dependence of the magnetic pa-
rameters can be studied both experimentally and theoretically.
Magnetization and susceptibility of condensed oxygen have been
measured under high pressures and in strong magnetic fields [35].
Since the oxygen molecule possesses a magnetic moment, its
magnetic properties, in particular, magnetic orientations in solid a-
and b-O2 have been studied [34]. It has been pointed out that the
non-magnetic interactions favour the b-O2 structure over the
monoclinic a-O2 which is stabilized by magnetic interactons [2]. It

* Corresponding author.
E-mail address: hamit@metu.edu.tr (H. Yurtseven).

Contents lists available at ScienceDirect

Journal of Molecular Structure

journal homepage: http : / /www.elsevier .com/locate/molstruc

http://dx.doi.org/10.1016/j.molstruc.2016.11.054
0022-2860/© 2016 Elsevier B.V. All rights reserved.

Journal of Molecular Structure 1131 (2017) 236e241

mailto:hamit@metu.edu.tr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2016.11.054&domain=pdf
www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc
http://dx.doi.org/10.1016/j.molstruc.2016.11.054
http://dx.doi.org/10.1016/j.molstruc.2016.11.054
http://dx.doi.org/10.1016/j.molstruc.2016.11.054


has also been stated that the magnetic ordering in the b phase
stabilizes this phase, lowers the transition temperature since the b

phase has short-range order [2]. The monoclinic a phase is stable at
temperatures T� 18 K and antiferromagnetic order is predicted as
the magnetic correlations appear to be long ranged [36]. The a� b

transition occurs at TC ¼ 17.75 ± 0.2 K accompanied by a magnetic
transition with a correlation length lC ¼ 8 ± 1 Å at 8 K which de-
creases rapidly with increasing temperature [36]. However, a� d

transition involves no magnetic change [36] where d-O2 is
magnetically disordered [37]. It has been argued that not only the
a� b transition but also the a� d transition is actually driven by
magnetic forces [38]. From the infrared absorption spectroscopy
study of the magnetic properties of solid oxygen, it has been
pointed out that a magnetic ordering occurs with increasing tem-
perature from the nonmagnetic ε phase at low temperatures to the
magnetic d phase at high temperatures [17]. It has also been
observed that phase transition occurs from the antiferromagnetic
d-O2 to the nonmagnetic ε-O2 [39].

In this study, we analyze the experimental data [35] for the
magnetic susceptibility of solid oxygen as a function of temperature
at some constant pressures using a power-law formula. We also
analyze the experimental data [35] for the differential susceptibility
as a function of field strength of a-O2 at T ¼ 4.2 K by means of
power-law formula as we have analyzed the susceptibility in
layered structures very recently [40,41]. The critical exponents for
the susceptibility at various temperatures (at constant pressures)
are deduced for the a� b and b� g transitions of oxygen. Also, the
critical exponents are deduced for the differential susceptibility at
various field strength (T ¼ 4.2 K) for the a-O2. Values of the critical
exponents, are interpreted to explain the nature of the a� b and
b� g transitions in O2.

Below, in section 2 we give our analysis and results. In sections 3
and 4, our discussion and conclusions are given, respectively.

2. Analysis and results

We analyzed here the temperature dependence of the magnetic
susceptibility at constant pressures for the low temperature e low
pressure phases of a, b and g in oxygen. The analysis was performed
using the experimental data [35] according to the power-law
formula

c ¼ c0

�
T � TC
TC

��g

; T > TC (1)

and

c
0 ¼ c

0
0

�
TC � T
TC

��g
0

; T < TC (2)

In Eqs. (1) and (2), gðg0Þ is the critical exponent for the magnetic
susceptibility and c0ðc00Þ is the amplitude. TC denotes the critical
temperature. We analyzed the experimental data [35] for the a� b

(TC¼ 23.4 K at P ¼ 0) and b� g (TC¼ 43.3 K at P ¼ 0) transitions of
solid oxygen at constant pressures of 0, 0.1, 0.2, 0.3 and 0.5 GPa. By
taking the logarithms of both sides in Eqs. (1) and (2), we get

ln c ¼ ln c0 � g ln
�
T � TC
TC

�
(3)

and

ln c0 ¼ lnc00 � g0 ln
�
TC � T
TC

�
(4)

Thus, by plotting ln cðc0Þ against ln ε where ε ¼ jT � TC j=TC is

the reduced temperature the values of the critical exponent gðg0Þ
and the amplitudes c0ðc00Þ can be deduced. We did this analysis
above (Eq. (3)) and below (Eq. (4)) TC for the a� b and b� g

transitions of oxygen, and we deduced the gðg0Þ and c0ðc00Þ values
with the uncertainties in the temperature intervals close to TC for
constant pressures indicated, as given in Tables (1) and (2),
respectively. We note that since the uncertainties in the values of
some gðg0Þ and c0ðc00Þ are very small as we deduced, they are not
given in Tables (1) and (2). We plot ln cðc0Þ against ln ε above and
below TC in Figs. (1) and (2), respectively, for the a� b transition at
constant pressures studied in solid oxygen. Figs.(3) and (4) give our
plots of ln cðc0Þ against ln ε above and below TC, respectively, for
the b� g transition at the same constant pressures in solid oxygen.
In these figures, we give the uncertainties in the susceptibility cðc0Þ,
which we determined from our power-law analysis (Eqs. (3) and
(4)) for the a� b and b� g transitions above (T > TC) and below
(T < TC) the transition temperature of solid oxygen. We extracted
the TC values at those constant pressures as given in Tables 1 and 2
using the experimentally determined P-T phase diagram [35].
When we used the power-law formula (Eqs. (1) and (2)) for the
temperature dependence of the susceptibility cðc0Þ, we determined
the values of the critical exponent gðg0Þ by fixing the critical tem-
perature TC for the a� b and b� g transitions within the temper-
ature intervals at constant pressures for oxygen (Tables 1 and 2).
Thus, variation of the susceptibility with the temperature was not
influenced by the value of TC at constant pressures in our analysis
for this molecular system.

We also analyzed here the magnetic field dependence of the
susceptibility of the a�O2 at 4.2 K using the experimental data [35].
According to the power-law formula,

Ds=H ¼ KjB� BC j�k (5)

where Ds=H is the differential susceptibility, with the critical
exponent k, and the amplitude K, B is the field strength, our analysis
was performed above and below the critical fild strength BC . Table 3
gives the values of the critical exponent k and the amplitude K with
the uncertainties within the interval of the field strength B at 4.2 K
for the a� oxygen. In Table 3, since the uncertainties in the values of
some k and K are negligible as we extracted, they are not given. In
Figs.(5) and (6) above and below BC, respectively, we plot in a log-
log scale of the differential susceptibility against B-BC according to

lnðDs=HÞ ¼ ln K � k lnjB� BC j (6)

As Eqs. (3) and (4), Eq. (6) also represents a straight line with the
slope which gives the critical exponent k. We also analyzed the P-T
phase diagram of oxygen for its a� b and b� g and g� liquid
transitions using the experimental data [35] according to a linear
variation of the pressure with the temperature as

P ¼ aþ bT (7)

where a and b are constants. In Table 4, we give the values of a and
b(¼dP/dT) which were extracted from the experimental P-T data
[35] for the transitions within the temperature and pressure in-
tervals studied for O2.

3. Discussion

In our first analysis of the magnetic susceptibility as a function
of temperature above the transition temperature TC for the a� b

transition in oxygen, we obtained negative values (about 0.1) for
the critical exponent g according to Eq. (1) at constant pressures
from 0 to 0.5 GPa, as given in Table 1. As the temperature lowers
below TC, those exponent values were all positive (nearly 0.1) for
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