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We modeled liquid oxygen using ab initio molecular dynamics in which both the atomic structure and
the noncollinear magnetic structure evolve without constraints. The atomic structure shows preference
for parallel alignment of first-neighbor molecules and is supported by an excellent agreement between
theoretical and experimental nuclear structure factors. The magnetic structure shows short-range
antiferromagnetic correlations in agreement with spin-polarized neutron diffraction data. The observed
correlations primarily result from appropriate trajectories of colliding O, molecules. The simulation
provides evidence for the occurrence of long-living O, molecular units.
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While noncollinear spin arrangements have been ob-
served in a variety of materials [1,2], their occurrence has
remained poorly understood. Noncollinear magnetism is
expected to be strongly affected by the underlying atomic
structure, occurring more easily for systems of low sym-
metry or in a disordered state. In this respect, the liquid
state offers the possibility of investigating the magnetism
for a continuously evolving atomic structure. The devel-
opment of appropriate theoretical tools for addressing the
noncollinear magnetism in such systems constitutes a
theme of great current interest [1,2].

A magnetic fluid of particular interest is liquid oxygen,
in which the individual molecular units preserve the
magnetic state they carry in the gas phase. On the basis
of magnetic susceptibility data [3], Lewis postulated the
dimerization of some oxygen molecules in the liquid [4],
leading to the formation of O, molecules in a magneti-
cally saturated state. The chemical bonding in the Oy
molecule is quite particular [5], since the unpaired elec-
trons of the O, molecules remain in an open-shell struc-
ture upon bonding. Neutron diffraction experiments on
liquid oxygen are sensitive to both the atomic and the
magnetic structure [6—8] but are unable to reveal the
occurrence of long-living O, units. Using spin-polarized
neutrons, Deraman et al. separated the two components
and found antiferromagnetic ordering at short-range dis-
tances [9], which might be taken as indirect evidence for
O, formation. However, since the temperature exceeds
estimates of the magnetic interactions by more than one
order of magnitude, the observed antiferromagnetism
appeared surprising [9].

To investigate the noncollinear magnetic structure [10]
and its correlation with evolving atomic positions, we
here combined ab initio molecular dynamics [11] and an
energy functional in which the magnitude and the direc-
tion of the magnetization are continuous functions of
spatial position [2]. This energy functional was previously
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successfully used to determine the noncollinear magnetic
structures of small iron clusters by combined electronic
and structural relaxation [2]. Applied to liquid oxygen,
this scheme allows us to follow simultaneously the evo-
lution of the atomic, electronic, and magnetic structure
within a unique and consistent theoretical framework.

We modeled liquid oxygen by a system composed of
32 molecules in a periodically repeated cubic cell of
side 11.4 A, at the experimental density of 1.14 g/cm?
[12]. The electronic structure was described within a
generalized gradient approximation (PW91) for the
exchange-correlation energy [13]. We used an ultrasoft
pseudopotential scheme [14,15] in which the O 1s state
was included in the core. The valence wave functions
and the augmented electron density were expanded on
plane-wave basis sets defined by energy cutoffs of 25 and
150 Ry, respectively. The Brillouin-zone sampling was
restricted to the I' point, as justified by the molecular
nature of the liquid [16]. With these parameters, we ob-
tained for the isolated molecule in its triplet state a
bond length of 1.25 A, a vibrational frequency of
43.6 THz, and a binding energy of 5.84 €V, in satisfactory
agreement with experimental values (1.21 A, 47.4 THz,
and 5.12 eV) [17].

The simulation was started from an initial atomic
configuration, in which the atomic vibrations in the mole-
cules were given a random phase. Then, after a brief
annealing cycle to high temperatures, the temperature
was fixed at 90 K by switching on thermostats on both
nuclear and electronic degrees of freedom [18]. The ficti-
tious mass [11] was set to 200 a.u. and the motion was
integrated with a time step of 0.24 fs. Overall, the simu-
lation spanned a time period of 19 ps, but only the last
14 ps were used for averages of physical properties. For
this system, the computational cost for treating the non-
collinear magnetic structure is higher by a factor of ~13
with respect to the non-spin-polarized case [19].
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To ensure rapid thermalization, the evolution of the
atomic positions was coupled to three different Nosé
thermostats [20] which controlled separately the tempera-
ture of translational, rotational, and vibrational motions.
This setup ensured thermal fluctuations in the range of a
few tens of degrees. To keep electronic excitations under
control, we also used a thermostat coupled to the elec-
tronic variables, which fixed the average fictitious kinetic
energy to 79 meV. On six occasions during the course of
the simulation, without interrupting its continuous evo-
Iution, we determined the excitation energy with respect
to the Born-Oppenheimer energy surface [11]. We found
an average excitation energy of 4.2 meV, with the largest
excitation energy of 10 meV. These values are well below
both the average thermal energy and typical fluctuations
of the total interaction energy, thereby ensuring a correct
description of the evolution.

The evolution of the average mean square displacement
was typical of diffusive motion in a liquid and gave
an estimate for the diffusion constant of 2.3 * 0.2 X
107° cm?/s [21]. The nuclear structure factor was ob-
tained as average over structural configurations in the
simulation (Fig. 1). The calculated structure factor closely
reproduces all the significant features observed in the
experimental one [7,22]. These include the main peak
at about 2 A_l, the shoulder at 4 A_l, and the broad
peak around 6 A~'. The main peak is caused by coherent
intermolecular diffraction, while the oscillation extend-
ing beyond transferred momenta of ~5 A~! mainly re-
sults from intramolecular diffraction. We found that the
shoulder at 4 A~! could not be reproduced within a model
of the liquid assuming uncorrelated molecular orienta-
tions [7]. In fact, this shoulder results from incoherent
intermolecular scattering, and its appearance is a signa-
ture of a preferential relative orientation of nearest-
neighbor molecules (mainly H- and X-type, vide infra).

Figure 2 shows the radial distribution function g(r) of
nuclear positions, together with that of the centers of O,
molecules. The sharp peak at 1.24 A corresponds to the
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FIG. 1. Nuclear structure factor (solid line). The data points
are from neutron [7] (crosses) and x-ray diffraction measure-
ments [22] (diamonds).
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distance between oxygen atoms within the same O, mole-
cule. The distribution of atoms belonging to different
molecular units shows peaks at 3.6 and 6.8 A, separated
by a minimum at 5.3 A. The shoulder at about 4.1 A
corresponds to second nearest atoms in first-neighbor
molecules. All these features were also found in the
experimentally derived correlation function [8], which
is overall well reproduced by our results (not shown).
The first shell of molecules defined by the first minimum
contains 13.0 molecules.

To describe the relative orientation of O, molecules in
the liquid, we introduced the following order parameters:
Pa = sin’0, sin’6, cos’¢ (H-type), p, = sin’#; sin’6, X
sinffo  (X-type), p. = (sin?f, cos?#, + cos?#, sin*6,)
(T-type), and pq = cos’6, cos’6, (I-type), where 6, and
6, are polar angles with respect to the axis connecting
the centers of a pair of molecules, and ¢ is the dihedral
angle between the planes containing the molecular axes
and the connecting axis. We calculated averaged order
parameters as a function of distance r between two O,
molecules:

<pa> = <Z pa(gl’ 02) QD)(S(I” - rij >/<Z 6(7"_ rij >’
ij ij

(D

where « specifies one of the order parameters, and r;; is
the distance between the ith and jth molecules. Figure 3
shows that the H-type (rectangular) geometry stands out
as the preferred one at short-range distances, as is also the
case in the gaseous phase [23]. For distances beyond 4 A,
all the averaged order parameters do not differ signifi-
cantly from their respective values for uncorrelated
orientations.

The simulation shows local moments rotating without
pointing into any preferential direction. This is consistent
with paramagnetic behavior, which results in a vanishing
average magnetization in the absence of an external
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FIG. 2. Upper panel: radial distribution functions for atomic
positions (dotted line) and for the centers of O, molecules
(dashed line). Lower panel: magnetic correlation function
(solid line) for molecular magnetic moments.
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FIG. 3. Averaged order parameters (see text) as a function of
distance between O, molecules. The arrows specify the values
for uncorrelated orientations.

magnetic field. The average total magnetization (M) in
the simulation was found to be (—0.03, —0.03, 0.34) up
per cell. Other averages gave {[Myl)=3.1up and
(IMo|*) = 11.7u3. These values are negligible with re-
spect to the values associated to the hypothetical ferro-
magnetic alignment.

Before addressing the magnetic structure factor, it is
instructive to consider the magnetic correlation function
in real space C(r),

i+] it
Clr) = <Zmi ~m;8(r;; — ”)>/<MZZ5(M - V)>,
ij 7

2

where m;, is the magnetic moment of the ith molecule and
M its average. Molecular magnetic moments were found
to be meaningful when integrating the spin density m(r)
within two spheres of radius 0.69 A centered on the
respective atoms. The function C(r) shows well defined
magnetic correlations (Fig. 2, lower panel). At distances
corresponding to nearest-neighbor molecules, antiferro-
magnetic correlations dominate and appear to saturate for
distances lower than 3.1 A. At larger distances, in corre-
spondence of the first minimum of the radial distribution
function (between 4.4 and 7.0 A), the correlations turn
ferromagnetic.

The differential cross section of spin-polarized neu-
trons diffracted by the electron spin density is given by
do/dQ = sI(Q), where s is the squared scattering length
per molecule and 7(Q) the magnetic structure factor:

2
>, 3)

in which u, is the magnetic moment of an isolated
molecule. To gain insight, it is useful to express I(Q) in
terms of molecular form factors. Assuming that the ori-
entation of a pair of molecules is decoupled from the
direction of their connecting axis, we obtain

Iapprox(Q) — le(Q) + FmZ(Q)[Sm(Q) — 1], 4
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1(Q) = Ni,u%< | fdrm(r) exp(—iQ - r)

where Fini(Q) = (|u(Q)I*)/ u§ and Frp(Q) = Ku(Q)I?/

w3 are molecular magnetic form factors known as
Kleiner’s factors [24], and S,(Q) = 2(| >, m;e QTi|2)/
N ,u(z) is related by Fourier transformation to the real-space
correlation C(r) in Eq. (2) [9]. From the simulation, we
obtained both 7(Q) and I?*P™*((Q) and found that the two
quantities are hardly distinguishable. The magnetic struc-
ture factor I(Q) can therefore reliably be interpreted in
terms of molecular form factors and of §,,(Q), which
depends solely on the directions of the local molecular
magnetizations.

The structure factor I(Q) averaged over configurations
in the simulation and the corresponding one measured by
neutron diffraction [9] are compared in Fig. 4. It is con-
venient to interpret I(Q) in terms of deviations with
respect to Fp;(Q) to which it converges for large Q.
Both the theoretical and the experimental I(Q) show a
well defined dip around 2 A~!, while only a shoulder oc-
curs in the experimental I(Q) in correspondence of the
large peak at 1.2 A~! in the calculated /(Q). The modu-
lation of I(Q) with respect to Fp;(Q) results from the
structure in S,,(Q) (Fig. 4, inset). By separating the con-
tribution to S,,(Q) from molecules at different distances,
we found that the dip around 2 A~! originates from the
short-range antiferromagnetic correlations, whereas the
peak at 1.2 A™! contains contributions from both anti-
ferromagnetic and ferromagnetic correlations. These
results indicate that we can infer the occurrence of
short-range antiferromagnetic correlations directly from
the experimental data points, without relying on a real-
space transform based on a limited range of Q values [9].

The differences between the theoretical and experi-
mental I(Q) for Q < 1.4 A result from the neglect of
thermal electronic excitations in the simulation, as a
consequence of the use of the Born-Oppenheimer

do/dQ ( barns/sterad/mole )

FIG. 4. Differential cross section (solid line) of elastic neu-
tron scattering calculated from the full spin density in liquid
oxygen, and the experimental result of Deraman et al. [9] (data
with error bars). The molecular form factors, sF,,;(Q) (dotted
line) and sF,,(Q) (dashed line). For all cases, the factor s =
0.387 b/sr is used as cross section per molecule. Inset: mag-
netic structure factor S,,(Q) associated to molecular centers.
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approximation [11]. In fact, as Q goes to zero, I(Q) can be
related to the isothermal magnetic susceptibility x(7')
[25], which results primarily from electronic excitations.
From experimental susceptibility data [3], we estimate a
value of 0.24 = 0.03 for s/(0) [25], in good agreement
with the polarized neutron diffraction data of Deraman
et al. [9]. The effect on I(Q) associated to electronic
excitations is likely to extend to finite Q values. As-
suming a Heisenberg model for spin coupling, it is
straightforward to deduce that thermal magnetic fluctua-
tions tend to oppose the zero-temperature spin alignment.
Hence, these effects would generally result in an experi-
mental /(Q) with a reduced structure with respect to the
I(Q) obtained from the simulation, offering a plausible
explanation for the observed differences.

At short-range distances, both the static structural and
magnetic properties are consistent with the formation of
O, molecular units in the liquid. We now address the
stability of such units. Using a procedure similar to the
one proposed in Ref. [26], we found an averaged residence
time 7 of 0.16 ps for two molecules remaining within a
radius r. = 3.1 A. To check the dependence of the resi-
dence time on the relative orientation of two molecules,
we selected pairs of molecules on the basis of the order
parameters defined above. Focusing on H-type geome-
tries, we found 75 = 0.20 ps, which does not differ sig-
nificantly from the residence time associated to pairs
colliding with other orientations (7yge; = 0.11 ps). This
analysis fully supports the conjecture of Deraman et al
that the short-range antiferromagnetic correlations result
from collisions with appropriate trajectories [9]. More-
over, the simulation reveals the occurrence of four O,
units which survive for more than 0.6 ps. The residence
time of the longest living O, unit (7 = 0.8 ps) is found to
be comparable with the experimental lifetime in the
gaseous phase (1 ps) [27].

In conclusion, we performed ab initio molecular dy-
namics to investigate the noncollinear magnetism of a
system with an evolving atomic structure. Application to
liquid oxygen provides us with a picture in which the large
majority of colliding O, molecules assume structural and
magnetic configurations which closely resemble those in
the O4 molecule. Formation of truly long-living molecu-
lar O4 units also occurs but involves a considerably
smaller fraction of O, molecules.
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