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Vibrational dynamics in solid a-oxygen: Experimental assessment of spin-phonon couplings
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The dynamics ofa-oxygen is investigated by means of high-resolution inelastic neutron scattering. The
generalized frequency distribution for vibrational motions is derived from the large-angle spectra. A compari-
son of spectra on both sides of thea→b magnetic ordering transition provides a clear indication of the extent
of the coupling between the magnetic and lattice degrees of freedom. The specific heat and vibrational mean-
square amplitudes are calculated from the spectra and compared with experimental andab initio results. The
latter also aids with the assignment of the spectral features, and to reconcile the present observations with
previous measurements.@S0163-1829~98!07045-3#
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I. INTRODUCTION

Despite being the simplest nonmetallic magnet and
only known single-element insulator which is an antiferr
magnet, a self-consistent picture of the magnetic dynam
properties of solida-oxygen is still not available. This situ
ation persists eight decades after the first reported studie
the magnetic properties of the condensed phases of mo
lar oxygen.1 At ambient pressure, oxygen can be conden
into a paramagnetic liquid phase 54.4 K<T<88 K which
transforms upon subsequent cooling into a rotator cry
43.8 K<T<54.4 K which, as far as the magnetic suscep
bility is concerned, also behaves as a paramagnet. Two
entationally ordered phases are known to exist in the t
perature ranges 23.9 K<T<43.8 K (b-O2, rhombohedral

m3̄m) and below 23.9 K (a-O2, monoclinic c2/m). From
the macroscopic magnetic susceptibilities2,3 the presence o
antiferro~AF!-magnetic-long-range-order~MLRO! in the
lowest temperature phase was inferred. The crystal
which thea phase transforms above 23.9 K, known as theb
phase, shows a susceptibility which also increases with
creasing temperature, suggestive of antiferromagnetic be
ior. However, neutron diffraction studies4 revealed Bragg re-
flections of magnetic origin only within thea phase. These
are compatible with a two-sublattice antiferromagnet str
ture with moments of about 1.4mB ,5 which may either be
parallel to the monoclinicb axis ~see inset in Fig. 1! or show
some degree of canting, possibly of dynamic origin, with
the monoclinica-b planes. Such reflections transform into
broad component of diffuse origin4,5 when thea→b transi-
tion is crossed from thea phase.6

Specific heat and thermal conductivity data7,8 reveal a
l-type anomaly at thea→b transition, concomitant with a
substantial drop in the thermal conductivity.8,9 The character
of such transition ~which is driven by magnetoelasti
coupling6!, is now accepted to be of first order, after rece
measurements which demonstrated latent heat and hyste
PRB 580163-1829/98/58~21!/14442~10!/$15.00
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effects.10 The transition results in slight modifications of th
crystal structures, which are related by a modest lattice
tortion of the hexagonal basal plane ofb-O2,

11,12comprising
a small contraction in thea direction and a concomitant di
lation in theb direction.

As regards the spin-dynamics of the low temperat
solid, most results have been derived from optic
spectroscopies,13 which sample theQ→0 spectrum and pro-
vide information on the antiferromagnetic-resonan
~AFMR! frequencies. Two AF-spin-wave modes are su
tained bya-O2 ~Ref. 14! which correspond to a spin con
figuration ~see inset of Fig. 1! where the magnetic moment
are confined within the monoclinica-b plane, each one be
ing surrounded by four nearest neighbors on the oppo
magnetic sublattice and by two next-nearest neighbors of

FIG. 1. Estimates for theZ(E) vibrational densities of states fo
a oxygen atT54 K ~solid line!, T523 K ~diamonds!, andb-O2 at
T525 K ~vertical bars!. The inset at the upper left corner depic
the lattice and magnetic structures ofa oxygen. That on the uppe
right shows the frequency spectra as calculated from harm
lattice-dynamics procedures~see text! for the a ~line! andb crys-
tals ~vertical bars!.
14 442 ©1998 The American Physical Society
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same sublattice. Adjacent planes are such that the ne
neighbors also belong to the opposite sublattice. To desc
the magnetic system, a phenomenological spin-Hamilton
such as15,16

H522(
i j

Ji j Si•Sj1(
i

@2DSxi
2 2D8Syi

2 1D8Szi
2 # ~1!

is often used. Herex andz stand for the average spin~pre-
ferred magnetization! and molecular axis, respectively. Th
first sum runs overi j sites having a well defined magnet
moment andJi j represents the Heisenberg exchange c
pling between the3Sg

2 triplet O2 molecules within their
ground states. Such coupling is known to be high
anisotropic,17 showing remarkably strong dependence
both intermolecular separation and relative orientation of
molecules. To specify in full such a Hamiltonian, a minimu
set ofJi j exchange constants are needed. In most treatm
of experimental data, the dependence on intermolecular
tance and relative orientation is modeled by a suitably
justed set of values. The coupling a of given spin to the f
in-plane nearest neighbors~within the crystala-b plane! will
be termedJNN , whereasJNNN represents the intra-sublattic
interaction within the plane, andJ' for interactions with
neighbors in opposite planes. Setting the axes so that tx
and z are directed along the main spin direction~crystal b
axis! and the direction of the molecular bonds respective
two additional constantsD,D8 are needed to specify the tw
anisotropy terms. Bounds on the magnitudes of the ani
ropy constants are given by the free-molecule value, wh
setsD1D850.5 meV,18 and from the experimental value
of the AFMR frequencies which are given by

~11d^S&0!@216~JNN2J'!~D6D8!#1/2, ~2!

whered^S&0 stands for the zero point spin deviation~a value
of 0.2 corresponds to a quadratic layer withr 54 neighbors!.

The values for the other required constants, particula
the ratioJ' /JNN which reflects the relative strength of inte
planar couplings,19,20 are still a matter of debate. Some co
straints linking differentJ’s can be found in the literature
mostly as a result of magnetic susceptibili
measurements,2,3,16but the small number of independent o
servations has hindered attempts to develop a consensu
the values for these parameters. Indeed, parameter se
different as JNN523.32(22.44) meV, JNNN520.91
(21.22) meV, J',0(0) meV have been reported from
spectroscopic experiments, and even greater discrepa
were found concerning the anisotropy constants.

The only reported inelastic polarized neutron scatter
experiment16 describes a unique feature at'10 meV and
Q51.3 Å21 ~resolution limited in both, energy and mome
tum transfers! appearing in the spin-flip channel. The stu
implied that the magnetic couplings are predominantly b
mensional~i.e., J'50 meV!. The signal was assigned to

(0,1
2 ,0) zone-boundary AF magnon on the basis of a mo

for the magnon density of states, which was chosen to
consistent with the constraint imposed by the two AFM
frequencies. No signatures of any other AF spin wave w
seen in the experiment.
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A question which does not seem to have been addres
at least on semiquantitative grounds, is the extent in
quency and the strength of the coupling between the mole
lar and spin degrees of freedom. Some estimates have
given on the basis of limited experimental data16 or from
quantum-chemical calculations.21 The difficulty in assessing
the importance of such coupling arises from the lack of re
able data regarding basic quantities, such as the vibrati
frequency distribution~density of states!. The vibrational
spectra for botha andb oxygen have been calculated se
eral times,22,23but such results have not been compared w
experiment. Since the experimental spectra were not av
able from previous neutron measurements,16 a first measure-
ment of the low-frequency part of the vibrational spectru
was carried out using unpolarized neutrons and a h
energy-transfer resolution.25 The powder averaged̂S(Q,E)&
was analyzed for wavevectors either close to, or far from
magnetic Bragg reflection. This approach, in conjunct
with spectra for theb phase, highlighted the magnetic natu
of a feature which appeared at about 4.5 meV, superimpo
on a relatively broad phonon wing. The experiment was li
ited by neutron kinematics, which hindered the explorat
of frequencies above 6 meV. To overcome this limitation
new set of measurements has been carried out. The two m
aims of these new experiments was to obtain the freque
distribution for vibrational motions for the two low
temperature phases of oxygen~long overdue!, and to com-
pare the spectrum at temperatures above and below tha
→b magnetic ordering transition, to explore the changes
the lattice dynamics concomitant with the presence
MLRO.

II. EXPERIMENTAL DETAILS

The data reported here correspond to measurements
ried out on the QENS instrument24 at the Intense Pulsed
Neutron Source located at the Argonne National Laborato
The instrument provides coverage of a wide range of ene
transfers while retaining a good energy-resolution,DE'90
meV @full width at half maximum~FWHM!# at zero energy
transfer. QENS is an inverted-geometry crystal-analy
spectrometer looking at a solid methane moderator, and
erates with fixed final energyEf53.65 meV. The incident
neutron spectrum covers a wide range of energies~a
‘‘white’’ neutron spectrum! which populates excitations ly
ing at relatively high energy transfers, even at low tempe
tures. This is in contrast to the previous experiment,25 and
the QENS spectrometer therefore measures the neu
energy-loss~anti-Stokes! spectrum at low temperatures up
energy transfers large enough to cover the whole range
lattice frequencies. Three detector banks are mounted o
rotatable table which is moved into different angular settin
to cover a wide range of momentum transfers.

The sample was prepared by solidifying 99.997% oxyg
gas into a 100 mm high, 6 mm diameter, and 0.5 mm th
aluminum can. A residual pressure of about 1026 mbar was
achieved and maintained during all of the sample prepara
steps, in order to prevent contamination from nitrogen ga~a
problem which affected a good number of the previous n
tron diffraction measurements!. Condensation into liquid O2
was achieved, and the sample was left to thermalize
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14 444 PRB 58A. DE BERNABÉ et al.
about 30 min. A subsequent drop to 4 K resulted in a poly-
crystallinea-oxygen sample, the structure of which was a
certained by examination of a time-of-flight diffraction pa
tern as measuredin situ with a diffraction detector. The
temperature was controlled using two diodes placed
above the sample and at the cold valve, yielding a stability
0.05 K and a temperature gradient along the sample sm
than 0.1 K. Scans were done at two temperatures within
a phase~4 K and 23 K, 0.9 K below the transition! and at 25
K, not far from the low-temperature limit of theb phase. In
all cases the diffraction pattern was inspected repeatedly
ing the runs, to confirm that no transitions were taking pla
during the measurements.

Typical counting statistics atT54 K, given in terms of
relative errors, were about 17% at an energy transfers
meV and 19% at 10 meV. This is relatively high, due to t
weakness of the inelastic signals at such temperatures.

The spectra were treated following the usual procedu
for a truly polycrystalline material, which involves the su
traction of scattering from the empty can by means of
attenuation correction, a rough estimate of the importanc
multiple scattering effects, and the transformation of spe
from constant angle to constantQ, a step which was
achieved by means of a modified version of theINGRID

code.26 The Z(E) frequency distributions were subsequen
calculated after performing an angular average over the
tector groups, removal of the residual elastic contamina
at low frequencies~below 0.15 meV!, and extrapolation to
zero frequency by a}E2 law, estimation of a multiphonon
excitation following the procedure described in Ref. 27 a
subtraction of this contribution to the total spectrum, a
finally, normalization to an absolute scale as discussed
low.

A contour plot covering the inelastic region of the energ
loss spectra for thea phase at 4 K is depicted in Fig. 2. As
seen there, strong inelastic signals, well separated from
elastic region, appear confined within a region compris
momentum transfers of 1.7 Å21 to 3.0 Å21 and energy-
transfers of 2 to 7 meV. A relatively isolated, dispersionle

FIG. 2. Contour plot of the total intensities measured for thea
phase. The numbers given as insets indicate the relative he
given in arbitrary units. Strong Bragg reflections of magnetic ori
were seen at 1.32 and at 1.58 Å21. Those from the monoclinic
lattice appear at 1.68, 2.26, and 2.37 Å21.
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band appears about 9 meV. The intensities about 8–9 m
and 1.2 Å21 are close to the limits of the kinematically ac
cessible region.

III. RESULTS

A sample of constant-Q spectra corresponding to mea
surements well within the magnetically ordered domain, a
close to thea→b transition, both within thea-O2 crystal are
shown in Fig. 3. Also shown is the spectrum for theb phase.
The plots show that~a! a strong quasielastic compone
dominates the low frequency spectra~below 6 meV! of theb
phase,~b! finite frequency features appear at 8–9 meV abo
2 Å21 in spectra for both phases, and~c! an additional fea-
ture at lower frequencies~about 4 meV! is only present in the
a phase.

The nature of the quasielastic intensities appearing in
magnetically disordered states of O2 have been discussed i
previous papers.28–30 Such spectral components show a w
defined dependence on the wavevector and this was in
preted on the basis of a model for an AF-coupled~i.e., non-
ideal! paramagnet, where spin correlations never exceed
Å. This paramagnetic scattering disappears upon crossing
b→a transition. Only intensity attributable to the tails of th
strong elastic lines is seen at frequencies below 1 meV o
in the a phase. As the results demonstrate, no signature

hts

FIG. 3. The left frame of the figure shows experimental spec
for a oxygen atT54 K ~circles! andT523 K ~vertical bars!. The
right-hand column displays spectra for the same moment
transfers~given as insets! for b oxygen at 25 K. All graphs are in
the same scale and given in arbitrary units. The curves repre
constant-Q spectra derived by interpolation within an smooth
Q-E surface by means of theINGRID code~Ref. 26!.-
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quasielastic scattering is visible at 23 K, which is only 0.9
below the criticalTa→b , a temperature at which a substa
tial reduction~about 40%! in the average value of the mag
netic moments has been determined by diffraction.5

The finite-frequency feature appearing at 8–9 meV in
spectra of botha andb phases arises from structure-relat
excitations~phonons!. Assignment of a phonon origin to thi
feature, which is independent of the presence of MLRO
also supported by the weak dependence of its frequenc
wavevector, which goes through a broad maximum at ab
1.4 Å21 and shows a shallow minimum at 2.3 Å21. The
latter is clearly visible within the second Brillouin zone~av-
eraged over the different directions!, a behavior which con-
forms to what is expected for an acoustic phonon in
polycrystal.31 Additional support for such an assignment
provided by theQ dependence of the intensity, which go
through a maximum atQ values close to those correspondi
to the lowest Bragg reflection of structural origin~1.68
Å21).

A peak is also seen at energy transfers about 4 meV in
a phase which disappears upon crossing the transition. It
on top of a broader feature which was identified as an aco
tic phonon in a previous work.25 Its linewidth is estimated to
be of about 1.2 meV at 1.3 Å21 and 4 K and'1.9 meV at
23 K for the same wave vector, and its integrated intensit
fairly small if compared with that of the phonon backgroun
This makes itsQ dependence difficult to track, since both th
broad component, whose observation is limited by kinem
effects, and the narrow peak shows a strong angular de
dence. The frequency of this feature softens by about 1
when the temperature approaches the phase transforma
The origin of this peak has three plausible origins: a tra
verse acoustic phonon, an AF magnon~both at the zone
boundary!, or an admixture of both. The first possibility
inconsistent with the large softening and the lack of a sim
feature superimposed on the quasielastic background o
b phase~i.e., the acoustic phonons in both phases are
pected to be homologous, given the close structures!.

The assignment of a magnetic or magnetovibrational
ture to such a low-frequency peak is also supported by
observed softening, which is consistent with a mean-fi
vQ}(T2Ta→b)1/2 dependence expected for a model such
that examined by LeSar and Etters,6 where the spin correla
tions decrease from ideal AF values with rising temperat
due to increasing thermal disorder.

A. Frequency distributions

The Z(E) spectral densities of states derived from t
present measurements are shown in Fig. 1. The most dis
tive features appearing in the distribution for the lower te
perature crystal consist of a region of long-wavelen
acoustic phonons extending up to about 5 meV, a first p
located at about 5.5 meV, additional structures giving rise
shoulders~or small peaks! at 6–7 meV, an intense and na
row feature peaking at 8.9 meV, and a shoulder at 10.5 m

The distributions calculated using the potentials of Jelin
et al.22,23 shown in the inset of Fig. 1 represent a first co
parison of calculation and experiment. The main differen
are the frequncy range of both distributions in addition to
relative peak intensities. As discussed in the next sect
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confining the distribution to frequencies below'10 meV as
predicted by the calculation, leads to a large overestimat
the low-temperature specific heat. The experiment and
culation show the same number of extrema. The first t
intense peaks in the calculatedZ(E) appear at'5 and 6.5
meV corresponding to the first peak and shoulder of the
perimental functions, while the two higher-frequency fe
tures seem to have an experimental counterpart in the
tures at 8.9 and 10.5 meV, which are shifted to high
frequencies by about 0.5 and 1.0 meV, respectively.

As regards the dependence on temperature of theZ(E),
the most remarkable findings concern the persistence, e
within the b phase of the strong peak at about 9 meV, t
strong drop in intensity of the shoulder at 10.5 meV whi
has nearly disappeared in theb crystal, and the masking o
the low frequency~,5 meV! spectrum of theb phase. The
change in the low frequency region, which is characteris
of long-wavelength phonons, becomes dominated by
strong and broad quasielastic scattering from paramagn
Softening of the sound velocity is also evident at 23 K,
revealed by the change in curvature of the low-frequen
part of the spectra, and the center of gravity of the distrib
tion is shifted to lower frequencies with rising temperatur

The plots shown in the inset of Fig. 1 provide an illustr
tion of the remarkable similarity of the vibrational spectru
on both sides of thea→b transition. In other words, the
lattice distortion accompanying the transition has relativ
minor effects in the phonon frequency distributions. The h
mology of the phonons in thea and b phases has bee
shown to be fairly independent of the specific kind of pote
tial used in the calculations22,23,32 and thus it is to be ex-
pected that the frequency distributions show the same sin
larities. Significant deviations from this could then b
ascribed either to the presence of features of magnetic or
or to coupling between structural and spin degrees of fr
dom. To date, the only unambiguous evidence of such c
pling is the large splitting found for the two frequencies
the Q→0 collective reorientational motions~i.e., oscillatory
motions of the internuclear vector alonga andb crystal axes,
referred to as ‘‘librons’’!, which appear as well defined Ra
man bands at 5.3 meV~44 cm21) and 9.8 meV~79 cm21) in
the low-temperature spectrum. The higher frequency m
shows a marked softening as the temperature is raised, r
niscent of the behavior of the magnetic moment5 and merges
with the lower branch33 after crossing thea→b transition.
Such behavior has here a clear counterpart in the tempera
dependence of the 10.5 meV shoulder. Its frequency, wh
is about 1 meV higher than that found in the Raman spec
arises from the strong dispersion shown by these mode
fact accounted for in most of the publishe
calculations.22,23,32

B. Thermodynamics

The physical soundness of the measured distributions
be assessed by evaluation of the specific heat at con
volume, performed for temperatures within the range of
lidity of the quasiharmonic approximation. The result yiel
CV50.136(17)J mol21 K21 for T54 K, versus an experi-
mentalCP value of 0.116 J mol21 K21. The comparison can
not sensibly be extended up toT523 K, since a strong in-
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crease in anharmonicity~as revealed by a large increase
thermal expansion! is known to take place above 20 K.34

The specific heat integral was also evaluated using
experimental density of states forT54 K, as well as that
calculated from lattice dynamics for thea phase. The fre-
quency spectra from measurement and calculation were
malized to the number of degrees of freedom deemed
evant at these temperatures (6R). The results are compare
asC(T)/T3 with experimental data taken from Fagerstroe
and Hollis-Hallet7 in Fig. 4. This comparison demonstrat
that the curve calculated from experimental data has a De
region @C(T)/T3 independent of temperature# extending up
to '5 K, whereas both the calorimetric results and the cu
evaluated from the lattice dynamics distribution confine t
regime to temperatures below 1–2 K. Also, both the therm
data and those evaluated from lattice dynamics distribu
show a well defined maximum at about 9–11 K which, f
the latter, arises from the strong peak inZ(E) at about 5
meV. However, a comparison between thermal measurem
and the results from the lattice dynamics distribution sho
that the latter far exceed the calorimetric results, indicat
that the calculated spectrum is shifted too far towards
frequencies.

Indirect evidenceCmag(T) indicates that there is2 a con-
tribution of magnetic origin present in the measured spec
heat CP(T). Attempts to estimate such a quantity usua
rely on the subtraction of the lattice contribution to the to
specific heatClatt(T) from the measured values. An estima
of such a contribution is given in the review by DeFotis2

There, the lattice-phonons contribution to be subtracted
assumed to follow a DebyeClatt(T)5aT3 law within 2 and 8
K. This is at odds with the calculatedZ(E) as shown in Fig.
4, but the estimate forClatt(T) obtained from integrals using
the experimental spectrum supports this assumption.

At the temperatures of interest it is expected that mos
the heat-carrying spin excitations will be hydrodynamic A
magnons having\vm frequencies close to those signaled
the gaps measured as AFMR resonances, for whichkBT
'\vm . The magnetic contribution toCP would, in such a
limit, be of the form2

Cmag~T!/T35(
i

Ai e2 \v i /kBTT23/2, ~3!

where the sum means that there is more than one AF mag
contributing to this property. To obtain an estimate f
Cmag(T), it is assumed that the lattice specific heat can
described by theClatt(T) calculated using the frequency di
tribution for T54 K. The difference between experiment
specific heat andClatt(T) is shown in the lower frame of Fig
4, which comes surprisingly close to the estimate given
DeFotis.2 Both quantities are found to be of comparab
magnitude~about 0.8 J K21 mol21 at 10 K, that is about 34%
of the totalCP), although they show distinct dependences
temperature.

The result depicted in Fig. 4 shows a Schottky-like ma
mum, which is consistent with the shape ofCmag(T)/T3

given by Eq.~3!. As also shown in the plot, the shape of th
curve can be reproduced if a value for\v i midway between
the values of the two AFMR frequencies is taken. Hence,
difference @CP(T)2Clatt(T)#/T3 may be considered as
e
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somewhat more reliable estimate for the magnetic contri
tion to the heat capacity than those reported to date.

C. Atomic displacement amplitudes

The magnitude of thêu2&av
1/2 translational and vibrationa

displacements ina-O2 has been estimated from a number
sources.32,21The main interest in obtaining reliable estimat
for such quantities stems from the effect such motions
expected to exert on the values of the exchange paramete11

However, the reported values for^u2&av
1/2 are dependent upon

the route followed for their estimation, and values as diff
ent as 0.25 and 0.092 Å have been reported.32 The knowl-
edge of the spectral distributions enables the calculation
such parameters by recourse to the approximation35

^u2&av5
1

3MNE0

Emax
d E cothS \E

2kBTDZ~E,T!

E
, ~4!

with M being the molecular mass andN the number of unit
cells.36 The integral is taken over the normalized experime
tal distributions. Several values for the upper limitEmax are
then chosen to explore the contributions to this quantity fr
different ranges of frequency ofZ(E). The values calculated
in such a way can be compared with estimates derived f
quantum-chemical calculations21 and optical spectroscopy.33

At T50 K,21 the molecules are found to vibrate fairly iso
tropically with an average amplitude^u2&av

1/2 of 0.1032 Å. As
regards the molecular librations~i.e., collective reorienta-
tions about the crystala andb axes!, the calculation reports a
root-mean-square angular displacement of 11°, which co
pares well with some previous lattice dynamics a
experimental33 results. The average displacement evalua
from Z(E,T54 K! using Eq.~4! and settingEmax to cover
the full frequency range yields a value for^u2&av

1/2 of 0.164 Å.
The difference with theab initio computations can be ex
plained as a finite-temperature effect~the increase in dis-
placement amplitude evaluated by recourse to a De
approximation35 gives an increment of 0.0675 Å, yielding
total displacement of 0.1707 Å!.

A separation of the translational and librational contrib
tions to these figures can be achieved by inspection of
running integrals of Eq.~4! versusEmax. In doing this it was
found that long-wavelength acoustic phonons, that is th
with energies below 5 meV whose spectrum is accounted
a Z(E)}E2 law, contribute about 24% to the total displac
ments. A rough estimate of the librational amplitude can
made from the contribution to the displacement arising fr
higher-energy modes. This leads to an average angular
placement of 12°, which nicely matches the calculated val
referred to above.

IV. DISCUSSION

The spectra shown in Fig. 3 are consistent with tho
measured in our previous experiment.25 Although the avail-
able range of energy-transfer was considerably smaller in
previous experiment, a lower angle detector setup ena
the exploration of a region of lower momentum transfers25

This provided the wave vector dependence of the lo
frequency peak at 4 meV. On the basis of the results, it w
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postulated that the peak contains a strong magnetic cont
tion.

A. Spectral assignment

As known from studies in a wide variety of molecul
crystals,23 assignment of features of the vibrational fr
quency distributions to modes with well defined polariz
tions is usually complicated by the large number of disp
sion branches, which contribute with significant intensities
most points within reciprocal space. This leads to peaks
Z(E) having a mixed character~polarization!. With such a
proviso in mind one can assign a dominant polarization
the three main features of the experimentalZ(E), on the
basis of the calculated normal mode eigenvectors.23 The
lowest-frequency peak sits at a frequency very close to
of an acoustic mode with mixed polarization (Tz1Ta , that
is, a translation along theb axis plus a translation perpen
dicular to thea-b plane, see inset of Fig. 1!, as well as with
the La , lower-frequency ‘‘libron,’’ as reported from Rama
scattering.33 The feature at 8.9 meV arises from translation
motions with dominantTa1Tz , and Tb polarizations. The
shoulder at 10.5 meV can be identified with a zone bound
Lb librational excitation, since its frequency appears in m
calculations to be well separated from the rest.32

The decrease in intensity of the shoulder observed at 1
meV with increasing temperature can thus be attributed
the progressive decrease of the splitting betweenLa andLb

FIG. 4. The upper frame shows a comparison between the
perimental heat capacity~triangles! as derived from numerical dat
given by Fagerstroem and Hollis-Hallet~Ref. 7! and that evaluated
from the heat-capacity integral using densities of statesZ(E,T54
K! ~solid line! and that from the lattice-dynamics calculatio
~dashes!. The lower frame displays the difference@CP(T)
2Clatt(T)#/T3 ~symbols!, where the lattice contribution is approx
mated by the curve calculated from the experimental frequency
tribution and the solid line represents an approximation using
~3! for a energy\vm51.8 meV~see text!.
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modes, which is now understood to arise as a consequen
the coupling of such motions with the long-ranged sp
structure. This reduction in frequency will cause such mo
to shift towards lower frequencies, and those vibrations w
no longer be visible as a well separated feature as thb
phase is approached.

The coupling between the spin and lattice degrees of fr
dom is therefore strong for the librational motions, but b
comes far weaker at lower frequencies and especially
temperatures well within theb phase.28 This is easily under-
stood on the basis of results from first-principles calculatio
for the a-O2 crystal,21 which show that the inclusion of the
Heisenberg exchange interaction:~a! lowers the potential en-
ergy corresponding to the referred optical vibrations
about 3 meV and~b! splits the otherwise degenerateLa and
Lb modes by an amount which substantially depends u
the deviation of the molecular axes from the normal to
basal planes. In other words, the present result is in ag
ment with quantum-chemical calculations,21 which show
weak coupling at most of the lattice points, with the exce
tion of those isolated points of the Brillouin zone where t
dispersion curves show some avoided crossings.

As far as the strength of such couplings in theb-phase are
concerned, their magnitude is expected to be small~if finite!.
In this respect, it is worth recalling that magnetically it b
haves in a way not too different from the rotator crystal
even the liquid.29,30The absence of Bragg reflections of ma
netic origin implies that no finite-frequency of magnetic o
gin can sensibly be expected, even if remnants of st
short-range order may there coexist with the thermally a
vated bath of paramagnons.6,28,37,38

B. Comparison with previous results

As mentioned in the Introduction, there is a very limite
amount of experimental data from other sources to comp
with the present results. To the authors knowledge, the o
estimates for the vibrational densities of states concern thb
phase. A high-pressure~6.0–9.5 GPa! study39 conducted at
room temperature provided the elastic constants, from wh
the Z(E) were reconstructed employing a lattice-dynamic
model. The resulting frequency distributions for an appli
pressure of 6.13 GPa show four well resolved bands at ab
12, 15.5, 22.7, and 24.8 meV. The peak at 15.5 meV, wh
is the most intense and narrow feature in the spectrum
shown to have a large zone-origin libron contribution. T
shape of the calculated spectra in Ref. 39 is in general
too different from that of the present measurement, if
count is taken of the large pressure-induced shifts and t
perature effects which are evident from the large Gru¨neisen
constants reported in that paper.

The kinematic limitations inherent to our experimen
setup hinder a detailed comparison with results reported
Stephenset al.16 The narrow feature observed by these a
thors at about 1.3 Å21 and'10 meV is outside our available
region of Q-E space. If this peak is, as claimed, the on
feature of magnetic origin appearing at finite momentu
transfers, then all the intensity appearing in the lowE region
of the Z(E) spectra would have to be ascribed a lattice o
gin, which is at odds with the previous discussion. The
sence in the spin-flip channel of any clear feature at abo

x-
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meV can be understood on the basis of the moderate res
tion in energy transfers~the peak would be substantially con
taminated by the elastic line! as well as from the relative
weakness of this signal. The sharp features visible in
spectra contrast with the intensity maps for the non-spin-
channel reported by Stephenset al.,16 which show no clear
finite-frequency features~phonons and ‘‘librons’’! in the re-
gion where such comparison can be made~frequencies of
8–10 meV and wave vectors about 2 Å21 and above!. This
discrepancy is likely to be a consequence of the statist
accuracy and resolution in energy-transfers achieved in
polarized neutron experiment, which led to a smearing ou
the inelastic signals. This is also consistent with the rat
different elastic and inelastic intensity ratios found in the t
studies.

A possible way out of the apparent dilemma regarding
assignment of the spin excitations can be sought from res
obtained from the first-principles, integrated lattice and sp
wave dynamics calculations of Jansenet al.21 If the values
calculated in Ref. 21 for the effective coupling paramet
are taken, and the assignment of the peak appearing in

spectra at about 1.3 Å21 to a (0,12 ,0) zone boundary AF
magnon is retained, then the magnon energy at theb* /2 zone
boundary turns out to be15

Em5~11d^S&0!@8~JNNN2J'2JNN!1D#, ~5!

where the symbols retain the same meaning as in Eq.~1!.
The resulting value forEm is 4.9 meV~with the spin wave
correction set to zero! which is not far from the energy of th
lower frequency feature appearing in the present spectra
the a phase. This results from theab initio values of the
exchange constants which once averaged over transla
and librations yield JNN520.995 meV, JNNN520.386
meV, andJ''0.03 meV, which are substantially small
than those estimated previously.16 However, the paramete
set of Ref. 21, while reproducing satisfactorily the AFM
frequencies, cannot reproduce the experimental transv
low-temperature susceptibility@x'52.431023 cm3/mole
~Ref. 2!#. However, the anisotropy parameters provide ex
degrees of freedom. For example, Leaving the easy-p
component fixed to its free-molecule value (D1D850.5
meV!, values for the in-plane component (D2D850.028
meV! and for the spin-deviation (d^S&050.223) can be
used. These lead to a value of 5.9 meV forEm , and they still
fulfill the constraint given by Eq.~2!. The deviation from the
frequency of 4 meV found by experiment is comparable
that found for the higher lying magnon as discussed in
next section. These values yield a susceptibility ofx'53.8
31023 cm3/mole, which substantially exceeds the expe
ment. As stated in Ref. 21, such a disagreement may
arise from the mean-field approximation employed to eva
ate the susceptibility~a point discussed in more detail in Re
21!.

The deltalike peak at 10 meV of magnetic origin report
by Stephenset al.16 seems consistent with a higher lyin
dispersionless branch of pure magnetic origin also found
the calculations~see Fig. 3 and Table V of Ref. 21!, as well
as with the frequency of one of the spin excitations of R
38. This interpretation leaves unchanged the basic pictur
a quasi-2D model as elaborated by Stephenset al.16 to de-
lu-
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scribe the magnetism of solid oxygen, while modifying t
relative strength of the magnetic interactions compared w
those of structural~lattice! origin.

The presence of a maximum in the plot ofCmag(T)/T3

shown in Fig. 4 can be interpreted on semiquantitat
grounds on the basis of two hydrodynamic AF-magnon f
quencies. This, however, is rather simplistic in the light
recent thermal conductivity data,8 which shows that the de
scription of heat-transport processes in terms of the exc
tions of a continuum breaks above 5 K. This implies tha
more microscopic description of both the phonon and sp
wave spectra are required when a quantitative analysis o
thermodynamics at temperatures about the maxima
Cmag/T

3 is attempted. In particular, the effects of magno
magnon and magnon-phonon interactions need to be qu
fied.

A way to evaluate the relative importance of nonline
interactions between the two spin waves, which can easily
operative at temperatures above 5 K, is provided by anal
of the temperature dependence of a property directly prop
tional to the sublattice magnetization such as data for
magnetic moment.5 It is then expected that this decrease w
temperature should follow40

^M &~T!5M ~0!2FAS kBT

2rJ~T!SD 2

1BS kBT

2rJ~T!SD 6G , ~6!

where A and B are constants readily determined from t
geometry of the magnetic lattice, assuming that the inter
tion with nearest neighbors dominates.40 Here r is the num-
ber of nearest neighbors, andJ(T) the exchange constan
The temperature dependence of the coupling constant
set to followJ(T)5D02D1T1/2, a formula which accounts
for the dependence of values derived from mean-field an
ses of the susceptibility.2,3,11The value forD0 was set to that
reported above forJNN andD1 and M0 were left as adjust-
able parameters. The plot for^M &(T) and its approximation
by Eq. ~6! is shown in Fig. 5. It corresponds to values
M (0)51.43mB andD150.2 meV K21/2 and shows that the
approximation given by Eq.~6! is able to account for the
temperature dependence of the magnetic moment. Evide
the T6 term, which accounts for the dynamical interactio
between the two spin waves, becomes dominant at temp
tures above'10– 12 K.

A test of the consequences of reducing the strengths of
exchange constants with respect to previous estimates,11,16 is
easily performed by calculation of the ordering~Néel! tem-
perature for a two-dimensional system having the sa
structure than one of the planes ofa-oxygen. Moreover,
such a system is experimentally accessible, and in fact, a
film formed by O2 molecules physisorbed on graphite h
been described41 and shown to order magnetically at'12 K.
An estimate of the ordering temperature is provided by
course to the Stanley-Kaplan formula41,42

TN5
9

10
@22JNN1JNNN#'16 K, ~7!

which still is 4 K above experiment but substantially im
proves previous estimates.16
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C. A comparison with ab initio based results

The agreement between experimental observations
some of the predictions made on the basis of the lat
dynamics–spin-wave formalism described in Ref. 21, s
gests that a comparison between calculated quantities
those amenable to measurement is indicated~only dispersion
relations are given in Ref. 21!. For this purpose, the spectr
frequency distributions corresponding to lattice~phonons
and librons! and spin excitations~magnons! have been evalu
ated after a sampling over a grid of 10310310 within the
irreducible part of the Brillouin zone. The 14 000 stat
found are separated into those of phonon, libron or mag
character and binned into 0.15 meV bins. The distributio
for structure-related and spin-wave excitations are show
Fig. 6. A comparison between theZstruc(E) density of states
for structural excitations and the experimental spectra sh
in Fig. 1 imply that the tentative assignment proposed ab
should be reassesed. The features within 4–6 meV sh
have a dominant phonon character with a small contribu
from the librons, that found at 9 meV is of mixed~phonon
1libron! nature and the shoulder at 10.5 meV is ascribabl
librons.

The main differences between calculation and experim
is the disparate ratios of intensities of the different pea
The discrepancy, although difficult to explain, was not un
pected on the basis of the differences in temperature.
shown in Ref. 39, most of the dominant peaks inZ(E) show
large Grüneisen constants. This would not only lead to sm
peak shifts but will also affect their intensities via changes
the Debye-Waller factors by 2^u2&gbT whereg stands for
the Grüneisen constant andb for the volume coefficient of
expansion. A quantitative evaluation of such an effect is h
dered by the lack of reliable low temperature data for the t
constants.

At any rate, the most relevant finding of such an exerc
concerns the spectrum of spin excitations displayed in
lower frame of Fig. 6. As seen there,Zmagn(E) shows two
distinct peaks with maxima at about 5 and 12.5 meV. T
former has a linewidth of about 0.5 meV whereas the high
frequency peak has a deltalike character. It seems clear
the spin excitations reported from our experiments and th
described by Stephenset al.16 concern the two feature

FIG. 5. Temperature dependence of the experimentally de
mined magnetic moments~symbols! and the approximation given
by Eq. ~6!.
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shown in the figure. The deltalike peak is about 2.5 m
above that published in Ref. 16, although it shows sim
characteristics~i.e., strong nondispersive signal!, whereas the
far less intense peak at about 5 meV comes about 0.5
meV higher than that observed in the present experim
The discrepancy can partially be accounted from res
given in the previous section. Indeed, Eq.~6! predicts a de-
crease by 0.2T1/2 meV of the exchange constant, whic
should translate into a concomitant frequency softening.
low intensity means that it will only contribute as a sma
narrow feature on top of a broad phonon background to
total ~unpolarized! spectrum, similar to that shown in Fig. 3
On the other hand, its rather small intensity compared w
the higher-frequency peak as well as the difficulty in se
rating it from the phonon modes, explains why such a feat
was not resolved in Ref. 16.

V. CONCLUSIONS

The present results provide a measurement of the spe
distributions of the ordered phases of solid oxygen, for f
quencies comprising the lattice motions. Examination
their temperature dependence provides the means to qua
the extent of the coupling between the spin system and
structural degrees of freedom. This comparison shows
the stronger spin-phonon interactions involve collective
orientational motions or ‘‘librons.’’ Most of the other vibra
tions show no measurable signatures of such coupling.
identification of all the spectral features seen as extrem
the frequency distributions for thea phase with vibrational
degrees of freedom is also supported by calculation of
specific heat from the measured spectra as well as from

r-

FIG. 6. Calculated density of states for structural~upper frame!
and spin~lower frame! excitations ina-O2. Solid symbols represen
the phonon contribution toZstruc(E) and open circles with a do
stand for the libron modes. The solid line stands for the sum of b
contributions.
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evaluation o the atomic displacement amplitudes.
Finally, the present measurements have allowed us to

oncile the results of first-principles calculations with expe
mental findings. Additional details still need to be provid
for a complete understanding of the magnetism of this m
rial ~especially the determination of the spin-wave stiffne
and its temperature dependence!, but this has to wait until
large single crystals can be grown.
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