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Infrared response of glassy Ar:O2 mixed crystals
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Solid solutions Ar12x(O2)x , 0.2,x,1, have been investigated by infrared-absorption measurements of the
O2 stretching-band region. The experiments suggest the formation of a quadrupolar and possibly also a
spin-glass state with a hcp center-of-mass lattice of 0.3,x,0.6. @S0163-1829~97!00113-6#
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INTRODUCTION

Quadrupolar glasses are systems with a crystalline cen
of-mass lattice in which the orientations of the nonspheric
quadrupolar constituent freeze at low temperatures (T) into
patterns devoid of long-range orientational order.1 The freez-
ing process of such systems has been described by
glass-type random bond models and alternatively by theo
which treat a structural phase transition subject to rand
fields.2 On the experimental side the most insight into qu
drupolar freezing has been obtained for cyanide mixed c
tals such as KBr:KCN, solid solutions of ortho-para-H2 and
Ar:N 2. Ar:O2 has several similarities with Ar:N2. The shape
and the size of the N2 and the O2 molecules are about th
same. In particular, for intermediate concentrationsx both
systems show a hcp phase with dynamical orientatio
disorder.3,4 The c/a ratio of this phase is close to the ide
value of a close packing of spheres. This suggests that
average quadrupole moment not only vanishes within
basal plane but also along thec axis. In both systems the hc
phase can be supercooled to lowest temperatures. Her
study the freezing of Ar:O2 by means of infrared~IR! spec-
troscopy of the stretching-band region. We have previou
applied this method to Ar:N2.

5,6 In contrast to N2, the O2
molecule carries a magnetic moment, which is perpendic
to the molecular axis.14 Thus one expects that the quadrup
lar and magnetic degrees-of-freedom are not independe
one another and that both magnetic and quadrupolar inte
tions are active in orientational ordering. Obviously such
coupling of magnetic and structural degrees of freedom
present in pure O2, where the structural phase transitions
44 K (g-b) and 24 K (b-a) are accompanied if not drive
by changes of the magnetic structure:14,15,27in the paramag-
netic g phase (Pm3n), O2 occupies two different lattice
sites with planar, respectively, spherical disorder of the m
lecular axis. In theb phase (R3m) the molecules are ori
ented parallel to thec axis, and antiferromagnetic shor
range order is observed. In the corresponding orde
magnetic structure the spins form a 120° structure in
ab plane and show antiparallel order in adjacentab planes.
In thea phase, magnetic long-range order into a simple tw
sublattice antiferromagnet is established, and the struc
becomes monoclinic (C2/m).
550163-1829/97/55~13!/8194~7!/$10.00
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The x, T phase diagrams of Ar:O2 solid solutions have
been investigated by Barrett, Meyer, and Wasserman,3 by
Prokhvatilov and Baryl’nik,7 and by Ahmad, Kiefte, and
Clouter.8 The authors agree approximately on the hig
temperature part of the diagram but differ considerably
the low-T part. According to Barrett, Meyer, and Wasserm
and Ahmad, Kiefte, and Clouter the hcp phase is stable do
to the lowestT for 0.2,x,0.5. For 0.5,x,0.8 Barrett,
Meyer, and Wasserman report the so-calledd phase~a su-
perstructure of theg phase9!, and forx.0.9 thea phase. On
the other hand, Prokhvatilov and Baryl’nik suggest that
low T the only stable structures are the Ar-rich fcc phase
x,0.4 and thea phase of practically pure O2. According
to these authors solid solutions with 0.2,x,0.4 should
transform from hcp to fcc at 40 K. However, they point o
that the hcp phase can be supercooled by sufficient fast c
ing. Because of these discrepancies an investigation of
full range of O2 concentrations from 0.2 to 1 was require
Nevertheless, our main interest focuses on the ra
0.3,x,0.6 where our samples stay hcp down to lowest te
peratures and form a glassy state.

The present experiment probes the IR response of
O-O stretching band. Of course, the fundamental vibratio
IR forbidden for the free molecule. Both experiment a
factor-group analysis agree on the fact that the O2 funda-
mental is also forbidden in thea andb phases of solid pure
O2.

10 The situation in the dynamically disorderedg phase of
O2 is less obvious from the symmetry point of view. In an
case the present experiment suggests that here, too, the
damental is IR forbidden. Thus all the IR absorbance of
stretching region in the solid phases of pure O2 is due to
two-excitation processes@nvib(k)6nphon(2k)#, one excita-
tion being the stretching vibration, the other one a latt
mode ~phonons and magnons of the center-of-mass lat
and orientational excitations such as librations or diffus
reorientations!. Assuming that the width and the dispersio
of the vibron are negligible, the sideband structure can the
fore be regarded as a density of states of the lattice mo
weighted with the thermal population factor and the mod
dependent coupling coefficient for IR absorption.11 In addi-
tion, the direct absorption process at the vibron freque
can be induced in a perturbed local environment, such
lattice point defects, stacking faults, grain, phase, and
main boundaries.
8194 © 1997 The American Physical Society
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55 8195INFRARED RESPONSE OF GLASSY Ar:O2 MIXED CRYSTALS
EXPERIMENTAL

Appropriate quantities of the gases Ar and O2 with nomi-
nal purities of 6N and 5N, respectively, have been portione
and mixed in an all-metal gas handling system equipped w
a 1000 mbar pressure gauge. The gas is condensed i
copper sample cell~Fig. 1!, equipped with two CaF2 win-
dows and attached to the cold plate of a closed-cycle ref
erator. The thickness of the sample between the CaF2 win-
dows is 0.6 mm. In total we investigated solid solutio
Ar 12x(O2)x with 14 different O2 concentrations ranging
from x50.2 to pure O2 (x51). As there is evidence from
the work of other authors that the structures and the exc
tions of the samples depend on the thermal history
preparation of the samples,3,7,8,12,13we treated all samples in
exactly the same way which we established in explorat
measurements: The liquid mixtures were allowed to settle
several hours and then were cooled down through the liq
solid coexistence region with the maximum cooling rate
the closed-cycle refrigerator~3 K per min!. Subsequently
they were annealed for at least 2 h about 5 K below the
solidus line for homogenization. Visual inspection, either
rectly or through crossed polarizers, suggests that crack
inhomogeneities heal out within a few minutes at these h

FIG. 1. Schematic view of the sample cell used for the FT
experiments.
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temperatures. A first IR measurement is then recorded a
K, the following ones every full degree K on cooling dow
to 10 K. The whole sequence is reversed on heating bac
50 K. The cycle is performed within 8 h, hence the effecti
heating and cooling rate is about 0.2 K per min. In pu
O2, we obtain visually transparent single crystals in theg
phase, characterized by high IR transmission. At theb-g
structural phase transition the sample transforms into a p
crystalline state with very low IR transmission. The samp
being visually opaque we derive grain sizes of about
wavelength of visible light. In the hcp mixtures the IR tran
mission decreases gradually but remains much higher tha
the b phase, the formerly transparent samples now beco
only translucent.

The IR absorption spectra have been measured wit
Fourier-transform infrared~FTIR! spectrometer ~Perkin
Elmer System 2000!. The spectral resolution was set to 0
cm21.

RESULTS AND DISCUSSION

A. Pure O2

Figure 2 gives an overview of the various types of spec
of the stretching-band region which have been observed
function of T andx. The spectra of thea andb phases of
pure O2 are known from measurements of previo
authors.10,11 They observed traces of the O2 fundamental
nvib at frequencies around 1550 cm21. As the intensity of
this absorption line depends on preparation and annea
the presence of the fundamental has been attributed to
fects in the sample.10 With our type of preparation and an
nealing we were able to suppress the fundamental in
spectra of the low-T solid phases of pure O2 (x51.0) com-
pletely. We take this as an indication that our samples ar
high quality. As mentioned above the sideband can be in
preted as a weighted density of statesg(n8) of the lattice
modes n85n2nvib . Because of the low temperatur
g(n8) mainly shows up on the Stokes side of the band ori
at n5nvib . Attempts have been made to relate the vario
features of the sideband of thea and b phases to specia
lattice modes.11 Thea and theb phases have closely relate
e
res
FIG. 2. IR absorbance spectra of th
stretching-band region for selected temperatu
and composition.
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8196 55XIE, ENDERLE, KNORR, AND JODL
crystallographic structures,3 henceg(n8) is similar in the
two phases. Nevertheless there are two particular feat
which can be used to discriminate thea phase from theb
phase what in turn allows us to specify thea-b-transition
temperature:~i! the maximum atn8585 cm21, which is
likely to be due to magnetic excitations of the antiferroma
netically ordereda phase: the spin-flip intensity of inelast
neutron scattering has a maximum at 81 cm21 in the a
phase, indicating a maximum in the magnon density
states, in theb phase this maximum is absent;14 ~ii ! the
higher density of states in the lown8 range of theb phase,
which presumably represents low-lying orientational mod
The transition from theb phase into theg phase leads to a
drastic change of the sideband spectrum. The stretching-b
region of the g phase is dominated by a quasielas
Lorentzian-like component, centered atn850, which we at-
tribute to overdamped orientational modes, i.e., rotatio
diffusion, as expected for a phase with dynamic orientatio
disorder. The residual feature aroundn8570 cm21 roughly
coincides with the cutoff frequency of the low-T phases and
may thus mainly represent zone-boundary phonons. The
finite absorption at even higher frequenciesn8 is due to
higher-order effects.

The changes of the sideband structure propose thea-b
transition between 23 and 24 K and theb-g transition be-
tween 43 and 44 K, both on cooling and heating, in agr
ment with the literature.3,7,15

For the presentation of the results on the solid solutio
we divide the concentration range into two parts, nam
0.3<x<0.6 and 0.60,x,1. We mention in passing tha
there is no measurable sideband absorption left forx50.2,
only a weak vibron spike is observed at 1551.9 cm21.

B. Solid solutions with 0.60<x<1:
The regime of phase separation

For 0.60,x<0.95 the variation of the sideband structu
with temperature is similar to pure O2 ~see Fig. 2!, although
— as x is reduced — the characteristic structures of thea
and theb phases get progressively smeared out. The den
of states clearly is a bulk property, therefore we consider
sideband structure as a fingerprint of the sample volu
which is only insignificantly influenced by structural defec
The most natural explanation for the absorption spectra i
terms of a phase coexistence: the sideband is a superpo
of the sideband of an O2-rich a, respectively,b phase and of
a smooth, featureless sideband of an Ar-rich phase,
weight of the latter growing at the expense of the form
whenx is reduced. This postulated phase coexistence ag
with the phase diagram of Prokhvatilov and Baryl’nik. No
however that in our measurements the Ar-rich phase s
hcp down to lowest temperatures without showing any e
dence for a transformation into fcc. The sideband gives
evidence for the existence of the low-temperatured phase
which has been observed by Barrett and co-workers
0.6,x,0.8.3,9

Thea-b phase transformation of the O2-rich component
takes place between 21 and 22 K, both on cooling and h
ing, while the transition from theb phase into the high-T
es
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phase occurs at about 34 K on cooling and 39 K on heat
These values hold for all samples in the statedx range.

In the high-T regime the sideband structure appears to
independent of the structure of the center-of-mass lattice.
matter whether the sample is in anx,T state which corre-
sponds according to the phase diagrams to a single
phase, singleg phase or to ag-hcp coexistence state, th
sideband is dominated by the broad quasielastic compo
centered atn850 which has already been observed in pu
g-O2 ~Fig. 2!.

In the concentration regime 0.60,x,1, the intensity and
shape of the O2 fundamental strongly depend onx,T and are
different for cooling and heating. The fundamental is alm
absent in the initial high-T state immediately after sampl
preparation but acquires a complex and strong pattern in
T range where the demixing process intob-O2 and Ar-rich
hcp occurs, 39 K.T.33 K. Further changes occur in th
T range of thea-b transition. At the end of the thermal cycl
when the sample is back in the high-T state, there is consid
erable residual intensity left. These are clear indications
at least a great deal of the intensity of the O2 fundamental is
due to lattice defects, such as phase boundaries introd
by phase separation. Altogether the various component
the O2 fundamental cover an range 1547 to 1553 cm21.
There is no obvious way how to assign the individual lines
specific phases or defect states. Nevertheless a double
served at lowT at 1550 and 1552 cm21 apparently increase
with decreasing O2 concentration. Since this feature is th
only one remaining forx<0.6, it is likely to belong to the
hcp low-T state of Ar:O2. For low T, there is an additiona
spike at 1548 cm21 which can be traced fromx50.65 to
0.80. Perhaps this is an indication of residues of thed phase
which has been observed by Barrettet al. in about thisx
range. None of the observed line patterns agrees with
O2 fundamentals which have been assigned to a metast
phase, called them phase, in evaporated thin O2 films.

16

C. Solid solutions with 0.3<x<0.6: The glassy regime

In contrast to the spectra of the previousx range, the
spectra for 0.3<x<0.6 are independent of the thermal hi
tory of the sample and change smoothly withx andT, see
Figs. 2 and 3 forx50.4 and 0.5. Apart from the splitting o
the fundamental~Fig. 4! there is no evidence for phase tra
sitions or phase separation. The spectra can be split into t
elements: the O2 fundamental, a quasielastic component
about Lorentzian shape and the density of state part.
density of state part is a rather smooth function ofn, the
most prominent feature being the maximum, respect
shoulder at 1620 cm21 which represents lattice modes clo
to the cutoff frequency. The low-frequency regime of t
density of states part is visible at low temperatures only
higher temperatures the quasielastic component of appr
mately Lorentzian shape is superimposed. The latter re
sents relaxing degrees of freedom, the most obvious are
orientations of the O2 molecules. The Lorentzian width
decreases with decreasing temperature~Fig. 5!. This narrow-
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FIG. 3. The temperature evolution of th
O2, respectively, N2 stretching-band region o
Ar 0.5(O2)0.5 as compared to that of the well es
tablished quadrupolar glass system Ar0.3(N2)0.7
~from Ref. 6!. The spectra of either series ar
offset vertically and horizontally, as indicated fo
the band origin by the dashed lines.
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ing of the quasielastic component signals the gradual fre
ing of the O2 orientations.

The fundamental starts out as a tiny spike in the highT
hcp phase, the width given by the instrumental resolut
~Figs. 3 and 4!. It grows, broadens, and splits on coolin
Ignoring the splitting for the moment, the spectra and th
changes withT are very similar to the results on hc
Ar:N 2, as illustrated by the synopsis of Fig. 3. This sugge
that Ar:O2 undergoes a freezing process very much l
Ar:N 2. Apart from the narrowing of the quasielastic comp
nent, the most conspicuous effect of the freezing is the
pearance of the strong IR activity of the fundamental. As

FIG. 4. The temperature dependence of the absorbance in
region of the band origin for Ar0.5(O2)0.5.
z-

n

ir

ts

-
p-
r

Ar:N 2 we point out that this IR activity cannot simply be
consequence of the substitutional site statistics of a mi
crystal, which in principle could induce IR activity, sinc
then the fundamental should be strong at all, and not onl
low temperatures. Neither can it be due to the site symm
broken by orientations of the neighboring O2 molecules. As
the vibron oscillations are fast compared to the reorien
tional modes over the entireT range of the present study

he

FIG. 5. The temperature dependence of the integrated ab
bance between 1540 and 1560 cm21 for x50.3, 0.4, 0.5, 0.6~top
panel!, of the widthG half width at half maximum of the quasielas
tic Lorentzian component and of the vibron frequency forx50.5.
The solid line is a fit to an Arrhenius lawG5G0exp(2E/T) with
G0567 cm21 andE570 K.
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8198 55XIE, ENDERLE, KNORR, AND JODL
such an effect should be operating already at highT. Further
below we will relate the appearance of the IR-active fun
mental to the formation of the glassy state.

In the following we look at the fundamental in more d
tail. Figure 4 shows the evolution of the line splitting and t
growth of the fundamental with temperature forx50.5. Fig-
ure 5 displays the integrated absorbance above baselin
the n interval from 1540 to 1560 cm21 for x50.3, 0.4, 0.5,
0.6, the splitting of the fundamental and the Lorentzian h
width as a function ofT for x50.5. As can be seen th
integrated intensity of the fundamental is low at highT and
increases significantly below about 25 K, while simult
neously a line splitting develops. We tried to fit line shap
to the experimental data on the fundamental. ForT,16 K,
two Gaussians, representing the split fundamental, see Fi
have been fitted to the data, forT.24 K we used a
resolution-limited Gaussian superimposed on a Lorentz
centered at the same frequency. In the intermediateT range
in which the fundamental grows and splits, while simul
neously the Lorentzian wings to the fundamental beco
visible, any combination of trial functions appears somew
arbitrary. We used fits with two Gaussians, either one
companied by a Lorentzian component, the two Lorentzi
having identical widths. TheT dependence of the Lorentzia
width is well described by an Arrhenius law, see Fig. 5. T
attempt frequency is of the order of 60–70 cm21 which is
comparable to the average lattice frequency. The energy
rier is of the order of 70 K. Similar figures have been o
served for Ar:N2.

6

FIG. 6. The split vibron at 10 K forx50.3, 0.4, 0.5, 0.6. The
solid lines are the results of fits of two Gaussians to the data.
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Figure 6 displays the fundamental at 10 K for severax
values. The total intensity increases with the oxygen cont
The splitting slightly decreases from 1.8 cm21 for x50.6 to
1.5 cm21 for x50.3. The relative intensity of the higher
frequency component decreases with increasing oxygen
tent of the solid solutions, while its width is almost indepe
dent of the O2 concentration. The width of the low
frequency component, however, increases with the oxy
content.

In the following we discuss possible origins for the pec
liar T dependence of the frequency splitting and of the
bron intensity. Clearly thisT dependence is reminiscent to
symmetry breaking connected with a phase transition. Ho
ever, our complementary x-ray and neutron-diffraction m
surements failed to produce any evidence such as the ap
ance of extra diffraction peaks or splittings of diffractio
peaks for a structural or magnetic phase transition. Thu
global symmetry breaking can be ruled out. On the ot
hand, heat-capacity measurements forx50.4,17 and x-ray-
diffraction measurements on the coefficient of thermal v
ume expansion forx50.35 ~Ref. 12! have shown that thes
quantities display a broad anomaly centered at about 20
which agrees with the temperature, where in the present
periment the O2 fundamental splits and grows. Further info
mation comes from measurements of the magn
susceptibility.18,19According to Ref. 18, the susceptibility o
the solid solutions follows a Curie-Weiss lawx;(T1u)21

down to helium temperatures, the Weiss temperatureu being
proportional to the O2 concentrationx, u5x* 60 K. This
result suggests that the magnetic interactions cannot be
nored, but obviously do not induce long-range magnetic
der above helium temperature, although one may argue
the relatively high fields employed in this study, up to 1.5
might have been strong enough to destroy marginally sta
spin structures or spin-glass patterns. Altogether we c
clude that the experimental information strongly favors so
type of local rather than long-range ordering in hcp Ar:O2
solid solutions, 0.3,x,0.6. We interpret this low-T state as
a quadrupolar and spin-glass state.

The IR activity of the O2 fundamental can be explaine
on the basis of a glassy state. The freezing into such a s
‘‘solidification’’ in general, is due to the condensation o
modes which formerly have been of the resonant or the
laxing type, namely spin-diffusive modes in the case o
spin glass and rotational modes coupled to phonons of
center-of-mass lattice in the case of quadrupolar glasses.
condensed modes of the glassy state show up as the so-c
central peak in neutron and light spectroscopy meas
ments. In contrast to soft-mode-driven phase transitions
condensed modes cover wide regions of reciprocal sp
Pertinent experimental information exists for the quadrupo
glass reference system Ar:N2,

20 and in more detail for
KBr:KCN.21 Some of these modes may well be IR activ
Hence the condensation will shift IR activity from the sid
band to the band origin, i.e., from finiten8 values to
n850. One may translate this view of condensed modes
a more local one, namely of distorted local environmen
which then induce the IR activity of the vibron. The conde
sation can be either driven by random interactions or by p
existing random fields, such as stress fields introduced
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55 8199INFRARED RESPONSE OF GLASSY Ar:O2 MIXED CRYSTALS
alloying. The small, but nevertheless finite intensity of t
vibron spike at highT may indicate that the random-fiel
view is more appropriate.

So far it was tacitly assumed that the vibron is infinite
mally sharp and free of dispersion, thus leading to a w
defined band origin. At low temperatures this is no long
true, the profile of the fundamental mirrors the frequen
distribution of the vibron mode~coupled to IR-active con-
densed lattice modes!. As discussed above the low-T vibron
profile can be well described by two Gaussians, their intr
sic widthsW being of the order of 0.5 to 1 cm21. This
suggests that there are basically two types of inequiva
sites, either one being inhomogeneously broadened. Th
ternative interpretation of the band profile in terms of vibr
dispersion appears less convincing. The overall width of
distribution which is of the order of 4 cm21 would then
correspond to the widthDE of the vibron bandn(k). Since
DE.W, the inhomogeneous broadening should be avera
out by the propagating vibron excitation. Turning back to t
former view, one wonders what type of interaction is resp
sible for the formation of inequivalent sites at lowT.

We explore the idea that stacking faults create local
and fcc environments which in turn could be responsible
the splitting of the fundamental. Such stacking faults ha
been shown to be omnipresent in hcp Ar:N2.

22 Following
Prokhvatilov and Baryl’nik, hcp Ar:O2 transforms into fcc
around 40 K. Such a global transformation does not t
place in our samples, but nevertheless an incomplete hcp
transformation with a proliferation of stacking faults mig
be possible. However, in such a situation one would exp
considerable thermal hysteresis of the vibron splitting,
contradiction to the experimental result. Hence we cons
this view not convincing.

Clearly the vibron splitting is due to intermolecular inte
actions, of magnetic or nonmagnetic origin. For nonmagn
interactions the hcp phase of N2 is a useful reference. Van
der Avoird, Briels, and Jansen23 have argued that the N2
molecules do not precess independently about thec axis, but
rather do so in a correlated way, the two molecules of
hcp cell having a common inclination angle but oppos
azimuthal angles, say 0° and 180°, with respect to thec axis.
Such a pair configuration can give rise to a split stretch
vibration with both components being IR active. For th
statement we refer to the symmetry analysis by Chui, Ch
and Silvera24 of possible high-pressure phases of solid h
drogen, one of which being the orthorhombic pha
Pmc21 which is obtained by a continuation of the aforeme
tioned configuration.

Returning to the Ar:O2 system, we point out that alread
Prokhvatilov, Brodyanskii, and Baryl’nik12 have argued,
based on a high-T expansion of the free energy, that th
anomaly of the heat capacity and of the thermal-expans
coefficient is predominantly due to magnetic, rather than
quadrupolar interactions. Indeed, these anomalies are m
stronger in the magnetic system Ar:O2 than in the nonmag-
netic reference system Ar:N2. Furthermore the relatively
large values of the Weiss temperatureu support the idea tha
some sort of magnetic ordering should take place in
Ar:O2 at low T. Via the molecular anisotropy term,14 the
spin direction is coupled to the orientation of the molecu
axis. Thus magnetic ordering, independent of whether it is
-
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short or long range, will affect the orientational distributio
which in turn will couple to the center-of-mass lattice. In th
context it is conspicuous that thec/a ratio of hcp Ar:O2
deviates from the ideal value at lowT.12 The deviation fol-
lows approximately theT dependence observed for the v
bron splitting and for the vibron IR intensity and is consi
erably larger than for Ar:N2.

In any case the concept of intermolecular interactions
lows us to regard the vibron splitting as measure of a lo
order parameter, the local ordering setting in between 20
K and saturating below about 15 K. In a complementa
dynamic scenario one can interpret the collapse of the s
ting on heating in terms of a dephasing process of the v
ous, here basically two, vibrational modes via low
frequency, thermally populated modes.25,26 One may think,
e.g., that the vibrational frequency of the O2 molecule de-
pends on its orientation with respect to the crystallograp
axes. This would suggest that there are basically two
equivalent orientations at lowT, perhaps one parallel to th
c axis, the other one perpendicular to it. In that case
relevant low-frequency mode should be identified with a
orientation mode and the splitting would collapse in theT
range in which the reorientation rate becomes comparabl
the splitting.

CONCLUSIONS

The present measurements suggest that for Ar:O2 mixed
crystals with O2 concentrations ranging from 0.3 to 0.6 th
hcp structure is stable down to lowest temperatures. The
absorbance of the stretching-band region of the hcp ph
shows three components:~i! the density of state part is
rather smooth function of frequency. It is similar to that
the orientationally disorderedg phase of O2; ~ii ! the quasi-
elastic Lorentzian-shaped part, representing relaxing mo
in particular the O2 reorientations. The width narrows, i.e
the relaxation rate decreases with decreasing tempera
~iii ! the O2 fundamental, which starts out as a tiny spike b
grows and splits on cooling. The low-T intensity of the fun-
damental stems from frozen-in lattice modes coupled to
vibron. The splitting is due to a local ordering process of t
molecular magnetic and quadrupolar moments. The inten
and the frequency splitting of the fundamental can be
garded as a measure of the local order parameter. We sug
that the low-T state of hcp Ar:O2 solid solutions is glasslike
as far as the magnetic and orientational degrees of free
are concerned. Thus the low-T state of Ar:O2 solid solutions
appears to be the first example of a combined spin and q
drupolar glass state.
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