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Evidence for tiuadruyolar g&sss yhases in solid hydrogen at reduced ortho concentrations
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Low-temperature NMR studies of solid hydrogen at reduced ortho concentrations I ( 55% are interpreted
in terms of possible quadrupolar glass phases in which the ortho molecules are frmen into random

configurations. The quadrupolir glass is an extension of the concept of the dipolar glass of spins introduced

by Edwards and Anderson.

I. INTRODUCTION
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FIG. 1. Phase diagram of solid ortho-para-hydrogen
mixtures. The solid lines indicate the transition hydro-
gen-temperatures To(X) deduced from the NMB studies
as described in the text. The broken line represents
the critical temperatures calculated in Beference (12)
for X&0.5. The inset shows the glass phase transitions
on an expanded scale. The solid circles are taken from
this work and Bef. 8, and the solid squares are from
Bef. 16.

Certain dilute magnetic alloys ' such as CuMn,
AMFe, RfgFe, . . . can, over a certain concentra-
tion range of the magnetic component (typically
less than a few percent), exhibit "magnetic"
phases characterized by frozen-in local magnetic
moments which point in random directions. There
is no overall magnetic moment (ferromagnetism)
nor is there any simple sublattice antiferromag-
netism, but for these so-called "spin-glasses"
there does exist a local order parameter g
=(S,(t,) ~ S,(t, )) which is nonvanishing for t, »t,
and which can be determined self-consistently
using the models described in Refs. 3-5. How-
ever, at elevated concentrations of the magnetic

component, these alloys can form ferromagnetic
phases which become paramagnetic at high tem-
peratures. The phase diagram can therefore be
broadly divided into three regions: paramag-
netic, ferromagnetic, and spin-glass.

There is a striking resemblance between the
phase diagram for the magnetic alloys and those
observed (see -Fig. 1) for orientationally ordered
ortho-hydrogen-para-hydrogen alloys' ' where
for large ortho concentrations (X&55%) the co-
operative ordering is believed to result from the
intermolecular electrostatic quadrupole-quad-
rupole interactions. ' ~'

II. LOVf-TEMPERATURE NMR LINE SHAPES

At high ortho concentrations the ordered state
of solid hydrogen is characterized by a long-range
order parameter S(T) = (3Z'z —2)r, where 4 is the
orbi. tal angular momentum of an ortho molecule
and Z is a lattice axis. In the long-range orienta-
tionally ordered structure'0 the Z axes are the
body diagonals of the fcc lattice. For a single
crystal the partial lifting of the rotational degen-
eracy of the ortho molecules results in a fine
structure for the NMR spectra7'~ consisting of a
doublet separated in frequency by Av= —,dP, (cos8~)
xS(T), where 8~ is the angle between the external
magnetic field and the crystalline axis Z and
d =57.7 kHz. On averaging over all possible cry-
stalline orientations for a powder specimen, one
obtains the familiar Pake doublet for the NMR
absorption spectrum shown in Fig. 2. For ortho-
concentrations X &55% one observes on warming
an abrupt transition to an approximately Gaussian
line shape at the critical temperatures T,(X) given
by the solid line in Fig. 1. (The reader is referred
to Ref. 12 for details of the line shapes at high
concentrations. )

The transition temperatures decrease rapidly as
the ortho concentrations approach 55 j& and this is
in qualitative agreement with theoretical treat-
ments of the orientational ordering which account
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I IG. 2. Example of a theoretical Pake doublet NMB
absorption spectrum and its derivative for the orienta-
tionally ordered phase. The intermolecular nuclear
dipolar interactions have been accounted for by a
Gaussian of width 7 kHz. 4= 57.7 kHz.

for correlation effects."' The calculated transi-
tion temperatures are indicated by the broken line
ln Fig. 1.

For ortho-hydrogen (and para-deuterium) con-
centrations less than approximately 55@, NMR
studies" and thermodynamic measurements
showed no evidence of orientational ordering for
temperatures T ~ 0.4 K. However, '

NMR studies
at very low temperatures' ""(T &0.1 K) show
broad spectra whose features depart from the
Pake doublet shape as the concentration is re-
duced. We describe here further low-tempera-
ture NMR investigations and interpret the results
in terms of the "freezing" of the orientational de-
grees of freedom of the ortho molecules in what
are assumed to be random solid mixtures of
ortho- and para-hydrogen molecules.

We have studied samples condensed on a bundle
of fine copper wires (0.1-mm diameter) anchored
to the mixing chamber of a dilution refrigerator.
The sample chamber, having a volume of 10 'cm',
was constructed out of Kel-F and was located at
the position of maximum homogeneity of a super-
conducting magnet. The hydrogen, initially 75'%%uo

ortho, was allowed to condense slowly as the tem-
perature was held close to 20 K and the tempera-
ture was then lowered over an approximately
30 min period to the freezing temperature after
which the temperature was lowered as rapidly as
yossible. Studies at different ortho concentrations
were carried out by aging the samples at 4.2 K
between runs. The concentrations were then de-
duced from the ages assuming an ortho decay rate
of 1.9%%u~ per hour and checked against the areas of
the NMR absorption spectra at 4.2 K.

On one occasion an aged sample having a mean
ortho concentration of 32%%u&& was melted and then
refrozen. This was to ascertain whether the line
shapes of samples of low X and their variation

with temperature depended on the method of their
preparation which could affect the distribution of
the ortho molecules in the sample. We observed
no significant departure in the critical tempera-
tures or the low-temperature line shapes other
than that attributable to the difference 'in mean
ortho concentration before and after melting and
subsequent cooling.

The NMR spectra were observed at 100 MHz
using a standard Q-meter circuit operating at
low levels. The oscillator frequency was swept
through the resonance line with the supercon-.
ducting magnet held in the persistent mode. The
magnetic field was modulated at 200 Hz with an
amplitude of approximately 0.5 G. The derivative
line shapes were then obtained by coherent phase
detection. Absorption line shapes were also ob-
tained directly by accumulating the output of the

Q meter in a multichannel analyzer as the oscil-
lator frequency was swept back and forth through
the line while the field was held constant. The
background signal due to the frequency dependence
of the tuned circuit was removed by subtracting
the output for an equal number of sweeps for a
field well off resonance, the additional magnetic
field being supplied by a small supercondueting
sqlenoid operated independently of the main field
magnet.

The temperatures were monitored by a Speer
resistor (220 0, type 1002) housed in the body of
the mixing chamber. This was calibrated by com-
paring the areas of the NMR absorption spectra
at low temperatures with the area observed at
4.2 K for the same sample. Corrections for the
changes in the ortho concentrations during the
time it took to lower the temperature of the sam-
ples were made by assuming an ortho decay rate
of 1.9% per hour.

Typical low-temperature absorption spectra are
shown in Fig. 3. These were recorded for tem-
peratures T «T, (X) for which there was no sig-
nificant residual temperature dependence. These
lines are broad, varying from an almost rectangu-
lar shape at X =40'%%uo to a bell shape at X =23%%u and
they are flanked by shoulders extending out to ap-
proximately twice the frequency separation of the
extrema of the derivative line shapes in all cases
studied (X&18%). We interpret these features in
terms of a quadrupolar glass phase in which the

-orientational degrees of freedom of the ortho
molecules are frozen at random. This is an exten-
sion of the concept of a dipolar glass of spins (as
introduced by Edwards and Anderson') to a higher
tensorial order. The reason that we need to intro-
duce tensorial orders higher than the vectorial
order, which applies to a dipolar glass of spins,
is discussed in in Sec. III.
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FIG. 3. Observed low-temperature [T«T ~(X)] de-
rivative NMH absorption spectra and their integrated
line profiles at 100 MHz for hydrogen condensed on
fine copper wires. (a) X=0.40, T=95 mK and (b) X
= 0.23, T = 85 mK. The spectrometer gain for (b) was
higher by a factor of - 2 than that used for (a). The
weak 8-kHz central component is believed to be due to
isolated ortho molecules.

a glasslike configuration in which the moments
are locally frozen, i.e., the time-dependent cor-
relation function (S,(t, ) ~ S,.(f, )) is nonvanishing
for ~, »~, .

In the general case of angular momentum 8& ~,
one could also obtain dipolar glasses for which
the dipole-dipole interactions lead to a random
freezing of the dipole moments (S,z). However,
as a result of the increased number of degrees
of freedom, one can also envisage glass phases
for which interactions of a higher multipolar
order (e.g. , quadrupole-quadrupole, octupole-
octupole, . . .) lead to a freezing of the higher-or-
der multipolar moments —e.g. , the quadrupole
moments (3Sz —2), (Sz —Sr). . . for a spin S = l.
This is why we need to extend the concept of a
dipolar glass of spins to higher tensorial orders
for S& —,'.

For ortho-hydrogen molecules, we are con-
cerned with the rotational degrees of freedom as-
sociated with an orbital angular momentum J=1.
We only consider J=1 for two reasons. Firstly,
the anisotropic intermolecular interactions are
weak compared to the separation of the rotational
energy levels and J can be regarded as a good
quantum number. Secondly, for the experimental
temperature range ks T «E(J= 3) —E(J= l) = 845 K
and only the lowest rotational state J= 1 of.ortho-hy-
drogen is populated. The relevant moments which
are the expectation values of the operator equivalents
of the spherical harmonics in the manifold J =1
are given in Table l. (A general discussion of
spin-1 systems has been given by Fano'7).

For the interacting ortho molecules, we must
consider the many-particle crystal wave function
in order to account for the collective effects
which tend to correlate the orientational degrees
of freedom of the ortho molecules. The individual
molecular states cannot be described in terms of
pure states but in terms of a. single-particle den-

TABLE I. Definition of the operator equivalents g"
and 6~ of the spherical harmonics YP and Y2, respec-
tively.

III. QUADRUPOLAR GLASS PHASE

For a dipolar glass of spins S = —,', we are only
concerned with the ordering of the dipole moments
whose directions are the only degrees of freedom.
The dipole-dipole interactions lead to a vectorial
breaking of the local spherical symmetry with
the establishment of permanent local dipole mo-
ments. Although these moments can have a ran-
dom distribution (when evaluated with respect to
a fixed set of reference axes X, F, Z) so that

g & (S&~) =0, the dipolar interactions can result in

Dipole

Quadrupole

Operator

4'= (1/~2)J,
J'~ = w ~ (J~+ iJ~)

6' =1~~6(3Jz' —2)

6"=+-, (J,J,+ J,J,)

Moment

~0 ($0f )
+it)
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sity matrix p,- determined by the moments Q~ and

M„:

r
1 + Q Mrrgtl+ Q q1~tiS rrr

tt=p, 4X tft=P ~ f1 ~42

1, is the unit operator.
Q Prio'i, me should consider eight degrees of

.freedom, but in the absence of dipolar interac-
tions (diatomic molecules have no permanent elec-
tric dipole moment) the dipole moments are ex-
pected to vanish. Of the five remaining degrees
of freedom, three can.be used to define local axes
(x„y„z,) and only iwo intrinsic rluadrupolar
degrees of freedom remain.

These degrees of freedom can be represented by
tmo local order parameters

c, = v 6 Q', = (3J'„—2)

(This choice is made in order to be consistent
with the parameters introduced elsewhere in the
literature. '0) As a result of the condition Trtr' «1,
these parameters must satisfy the inequality o',
+3@,«4.

At concentrations greater than 55%, the collec-
tive interactions lead to a configuration in which
the mo1.ecules are oriented parallel to the body
diagonals of the fce lattice. " The ordered struc-
ture consists of four interpenetrating simple cubic
lattices such that in each sublattice the molecular
orbitals are aligned parallel to one of the body
diagonals. In these configurations of axial sym-
metry, r};(T=0}=0 and (apart from sinall correc-
tions} o, (T =0) =-2 at each site t. One can then
introduce temperature dependent long-range order
parameters

S.(T) =(3J',.—2), ,

for each sublattiee associated with the body dia-
gonals Z . The temperature dependence of the
NMR line shapes observed at high ortho concentra-
tions has been analyzed" in terms of the expected
temperature variation of the order parameters
.~.(T).

At concentrations lower than 55%, this long-
range orientational order is apparently no longer
maintained. At low temperatures the local sym-
metry cannowbe broken so that the quadrupole
moments 0, and q; are frozen at random from one
lattice site to another. This is what we mean by
a quadrupolar glass.

In view of the strong correlations of the orienta-
tions of the ortho molecules, one can make a
simplifying assumption of axial symmetry for

which the g, vanish. In thi. s case, there are local
axes of axial symmetry g, mhose directions vary
from one site to another and f«gvhtch Ne corn
ponents rJ, (T) =. (382&, —2) also vary at random. This
is illustrated schematically in Fig. 4(c). Glasses
of different tensorial orders are shown for com-
parison in Figs. 4(a) and 4(b).

As far as the NMB spectra are concerned, each
occupied site i now contributes a doublet of fre-
quency sepal ation

b, rr, = ,' der, (T—)P,(cose, ),
where 8, is the angle between the applied magnetic
field and the local axes g;. If the components 0,.
had the same values at each site i [so that the
randomness lay only in the orientation of the local
axes g, as illustrated in Fig. 4(d)], one would ob-
tain a Pake-doublet line shape as observed for
high ortho concentrations. The NMR line shapes
observed at the temperatures T s 0.1 K shorn that
this is not the case and me are led to consider the
situation where the o, have widely different values
within the limi. ts -2& o, & 1. The NMR spectra mill
now be determined by the distribution P(o} of the
values of g.

In the absence of a detailed microscopic theory
of the quadrupolar glass which mould lead to a
prediction of the distributiori P(o), we have as-
sumed a "white" distribution: P(a) = const for o;„
&c& o',„, where &r;„=-2[1+a@')]~ and o
= 1[1+a(X)] ' are adjustable parameters. For a

powder specimen, one then obtains a broad spec-
trum in qualitative agreement with the observa-
tions at the lowest attainable temperatures. " A
calculated line shape assuming such a distribu-

-tion is shown in Fig. 5 and this can be compared
mith the observed spectra at low ortho concentra-
tions [Fig. 3(b)]. Almost rectangular line shapes
including shoulders would be expected for a,dis-
tribution P(o) iritermediate between a "white"
distribution and a 5 function (for X =100%).

It is interesting to note that if the axial sym- .

metry is broken so that q& 40, the fine-structure
splitting becomes

av, = —,'d[cr, (T)P, (cos8,.)+ —,'r},.(T) sin'8, cos2y,.],
where 8& and q& are the polar angles specifying
the orientation of the local axes g,. with respect to
the external magnetic field. If the components
o; and q& varied independently within the limits
-2&cr, &1, 0& ~r};~ &1 and subject to the restraint
0', +3@',. «4, the contributions from sites for which
g, = 1 would consist of spectra having an impor-
tant narrow central component flanked by shoulders
extending out to h, v =+~ d. This is to be con-
trasted mith the case of axial symmetry for which
one obtains a broad bell-shaped line of width 3d
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F/Q. 4. Schematic sections of glasses of different tensorial orders. The square grids indicate the lattices. gfe have

only indicated the dilute active elements. lt is the random occupation of the lattice sites which results in the glass
phases (a} A scRlR1 glRss (x'ank 0) Rn I81ng spM-glass, (Sol1d circles& g&=+ 1& open circles& $&= —g ) (b} A dipo]ar
glass of spins (rank 1}—Edwards and Anderson's model of dilute magnetic alloys —e.g. , Huderman-Kittel-Kasuya-&o-
sida- (HKKY} or randoxn Heisenberg interaction between spins. (c}A quadrupolar glass (rank 2}—a random distribution
of ellipsoids which vary in orientations and shapes. Dilute solid ortho-hydrogen-para-hydrogen mixtures, &he para-
hydrogen molecules are inert and are not indicated. (d} & degenerate quadrupolax' glass —a random distribution of rods.
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FIG. 5. Calculated low-temperature (T' —0) NMH ab-
8ox'ptlon line shRpe fox' a quadrupolar glR88 assuming R

"white" distribution for the local parameters gr&(0)
= (3J'&2 —2) & (). This illustrates the characteristic
shoulders extending out to twice the width of the central
coI11ponent, Rnd ls to be coIQpRx'ed w1tl1 the spectrum of
I ig. 3(b). The separation of the extrema of the deriva-
tive shape is 2sd(u~~[. As discussed in the text ( om~)
= 2 apart from renorrnalization factors (Bef. 7 and 12}
which decrease with the ortho concentration.

aeeompanied by shoulders extending to hv = +3d
(assuming 1o;„1=2). Although one does observe
very weak central components (Fig. 3), the pre-
dominant features Of the spectra are consistent
with the model of axial symmetry for which the

q,- vaoish. It would be difficult to account for the
spectra if there were a significant number of sites
for which the axial symmetry eras broken. The
residual central line is believed to result from
sites for which an ortho molecule has no nearest-
neighbor ortho molecules and estimations of the
areas of the narrow (8 kHz) component of the
spectra are consistent with the expected number
of isolated ortho moleeules for different mean
ortho concentrations.

Further evidence th3t the ortho moleeules form
a quadrupolar glass phase at low temperatures is
given by the temperature dependence of the NMH

spectra. ' On warming we find that the line shapes
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shown in Fig. 3 vary rapidly at a critical tem-
perature where the shoulders disappear and the
prlnclpa ex rl xtrema of the derivative line profiles

ft become doubled over a narrow temperature
range (AT &15 mK at T, =150 mK) indicatmg t a
a narrower line (=50 kHz) grows at the center of
the spectrum at the expense of the low-tempera-
ture component. This is shown in Fig. 6. These
"c 't l" temperatures are shown by the solid
line in Fig. 1.

The rapid variations of the line shapes with tem-
perature (Fig. 7) can be interpreted as transi-
tions from the glass phases to rotationally dis-
ordered phases. Husa and Daunt" have recently
observed rapid variations of the free-induction-
decay pattern at the critical temperatures shown
in Fig. 1 for 25%%uq &X &35%%uo. Ishimoto and co-
workers also reported abrupt temperature varia-
tions of the relaxation times near T,(X) for re-
duced ortho concentrations condensed on fine
wires. Vinegar e a .~ ~ t al ~~ have recently studied bulk

150—
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0

I
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I I

200 300
T(mK)

400

FIG. 7. Temperature dependence of the frequency
separation of the derivative line shape extrema (open
arrows of Fig. 6).

specimens of solid hydrogen in the same concen-
tration and temperature ranges, but observed only
smooth variations of the line shapes with tempera-

They condensed their samples directly onto
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a cold surface (T =8 K) and aged them at T &0.1 K.
The different temperature dependences might

.therefore be due to differences in the nature of the
condensed state of the solid hydrogen for the two
different condensation procedures. (The copper
wires may stabilize the fcc phase with respect to
the hcp phase while in the bul. k crystalline phase
transformations could accompany the orientational
ordering. '~) In the present studies no significant
hysteresis was observed for concentrations less
than 40%.

It is also possible that temperature gradients'
could occur in their samples if the transitions
are accompanied by a significant heat-capacity
peak near T, and if the thermal conductivity'
was too low to cool the sample uniformly for their
refrigeration rate. Experimental determinations
of the heat capacities for these concentrations and
temperature ranges would be useful to clarify
this point and also to confirm the transition tem-

peraturee

s.
Vinegar et al. ' compared the temperature de-

pendence of their spectra with that expected for
temperature-independent crystalline fields a(X)
for a given concentration. This seems to be in-
consistent with the spectra they observed at the
lowest temperatures [kaT «b(X)] where one would
expect a "clean" Pake doublet rather than a broad
line.

V. DISCUSSION

The NMR experiments' ' " throughout the tem-
perature range 80 mK& T &3 K for ortho concen-
trations 0.18 &X&0.99 reveal a phase diagram
which has three distinct regions. (i) An orienta-
tionally disordered phase. (ii) An ordered phase
for X&0.55 for which the transition tempera-
tures are linear in X for X &0.65. For X = 0.99,
it has been shown" that the molecules orient
along the axes of the Pa, configuration. (iii) An

ordered phase for X&0.55 for which the transi-
tion temperatures have a dependence on con-
centration given empirically by

T,(X) = 550 (X —0.10)'~'+ 10 mK.

We have interpreted this phase as a quadrupolar
glass phase as discussed in Sec. III. The NMR
spectra clearly show that the quadrupolar mo-
ments associated with the orientational degrees
of freedom are frozen, at least within a time
scale T ~1/3d-3 psec.

Two types of transitions to the quadrupolar
phase can be envisaged. (a) A transition on

warming and cooling for a fixed concentration as
shown, for example, in Fig. 6. This is an abrupt
transition which is indicative of a collective

180 i

1eo

Qv

Ik Hz)

140

120—
Q2

I

0.4 o.e

ORTHO CONCENTRATION

08

FIG. 8. Observed concentration dependence of the
separation of the principal extrema of the low-tempera-
ture [T& T, (X)) derivative NMB spectra reported in
Hef. 7 and 12. The rapid variation X= 55% is consistent
with a transition from the quadrupolar glass phase to
the long-range orientationally ordered phase X & 55%.
[The present data give results in excellent agreement
with the earlier work (beefs. 7 and 12)].

freezing of the rotational degrees of freedom of
the ortho molecules. (b) A transition from high
concentrations to low concentrations for a fixed
low temperature, e.g. , by aging. For tempera-
tures very much less than the critical tempera-
tures one does indeed observe an important
change in the concentration dependence of the
separation of the principal extrema of the low-
temperature NMR line shapes. The experimental
results are shown in Fig. 8. A question arises
as to whether there is a continuous evolution of
the glassy nature of the local order parameters
as X goes through the value X=0.55 or whether
there is a brutal change in the symmetry of the
ordered phase at X= 0.55.

In order to understand why the system would
seek a quadrupolar glass phase at low ortho con-
centrations, we need to consider the "frustra-
tion'"' of the bonds between the ortho molecules.
In pure ortho-hydrogen the molecules adopt a
Pa, configuration consisting of four interpene-
trating subl. attices such that in each sublattice,
the molecu)es are parallel to one of the body
diagonals. In this case the bond energy between
two nearest neighbors is —,—",I' which is almost
a quarter of the minimum bond energy of -4l
for an isolated pair. The Pa, structure results
from the geometrical impossibility of having all
the molecules orientated such that each bond has
the lowest energy value of -4I'. This "frustra-
tion" is distributed equally with respect to all
bonds and results in a long-range orientational
order for pure ortho-hydrogen.

At lower concentrations, the constraints im-
posing the Pa, structure. become relaxed allowing
the g,. axes to adopt orientations that differ from
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the Pa, configuration and thereby reduce the
frustration —i.e., approach the optimum energy
-4I per bond. Since the ortho molecules are
distributed at random throughout each micro-
crystal, "'"it is reasonable to assume for the
dilute alloys that the orientations of the g,. axes
are also distributed at random. The additional
randomness in 0, comes from the fact that, as
this frustration is reduced with dilution, the
orientational correlations between neighboring
molecules, (6",. 6&), can become important, and
thereby increase the admixture of different J&
states into the ground state which is almost en-
tirely J& =0 for pure ortho-hydrogen. J&. is no
longer a good quantum number at low concentra-
tions and cr& can take all the different values be-
tween -2 and +1 because of the varying environ-
ments at different sites. Figure 4(c) is a simpli-
fied illustration of this point, although for sim-
plicity, only two kinds of different admixtures
are shown in the figure.

We have tried to explain qualitatively the depen-
dence of the transition temperatures on the ortho
concentration by taking advantage of the simila-
rities between this system and the spin-glasses.
One should note that the quadrupolar interaction
between two ortho molecules cannot be treated as
a random coupling in the same manner as the
Rudderman-Kittel-Kasuya-Yosida (RKKY) inter-
action in the spin-glass problem. The reason for
this is that the quadrupolar interaction is not in-
trinsically random from one site to another, but
manifests itself as a "force" exerted on an ortho
molecule by its neighbors and this "force" de-
pends on the relative spatial arrangement of the
bonds between this molecule and its neighbors.
In dilute alloys, the geometrical distribution of
these bonds is random. NegIecting correlation
effects, this problem can be transformed into one
in which the interactions are random and every
site has the same environment. It is not clear if
this assumption is justified for solid hydrogen. If
we make a further step and treat the interactions
as random with zero mean, we can use the tech-
niques developed for spin glasses and predict a

transition from the disordered phase to the glass
phase at critical temperatures %AT -(Zy) ~,
where Z is the number of effective neighbors and

y the variance of the random interactions. Since
the quadrupolar interaction is short ranged (V,&

~ ~R;, ~
'), Z can be taken to be the mean number

of nearest neighbors, Z =12X. Although the pre-
diction 7.' 0-X' ' is in qualitative agreement with
the observed concentration dependence of the
transition temperature, simple estimations of y
lead to numerical values of T, three times higher
than the experimental values.

UI. CONCLUSION

Low-temperature NMR studies of solid hydrogen
for ortho concentrations less than 55% reveal
broad spectra having well-defined shoulders which
can be explained by the random freezing of the
quadrupolar moments (3Z~ -2), (4»- J '„) of the
ortho molecules. These features disappear
abruptly at well-defined temperatures for a given
concentration. This can be interpreted as a
phase transition from an orientational quadrupolar
glass phase to be an orientationally disordered
phase.

Some of the features reported here for the quad-
rupolar glass show similarities with the spin-glass
models and we have exploited these similarities
to discuss the general trends of the phase diagram.
A complete theoretical treatment of the quadru-
polar glass would however differ fundamentally
from the spin-glass theories because the problem
here consists of particles distributed at random
on lattice sites but coupled with bond-independent
interactions.
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