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The spin and nuclear dynamics of the liquid and plastic-solid phases of molecular oxygen are studied by
means of inelastic neutron scattering. A detailed spectral analysis over wide energy- �0–18 meV� and
momentum- �0.2–4.5 Å−1� transfer ranges permits a robust separation of magnetic and nuclear contributions
to the dynamic structure factor. Reliable spin-exchange constants are obtained for both liquid and plastic
phases, which are found to be remarkably similar to each other, with no evidence for long-range antiferromag-
netic spin correlations beyond next-nearest neighbors. Analysis of the time scales involved in spin-flip pro-
cesses suggests that spin diffusion in these structurally disordered phases takes place within a lapse of time
comparable to the lifetime of an O4 unit in the liquid.
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I. INTRODUCTION

Because of its exceptionally strong paramagnetism, liquid
oxygen �LOX� exhibits several remarkable macroscopic
properties if subjected to a magnetic field.1 These go from
changes in liquid volume and color2 under applied field to
levitation and pattern formation phenomena at the liquid
surface,1 some of which have a clear technological rel-
evance. Macroscopic magnetic phenomena resulting from
the paramagnetic nature of the liquid such as the Faraday
rotation of microwaves have been known for quite some
time,3 although a truly microscopic understanding of the un-
derlying physical phenomena has not been attempted. The
molecular origin of such a strong paramagnetism is easily
understood on qualitative grounds as resulting from Hund’s
rule, whereby two antibonding electrons occupy �2p

� molecu-
lar orbitals resulting in a triplet �S=1� electronic ground state
for the isolated oxygen molecule �O2�.4 However, a quanti-
tative assessment of the relative importance of the magnetic
versus nuclear interactions as well as their interplay remains
to be established.

The presence within the liquid of significant short-range
magnetic correlations has been unequivocally established
from detailed polarized neutron-diffraction studies.5 The
scattered intensity of magnetic origin displays a broad maxi-
mum centered at about 1.2 Å−1 with a hydrodynamic limit
given by

I�Q → 0� = 3kBT��T�/S�S + 1��g�B�2, �1�

where S=1 and g=2. Setting the paramagnetic susceptibility
��T� to its experimental value,6 one gets an average magnetic
moment per atom �eff�0.8�B, substantially below the free-
molecule value g�S�S+1�=2.83�B. Both polarized neutron
diffraction and computer simulation7 suggest that oxygen
molecules form dimer structures with lifetimes as long as 0.6
ps, where the molecular axes are confined within parallel
planes separated by some 3.6 Å. Such an arrangement of
molecules is also a dominant structural motif in the rotator-
phase �plastic� crystal which forms by cooling the liquid be-
low 54.4 K at ambient pressure.8 Freezing the liquid into the

rotationally disordered crystal known as �-O2 �GOX� is me-
diated by an anomalously small drop in molar volume, to-
gether with a meager 3.5% increase in susceptibility, and
yields a cubic unit-cell structure of symmetry Pm3n, an A15
structure with eight molecules per cell. One fourth of these
molecules sit at the corners of the cubic cell �2a sites� and
exhibit complete �isotropic� molecular reorientations9 as well
as a spherically symmetric electron-density distribution,
whereas the rest sit at the cube faces �6d sites�, forming
one-dimensional �1D� chains characterized by an oblate-
shaped electron distribution. Molecules in these chains rotate
within disk-shaped volumes at right angles to the �100� crys-
tal axis. Explicit calculations show that such a structure is
mostly stabilized by the isotropic part of the intermolecular
potential8 while the action of anisotropic interactions is al-
most entirely felt by the disks. The magnetic structure of
�-O2 also resembles that of the liquid, showing a broad dif-
fuse peak in the single-differential magnetic cross section for
polarized neutrons5,9 centered at about 1.0 Å−1. As far as the
strength of the magnetic interactions is concerned, the obser-
vation of diffraction peaks of diffuse nature dictates all sub-
sequent data analysis to be carried out in terms of model fits.
A value for the magnetic moment per molecule of �eff
=2.65�B was derived from the best fit to an X-Y model with
spins perpendicular to the molecule axis. Magnetic correla-
tions are of a predominant antiferromagnetic character and
dominated by nearest neighbors separated by 3.37 Å. Such a
value of �eff is, however, well above that determined from
neutron diffraction10 for the magnetically ordered � phase at
low temperatures corresponding to �eff=1.45�B.

Here we pursue the close analogy of the magnetic prop-
erties of LOX and GOX to obtain additional information on
the strength and role of the magnetic interactions by means
of an analysis of time-dependent properties known to be
more sensitive to fine details of the spin dynamics than those
of structural nature. Previous neutron scattering data reported
some time ago11 were restricted to a relatively narrow range
of momentum and energy transfers leading to significant un-
certainties in the values of the derived parameters. The crys-
talline GOX phase is here considered as a pertinent reference
for the liquid in order to tackle and quantify mass-diffusion
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effects present in LOX. Also, and contrary to previous
attempts11 which relied somewhat on model fits, the route
here followed to analyze the experimental data does not rely
on fits to model functions in order to isolate the magnetic
component from the total neutron scattering spectra. Such a
component, once isolated, is shown to provide estimates of
the spin-diffusion constant and thus yields new information
pertaining exchange constants and energy scales involved in
spin motions for this important molecular material.

II. EXPERIMENTS

Experiments were performed using the MARI �Ref. 12�
inelastic neutron spectrometer at the ISIS Pulsed Neutron
and Muon Source, United Kingdom. An incident energy E0
=18 meV was employed to map the dynamic structure fac-
tor S�Q ,�� over momentum- and energy-transfer ranges of
0.2–4.5 Å−1 and �16 meV, respectively. The resolution in
energy transfer was of 	E=0.3 meV full width at half maxi-
mum �FWHM�. Neutron spectra were corrected for detector
efficiency using a vanadium standard followed by subtrac-
tion of the contribution from the stainless-steel empty cell.
An annular geometry of 1 cm corresponding to a total scat-
tering power of �5% was used to minimize absorption and
multiple-scattering effects. Temperature control was
achieved by the use of a closed-cycle helium refrigerator.
High-purity O2 gas �CK gases, 99.9% purity� was condensed
from a room-temperature reservoir into the sample cell held
at T=88 K and subsequently cooled down to the LOX �T
=65 K� and GOX �T=50 K� phases. Temperature stability
during the experimental runs was within 1 K.

Once corrected for background and other instrumental ef-
fects, measured intensities were mapped onto a Q-� grid. As
shown in Fig. 1, images were then reconstructed from the
measured data by means of a purpose-built algorithm,13

which avoids introducing substantial correlation between ad-
jacent bins.

III. RESULTS

Owing to its zero nuclear spin �I=0� and subsequent lack
of a permanent nuclear magnetic moment, the predominant
nuclide in naturally occurring oxygen �16O, 99.76%� is a
purely coherent neutron scatterer with a nuclear scattering
cross-section 
nuc=4.232 barn per nuclide and a negligible
absorption cross section �
abs�2�10−4 barn at thermal-
neutron wavelengths�. In addition to the above nuclear con-
tribution, the O2 molecule in its 3�g

− ground electronic state
has a permanent electronic spin S=1 giving rise to a para-
magnetic differential cross-section d
mag /d
=0.389f2�Q�
barn/steradian, where f�Q� is the magnetic form factor for
the isolated molecule.14 From these preliminary consider-
ations one may conclude that both correlated nuclear mo-
tions leading to coherent scattering as well as spin motions
due to the magnetic nature of the O2 molecule will give
contributions to the neutron spectra, and their relative weight
is dependent on the range of explored wave vectors.

A. Bayesian spectral analysis

The information content of the inelastic neutron data
shown in Fig. 1 has been assessed by means of a line shape

analysis. To this end, a Bayesian algorithm was used to find
the highest number of Lorentzian modes supported by the
experimental data15 using a dynamic structure factor S�Q ,��
of the form

S�Q,�� = R�Q,�� � �A0���� + 	
i=1

N
Ai

�

�i/2
�2 + ��i/2�2
 ,

�2�

where R�Q ,�� is the instrumental resolution function and �

is a convolution product. Ai denotes the integrated intensity
of elastic �i=0� or quasielastic �i�0� components, and �i is
the Lorentzian energy width �FWHM� for the ith quasielastic
mode. To use Eq. �2�, the experimental data have been sym-
metrized via a detailed-balance factor of the form e−��/2kBT.
As shown in Fig. 2, our experimental data only justify the
use of a single quasielastic mode for both GOX and LOX in

FIG. 1. �Color online� O2 neutron spectra measured on MARI at
an incident energy of E0=18 meV. �a� Gamma phase �T=50 K�
and �b� liquid �T=65 K�.
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addition to an elastic component in GOX to account for static
correlations in the plastic phase.

The results of such spectral analysis are displayed in Fig.
3. The momentum-transfer dependence of the quasielastic
widths and intensities at low �Q�1 Å−1� and high �Q
�3 Å−1� momentum transfers is remarkably similar in both
phases. Significant differences are only observed at momen-
tum transfers around the structural �elastic� peak in GOX at
2.1 Å−1 which, upon melting, gives rise to strong and broad
scattering over the explored Q-� range. This behavior is in-
dicative of very similar dynamical processes in GOX and LOX

apart from translational diffusion of the molecular center of
mass in the latter case.

B. Spectral frequency moments

On qualitative grounds, the neutron data for the liquid and
gamma phases shown in Figs. 1 and 2 display remarkably
close patterns. Prominent spectral features are present in the
dynamic structure factor at wave vectors Q�2 and 4 Å−1.
As expected for a cubic crystal such as GOX, these features
are sharper in Q for the gamma phase, but it is to be noted
that characteristic spectral widths extend up to 5–6 meV in

both cases, a finding which is suggestive of a common dy-
namical origin. Also, there is a significant amount of scatter-
ing extending to low-momentum transfers, peaking at
roughly Q�1 Å−1, that is, roughly half the momentum
transfer where the main peak of the nuclear structure factor is
located in both phases. Such broad features provide a first
model-free assessment of the relative weight of the magnetic
singly differential cross section versus that arising from
atomic correlations.

In order to put the above remarks on more quantitative
grounds, Fig. 4 shows the integrated intensity and reduced
second ��2�1/2 and fourth ��4�1/4 frequency moments for
both liquid and gamma O2. These quantities have been
evaluated using discrete integrations of the measured spectral
functions according to

��n� =� �nS�Q,��d�/� S�Q,��d� . �3�

The total integrated intensity shows main peaks arising from
the static structure factors S�Q� centered in both cases at
Qmax�2.1 Å−1, together with broad features located roughly
at Qmax /2. On the other hand, the second spectral frequency

FIG. 2. �Color online� Inelastic
neutron spectra at selected mo-
mentum transfers �open circles�
and associated fits �solid red lines�
for N=1 as described by Eq. �2� in
the text. In all cases, the instru-
mental resolution �dashed blue
line� has been folded into our
Lorentzian model for the purposes
of fitting.
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moment shows for both LOX and GOX rather similar features,
displaying a quasilinear Q dependence up to about 0.7 Å−1

and a maximum reaching some 3.5 meV at Q�1.2 Å−1 fol-
lowed by a minimum, which coincides with the position of
the maxima in S�Q�. Since the second frequency moment can
be analytically calculated for a simple liquid, the data for the
liquid phase �cf. Fig. 4�a�
 can be compared with the ideal-
gas limit for such a quantity given by ��2�1/2=vQ, where v
=�kBT /M =0.868 Å meV, a quantity which our experimen-
tal data approach at high-momentum transfers. The same ap-
plies to the reduced fourth frequency moment which ap-
proaches 31/4Q�kBT /M at large momentum-transfer values.
Further, the Q dependence of the coherent linewidths is also
compared to the expectation for nuclear scattering from a
structureless liquid given by ��2�1/2=Q�kBT /MS�Q�. The
same considerations would apply if such a spectral width is
calculated using more refined estimates based on kinetic
theory arguments, which are known to reproduce the coher-
ent linewidth in simple liquids.16

The comparison between experimental data shown in Fig.
4�a� and the two estimates for the linewidths referred to
above shows that the observed spectral widths for the liquid
for wave vectors below �1.5 Å−1 cannot be sensibly as-
signed as arising from the nuclear dynamics. In fact, as ex-
pected from knowledge of many other liquids, the free-gas

regime is approached for wave vectors beyond 4 Å−1. Fur-
thermore, data at the lowest Q’s are also compared to the
hydrodynamic dispersion law 
coll�Q�=csQ, which is ex-
pected to be obeyed within such a range of momentum trans-
fers by collective density oscillations propagating with phase
velocity cs=7.24 Å meV corresponding to the macroscopic
sound velocity.17,18 In other words, the comparison just re-
ferred to tells that the linewidths observed at low Q’s cannot
be assigned to overdamped density oscillations. These are
expected to follow a quasilinear dependence of an average
frequency defined in terms of the bare �b and damping �
terms as 
coll=��b

2+�2 which, as shown in the figure, lies
consistently above the experimental data. Based on these
considerations, neutron scattering in the region Q�1.5 Å−1

is assigned to the predominance of magnetic scattering in
both LOX and GOX.

Additional confirmation of the dominant magnetic nature
of the observed linewidths for Q�1.5 Å−1 is provided by a
direct comparison of LOX and GOX data in Fig. 4. In this
respect, one notices that the low-Q slopes of ��2�1/2 are
rather close, whereas the average sound velocity increases by
over 30%.

FIG. 3. �Color online� Integrated intensities as defined by Eq.
�2� �right y axis; solid black circles� and quasielastic widths �left y
axis; open blue circles� obtained from the Bayesian analysis de-
scribed in the text.

FIG. 4. �Color online� Total integrated intensities �left axis,
black symbols� and reduced second and fourth spectral moments
�right axis, blue symbols� for �a� liquid �T=65 K� and �b� gamma
phase �T=50 K�. Red �solid� and blue �dashed� lines correspond to
the limits and approximations described in the text.
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Given the above, we can now consider the GOX data on
more quantitative grounds. For a polycrystal, where mag-
netic interactions are confined to n first-nearest neigbors
separated by a distance dnn, the Q dependence of the second
frequency moment in the high-temperature limit can be ex-
pressed as19

�2��2� =
8

3
nS�S + 1�J2�1 −

sin�Qdnn�
Qdnn


 , �4�

from where estimates of a single �average� exchange con-
stant J can be derived provided that the number of nearest
neighbors is known. The data for GOX can only be fitted
using Eq. �4� if the distance dnn is left as a free parameter.
The ensuing value for such a quantity yields dnn
=3.91�0.09 Å, which is well above that of dnn=3.37 Å
known from careful diffraction studies on single crystals9

and corresponds to nearest neighbors in a chain of disklike
molecules, which are expected to experience the strongest
magnetic interactions. To overcome such difficulty, we have
set the value for the shortest distance to its experimental
estimate of dnn=3.37 Å and that for the number of nearest
neigbors n=2. This choice then requires to include an addi-
tional interaction by adding a second term to Eq. �4� so that
it becomes

�2��2� =
8

3
�nnnJnn

2 �1 −
sin�Qdnn�

Qdnn



+ nnnnJnnn
2 �1 −

sin�Qdnnn�
Qdnnn


� , �5�

where the second term lumps together all magnetic interac-
tions with next-nearest neighbors. The best fit was obtained
leaving such a distance as an adjustable parameter and yields
dnnn=5.9�0.3 Å, a distance which comprises the character-
istic lengths of both disk-sphere, interchain, and intersphere
interactions; the results of such fits are shown in Fig. 5. Mag-
netic exchange constants are derived by setting nnn=2 and
nnnn=12, in agreement with the crystal structure, leading to
Jnn=0.84�0.03 meV characterizing the strongest magnetic
interactions as well as Jnnn=0.11�0.07 meV, which mea-
sures the strength of exchange interactions beyond nearest
neighbors. These values are to be compared with Jnn
=1.22�2.0 meV and Jnnn=0.17–0.26 meV obtained from
high-field magnetization data.20

Data for LOX can also be fitted using the expression given
above and a single exchange constant and yields values for
both the characteristic distance dnn=4.01�0.05 Å and that
for the exchange parameter Jnn=0.41�0.05 meV. This
analysis assumes a value of nnn=12 as given by integration
of the radial distribution function for molecular centers up to
the first minimum at 5.3 Å,7 corresponding to the first shell
of molecules. This value of Jnn in LOX is close to 0.47 meV,
the arithmetic average of nearest- and next-nearest-neighbor
exchange constants in GOX. It is to be noted, however, that
while the value for the characteristic distance is not far from
that corresponding to the separation between molecular cen-
ters dcm�3.8 Å in the liquid, the value used for the coordi-
nation number nnn largely exceeds that expected for the liq-

uid within a sphere of radius r=4 Å, for which a
coordination number about nnn�5 is expected. If this reduc-
tion in nnn is taken into account, a slightly stronger magnetic
interaction characterized by Jnn=0.64�0.1 meV is then ob-
tained. From these considerations, we conclude that our two
estimates for Jnn represent conservative upper and lower lim-
its to the average nearest-neighbor magnetic exchange con-
stant in LOX. Most importantly, magnetic interactions in LOX

are comparable to those found in GOX, further illustrating the
remarkable similarities between these two phases.

C. Timescales for spin diffusion

For both GOX and LOX, experimental data below Q
=0.7 Å−1 show that spectral widths follow a linear depen-
dence ��Q�=DmQ with a coefficient Dm�5 meV Å. This
defines a distance-time scale of 0.14 Å ps−1. As shown be-
low, this figure is an order of magnitude faster than the char-
acteristic translational21 and rotational22 motions measured in
the liquid.

Experimental values for the translational diffusion coeffi-
cient are already available from macroscopic tracer
measurements21 that yield values of 0.15 Å2 ps−1 at T
=77 K. Estimates for the rotational diffusion constant DR
may be obtained from the spectral widths shown in Fig. 3 by
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FIG. 5. �Color online� A comparison between the experimental
values for the second frequency moments for GOX �upper panel
symbols� and LOX �lower panel symbols� and fits given by Eqs. �4�
and �5� �solid lines�.
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considering the nuclear dynamic structure factor for an en-
semble of homonuclear diatomic molecules in the weakly
hindered rotational approximation.23 For the case of a purely
coherent scatterer such as the oxygen atom, it reads

Scoh�Q,�� = j0
2�QR/2�Scoh

cm �Q,��

+ 	
l�0

even

�2l + 1�jl
2�QR/2��Sl��� � Sinc

cm�Q,��
 ,

�6�

where R=1.21 Å is the O-O bond length, Scoh
cm �Q ,�� and

Sinc
cm�Q ,�� are the coherent and incoherent-scattering laws for

the molecular centers, respectively, jl’s are spherical Bessel
functions of order l, and Sl��� are rotational spectral func-
tions of the form

Sl��� =
1

�

�l/2
�2 + ��l/2�2 , �7�

where �l=2l�l+1�DR is a Lorentzian width �FWHM�. Given
the internuclear distance of the oxygen molecule, the l=2
term dominates the spectral response in the range Q
=4–4.5 Å−1 as j0

2 /5j2
2�0.02 and 9j4

2 /5j2
2�0.07. These con-

siderations then lead to rotational diffusion constants of
0.38�0.02 and 0.46�0.02 meV for GOX at T=50 K and
LOX at 65 K, respectively. The associated characteristic ti-
mescales �R=�DR

−1 amount to 1.7�0.1 and 1.4�0.1 ps, in
good agreement with the simulation results of Ref. 11 and
optical birefringence experiments22 for liquid oxygen. More-
over, the temperature dependence of these timescales is
rather mild and approaches the characteristic �T behavior
expected for a decoupled degree of freedom devoid of acti-
vation energy barrier.

These values for rotational diffusion may also be com-
pared with those obtained from the Debye-Stokes-Einstein
�DSE� equation, known to be valid on semiquantitative
grounds24,25 and given by

DR =
kBT

8��
3 , �8�

where � stands for the viscosity and 
 stands for the effec-
tive particle radius. Using recent accurate data for the
viscosity26 as well as the value for the radius at contact de-
rived from the computer analysis of the radial distribution
function 
=2.3 Å, DR=6�10−3 ps−1 which would corre-
spond to a reorientational correlation time �R�170 ps,
about two orders of magnitude slower than our experimental
values. The value of the rotational relaxation time could only
be brought down to �R�2 ps if the effective diameter 
 is
set to the value given by the molecule radius that is far too
short since it corresponds to vanishing values of the radial
distribution. This is a rather catastrophic failure of the DSE
relation to provide a sensible �order of magnitude� estimate
for rotational timescales and a vivid reminder of the ability
of molecules to execute rapid reorientational motions in me-
dia of very large macroscopic viscosity.

The Q dependence of the quasielastic linewidths is also
found to depart significantly from the ��Q�=DmQ2 law ex-
pected on hydrodynamic, i.e., Fick’s law, grounds for spin-

diffusion processes in Heisenberg magnets. Breakdown of
the hydrodynamic assumptions in classical 1D Heisenberg
magnets has been reported a number of times, mostly from
spin-dynamics simulations27 and has been attributed to the
presence of long-time tails in the decay of spin-spin correla-
tions. Such departures are also found to be more marked as
the dimensionality of the magnetic system is reduced from
three dimensional to 1D. From a theoretical standpoint, the
problem of spin diffusion in 1D Heisenberg systems devoid
of long-range order has been revisited several times.28 Sev-
eral approximate expressions to estimate the spin-diffusion
coefficient mostly within the high-temperature limits have
been previously reported.28 The analysis leads to a factoriza-
tion of the diffusion coefficient in terms of a coefficient de-
pendent on geometric and susceptibility parameters A�T� and
an associated relaxation time �s�T�; that is,

Ds�T� = A�T��s�T� , �9�

where A�T� has a known high-temperature limiting value
given by A�T→��= 2

3S�S+1�Jnn
2 a2�−2 and a stands for the

lattice constant. In turn, the relaxation time can be evaluated
from a relation between spectral moments as

�s = lim
Q→0

�2/�
�

��4�1/2

��2�3/2 . �10�

Using the expression given above as a recipe for the re-
laxation times associated with spin diffusion, we obtain from
the ratio of the calculated frequency moments values �s
=0.53�0.06 ps for GOX and �s=0.55�0.03 ps for LOX.
The results again provide a striking confirmation of the si-
militude of the spin dynamics in both liquid and plastic crys-
tal phases of this material. These timescales can be supple-
mented by estimates for the diffusion coefficient derived
from hydrodynamic theory and thus serve to set values for
A�T�. Using expressions given in Ref. 29, whereby this trans-
port coefficient is expressed in terms of nearest-neighbor pa-
rameters as

Ds
hyd � 0.23dnn

2 �S�S + 1�
2Jnn

�
, �11�

and using the values for dnn and Jnn given above, we get an
estimate for GOX yielding Ds

hyd=6.21 meV Å2, as well as
values within 4.3�Ds

hyd�6.01 meV Å2 for LOX, depending
on the set of �Jnn ,dnn� pairs used in the calculation.

The values for the spin-diffusion coefficients and the as-
sociated relaxation times given above serve to set a time
scale for spin-flip processes beyond the hydrodynamic realm.
In fact, the factorization of Ds�T� in terms of a characteristic
relaxation time �s and a factor A�T� can be written in terms
of following an expression valid for all wave vectors �i.e.,
well beyond the hydrodynamic regime� as30

Ds =
n�2�s

4M�
, �12�

which is given in terms of the number density n, particle
mass M, its magnetic moment �, and the static susceptibility
�. From here, one arrives at the high-temperature limit for �s
�Ref. 30� that reads,
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�s�T → �� =��

2
�Jnn

−1� 6

32S�S + 1� − 3
. �13�

Substitution of the relevant values within the above equa-
tion yields high-temperature estimates for the correlation
time associated with spin diffusion of 0.4–0.63 ps for LOX,
depending on the value used for the exchange constants, and
0.3 ps for GOX.

IV. DISCUSSION

At this point, it is worth assessing the robustness of the
separation of magnetic and nuclear dynamics pursued in our
previous analysis of experimental data.

Figure 6 compares the total integrated intensity as derived
from our experimental LOX data with the static structure fac-
tor for structural �i.e., nuclear� correlations as calculated via
first-principles computer simulation.7 Subtraction of these
two data sets to obtain the magnetic contribution as a func-
tion of momentum transfer has been effected by finding the
best subtraction factor �in the least-squares sense� that repro-
duces the magnetic form factor of an isolated oxygen mol-
ecule for Q=1.5–2.0 Å−1. This procedure is justified by ear-
lier neutron diffraction on GOX,5 showing only significant
deviations from the isolated-molecule limit below Q
=1.0 Å−1. Such a comparison serves to illustrate the domi-
nant magnetic contribution to the structure factor for Q val-
ues below 1.0 Å−1, an explicit measure of which is given in
Fig. 6�c�.

Figure 6�d� puts things on an absolute scale and also
provides a visual assessment of the strength of magnetic cor-
relations within the liquid, GOX, as well as within the struc-
turally ordered, albeit magnetically disordered, � phase as
derived from polarized neutron-diffraction data.5,9 As already

remarked earlier on, spin correlations in LOX and GOX are
astoundingly close, and the main difference found at low Q’s
is accounted for by the difference in magnetic susceptibili-
ties. The correlation length of magnetic fluctuations as
judged from the inverse peak widths �=2� /	Q�4.5 Å be-
comes comparable in both rotationally disordered phases.

Let us now compare the estimates for the exchange con-
stants here derived for the liquid with those calculated from
magneto-optical and magnetovolume experiments carried out
under high fields.20 These authors propose a distance-
dependent exchange constant derived from high-field data
for �, �, and �-O2 phases which varies as20

J�r� = J0 exp���r − r0�
 , �14�

with J0=−2.63 meV, �=−4.3 Å−1, and r0=3.2 Å. The val-
ues calculated using the formula given above for the charac-
teristic distances, as derived from the analysis of the spectral
frequency moments, yield a value for the exchange coupling
within the liquid at a distance dnn=4.01 Å of 0.081 meV,
which is to be compared with Jnn=0.41 meV derived from
Eq. �4� under the assumption of coupling to 12 nearest neigh-
bors. It is to be noted that Eq. �4� enables the determination
of the product nnnJnn

2 only and, therefore, the present data
could only be reconciled with the macroscopic observation
as given by Eq. �14� if the number of nearest neighbors
coupled through such a low exchange constant increases up
to a value not consistent with experimental data for the mi-
croscopic density function d�r�=4��r2g�r�. However, both
macroscopic and microscopic data can be reconciled if the
distance to nearest neighbors is set to the value given by the
position of the main peak in the radial distribution for mo-
lecular centers, dnn=3.8 Å, and further allowance is made
for about 10% of the molecules to be coupled at a distance of
3.4 Å by a stronger exchange constant of 1.2 meV. This

FIG. 6. �Color online� An as-
sessment of the nuclear vs mag-
netic contributions to the LOX dy-
namic structure factor is shown in
panels �a� and �b�. �c� displays the
fractional magnetic contribution
as a function of momentum trans-
fer. �d� compares the derived LOX

magnetic structure factor with
those for GOX and � oxygen. For
further details, see text.
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latter result is thus suggestive of the presence of a sizeable
fraction of strongly coupled dimers, a finding which is in line
with recent predictions made on the basis of ab initio com-
puter simulations.7

The information here provided regarding the spin-
diffusion coefficient as well as its associated relaxation time
tells that characteristic spin-flip times are significantly
shorter than those required for large scale molecular reorien-
tations. To put things into context, let us remark that the time
scales associated with spin-flip phenomena compare favor-
ably with those reported for the residence time of an O4
dimer7 in the liquid phase. Furthermore, oxygen molecules at
the 6d sites in GOX rotate within the planes orthogonal to
the chain axis and execute large-amplitude angular excur-
sions ��400�. Also, the value derived for �s is also compat-
ible with the time a disk-shaped molecule spends at an equi-
librium configuration before jumping to a next site.9

The present data can also be compared to �SR measure-
ments of zero-field relaxation rates �ZF�T�.31 These data yield
correlation times below 1 ps or so, those for GOX being sig-
nificantly larger than those found for the liquid. The appear-
ance of a maximum �ZF�T� at the �→� transition can thus
be explained as follows. On general grounds we can write31

�ZF�T� = 2��
2 HL

2� , �15�

where �� is the muon gyromagnetic ratio, HL is the root-
second moment of the field distribution at the muon site, and
� stands for a correlation time which is to be taken as an
inverse flipping rate. Within the liquid, the mild temperature
dependence of �ZF�T� arises from extreme motional narrow-
ing effects due to fast roto-translational motions. Spin-flip
processes would mostly take place within the lapse of time
an O4 dimer may exist, since it involves distances shorter
than 3.8 Å. Once the GOX crystal is formed, the distance
which enables spin flips is kept fixed by the crystal structure
and, therefore, the increase in relaxation rate with decreasing
temperature up to the �→� transition is understood as re-
sulting from an increase in the �s spin-diffusion relaxation
time due to a increase in Jnn. Within the � phase there exist
magnetically short-range-ordered �SRO� regions that coexist
with a background of paramagnetic excitations. Such short-
range-ordered regions8,32 are characterized by an average
correlation length

�� � a�exp��Jnn/�3T� �16�

which is given in terms of the lattice constant a and the
nearest-neighbor exchange constant varies from about 3a

�10 Å at 24 K �just above the �→� transition� down to
some 2a�6 Å at 43 K �just below the transition into the �
phase�, while the corresponding variation in the lattice vol-
ume can only account for about 3% of such a reduction.
Also, the number of such regions n� is expected to increase
as the temperature is decreased. Experimental data, however,
show31,33 that the quasielastic spectrum does not largely
change with temperature and thus one does not expect to find
large variations for Ds either. The presence of SRO regions
provides efficient sinks for muons, which will become
trapped within their relatively large fields. The relevant time
entering Eq. �15� will now be ��= �2���n�D��−1. Since both
�� and n� increase substantially when the temperature is
lowered, while the diffusion coefficient is not expected to
vary by a large amount, the net result will be a decrease in ��

and thus in �ZF�T� with decreasing temperature down to a
value close to that attained within the magnetically ordered �
phase, as it is indeed observed.

To conclude, let us recall that, although liquid oxygen has
been under experimental and theoretical scrutinies for about
a century, there are a number of issues concerning several of
its macroscopic properties which still resist a solid quantita-
tive understanding. Phenomena related to basic thermal and
transport properties such as the extremely low value of the
vapor pressure at the triple point ��1.5 mbar�, its large vis-
cosity if compared to nitrogen,26 or the anomalously large
decrease with temperature of the thermal conductivity34 are
all attributed to the presence of magnetic correlations. The
way in which such dynamic phenomena give rise to the al-
luded behaviors is now beginning to be understood on semi-
quantitative grounds within some theoretical approaches.35

These predict the occurrence of measurable effects of the
spin degrees of freedom on several quantities, which become
well defined only within the hydrodynamic realm such as the
sound velocity and sound damping coefficient. Here we have
shown that the ultimate microscopic processes involving spin
exchange which are at the origin of the observed macro-
scopic magnetic response of the liquid involve distances
comparable to those of closest approach and subpicosecond
timescales.
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