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Infrared spectroscopy has been applied to the study of solid oxygen in the pressure-temperature region
enclosed among the, B, and e phases which is now unambiguously assigned todhmhase. The narrow
peak, detected in the fundamental mode region, is assigned to a vibron component allowed because of the
long-range antiferromagnetic order of the molecular spins which, as ia fifease, produces a doubling of the
primitive cell. The integrated infrared absorption evolution with temperature confirms this model. The molecu-
lar vibrational coupling is quantitatively interpreted as due to the Heisenberg interaction via the exchange
integral J.

Among simple molecular crystals solid oxygen constitutesnetic order of the oxygen spins. Experimental evidences con-
an interesting localized-spin system where magnetism comdsming this latter expectation are still missing.
from a direct overlap of molecular orbitaisThe magnetic In a previous report we investigated the infrared spectrum
interaction is fundamental to stabilize the peculiar molecula@t low temperature from 2 GPa up to the transition** We
arrangement in the crystalThe difficulty to obtain high detected an absorption line in the vibron fundamental mode
quality single crystals at low temperature and high pressuréegion not expected according to thenmmcrystal symme-
makes a direct optical spectroscopic detection of the mag!y. Those results prompted us to scan finely the phase dia-
netic signatures due to spin wavésiagnons extremely ~— gram along isobaric c_ooling and heating c_ycles at different
hard, but the interaction between magnetic and structurdlréssures, and along isothermal compression paths, by using
properties can also induce the activity of new vibrationalPourier transform infrare@TIR) spectroscopy. Our gata do
modes whose behavior can be studied as a function of tenfiOt confirm the phsase transitions reported by Jidil.” and
perature or external applied magnetic fields. These eﬁec@y Yen and Nicof,® and we assign the whole region extend-

have been observed in the lowest-temperature phase of ox /i9 among the_a, B. ande pha.ses to thed phase. In the .
gen at zero pressufethe monoclinic C2/m) a— O,.% The ollowing we will show clear evidence of the expected anti-

a— O, crystal is the only elemental solid that is both insu_ferromagnetlc character of thephase. This effect is, in our

lati q antif i d then th v K i opinion, strongly correlated to the formation of the @ol-
ating and antiterromagnetic, and then the only Known anti e \whose existence, in the high-pressuphase, we have
ferromagnetic molecular crystalin this phase all spins are

) A ) _ recently showrt®
aligned along the monoclinib axis with an opposite orien- High-purity oxygen was filled into a membrane diamond-

tation in near.es.t-neighbor molecules. This arra.m-gement deinvil cell (MDAC) by means of the cryogenic loading tech-
termines a primitive magnetic cel(p2/m) containing two  pique. The details of our optical setup for Fourier transform
inequivalent molecule® Above 24 K, at atmospheric pres- infrared measurements with the MDAC have been carefully
sure, thea phase transforms into the rhombohedraB(n) described elsewher&!” Oxygen was slowly cooled0.2—

B phase where only a short-range antiferromagnetic order ig.3 K/h) through the melting line at 6 GPa into tiephase.
present. The a-p phase transition takes place with negli- Four isobaric cooling and heating cycles have been per-
gible volume change and heat of transformation, and thgormed at 7.0, 5.8, 5.0, and 4.5 GPa from 15 to 200 K. In
relative slight structural distortions are interpreted as essenspite of the polycrystalline nature of our samples, a good
tially due to magnetic effects? At low temperature the re- crystal quality is attested by the narrow absorption vibron
gion extending between the and thee phases is not yet |ine observed in the experiments performed following the
definitely assigned. Two phases; and é in order of in-  sample preparation described above.

creasing pressure, were suggested on the basis of Ramanin Fig. 1 we show the fundamental vibron peak of oxy-
studies’ The existence of the:’ phase is not confirmed by gen, measured along the 7.0 GPa isobar increasing tempera-
other Ramal? and recent infrared experimerifsAt room  ture from 13.8 K to 205.6 K, i.e., very close to theg phase
temperature and 9.6 GPa the structure of éhphase has transition. The intensity of this spectral line decreases con-
been determined to be orthorhombiErimm D3) with  tinuously rising temperature and vanishes asghghase is
one molecule per primitive cell. Molecules are aligned parteached. The same behavior was observed in all the other
allel and form molecular planes as in theand 8 phases?  isobaric measurements. From the spectral fit we have ob-
Lattice dynamic¥’ andab initio™* simulations obtain the cor- tained the linewidth, which always exceeds the instrumental
rect Fmmm structure of thes phase with one molecule in resolution(1 cm 1) ranging between 1.5 and 2.5 ci) the

the crystallographic primitive cell and with an antiferromag- frequency peak values, and the integrated intensity. The
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' ' ' metastable states. Therefore, in order to obtain the equilib-
rium values, we calculated the average absorbance between
the cooling and the warming cycles. In Fig. 2 the values
obtained according to this procedure are reported as squares
for two different isobars, normalized with respect to the ab-
sorbance extrapolated to zero temperature.
In the unit cell of & oxygen the molecules lie on sites
having D,,, symmetry, then only one Raman band in the
: 160.7 K fundamental mode region is expectédrhe sharp infrared
band observed in thé phase, which cannot be ascribed to
0.6 \MM crystal stress or defects, is interpreted in terms of antiferro-
magnetic ordering of the oxygen molecular spins. In this

case the magnetic primitive cell will contain the two mol-

Absorbance

‘—‘%VM@/—K"—" i

ecules on the vertex and on the basis center of the conven-

tional Fmmmoecell, with antiparallel spins, as it happens for

0.4 wﬁ% the @ phasé® The Raman and the infrared modes are inter-
N — preted as the in- and out-of-phase stretching motions of the
1530 1540 1550 1560 1570 pair of molecules. The charge transfer mechanism strongly

Frequency (cm™) _contributes to the induc_ed dipole_ moment of th(_a pair allow-
ing the detection of the infrared vibron peak at high pressure.

FIG. 1. Infrared spectra, vertically shifted, recorded along the 7The missing observation of the analoQoys Infr_ared mode in
) . . the @ phase is only due to a smaller transition dipole moment
GPa isobar increasing temperature. .
related to the larger separation between the two molecules.
A direct probe of the antiferromagnetic origin of the in-

analysis of the full set of parameters as a function of pressur; 2 red vibron peak is represented by the analvsis of the tem-
or temperature does not show discontinuities, suggesting that P P y the analysi: .
the whole investigated region belongs to #ighase. In Fig. perature dependence of the absorption intensity shown in

Fig. 2. The temperature increase reduces the spin long-range

2 we report the integrated absorbance as a function of temo'rder and then the intensity of the infrared band. The tem-

perature. Specifically, in the insert we show the raw data . .
relative to the 7.0 GPa experiment. Full and open dots conﬁﬁé%t%ihb?hh:wg;vg]; }2\?\‘ r;o(r{n flﬁ.?.d)%bs&gﬁ?nmswﬁﬁﬁ]n
cern, respectively, the cooling and the warming run revealin P N 9.

an evident hysteresis which affects the entire temperatur e errors,5=0.5 for aII't'he pressures. Her“éN IS thfétem—
cycle. A similar effect has been observed at every investiper"’lture of they-§ transition as given in the literatur€ The

gated pressure. We have also monitored the kinetics during %roportlonahty between the absorbance of the infrared vi-

time interval of about 12—15 h at several fixed temperatureg):f)r,:rl'?edatndhthl(fj ?rthuarge :)Lithergr(:erhparartr:e;aviﬁsnderrn—l ted
observing a very slow increager decreaseof the peak onstrated to ho order-disorder phase transitions refate

intensity with time along the coolingr warming path. This to two quite different solid systems like deuteritirand

. 20 . . . _ . _
fact indicates that the measured intensities correspond |trogen: S'T‘CG also_m this case an oro_ler disorder phe_nom
enon(spin alignmentis the basis of the infrared absorption,

we assume the same relation resulting in the law (1
—TIT)%?. The exponent value is lower than that
(=0.33) obtained for most real and model three-dimensional
0.8 1 s (3D) systems, but it is higher than the value expected by the
5.0 GPa . 2D Ising model(1/8).%* As a matter of fact, the lack of data
0.64 . very close to the critical temperature does not allow the iden-
o 7.0 GPa tification of the exponent with the critical parameter. An ad-
] ditional complication is due to the presence of the structural
o LS transition to the8 phase which, as for the-A transition??
02 m,i'ng":.ijso " precludes a definitive interpretation @f, as the Nel tem-
%t perature. An accurate investigation of the infrared intensity
oo T close toTy could provide a better insight, beyond the scope
' S0 10 150 200 / >f \ of the present report, on the relative weights of the coupling
0.0 T T T T between molecules within theeb layers with respect to that
0 50 100 150 200 connecting molecules in different planes of the crystal.
Temperature (K) In our previous report we used the Davydov splitting of
the fundamental mode to determine the vibrational coupling
parameteG.!! Surprising was its positive sign and its strong
tained by averaging the values recorded during the cooling an%ependence on _th? |ntern_10Ie(_:uIar d|star_10e._ We_ will show
warming cycles. Full lines fit the data according to the lew(1 t gt the magnetlc mteract_lon mduces.thls wpratlpna! Lot
—T/Ty)%% The full segments indicate thE;_, values at 5 GPa pling. The Heisenberg antiferromagnetic Hamiltonian is
(158 K) and 7 GP4211 K). The original data obtained in the 7 GPa o
run are shown in the inset. Hio= =315 S, (D)

1.0

04] 2880°299,
0.4 1

Normalized absorbance

intabs. (cm ™)

0.2 01

FIG. 2. Evolution with temperature of the normalized absor-
bance along different isobars. The ddtmuares have been ob-
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FIG. 3. Full symbols are the experimentalvalues: dots from

Ref. 11; triangles from present work. Empty symbols @benitio J FIG. 4. Frequency evolution on the temperature of the infrared
values from Ref. 23, scaled on the experimental data and fitted witpeak along different isobaric paths. Full lines result from a fit analy-
an exponentia(dashed ling sis according to a power law proportional T6.

where$S, and S, are the molecular spin operators ahg, fitted (dashgd lingwith an e_xpone.ntial in the whole.range of
which is negative, is the exchange integral. Usually @gis  the calculation. The evolution @ is very well described by
written for two rigid and fixed molecules, while the spins arethis curve in the overlapping regid.5-2.8 A confirming
the only variables. More generally, the quantity depends 'S magnetic origin. _
on the molecular coordinates. We are interested in the depen- On the basis of Eq2) we can model also the magnetic
dence of] on the intermolecular distan&@and on the inter- contribution to the temperature behavior of the IR vibrational
nuclear distance, andr,. For nearest neighbgnn) inthes  frequency obtaining

phasele(R,Fl,Fz) can be expanded up to the second order

12
in terms ofx;=r;—r, (i=1,2) leading to 1 [ k(5 -S)r(a-4b) |
V|R(Cm ): 27TC w ’
R 163y, ,
Hio==5,-S J12(R,re,re)+§ 2 (XT+X3)
by =x,=0 1P, P .
(92‘]12 a= E o‘ixi 3 70, B (9X1(9X2 x :XZZO’ ( )
XlXZ 7 (2) Xl—)(z— 1

dX10X .
1772l =x=0 wherek is the elastic constant perturbed by all nonmagnetic
. S . crystal field contributions. The evolution of the infrared
wherer . |s_the equ!llbrlum mterr_luclear distance. The secon ode frequency with temperature is illustrated for different
and t_he t.h'rd termin parenthesus appear the_n as th? Magn€ilspars in Fig. 4. To compare the different results we report
gcr);;”?g;g’g;it/%g’%ﬂg%;{:&fﬁgfC%Z%l?%rr:]’gﬁgﬁ?&sn'the shift with respect to the extrapolated frequencied at
’ . ' ) * =0 K. At low temperature the curves show an almost flat
has to be interpreted as the averaged third term of(Byq. P

. behavior with a reproducible steep increase about 80—100 K
that is below thes-3 phase transition. We usedT& power law to
. Py reproduce the strong temperature dependence. 'Th'is behgvior
G=—(S-S)7 (3)  cannot be explained on the basis of anharmonic interaction
IX10%; X;=%,=0 processes, so we ascribe it to the spin-correlation function

) ) ) ) whose absolute value decreases for increasing temperature.
resulting then proportional to then spin-correlation func-  Fyrthermore, since this term is negative for an antiferromag-
tion (S, - S;)1. The experimental density dependenc&opfs  net, in order to reproduce the experimental frequency in-
obtained by the difference of the infrared and Raman data ajrease, it results that<4b. We want to remark that from

23 and 50 K(Ref. 11 and on the basis of the computed EOSthis single spectroscopic experiment on the vibron mode a
for solid oxygen in this regioh’ can be compared to that precise, though indirect, information is obtained both on the
calculated for the exchange integdhb.** Here we assume short-range spin-correlation functioby the pressure and
that the small modulation af;,, due to the vibrational mo- temperature evolution of the frequencgnd on the long-
tion, could be factored out from the dependence onrthe range order of a magnetic systéhy the temperature evolu-
distanceR. Furthermore, the density dependence of ime  tion of the intensity.

spin-correlation function has been neglected since the tem- According to the present results we are able to draw the
perature is low and far from that of th& 8 phase transition. evolution of the intermolecular interactions in solid oxygen
In Fig. 3 we show the comparison between the experimentat low temperature as the pressure is increased. Electronic
G and theab initio values ofJ;R) scaled with a factor and exchange is responsible of the magnetic interaction among
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oxygen molecules leading to an antiferromagnetic orderingorrelation and results proportional to the exchange integral
in the a phase. In theS phase the observation of the infrared J. This explains the strong density dependenc&ofith a
vibron peak is not consistent with the crystal structure acvery good agreement with theoretic initio results forJ.
cording to which only one Raman mode is expected. wel he antlfer_romagneuc coupllng_between ngarest-ne|gh|§oro
interpret the appearance of the vibron peak as due to th@olecules is therefore responsible for the increasing molecu-
antiferromagnetic order which causes the doubling of the cellrar Interaction in th@ phase. _TheS-e p_hase transition acts
allowing the in-phaséRaman activeand out-of-phaséin- as a k_|nd_ of re_verS|bIe cgaemlcal reaction whose product are
frared active optical modes of the two molecules forming O, units in a singlet state.

the magnetic primitive cell. The temperature evolution at

constant pressure of the infrared vibron absorbance is con- Discussions with M. G. Pini and A. Rettori are gratefully
sistent with the antiferromagnetic order of thghase. Also  acknowledged. This work has been supported by the Euro-
the vibrational coupling is interpreted in term ah spin  pean Union under Contract No. ERB FMGE CT 950017.
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