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Vibrational dynamics in solid a-oxygen: Experimental assessment of spin-phonon couplings
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The dynamics ofe-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 the- 8 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 experimerghliaitid results. The
latter also aids with the assignment of the spectral features, and to reconcile the present observations with
previous measuremen{s$0163-18208)07045-3

. INTRODUCTION effects!® The transition results in slight modifications of the
crystal structures, which are related by a modest lattice dis-
Despite being the simplest nonmetallic magnet and théortion of the hexagonal basal plane®fO,,***?comprising

only known single-element insulator which is an antiferro-a small contraction in tha direction and a concomitant di-

magnet, a self-consistent picture of the magnetic dynamicdgtion in theb direction.

properties of solick-oxygen is still not available. This situ- ~ AS regards the spin-dynamics of the low temperature

ation persists eight decades after the first reported studies &9lid, most results have been derived from optical

the magnetic properties of the condensed phases of molecgPectroscopie; which sample th&@— 0 spectrum and pro-

lar oxygen® At ambient pressure, oxygen can be condensedide information_ on the ant_iferromagnetic-resonance
into a paramagnetic liquid phase 54.4<R<88 K which (AFMR) frequencies. Two AF-spin-wave modes are sus-

transforms upon subsequent cooling into a rotator cryst ined by a-0, (Ref. 14 which correspond to a spin con-

43.8 K<T<54.4 K which, as far as the magnetic suscepti- iguration (see inset of Fig. lwhere the magnetic moments

S are confined within the monoclinia-b plane, each one be-
bility is concerned, also behaves as a paramagnet. Two orl- . :
ing surrounded by four nearest neighbors on the opposite

entationally ordered phases are known to exist in the tem- : : -
magnetic sublattice and by two next-nearest neighbors of the
perature ranges 23.9kKT=<43.8 K (8-0O,, rhombohedral g y g

m3m) and below 23.9 K &-O,, monoclinicc2/m). From
the macroscopic magnetic susceptibilifidshe presence of
antiferrd AF)-magnetic-long-range-ordefMLRO) in the L
lowest temperature phase was inferred. The crystal intc 0.15 [
which thea phase transforms above 23.9 K, known asghe ~ ~ L]
phase, shows a susceptibility which also increases with in- - [
creasing temperature, suggestive of antiferromagnetic behay g 0.10F
o

020 —

ior. However, neutron diffraction studiteevealed Bragg re-
flections of magnetic origin only within the phase. These

are compatible with a two-sublattice antiferromagnet struc- ™
ture with moments of about 1w, which may either be g
parallel to the monoclinib axis (see inset in Fig. Jlor show 0.00
some degree of canting, possibly of dynamic origin, within
the monoclinica-b planes. Such reflections transform into a E (meV)
broad component of diffuse oridift when thea— B transi-

tion is crossed from ther phase’ L FIG. 1. Estimates for th&(E) vibrational densities of states for
Specific heat and thermal cqnducnwty daﬁarevegl & 4 oxygen aff =4 K (solid line), T=23 K (diamonds, and-O, at

A-type anomaly at ther— g transition, concomitant with @ 125 K (vertical bars. The inset at the upper left corner depicts

substantial drop in the thermal conductivity The character  the lattice and magnetic structures@foxygen. That on the upper

of such transition (which is driven by magnetoelastic right shows the frequency spectra as calculated from harmonic

couplind), is now accepted to be of first order, after recentlattice-dynamics procedurésee text for the « (line) and 8 crys-

measurements which demonstrated latent heat and hysteregis (vertical bars.
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same sublattice. Adjacent planes are such that the nearest A question which does not seem to have been addressed,
neighbors also belong to the opposite sublattice. To describ&t least on semiquantitative grounds, is the extent in fre-
the magnetic system, a phenomenological spin-Hamiltoniaquency and the strength of the coupling between the molecu-
such a&1® lar and spin degrees of freedom. Some estimates have been
given on the basis of limited experimental d&tar from
quantum-chemical calculatioRSThe difficulty in assessing
H=- 22 JiiS-S§+ Z [-DS%— D’5§i+ D'S%4] (1)  the importance of such coupling arises from the lack of reli-

4 ! able data regarding basic quantities, such as the vibrational
frequency distribution(density of statgs The vibrational
spectra for bothw and 8 oxygen have been calculated sev-
eral times*>23but such results have not been compared with
experiment. Since the experimental spectra were not avail-

is often used. Hera and z stand for the average spipre-
ferred magnetizationand molecular axis, respectively. The
first sum runs overj sites having a well defined magnetic

moment andJ; regreﬁsen.ts the Heisenberg ex'ch.ange COUzple from previous neutron measureméfita first measure-
pling between the"X, triplet O, molecules within their o0 of the low-frequency part of the vibrational spectrum
ground states. Such coupling is known to be highly\as carried out using unpolarized neutrons and a high
anisotropict’ showing remarkably strong dependence ONgnergy-transfer resolutidii.The powder average®(Q,E))

both intermolecular_separation and relat_ive qrientatiqn_ of thgy a5 analyzed for wavevectors either close to, or far from a
molecules. To specify in full such a Hamiltonian, a minimum magnetic Bragg reflection. This approach, in conjunction
set ofJj; _exchange constants are needed. .In most treatmenigy, spectra for theg phase, highlighted the magnetic nature
of experimental data, the dependence on intermolecular digs o feature which appeared at about 4.5 meV, superimposed
Fance and relative orientation _iS modele_d by a suitably adbn a relatively broad phonon wing. The experiment was lim-
justed set of values. The coupling a of given spin to the foufeq by neutron kinematics, which hindered the exploration
in-plane nearest neighbofwithin the crystala-b plane will o frequencies above 6 meV. To overcome this limitation, a
be termedlyy, whereaslyyy represents the intra-sublattice e,y set of measurements has been carried out. The two main
interaction within the plane, and, for interactions with  5ims of these new experiments was to obtain the frequency
neighbors in opposite planes. Setting the axes so that the gisyripution for vibrational motions for the two low-
and z are directed along the main spin directiGrystal b temperature phases of oxygéong overdug and to com-

axis) and the direction of the molecular bonds respectively,pare the spectrum at temperatures above and below the
two additional constant®,D" are needed to specify the two — 3 magnetic ordering transition, to explore the changes in

anisotropy terms. Bounds on the magnitudes of the anisofhe |attice dynamics concomitant with the presence of
ropy constants are given by the free-molecule value, which; ro.

setsD+D’=0.5 meV*® and from the experimental values
of the AFMR frequencies which are given by
Il. EXPERIMENTAL DETAILS

(1+ 8(S)o)[ — 16(Iyn—J,)(D=D")]H, 2 The data reported here correspond to measurements car-
_ ) . ried out on the QENS instruméfitat the Intense Pulsed
where(S), stands for the zero point spin deviati@value  Neytron Source located at the Argonne National Laboratory.
of 0.2 corresponds to a quadratic layer with4 neighbors  The instrument provides coverage of a wide range of energy-
The values for the other required constants, particularly,snsfers while retaining a good energy-resolutidiE~ 90
the ratioJ, /Jy Which reflects the relative strength of inter- eV [full width at half maximum(FWHM)] at zero energy
planar couplings®?° are still a matter of debate. Some con- transfer. QENS is an inverted-geometry crystal-analyzer
straints linking different)’s can be found in the literature, spectrometer looking at a solid methane moderator, and op-

mostly as ~a result of magnetic susceptibility grates with fixed final energg;=3.65 meV. The incident
measurements>1®but the small number of independent ob- neutron spectrum covers a wide range of energias

servations has hindered attempts to develop a consensus @ghite” neutron spectrum which populates excitations ly-
the values for these parameters. Indeed, parameter sets iA9 at relatively high energy transfers, even at low tempera-
different as Jyn=—3.32(-2.44) meV, Junn=-0.91  yyres. This is in contrast to the previous experinférand
(—1.22) meV,J, <0(0) meV have been reported from e QENS spectrometer therefore measures the neutron
spectroscopic experiments, and even greater d'screpanc'gﬁergy-loss{anti-Stoke$spectrum at low temperatures up to
were found concerning the anisotropy constants. _ energy transfers large enough to cover the whole range of
The only reported inelastic polarized neutron scatteringayiice frequencies. Three detector banks are mounted on a
experiment’ describes a unique feature at10 meV and  yotatable table which is moved into different angular settings
Q=1.3 A~ (resolution limited in both, energy and momen- 5 cover a wide range of momentum transfers.
tum transfers appearing in the spin-flip channel. The study The sample was prepared by solidifying 99.997% oxygen
implie_d tha_t the magnetic couplings are predomi_nantly bidi—gas into a 100 mm high, 6 mm diameter, and 0.5 mm thick
mensional(i.e., J, =0 meV). The signal was assigned t0 a glyminum can. A residual pressure of about 4@nbar was
(0,5,0) zone-boundary AF magnon on the basis of a modehchieved and maintained during all of the sample preparation
for the magnon density of states, which was chosen to bsteps, in order to prevent contamination from nitrogen(gas
consistent with the constraint imposed by the two AFMRproblem which affected a good number of the previous neu-
frequencies. No signatures of any other AF spin wave werdron diffraction measurementsCondensation into liquid ©
seen in the experiment. was achieved, and the sample was left to thermalize for
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FIG. 2. Contour plot of the total intensities measured for ¢he
phase. The numbers given as insets indicate the relative heights
given in arbitrary units. Strong Bragg reflections of magnetic origin
were seen at 1.32 and at 1.58 & Those from the monoclinic
lattice appear at 1.68, 2.26, and 2.37*A

about 30 min. A subsequent drop 4 K resulted in a poly-
crystalline a-oxygen sample, the structure of which was as-
certained by examination of a time-of-flight diffraction pat-
tern as measuredh situ with a diffraction detector. The 4 8 12 4 8 12
temperature was controlled using two diodes placed just E (meV)

above the sample and at the COI.d valve, yielding a stability of FIG. 3. The left frame of the figure shows experimental spectra
0.05 K and a temperature gradient along the sample_ Sma”?cr)r a oxygen atT=4 K (circles andT=23 K (vertical bar$. The
thar;] 0.1K. SC&:jns were donebalt tWohtemper.a.turedeIthln thﬁgh‘[-hand column displays spectra for the same momentum-
a phaseg4 K and 23 K, 0.9 K below the transitipmnd at 25 transfers(given as insetsfor 8 oxygen at 25 K. All graphs are in

K, not far from the low-temperature limit of the phase. In ;6 same scale and given in arbitrary units. The curves represent

all cases the diffraction pattern was inspected repeatedly dufynstantg spectra derived by interpolation within an smoothed
ing the runs, to confirm that no transitions were taking placey-g surface by means of theGrip code(Ref. 26.-
during the measurements.

Typical counting statistics af=4 K, given in terms of pand appears about 9 meV. The intensities about 8—9 meV

relative errors, were about 17% at an energy transfers of and 1.2 A'* are close to the limits of the kinematically ac-
meV and 19% at 10 meV. This is relatively high, due to thecessible region.

weakness of the inelastic signals at such temperatures.
The spectra were treated following the usual procedures
for a truly polycrystalline material, which involves the sub-
traction of scattering from the empty can by means of an A sample of constan® spectra corresponding to mea-
attenuation correction, a rough estimate of the importance agfurements well within the magnetically ordered domain, and
multiple scattering effects, and the transformation of spectralose to thex— g transition, both within the-O, crystal are
from constant angle to constar®, a step which was shown in Fig. 3. Also shown is the spectrum for B@hase.
achieved by means of a modified version of tinsriID  The plots show thai{a) a strong quasielastic component
code?® The Z(E) frequency distributions were subsequently dominates the low frequency spectbelow 6 meVf of the 8
calculated after performing an angular average over the deghase(b) finite frequency features appear at 8—9 meV above
tector groups, removal of the residual elastic contaminatior2 A~ in spectra for both phases, afg} an additional fea-
at low frequenciegbelow 0.15 meV, and extrapolation to ture at lower frequenciggbout 4 meVis only present in the
zero frequency by & E? law, estimation of a multiphonon « phase.
excitation following the procedure described in Ref. 27 and The nature of the quasielastic intensities appearing in the
subtraction of this contribution to the total spectrum, andmagnetically disordered states of @ave been discussed in
finally, normalization to an absolute scale as discussed berevious paper&-3°Such spectral components show a well
low. defined dependence on the wavevector and this was inter-
A contour plot covering the inelastic region of the energy-preted on the basis of a model for an AF-coup(ee., non-
loss spectra for ther phase 84 K is depicted in Fig. 2. As idea) paramagnet, where spin correlations never exceed 6—7
seen there, strong inelastic signals, well separated from th&. This paramagnetic scattering disappears upon crossing the
elastic region, appear confined within a region comprisingd— « transition. Only intensity attributable to the tails of the
momentum transfers of 1.7 & to 3.0 A"! and energy- strong elastic lines is seen at frequencies below 1 meV or so
transfers of 2 to 7 meV. A relatively isolated, dispersionlessin the @ phase. As the results demonstrate, no signature of

IIl. RESULTS
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quasielastic scattering is visible at 23 K, which is only 0.9 K confining the distribution to frequencies belewl0 meV as
below the criticalT,_, ;, a temperature at which a substan- predicted by the calculation, leads to a large overestimate of
tial reduction(about 40% in the average value of the mag- the low-temperature specific heat. The experiment and cal-
netic moments has been determined by diffraction. culation show the same number of extrema. The first two
The finite-frequency feature appearing at 8—9 meV in thantense peaks in the calculat@dE) appear at=5 and 6.5
spectra of bothw and 8 phases arises from structure-relatedmeV corresponding to the first peak and shoulder of the ex-
excitations(phonon$. Assignment of a phonon origin to this perimental functions, while the two higher-frequency fea-
feature, which is independent of the presence of MLRO, idures seem to have an experimental counterpart in the fea-
also supported by the weak dependence of its frequency dores at 8.9 and 10.5 meV, which are shifted to higher
wavevector, which goes through a broad maximum at abourequencies by about 0.5 and 1.0 meV, respectively.
1.4 A~! and shows a shallow minimum at 2.3°A The As regards the dependence on temperature oZ{s),
latter is clearly visible within the second Brillouin zoG&v-  the most remarkable findings concern the persistence, even
eraged over the different directions behavior which con- within the 8 phase of the strong peak at about 9 meV, the
forms to what is expected for an acoustic phonon in astrong drop in intensity of the shoulder at 10.5 meV which
polycrystal*! Additional support for such an assignment is has nearly disappeared in tifecrystal, and the masking of
provided by theQ dependence of the intensity, which goesthe low frequency(<5 meV) spectrum of the3 phase. The
through a maximum & values close to those corresponding change in the low frequency region, which is characteristic
to the lowest Bragg reflection of structural origid.68 of long-wavelength phonons, becomes dominated by the
AD. strong and broad quasielastic scattering from paramagnons.
A peak is also seen at energy transfers about 4 meV in th8oftening of the sound velocity is also evident at 23 K, as
a phase which disappears upon crossing the transition. It lieeevealed by the change in curvature of the low-frequency
on top of a broader feature which was identified as an acougpart of the spectra, and the center of gravity of the distribu-
tic phonon in a previous work. Its linewidth is estimated to tion is shifted to lower frequencies with rising temperature.
be of about 1.2 meV at 1.3 A and 4 K and~1.9 meV at The plots shown in the inset of Fig. 1 provide an illustra-
23 K for the same wave vector, and its integrated intensity igion of the remarkable similarity of the vibrational spectrum
fairly small if compared with that of the phonon background.on both sides of thex— g transition. In other words, the
This makes it€Q dependence difficult to track, since both the lattice distortion accompanying the transition has relatively
broad component, whose observation is limited by kinematieninor effects in the phonon frequency distributions. The ho-
effects, and the narrow peak shows a strong angular depemology of the phonons in the and 8 phases has been
dence. The frequency of this feature softens by about 10%hown to be fairly independent of the specific kind of poten-
when the temperature approaches the phase transformatigial used in the calculatioA$?*3?and thus it is to be ex-
The origin of this peak has three plausible origins: a transpected that the frequency distributions show the same singu-
verse acoustic phonon, an AF magnoth at the zone larities. Significant deviations from this could then be
boundary, or an admixture of both. The first possibility is ascribed either to the presence of features of magnetic origin,
inconsistent with the large softening and the lack of a similaror to coupling between structural and spin degrees of free-
feature superimposed on the quasielastic background of thdom. To date, the only unambiguous evidence of such cou-
B phase(i.e., the acoustic phonons in both phases are expling is the large splitting found for the two frequencies of
pected to be homologous, given the close strucjures the Q— 0 collective reorientational motiorse., oscillatory
The assignment of a magnetic or magnetovibrational namotions of the internuclear vector aloagndb crystal axes,
ture to such a low-frequency peak is also supported by theeferred to as “librons’, which appear as well defined Ra-
observed softening, which is consistent with a mean-fieldnan bands at 5.3 me{44 cmi ) and 9.8 meM79 cmi %) in
a)ro(T—Ta_,ﬁ)l’2 dependence expected for a model such ashe low-temperature spectrum. The higher frequency mode
that examined by LeSar and Ettérajhere the spin correla- shows a marked softening as the temperature is raised, remi-
tions decrease from ideal AF values with rising temperatureiscent of the behavior of the magnetic monemd merges
due to increasing thermal disorder. with the lower branct? after crossing thex— g transition.
Such behavior has here a clear counterpart in the temperature
dependence of the 10.5 meV shoulder. Its frequency, which
A. Frequency distributions is about 1 meV higher than that found in the Raman spectra,
The Z(E) spectral densities of states derived from the@rises from the strong dispersion shown by these modes, a
present measurements are shown in Fig. 1. The most distinfCt accounted = for i most of the published
tive features appearing in the distribution for the lower tem-calculations’***
perature crystal consist of a region of long-wavelength
acoustic phonons extending up to about 5 meV, a first peak
located at about 5.5 meV, additional structures giving rise to
shoulders(or small peaksat 6—-7 meV, an intense and nar-  The physical soundness of the measured distributions can
row feature peaking at 8.9 meV, and a shoulder at 10.5 me\he assessed by evaluation of the specific heat at constant
The distributions calculated using the potentials of Jelinekvolume, performed for temperatures within the range of va-
et al?>23shown in the inset of Fig. 1 represent a first com-lidity of the quasiharmonic approximation. The result yields
parison of calculation and experiment. The main difference€,=0.136(17)Jmol*K ™ for T=4 K, versus an experi-
are the frequncy range of both distributions in addition to thementalCp value of 0.116 Jmol* K~1. The comparison can-
relative peak intensities. As discussed in the next sectiomot sensibly be extended up T6=23 K, since a strong in-

B. Thermodynamics
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crease in anharmonicitas revealed by a large increase in somewhat more reliable estimate for the magnetic contribu-

thermal expansionis known to take place above 20%. tion to the heat capacity than those reported to date.
The specific heat integral was also evaluated using the
experimental density of states far=4 K, as well as that C. Atomic displacement amplitudes

calculated from lattice dynamics for the phase. The fre- ) 112 ) o
quency spectra from measurement and calculation were nor- 1he magnitude of theu®)z,” translational and vibrational
malized to the number of degrees of freedom deemed reflisplacements im:-O, has been estimated from a number of
evant at these temperaturesR)6 The results are compared sources? The_ main interest in obtaining reliable esymates
asC(T)/T2 with experimental data taken from Fagerstroemfor such quantities stems from the effect such motions are
and Hollis-Hallef in Fig. 4. This comparison demonstrates €xpected to exert on the values of ”1‘/‘23 exchange parantéters.
that the curve calculated from experimental data has a Debydowever, the reported values ftu®),; are dependent upon
region[ C(T)/T? independent of temperat]rextending up the route followed for their estimation, and values as differ-
to ~5 K, whereas both the calorimetric results and the curvént as 0.25 and 0.092 A have been repottetihe knowl-
evaluated from the lattice dynamics distribution confine thisedge of the spectral distributions enables the calculation of
regime to temperatures below 1—2 K. Also, both the thermafuch parameters by recourse to the approximétion
data and those evaluated from lattice dynamics distribution
show a well defined maximum at about 9—11 K which, for o 1 JEmaxd HhE \Z(ET)
the latter, arises from the strong peakZ(E) at about 5 (Wa=3uN 0 2kgT/ E
meV. However, a comparison between thermal measurement
and the results from the lattice dynamics distribution showsvith M being the molecular mass atlthe number of unit
that the latter far exceed the calorimetric results, indicatingells*® The integral is taken over the normalized experimen-
that the calculated spectrum is shifted too far towards lowtal distributions. Several values for the upper lifjt., are
frequencies. then chosen to explore the contributions to this quantity from

Indirect evidenceC,od T) indicates that there 4= con-  different ranges of frequency @(E). The values calculated
tribution of magnetic origin present in the measured specifién such a way can be compared with estimates derived from
heat Cp(T). Attempts to estimate such a quantity usually quantum-chemical calculatioffisand optical spectroscopy.
rely on the subtraction of the lattice contribution to the totalAt T=0 K, the molecules are found to vibrate fairly iso-
specific heaC,(T) from the measured values. An estimate tropically with an average amplitude®)? of 0.1032 A. As
of such a contribution is given in the review by DeFdtis. regards the molecular librationg.e., collective reorienta-
There, the lattice-phonons contribution to be subtracted isions about the crysta andb axes, the calculation reports a
assumed to follow a Deby@,(T) =aT? law within 2 and 8  root-mean-square angular displacement of 11°, which com-
K. This is at odds with the calculatef{E) as shown in Fig. pares well with some previous lattice dynamics and
4, but the estimate fo€,(T) obtained from integrals using experimentaf results. The average displacement evaluated
the experimental spectrum supports this assumption. from Z(E,T=4 K) using Eq.(4) and settingE,x t0 cover

At the temperatures of interest it is expected that most othe full frequency range yields a value far?)X? of 0.164 A.
the heat-carrying spin excitations will be hydrodynamic AFThe difference with theab initio computations can be ex-
magnons having o, frequencies close to those signaled by plained as a finite-temperature effethe increase in dis-
the gaps measured as AFMR resonances, for wkigh  placement amplitude evaluated by recourse to a Debye
~fhwpy. The magnetic contribution t€p would, in such a  approximatior® gives an increment of 0.0675 A, yielding a
limit, be of the forn? total displacement of 0.1707)A

A separation of the translational and librational contribu-
tions to these figures can be achieved by inspection of the
running integrals of Eq4) versusE .. In doing this it was
found that long-wavelength acoustic phonons, that is those
where the sum means that there is more than one AF magnatith energies below 5 meV whose spectrum is accounted by
contributing to this property. To obtain an estimate fora zZ(E)«E? law, contribute about 24% to the total displace-
Cmad T), it is assumed that the lattice specific heat can banents. A rough estimate of the librational amplitude can be
described by th&€,,(T) calculated using the frequency dis- made from the contribution to the displacement arising from
tribution for T=4 K. The difference between experimental higher-energy modes. This leads to an average angular dis-
specific heat an@,,4(T) is shown in the lower frame of Fig. placement of 12°, which nicely matches the calculated values
4, which comes surprisingly close to the estimate given byeferred to above.
DeFotis? Both quantities are found to be of comparable
magnitude(about 0.8 JKmol™! at 10 K, that is about 34%
of the totalC;), although they show distinct dependences on
temperature. The spectra shown in Fig. 3 are consistent with those

The result depicted in Fig. 4 shows a Schottky-like maxi-measured in our previous experimén@lthough the avail-
mum, which is consistent with the shape thag(T)/T3 able range of energy-transfer was considerably smaller in the
given by Eq.(3). As also shown in the plot, the shape of this previous experiment, a lower angle detector setup enabled
curve can be reproduced if a value fo; midway between the exploration of a region of lower momentum transférs.
the values of the two AFMR frequencies is taken. Hence, th&his provided the wave vector dependence of the low-
difference [Cp(T) —C,a(T) /T2 may be considered as a frequency peak at 4 meV. On the basis of the results, it was

Cmag(T)/T3: 2 Ae fiw; /kBTT_3/2, (3)
1

IV. DISCUSSION



comes far weaker at lower frequencies and especially for
temperatures well within th8 phase®® This is easily under-
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F PR ' ' A ] modes, which is now understood to arise as a consequence of
~ 4F (a) R ] the coupling of such motions with the long-ranged spin
g ; . ] structure. This reduction in frequency will cause such modes
Loo3F N 4 3 to shift towards lower frequencies, and those vibrations will
E F no longer be visible as a well separated feature as@he
'y [ phase is approached.
5 : The coupling between the spin and lattice degrees of free-
it . dom is therefore strong for the librational motions, but be-
of
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o (b) n n o o n stood on the basis of results from first-principles calculations

g 1o} - for the a-O, crystal?! which show that the inclusion of the

v - Heisenberg exchange interactida lowers the potential en-

g 08F ergy corresponding to the referred optical vibrations by

Y o6 i about 3 meV andb) splits the otherwise degenerdtg and

5 I L, modes by an amount which substantially depends upon
T 04t the deviation of the molecular axes from the normal to the

v - basal planes. In other words, the present result is in agree-
& 02 (¥ T ment with quantum-chemical calculatioffswhich show

S 0.0 | 2/, s L L . weak coupling at most of the lattice points, with the excep-

tion of those isolated points of the Brillouin zone where the
dispersion curves show some avoided crossings.
As far as the strength of such couplings in Bw¥phase are

FIG. 4. The upper frame shows a comparison between the exoncerned, their magnitude is expected to be sfifdihite).
perimental heat capacityriangles as derived from numerical data |n this respect, it is worth recalling that magnetically it be-
given by Fagerstroem and Hollis-Halldef. 7) and that evaluated payes in a way not too different from the rotator crystal or

from the heat-capacity integral using densities of SI@is, T=4  gyen the liquid®3°The absence of Bragg reflections of mag-
K) (solid ling) and that from the lattice-dynamics calculation nevic origin implies that no finite-frequency of magnetic ori-
(dashes The lower frame displays the differencECo(T) — gin can sensibly be expected, even if remnants of static
~ Crar(T)J/T" (symbols, where the lattice contribution is approxi- short-range order may there coexist with the thermally acti-
mated by the curve calculated from the experimental frequency dis\_/ated bath of paramagnofidé-37,38
tribution and the solid line represents an approximation using Eq. P 9 '
(3) for a energyh w,,=1.8 meV(see text

. . . B. Comparison with previous results
postulated that the peak contains a strong magnetic contribu-

tion. As mentioned in the Introduction, there is a very limited

amount of experimental data from other sources to compare
with the present results. To the authors knowledge, the only
estimates for the vibrational densities of states concerBthe

As known from studies in a wide variety of molecular phase. A high-pressur@.0—9.5 GPastudy*® conducted at
crystals?® assignment of features of the vibrational fre- room temperature provided the elastic constants, from which
quency distributions to modes with well defined polariza-the Z(E) were reconstructed employing a lattice-dynamical
tions is usually complicated by the large number of dispermodel. The resulting frequency distributions for an applied
sion branches, which contribute with significant intensities apressure of 6.13 GPa show four well resolved bands at about
most points within reciprocal space. This leads to peaks 2, 15.5, 22.7, and 24.8 meV. The peak at 15.5 meV, which
Z(E) having a mixed charactdpolarization. With such a is the most intense and narrow feature in the spectrum, is
proviso in mind one can assign a dominant polarization tashown to have a large zone-origin libron contribution. The
the three main features of the experimerZgE), on the shape of the calculated spectra in Ref. 39 is in general not
basis of the calculated normal mode eigenvectdrshe too different from that of the present measurement, if ac-
lowest-frequency peak sits at a frequency very close to thatount is taken of the large pressure-induced shifts and tem-
of an acoustic mode with mixed polarizatiom,(T,, that  perature effects which are evident from the large rigisen
is, a translation along thb axis plus a translation perpen- constants reported in that paper.
dicular to thea-b plane, see inset of Fig.)las well as with The kinematic limitations inherent to our experimental
theL,, lower-frequency “libron,” as reported from Raman setup hinder a detailed comparison with results reported by
scattering®® The feature at 8.9 meV arises from translationalStephenset al1® The narrow feature observed by these au-
motions with dominanfT,+T,, and T, polarizations. The thors at about 1.3 A and~10 meV is outside our available
shoulder at 10.5 meV can be identified with a zone boundaryegion of Q-E space. If this peak is, as claimed, the only
L, librational excitation, since its frequency appears in mosfeature of magnetic origin appearing at finite momentum-
calculations to be well separated from the rést. transfers, then all the intensity appearing in the Bwegion

The decrease in intensity of the shoulder observed at 10.6f the Z(E) spectra would have to be ascribed a lattice ori-
meV with increasing temperature can thus be attributed tgin, which is at odds with the previous discussion. The ab-
the progressive decrease of the splitting betwegmandL,  sence in the spin-flip channel of any clear feature at about 5

A. Spectral assignment
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meV can be understood on the basis of the moderate resolgeribe the magnetism of solid oxygen, while modifying the
tion in energy transfer@he peak would be substantially con- relative strength of the magnetic interactions compared with
taminated by the elastic lineas well as from the relative those of structuraflattice) origin.
weakness of this signal. The sharp features visible in our The presence of a maximum in the plot @fnag(T)/T3
spectra contrast with the intensity maps for the non-spin-flishown in Fig. 4 can be interpreted on semiquantitative
channel reported by Stepheasal,'® which show no clear grounds on the basis of two hydrodynamic AF-magnon fre-
finite-frequency feature@honons and “librons} in the re-  quencies. This, however, is rather simplistic in the light of
gion where such comparison can be mdftequencies of recent thermal conductivity dafayhich shows that the de-
8-10 meV and wave vectors about 2 Rand above This  scription of heat-transport processes in terms of the excita-
discrepancy is likely to be a consequence of the statisticaions of a continuum breaks above 5 K. This implies that a
accuracy and resolution in energy-transfers achieved in thmore microscopic description of both the phonon and spin-
polarized neutron experiment, which led to a smearing out ofvave spectra are required when a quantitative analysis of the
the inelastic signals. This is also consistent with the rathethermodynamics at temperatures about the maxima in
different elastic and inelastic intensity ratios found in the twoCmag/T3 is attempted. In particular, the effects of magnon-
studies. magnon and magnon-phonon interactions need to be quanti-
A possible way out of the apparent dilemma regarding thdied.
assignment of the spin excitations can be sought from results A way to evaluate the relative importance of nonlinear
obtained from the first-principles, integrated lattice and spininteractions between the two spin waves, which can easily be
wave dynamics calculations of Jansenal?! If the values  operative at temperatures above 5 K, is provided by analysis
calculated in Ref. 21 for the effective coupling parametersof the temperature dependence of a property directly propor-
are taken, and the assignment of the peak appearing in otional to the sublattice magnetization such as data for the
spectra at about 1.3 & to a (0%,0) zone boundary AF Magnetic momerttlt is then expected that this decrease with

magnon is retained, then the magnon energy abttig zone ~ {€mperature should folloth
boundary turns out to B2
A( kgT

Em=(1+ &S)o)[8Jnun—J. — I+ D], (5) (MM =MO)~ Al 5575

2 ( kBT )6
Blanms) |

where the symbols retain the same meaning as in(BA. \yhere A and B are constants readily determined from the
The resulting value foEy, is 4.9 meV(with the spin wave  geometry of the magnetic lattice, assuming that the interac-
correction set to zejowhich is not far_from the energy of the 5y with nearest neighbors dominaf@sHerer is the num-
lower frequency feature appearing in the present spectra fqfe; of nearest neighbors, adT) the exchange constant.
the « phase. This results from thab initio values of the  rhe temperature dependence of the coupling constant was
exchange constants which once averaged over translatiog; o follow J(T) =Dy— D, T2 a formula which accounts
and librations yield Jyy=—0.995 meV, Jyyn==0.386 ¢4 he dependence of values derived from mean-field analy-
meV, andJ, ~0.03 meV, which are substantially smaller geq of the susceptibili§>1 The value forD, was set to that
than those estlmat_ed prewou%_fyHowgver, th_e parameter reported above fodyy andD; and M, were left as adjust-

set of Rgf. 21, while reproducing satlsfac.torlly the AFMR e parameters. The plot foM)(T) and its approximation
frequencies, cannot reproduce the experimental transver;ﬁ, Eq. (6) is shown in Fig. 5. It corresponds to values of
low-temperature susceptibilitf y, =2.4x 103 cm®mole M(0)=1.43u5 andD,=0.2 meV K ¥2 and shows that the
(Ref. 2]. However, the anisotropy parameters provide eXtraapproximation given by Eq(6) is able to account for the
degrees of freedom. For example, Leaving the ,efsy'plan@mperature dependence of the magnetic moment. Evidently
component fixed to its free-molecule valu® {',D_ =05 he T term, which accounts for the dynamical interaction
meV), values for the in-plane componenD {D’'=0.028  poyeen the two spin waves, becomes dominant at tempera-
meV) and for the spin-deviation §S),=0.223) can be a5 above~10-12 K.

used. These lead to a value of 5.9 meVEgy, and they still A test of the consequences of reducing the strengths of the
fulfill the constraint given by Eq(2). The dev!atlon from the exchange constants with respect to previous estimt&téis
frequency of 4 meV found by experiment is comparable t0q5sily performed by calculation of the orderifigéel) tem-

that found for the higher lying magnon as discussed in theyeratyre for a two-dimensional system having the same
nextisgecuon. These \{alues yield a susceptibilityyot=3.8 _structure than one of the planes afoxygen. Moreover,

x 10 cm3/mole,_ which substantially exceeds the experi-g\,ch a system is experimentally accessible, and in fact, a 2D
ment. As stated in Ref. 21, such a disagreement may wel|, formed by O molecules physisorbed on graphite has

arise from the mean-field approximation employed 10 evalupeen gescribdd and shown to order magnetically atl2 K.
ate the susceptibilitya point discussed in more detail in Ref. A astimate of the ordering temperature is provided by re-

21). , o course to the Stanley-Kaplan formf4?
The deltalike peak at 10 meV of magnetic origin reported

by Stephenset all® seems consistent with a higher lying, 9

dispersionless branch of pure magnetic origin also found in Tu=—[ =23+ ~16 K 7
the calculationgsee Fig. 3 and Table V of Ref. 2las well N 10[ nn Il ’ 0

as with the frequency of one of the spin excitations of Ref.

38. This interpretation leaves unchanged the basic picture afhich still is 4 K above experiment but substantially im-
a quasi-2D model as elaborated by Stephenal!® to de-  proves previous estimaté$.
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The agreement between experimental observations and 5 4 6 8 10
some of the predictions made on the basis of the lattice E(meV)
dynamics—spin-wave formalism described in Ref. 21, sug-
gests that a comparison between calculated quantities and FIG. 6. Calculated density of states for structutzper frame
those amenable to measurement is indicétedy dispersion and spin(lower fra_me) Qxcnatlons ina-0,. Solid symbols r_epresent
relations are given in Ref. 21For this purpose, the spectral the phonon contribution t@y,{E) and open circles with a dot
frequency distributions corresponding to lattiGehonons stanq for.the libron modes. The solid line stands for the sum of both
and librons and spin excitationémagnonghave been evalu- contributions.
ated after a sampling over a grid of XQ0X 10 within the ) ] ] .
irreducible part of the Brillouin zone. The 14000 statesShown in the figure. The deltalike peak is about 2.5 meV
found are separated into those of phonon, libron or magno@bove that published in Ref. 16, although it shows similar
character and binned into 0.15 meV bins. The distributiongharacteristicsi.e., strong nondispersive sighaihereas the
for structure-related and spin-wave excitations are shown if@r 1ess intense peak at about 5 meV comes about 0.5-1.0
Fig. 6. A comparison between &, {E) density of states meV h|gher than that observed in the present experiment.
for structural excitations and the experimental spectra showhne discrepancy can partially be accounted from results
in Fig. 1 imply that the tentative assignment proposed abov@iven in the previous section. Indeed, E6) predicts a de-
should be reassesed. The features within 4—6 meV shouféféase by 02 meV of the exchange constant, which
have a dominant phonon character with a small contributioifhould translate into a concomitant frequency softening. Its
from the librons, that found at 9 meV is of mixéghonon low intensity means that it will only contribute as a small
+libron) nature and the shoulder at 10.5 meV is ascribable t&arrow feature on top of a broad phonon background to the
librons. total (unpolarized spectrum, similar to that shown in Fig. 3.

The main differences between calculation and experimerfPn the other hand, its rather small intensity compared with
is the disparate ratios of intensities of the different peaksth® higher-frequency peak as well as the difficulty in sepa-
The discrepancy, although difficult to explain, was not unexJating it from the phonon modes, explains why such a feature
pected on the basis of the differences in temperature. A¥as not resolved in Ref. 16.
shown in Ref. 39, most of the dominant peakZ{it) show

12 14 16

large Gr_une|sen constants. This V\(oyld not _only_lead to sma}ll V. CONCLUSIONS
peak shifts but will also affect their intensities via changes in
the Debye-Waller factors by(22)yBT where y stands for The present results provide a measurement of the spectral

the Grineisen constant and for the volume coefficient of distributions of the ordered phases of solid oxygen, for fre-
expansion. A quantitative evaluation of such an effect is hinquencies comprising the lattice motions. Examination of
dered by the lack of reliable low temperature data for the twdheir temperature dependence provides the means to quantify
constants. the extent of the coupling between the spin system and the
At any rate, the most relevant finding of such an exercisestructural degrees of freedom. This comparison shows that
concerns the spectrum of spin excitations displayed in théhe stronger spin-phonon interactions involve collective re-
lower frame of Fig. 6. As seen therg,,,{E) shows two orientational motions or “librons.” Most of the other vibra-
distinct peaks with maxima at about 5 and 12.5 meV. Thdions show no measurable signatures of such coupling. The
former has a linewidth of about 0.5 meV whereas the higheridentification of all the spectral features seen as extrema in
frequency peak has a deltalike character. It seems clear thtte frequency distributions for the phase with vibrational
the spin excitations reported from our experiments and thosdegrees of freedom is also supported by calculation of the
described by Stephenst al!® concern the two features specific heat from the measured spectra as well as from the
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