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Orientational Ordering in Solid
N,-Argon Mixtures: Collective versus
Non-Collective Behaviort

N. S. SULLIVAN, C. M. EDWARDS and J. R. BROOKEMAN
Department of Physics, University of Florida, Gainesville, Florida 32611

(Received April 2, 1986)

We compare the temperature variation of the local orientational order parameters and
the Edwards-Anderson glass order parameter deduced from available NMR data, with
the variations expected for a non-collective local random quadrupolar field model.
The analysis of the experimenal results for solid N,-Argon alloys indicates a weak
collective behavior and new experiments are suggested to test for true glassy behavior.

. INTRODUCTION

Experiments on dilute molecular systems such as solid ortho-/para
hydrogen mixtures and nitrogen/argon mixtures have been carried
out by a number of groups'~?3 in recent years. The interest in these
systems is that they represent a random array of interacting quad-
rupoles which has an interesting analogy with the spin glasses. The
essential feature is that while the centers of mass of the molecules
are fixed at the sites of an hcp lattice, the molecules are free to rotate
until cooled. At low temperatures the weak, highly anisotropic
interactions, principally electric quadrupole-quadrupole, lead to an
orientational ordering of the molecular axes. Of the two molecular
species of hydrogen, only ortho-H, with angular momentum J = 1
is orientable. The para species (J = 0) being spherically symmetric
plays the role of an almost perfect diluant. For nitrogen-argon alloys,
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the nitrogen molecules bear the quadrupole moments while the argon
atoms serve as diluants.

If the quadrupolar concentrations are sufficiently high (greater than
55% for ortho-H, in ortho-para mixtures and 78% for N, in
N,-Argon), a periodic orientational order in a 4-sublattice Pa; con-
figuration is obtained. The transition to the ordered phase is first
order and triggers a lattice change to a f.c.c. structure. The long range
ordered structure is highly frustrated. The minimum energy config-
uration for a pair is a “Tee” configuration and the nearest neighbors
in the Pa, configuration are aligned parallel to different body diag-
onals of an f.c.c. lattice with an interaction energy only 0.53 that of
the “Tee” alignment. Replacement of one of the quadrupoles by a
spherically symmetric molecule leads to substantial rearrangement of
its neighbors, and below the critical concentration the long range
periodic order is lost.

In the low concentration regime, the molecules become frozen in
random configurations with different orientations at different sites,
and for this reason these systems have been referred to as orienta-
tional glasses.?~ There is no evidence of a well-defined transition
from the high temperature para-orientational phase to the glass
phase.'>* The crystal structure remains hcp down to very low
temperatures'#!® and this has a significant bearing on whether or not
a clear transition could occur. For the hcp lattice, the effect of hav-
ing a random occupation of lattice sites leads automatically to the
existence of local electric field gradients, the field conjugate to the
local order parameter, which plays the same role as the magnetic
field for the dipolar spin glasses.? This random field therefore makes
the problem of local orientational ordering in random mixtures equiv-
alent to the local dipolar ordering in spin glasses in the presence of
random internal fields and this may smear out the transition, or if
sufficiently strong, prevent the occurrence of a transition.! In view
of this uncertainty it is important to try to determine from the existing
data, whether or not the temperature dependence of the local mo-
lecular order parameter shows any evidence of collective behavior.
The purpose of this paper is to show that the reported experimental
values for the growth of local orientational order for nitrogen-argon
mixtures, given by the mean square alignment, has a much stronger
temperature dependence than that expected for a ‘“non-collective”
independent particle random quadrupolar field model. The analysis
suggests a smooth evolution with temperature over the 7-15 K range
for which one also observes a linear dependence in the heat capacity’-*
and a strong attenuation of the Raman scattering for 10-25 ¢m~1.16



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:55 19 February 2013

ORIENTATIONAL ORDERING IN N, ARGON 367
ll. ORDER PARAMETERS

If the diatomic molecules have a preferred orientation, the local order
parameters are given by the expectation values (Q,q) of the molecular
quadrupole moment operators Q,s. The Q,, are second rank ten-
sorial operators and it is convenient to choose an irreducible set
0@ which transform in the same manner as the spherical harmonics
Y@ Not all of the (Q2)) are independent and only 5 independent
parameters are needed to specify the orientational degrees of

freedom, e.g., in terms of the density matrix operator'’

p:

G| =

I + 2, (02, 0@
m,n

H; is the unit operator.

Furthermore, if we choose local axes (x, y, z) which correspond
to the principal axes for the quadrupole moment tensor 6, only two
independent parameters are needed. These parameters are'®

(a) the mean alignment along the principal axis

16w
o= |15 (Y$D (8)))

= (3cos?0, — 1)

and (b) the average eccentricity

n= AR 0 ) + YE, (0 6))

=&} —yh.

i labels each molecule and (8;, &,) are the polar angles specifying the
orientation of the molecular axis with respect to the local axes (x;, y;, z,).
The eccentricity is strictly speaking the eccentricity of the probability
distribution for the molecular orientation when referred to the local
axes. The above expressions are only valid for classical diatomic
molecules such as N,. For ortho hydrogen which is a quantum rotator
with angular momentum J = 1, we must replace the above by their
operator equivalents @, 1, in the manifold J = 1. (¢, = 3/ — J?)
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andm, = (J2 — J3).). In the presence of axial symmetry the v vanish
at each site and in the long range ordered Pa, structure o, = —2 at
each site.

The new feature of the glass phases is that the NMR experiments
have been able to show that at low temperatures there is a broad
distribution of both local axes and local order parameters.>-!2

The great advantage of the experimental method employed s that the
local order parameters can be observed directly by NMR techniques.
The reason for this is that the intramolecular nuclear dipole-dipole
interaction Hpp, and the anisotropic chemical shifts H,; (if any) de-
pend directly on the local order parameters. The secular components
of these interactions are

1
3

0 =
HDDi -

D Py(6)(313, - I?)

and
H;(J. = XacPZ(ei)IZ.

respectively.

6, specifies the orientation of the ith molecule with respect to the
applied magnetic field (Z axis). P,(8;) is the Legendre Polynomial.
D and x,. are constants representing the strengths of the dipolar
interactions and the chemical shifts, respectively. If for a time scale
t> b oecutar = D 71 (0or x 7 1) we can describe the molecular orientations
by a probability distribution with principal axes (x;, y;, z;) and order
parameters (o;, ;) as discussed above, then we can write

3
(Py(6,)) = o:Ps(y,) + Zn,-sinzy,-cos%r,-

where the polar angles (y,. 7;) give the orientation of the applied
magnetic field with respect to the local molecular triad (x;, y;, z,).
The intramolecular dipolar interactions Hp;, and chemical shifts HY
are seen to depend directly on the order parameters (o;, 1,) and the
angles (vy;, 7,). If the order parameters do not vanish the NMR line
shapes acquire a fine structure which depends on the values of the
order parameters. In the long range ordered phase o; = ~2,m; = 0
at each site and for a power sample (i.e., white distribution of solid
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angles d(}; = 2msinvy;dy;dv;) one finds the familiar Pake doublet
lineshape.l® The NMR studies reported in Reference 12 used the rare
isotope N for which the intramolecular dipolar interactions and
asymmetrical chemical shift are of comparable magnitude. The chem-
ical shift leads to a distorted Pake doublet but the line shapes can
still be interpreted in terms of an order parameter distribution. The
reader is referred to References 12 and 18 for details. The separation
of the cusps is directly proportional to o. In the glass phase the line
shapes are interpreted in terms of a broad distribution P(o) of order
parameters (with P(g) approximately linearly dependent on o at low
quadrupole concentrations). In the analysis of the data all groups
have made the assumption of local axial symmetry, i.e., that v, = 0
to a good approximation at each site, although this has never been
proved explicitly.

The NMR absorption lineshapes are therefore interpreted in terms
of a probability distribution P(c) for the order parameters o. For a
given quadrupole concentration the lineshapes are carefully recorded
(taking great care to observe the absorption and not a mixture of
absorption and dispersion) for a range of temperatures covering the
transition from the disordered phase to the low temperature phase
where P(c) ceases to change with further cooling.

The significant feature of the magnetic spin glasses (spin 1/2, dipolar
glasses) which distinguishes them from the completely disordered
paramagnetic phase is the non-vanishing of the Edwards-Anderson
order parameter®

qea(T) = [($HFc

S; is the spin component at the ith site, ( ) designates a thermo-
dynamic average and C refers to a configurational average over the
sample. While [(S;)7]¢ vanishes for both the spin glass phase and the
paramagnetic phase, the Edward-Anderson parameter does not
vanish for the spin-glass phase

gea(T) # 0 spin glasses
gea(T) = 0 paramagnetism .

For the quadrupolar glasses, the Edwards-Anderson parameter can
be determined directly from the NMR data, as it is directly propor-
tional to the second moment of P(c) which is simply the intra-
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molecular component of M,, the dipolar second moment of the NMR
lineshape.!

My = %quEA(T) where for the quadrupolar glasses,

gea(T) = [0?Py(0)

with a; = (3cos?0;, — 1)

While the Edwards-Anderson parameter vanishes for the magnetic
spin glasses, this is as pointed out by Esteve et al.® and Harris et al.!#
and indicated in the introduction, not true for the quadrupolar
system.?* The essential point is that the local symmetry is broken
even in the completely disordered paraorientational phase by the
replacement of a neighboring quadrupole by a spherical molecule.
The order parameters resulting from this dilution effect alone can be
calculated in the high temperature limit and is given by>*

g = 3X(1 — X)(5T/3T)".

for a quadrupole concentration X.

This non-cooperative symmetry breaking would certainly tend to
mask any clear transition to a quadrupolar glass phase and may even
prevent any transition from occurring. In the latter case, the glass
order parameter gg,(7T) would grow smoothly and slowly with tem-
perature according to a random molecular field generated purely by
the local dilution effects at any given site. The purpose of this paper
is to compare the temperature dependence of the Edwards-Anderson
parameters (as obtained from the NMR results) with the behavior of
the parameter expected for a simple non-collective random molecular
field model. We will also compare the experimental results with recent
calculations of Kokshenev?'-*2 who has used simplified spin glass models
for the quadrupolar systems.

lll. DISCUSSION OF EXPERIMENTAL RESULTS

The distribution functions P(o) for the order parameters obtained by
Esteve et al.’* for N,-argon alloys (X4 = 0.67) is shown in Figure 1
for a set of temperatures spanning the transition region. The calcu-
lated second moments M,(T) = (o?) and mean values M(T) = (o)
are plotted as a function of temperature in Figure 2. As discussed in
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FIGURE 1 Temperature variation of the order parameter distribution function P(c)
deduced from the analysis of the NMR line shapes reported in Reference 12 for a
N,-Argon solid mixture (Xy, = 0.67).

T(K)

FIGURE 2 Temperature dependence of the Edwards-Anderson order parameter
gea(T) and the mean value (0)T calculated from the order parameter distribution
functions P(o).
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Section I above, we identify M,(T) with the Edwards-Anderson order
parameter gz (7). We have also shown the variation of width W of
the distribution function with temperature.

Although the temperature dependence of the parameters is smooth
and there is no abrupt phase transition, two important features emerge
from this analysis of the data. The first feature is that the temperature
dependence is much stronger than that reported for a non-collective
random quadrupolar field model.?!'?* This is illustrated in Figure 3
where we compare gpA(7) and (o(T)) with the calculated de-
pendences g?(T') and (o) for the random field model.? The var-
iations in the experimentally observed parameters over the interval
8 < T < 12 K is much stronger than the variation of the calculated
parameters.

The second feature of importance is the “‘saturation” of the order
parameter distribution at 8 K, i.e., P(o) ceases to evolve below 8 K
but remains much broader than the P(c) observed for the long range
ordered Pa; phase. This means that a large fraction of the quadrupoles
are not fully (i.e. 100%) aligned along their principal axes, and they
continue to fluctuate about the mean position on cooling well below
the transition region. The residual width of the distribution also shows
that the degree of alignment varies from one site to another and that
it persists to very low temperatures.

T L I T I T ' T

ol experiment —
——=——Lutchinskaia et al.
————— Random Field

05—

T(K)

FIGURE 3 Comparison of the Edwards-Anderson glass order parameter gg.(T)
obtained from the experimental data with the calculated values for a random mean
field model and for the simplified glass model of Kokshenev?? and Lutchinskaia et al.*?
(The calculated curves have been normalized to match the experimental data at low
temperature.)
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The most detailed calculations of the expected variation of the glass
order parameter for quadrupoles is that published by Kokshenev.?!
(The model used by Kokshenev is similar to the Sherrington-
Kirkpatrick model?® for spin glasses and an earlier version can be
found in Reference 24.) As shown in Figure 4, Kokshenev’s results
provide a very good qualitative description of the experimental data
despite the assumptions made in the theory.

The results shown in Figures 3 and 4 are consistent with a model
of a dynamical freezing? of the molecular rotational degrees of
freedom rather than a thermodynamic phase transition. In this model
the molecules become trapped in a limited but non-unique region of
configuration space. Different regions of configuration space are ac-
cessed for different cooldowns. Transitions to neighboring (lower
energy) configurations are inhibited by high energy barriers or the
need to reorient many molecules simultaneously, i.e., via long narrow
paths in configuration space. (The problem is like traveling in the
European Alpine region before the construction of tunnels: you either
took high mountain passes or chose tortuous routes linking long alpine
valleys.) The evolutions seen in the Monte Carlo simulations carried
out by M. Klenin and colleagues®!° also shows a strong collective
nature and actually indicates a stronger transitional behavior than
that so far detected experimentally.

|.5 T ] T ' T T T ] T
Roman Scattering

05—

o}

FIGURE 4 Comparison of the temperature dependence of the Raman scattering
intensities observed by Long et al. (Reference 16), the heat capacity data (D. Haase
et al., Reference 11) and the NMR data (D. Esteve et al., Reference 12).
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The available experimental results are inadequate in that they do
not test for two characteristic features expected for a glass phase:

(a) irreversibility, and

(b) residual ultra-slow motion at very low temperatures. Methods
have been proposed to detect both features using stimulated echo
techniques in NMR.% The echos become damped if slow molecular
reorientations occur and although some effects have been reported,
they are not convincing® and have not been successfully repeated.

Irreversibility has not been seen in the thermodynamic measure-
ments carried out by Haase and co-workers’-® and it may be important
to test for irreversibility over time scales significantly different to
those used by Haase et al. for the heat capacity measurements. This
can be done using AC caliorimetry or by studying the damping of
NMR stimulated echos over different field cooling cycles.

If the system is trapped in a given global configuration and can
tunnel to a neighboring state with a small but non-zero probability,
then the heat capacity and the local order parameters will have a
small low frequency time dependence. The observed specific heat
would in that case be frequency dependent. The stimulated echoes
are more sensitive to low frequency variations since the nuclear spin
degrees of freedom are prepared by a special pulse sequence to record
a “fingerprint” of the local orientational order. The focusing of the
magnetisation after a time delay will occur only if the “fingerprint”
remains undistorted and very small perturbations can in principle be
detected.

Field cooling techniques which have played an important role in
spin glasses can also be explored by the use of NMR methods. After
cooling the system into one global configuration, a “fingerprint” of
the orientations is taken with the preparatory pulses of the stimulated
echo. The system can then be cycled over a small temperature in-
terval, with or without an applied quadrupolar stress. If there is
indeed a hierarchy of configurations the molecules find a new con-
figuration and the stimulated echo will be dampened. The damping
of the stimulated echo over various field cooling cycles can therefore
be used to test for intrinsic glass behavior and non-ergodic behavior
in the system. These experiments would be able to distinguish an
orientational glass from a completely disordered para-orientational
phase since the latter would always show reversibility over a small
field cooling cycle.

In addition to the NMR experiments and heat capacity measure-
ments, solid N,-argon mixtures have also been studied using neutron
scattering!* and Raman scattering.!¢ All of the experimental results
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show a smooth quenching of the rotational degrees of freedom on
cooling through the 8—15 K temperature interval. The Raman scat-

te

ring shows particularly sharp temperature dependencies at small

wave numbers (10-20 cm~!) and is consistent with the NMR results
(see Figure 4). Only a small effect is seen in the 45-60 cm~! range
and no significant feature is seen at 80 cm~!. This is not completely
understood at present.
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