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NUCLEAR SPIN-LATTICE RELAXATION IN SOLID METHANE
AT LOW TEMPERATURES

ABSTRACT

The spin-lattice relaxation time Tl has been

measured in the temperature range 1.2 to 55°K at 28.5
mcs. for the proton resonance, and at 4.4 mcs for the
deuteron resonance using N.M.R. pulse techniques. The

proton T1 has been measured for CHA’ CH3D, CD3H,

SOACHA-SOAKr, 9OACHA-lOAKr, 67ACD4-334CH4, 1OACD4-

9O%CH4, and also for CH4 at 4.4 mcs. The deuteron T1

has been measured for CDA,\CD3H, and 67%CD4-33‘Z,CH4

It is found that a drastic change in the tempera-

ture dependence of T. occurs in the temperature region

1
below the phase transitions and that at most of the

phase transition temperatures there is either-a dis-

continuous change.in T. or a change in the slope of

1

T1 versus T. A minimum in Il is found at low tempera-

tures for all the systems studied. An analysis of the
data based on conventional N.M.ﬁm theory shows in most
cases that the correlation time ’Uccc'r—7 in the neigh-
bourhood of 20°K, and that T. is almost independent

of temperature near 1.2°K. It is postulated that
phonon-molecular interactions, involving direct and
Raman processes, can account for the temperature depen-
dence of T_ . The values of T1 at the minimum are
completely determined by conventional theory. In most
cases, however, the predicted values are of the order
of 20 times too short. An unexplained.minimum in T

1

was observed in CH4, CHA—CDA’ and CH4—Kr mixtures above

the upper phase transitions.



To investigate the origin of some of the inadequa-
cies of the conventional theory, the two energy level
scheme proposed by Colwell, Gill, and Morrison (1965)
is used, where each of the two levels may be degenerate.
Simple rate equatioﬁs are used to calculate the condi-
tional probabilities and the correlation functions for
the two level model. Tt is found that the effective
interaction strength is temperature dependent, that
the correlation function can be described by a simple
exponential under certain conditions, and that the
interaction strength has no simple relationship with

the classical value.
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ABSTRACT 1

The spin-lattice relaxation time T1 has been measured in
the temperature range 1.2 to 55°K at 28.5 mecs. for the proton
resonance, and at 4.4 mes for the deuteron resonance using
N.M.R. pulse techniques. The proton Tl has been measured for
CHy. CH3D, CD3H, SO%CHM-SO%KP, 9O%CH4-10%Kr, 67%CD4-33%CH4,
10%CD4-9o%ch, and also for CH), at 4,4 mes, The deuteron Ty
has been measured for CDy, CD3H, and 67%CDM-33%CH4.

It. 1s found that a drastic change in the temperature
dependence of Tl occurs in the temperatufe region below the
phase transitions and that at most of the phase transition
temperatures there is either a discontinuous change in T1 or
a change in the slope of ’I‘l versus T. A minimum in T1 is
found at low temperatures for all the systems studied. An
analysis of the data based on conventional N,M,R. theory
shows in most cases that the correlation time 7, oc 77 in
the neighbourhood of QOOK, and that . 1s almost independent
of temperature near 1.2°K. It is postulated that phonon-
molecular interactigns, involving direct and Raman processes,
can account for the temperature dependence of -«x_ . The’values

of T, at the minimum are completely determined by conventional

1
theory. In most cases, however, the predicted values are of

the order of 20 times too short. An unexplained minimum in T1
was observed in CHM, CHu—CDu, and CHM—Kr mixtures above the upper

phase transitions.

il



1ii

To investigate the origin of some of the inadequacies
of the conventional theory, the two energy level scheme
broposed by Colwell, Gill, and Morrison (1965) is used,
where each of the two levgls may be degenerate, Simple rate
equations are used to calculate the conditional probabilities
and the correlation functionsfor the two level model. It is
found that the effective interaction strength is temperature
dependent, that the correlation function can be described by
a simple exponential under certain conditions, and that the
interaction strength has no simple relationship with the

classical value.
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CHAPTER 1.

INTRODUCTION

This thesis is a study of the low temperature magnetic
relaxation properties of solid methane, its deuterated modi-
fications, and some mixtures of methane (CHM) with CDM or

with Kr. As 1s well known, the methanes, CHM-nD in the

n’
solid are all characterized by two A singularities in the
specific heat. The ultimate aim of this work is to obtain
more conclusive knowledge about the nature of these phase
transitions,

Nuclear magnetic resonance 1s capable of providing
much information about the dynamics of any systems with which
the spins interact and exchange energy; these systems are
collectively called the "lattice". The interactions between
. the lattice and the spin system are weak and disturb the
"lattice" negligibly. The "lattice" consists of the molecular
rotational and vibrational degrees of freedom., In the next
few pages, a brief description will be bresented of’how
certain nonequilibrium states of the splin system can be
prepared, of how the approach to equililibrium can be monitbred,
and of how studies of this recovery can be reléted to micro-
scoplc properties of the spin system and the lattice,

First, séme of the properties of a nuclear spin will
be described. Many atomic nuclel possess a non-zero spin

angular momentum #1 and a magnetic moment YHTI colinear

with it. The application of a magnetic field ﬁo produces



a Zeeman interaction energy o the nuclear spin

H = "ﬁoF‘o

= —’Y‘hHola"

if ‘ﬁo is taken to be in the z-direction. The allowed
energies of a single spin are,

Em=-Yr\Ho m m=I, I-l,oou,-I.

Next, consider an ensemble of weakly interacting spins in
thermal equilibrium with their environment, the "lattice'.
The temperature of the spin system will be the same as

that of the "lattice",. The populations of the energy levels

Em are given by a Boltzman distribution,

p Q—E"‘"‘/h'r
™ =

S e~ Em/kT

M o =T

The magnetization of an ensemble of N spins 1s in the z-

direction and is given by

I
” N2> Poyhm

mz-T

=
il
=
i

(1-2)
Ny2 B " T(T+) Ho
3k T

where the high temperature approximation has been made,

Y h H°/k'l‘ <<

This 1s the well known Curie law,

| To detect the existence of this set of energy levels,
an interaction, which can cause transitions between these
levels, is required. An aiternating magnetic field 2chOScut

perpendicular to ﬁo provides such an interaction, since it has



the following properties: (1) it has non-zero matrix elements
Km{ I |m) form - m' =-1

(2) it conserves energy if its frequency w= Y HO.

Nuclear magnetic resonance is concerned with this resonant
exchange of energy between a radio frequency field and a
system of nuclear spins in a magnetic field ﬁo'

Conslder a system of non-interacting nuclel possessing
spin %, and specify the numﬁer of nucleil in the two m states
+% and —% by N+ and N respectively. Now the application of
an alternating field gives rise to a transition probability

W, 5o between states m = 2 and m = -3 and W__, for

the inverse transition. The equations governing the popula-

tions N and N~ can be written as
ANY _ N Wep, — N*Y W, o (1-3)
dt

From time dependent perturbation theory, it 1s known that

i.e. dm . _owm where m o Nt-N"  (1-4)
dt

This equation emphasizes the fact that for a net absorption

of energy 'n' must be non-zero, and that the absorption of
energy from the altérnating field would eventually vanish

as n— 0, The condition n = 0 implies that the spin system

is characterized by an infinite temperature. In actual fact,
energy 1s always absorbed., There must therefore exist another
mechanism for inducing transitions betweeﬁ m =+ and m =% .

This mechanism arises through the coupling of the spins with



another system, the lattice.

Let Ws, ¢ denote the probability that this coupling
with the lattice induces a transition between two well
defined states s and s' of the spin system and the reverse

The transition probabilities W,

s

process by W

s'—>s

and W depend intimately upon the initial and final

S—>»g
state of the lattice. The initial and final states of the
spin system and the lattice are restricted to those conserving
the energy of the combined system. The transition probabi-
lity will depend oﬁ the matrix elements connecting the initial
and final states of the combined system, and also on the
probability that the lattice will be in a state that permits
the transition,

Denote by P, the probabilility of findlng the lattice in

f

state [f) , and Mﬁs-»f%' the probability of going from a

state [f)[s)> of the entire spin-lattice system to another
EDARY; , such that E;+ & = E. +Esg . As the spin-

lattice system is a closed system, according to the general

principles of quantum mechanics VVFs-—afW‘ = Wps —»fs

In addition, it is usually assumed that the lattice is always

in thermal equilibrium with itself, and has an infinite

specific heat, such that P; = €xp *(E{/kT)

It is easily shown that

Ws—s __ ; Pp Wissq's — exp (es- Eg)/k‘l" (1-5)
Welom g E an W{,‘s‘—-»fs
Fr

This condition will lead to a Boltzman distribution for the

populations of the spin system characterized by the same



temperature as that of the lattice. This approach to equi-

librium has associated with it a time constant T the spin-

1’
lattice relaxation time; it will intimately depend on the
transition probabilities Ws_,« . The approach to equi-
librium 1in many cases 1s exponential, but this 1s not always
the case,

The nature of the Ilnteraction between the spln system
and its surroundings, uniquely determines the matrix elements
involved in the expression for Wews , These interactions
can be magnetic, dipole-dipole interactions between the
nuclei and interactions between the nuclei and other local
magnetic fields; or, in the case of a nucleus such as the
deuteron nucleus, which has spin greater than i, between
the electric field gradilents and the nuclear quadrupole
moments, In addition, the transition proebabilities dépend
on details of the density of states for the normal modes of
the lattice. Thus, measurements of ‘I‘1 implicitly provide
information about the nature of the spin-lattice interactions

and the lattice modes.

Classical Treatment 1:1

Many magnetic resonance phenomena and techniques
can be understood classically., According to classical

electromagnetic theory, the equation of motion of M 1is,:



k|

LM Yy M aAH
" Y

‘+

(1-6)

The Quantum Mechanical expectation values can be shown to
obey this equation of motion; all the results derived below
can also be derived Quantum Mechanically for an ensemble of
weakly 1lnteracting nuclear spins. Temporarily, all relax-
atlion effects wlll be neglected,

Equation (1-6) can be solved when both the main
magnetic field ﬁo and the rotating r.f. field perpendicular
to'ﬁo are present, It is convenient to transform to a
rotating co-ordinate frame with angular velocity « about
the z-axis. Now the equation of motion becomes

2E _ oy ® ,\[ﬁ+ 3 | (1-7)

This has the same form as equation (1-6) provided that the
magnetic field H is replaced by an effective field
ﬁé = H + W4, Consider the case that H consists only of the
static field Hj = HXK. In this frame 3M - 0, when

W =‘7&ﬁo . It can therefore be said that W precesses
with respect to laboratory frame at a frequence w= —‘YHO,
the Larmor frequency.

Now let us add to ﬁo’ a field H, rotating perpendicular

1
to HO with frequency w . Choose the x-axis of the rotating

reference frame to be in the direction of'ﬁrieﬁa.= Hy T,
The equation of motion for M is

- A - M A R

€ Y A Heff

where Hepp = (M, + w/“() R+ H L (1-8)



This implies that in the rotating frame M precesses about ﬁeff
at angular frequency -)1Heff . Usually H1 is much smaller
than Ho’ consequently only when [HO-+¢9@] < }H.will the r.f.
field have a pronounced effect. It will change the direction
of ﬁéff from the z-axis to the x-axis as \Ho + u%Yl-a-o.
At resonance, when w = —‘rHO, the magnetization M precesses
about the x-axis with angular frequency ‘YHl' If the H1
field is applied as a single pulse of width t, , then at

t = O the magnetization M will start from M = M&E and will
"have precessed about the x-axis through an angle

e =Y Hlt.,J at the end of the pulse. Thus, 1in the specilal
case that © = 77/2 the magnetization, as seen from the
laboratory frame, will be precessing in the x-y plane at

an angular frequency w = -‘rHO about the z-axis, In
N.M.R. measurements r.f, pulses, such that & = 7{/2 or 7,
are frequently used and are referred to as "7T/2 or Tt
pulsesﬁ; respectively.

The equation of motion has to be modified to include
the relaxation effects, which were neglected above; these
were allowed for in a phenomenological fashlon by Bloch
(1946)., Earlier, it was described how M, relaxes to M,
in the absence of the r.f. field; this process was charac-

terized by the time constant T Furthermore, as was

1!
described in the last paragraph, the application of an r.f.
pulse can give rise to a magnetization solely in the x-y
plane, When in thermal equilibrium, the spin system possesses

only magnetization in the z-direction (this was shown at the



beginning of the chapter). Consequently, there must exist
another relaxation mechanism, spin-spin relaxation,
characterized by TQ. A1l these facts can be incorporated in

the following simple equations, the Bloch equations:

_Y ﬁ/\l-‘{ _ Mx_.l:'f-M

dam gL - (Mé‘.—‘M")E (1-9)
+

d. 1; T

These equations are particularly well suited to the
description of transient effects, while at the same time
providing a description of steady state effects broadly
consistent With the proper quantum mechanical treatment,
For example, if M = (M M M at t = o and no

ple, (e (o) My (o) Mz(0)’

r.f, field is present, then the solutions of the Bloch

equations in the laboratory frame are:

MX(t) = Mlgﬁe—t/TE cos(’t + )

M () = (o)™ T2 sin( ¢t + g) (1-10)
My (6) = M+ (M) - M) e /Ty

where M = [sz(o) + Myg(o)]%

Thus, according to the Bloch equations, the return to

equilibrium of the spin system 1s exponentlal. This

behaviour 1s certainly not generally true. The Bloch

equations provide a useful approximate description of the

spin dynamics; however, they should not be regarded as a

substitute for a more rigorous quantum mechanical treatment,
Now, the concept of spin-spin relaxation will be

explained in more detail. As can be shown, using the Bloch



equation, the description of the /2 pulse given above still

holds as long as t,,<< T,,T,. Under those conditions, at the

2’71

end of the r.f. pulse, there exists coherence between the
phases of the wave functions describing the spin system
bringing about a transverse magnetization in the x-y plane.
The random interactions of the spins with the environment
gradually destroy this coherence and the transverse magneti-
zation; this process is called spin-spin relaxation., It 1s
observed that Tl
g8ince the decay of the transverse magnetizatlon conserves

is always greater than or equal to T2,

energy in the field Ho’ unlike the recovery of the longitud-
inal magnetization (MZ) in which energy has to be transferred
to the lattice.

How are T, and T2 measured experimentally? One method

1
uses the properties of the T{/2 pulse. As was mentioned
earlier this holds as long as t << T;,T,. The T{/2 pulse
sets up a precessing magnetization in the x-y plane and the
Mz magnetization is then zero., If a coll 1s wound around
the sample with its symmetry axis 1n the x-y plane, the
precessing magnetization will induce a voltage in the coil
decaying with a time constant T2; this 1is called the free
induction tail. Thus, the decay of the transverse magnetil-
zation can be monitored. Moreover, the signal induced in
the coll is proportional to the MZ magnetization at the
beginning of the pulse. This fact immediately suggests a

method for measuring le disturb the MZ magnetization from

i1ts equilibrium value MO by applying an r.f. field for a



10

short time, a T{/2 pulse, for example; monitor the recovery
of M, at time t later by applying a TU/2 pulse; repeat this
sequence for many values of 't', allowing the spin system to
attain equilibrium between successive sequences of pulses.
Experimentally, the r.f. field is produced by an r.f.
current passing through the colil situated around‘the sample,
The alternating field, thus produced, can be decompesed into
two circularly polarized components with opposite senses of
rotation, If one component satisfies the resonance condition,

We = —Y H,, then the effect of the other component 1is
negligible as 1t will be off-resonance by 2 w, .

In this chapter, some of the concepts involved in

N.M.R. have been introduced, and it has been shown how they
are related to the microscopic properties of the system, In
- the next chapter, existing knowledge about the methane system
at low temperatures will be reviewed. Chapters 3 and 4 deal

with the experimental techniques and the theory, respectively.



CHAPTER 2,

PROPERTIES OF THE METHANES

It is well known that solid CH, and all of its
deuterated modifications exhiblit A anomalies in the specific
heat. This study of the low temperature nuclear magnetic
relaxation properties was motiﬁgd by (1) the lack of definitive
experiments regarding the nature of these A anomalies;

(2) some interesting results obtained by us in preliminary
experiments studying the relaxation properties of the deuteron
spin system between 110 and 550K.

In this chapter, some of the preceding experimental
work will be reviewed. Notwithstanding a wealth of experi-
merital data, the nature of the phase transitions is still
very much a mystery. Many of the experiments appear to contra-

dict each other; other experimental conclusions are too

qualitative to be of much value,

Properties of Methane Molecules: 2:1

In the free methane molecule, the deuterons and protons
are situated at the corners of a tetrahedron with the carbon
~atom at its center., It follows from the geometry, that CHu
and CDM are spherical top molecules and possess a Td symmetry
group; CD3H and CH3D are symmetric top molecules with symmetry
group C3.

11
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The wave function of polyatomié molecules are character-
ized by three gquantum numbefs J, K, and M. The square of the
total angular momentum is quantized and is equal to
J(T + 1)'h2, where J 18 the rotatlonal angular momentum
guantum numbe;. The projection of the rotational angular
momentum oﬁ the molecular axis is quantized and equals KHh
where K = J,...,~-J is an integer. Similarly, its projection
on the polar axis fixed in space is Mh where M = J,...,~-d.

The energy levels of free spherical top molecules having
moment of inertia I depend only on J and are (23 + LE

degenerate

E__ = h_

see =z T3+ 1) . (2-1)

2
o
- The symmetric top molecular energy levels are specified by

J and K and are 2(2J + 1) degenerate for K # O

By =B J (7 +1) + (C- B)K® (2-2)

where B and C depend on the various components of the
moment of inertia tensor of the molecule,.

The wave function of the methane molecule is usually
approximately expressed as a product of functions of the

various co-ordinates,
booo =0 899 (2-3)
tot e v RS -

where the subscripts e,v,R, and S indicate that the correspond-
ing factor is a function of the, electronic (including electron

spin), vibrational, rotational and nuclear spin co-ordinates.
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This wave function is not unique, since the permutation of
identical nuclei generates a number of other wave functions.
The correct wave function must be completely symmetrical or
antisymmetrical with respect to interchange of any pair of
identical nuclei.

Since protons obey the Paull exclusion principle, CHM
has antisymmetrical wave functions, whereas CDM has symmefrical
wave functions, To obtain wave functions with the proper
symmetry character, 1t 1s necessary to form linear combin-
ations of the degenerate functions discussed above, This
problem is simplified since the electronic wave function
ﬁe and the vibrational wave function Q& in the ground state
are usually completely symmetrical. Thus, the symmetry proper-
ties of gtot depend only on the symmetry properties of
ﬁRand gs. Moreover, all rotations of the group Td correspond
to "even" permutations of the nuclei, hence for CHy and CDy
the total wave function gtot belongs to the totally symmetric
irreducible representation A.

The symmetry operations which transform the molecule
into 1tself belong to the tetrahedral symmetry group Td' This
group consists of three classes of operations giving rise to
three irreducible representations A, E, and T. Each rotational
wave function ﬁR is assigned in accordance with its symmetry
properties to one of these irreducible representations and
will be denoted by gp (E), ;ZR(A), and Q’R(T). The @ provide
the basis functions for these representations., Only
rotational wave functions with certain J quantum numbers

belong to a particular irreducible representation. A
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simllar assignment of the spin wave functions can be made.
In general, the spin wave functions for each irreducible
representation have definite values of the total spin of the
nuclel in the molecule, Moreover, this relation is not one-
to-one; the ﬁs of each representation can possess more than
one valte of total spin.
It can be shown, using group-theoretical methods (Maue,
1937), that the ornly combinations of gSQR producing a totally
symmetric wave function are
ge (8) gy (8)
g (B) g (E) (2-4)
7 (1) gy (7)

In other words, each rotational state will have associated
with it a restricted set of spin wave functions. The spiln
wave functions belonging to a particular irreducible
representation T,A, or E are said to belong to the spin
species ortho, meta, or para, respectively. This is ana-
logous to the familiar case of hydrogen; 1t possesses two
spin species ortho (It = 1) and para (It = 0). In analogy
with hydrogen, conversion between these three species is
very slow, since the magnetic interactions between molecules
are normally too weak. Unlike hydrogen, 1n CDM for certain
rotational states the permissible spin wave functions possess
more than one total spin quantum number e.g. the ¢S(A) have
total spin quantum numbers 0,2,4 and are associated with
rotational levels J = 0,3,4 etc, The spin wave functions

for CH4 are characterized by total spin quantum numbers
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0,1, and 2 for E,T, and A spin species, respectively. Similar
~considerations also apply to the symmetric top molecules CD3H
and CH,D, see Table I,

3

So far, only the propertiés of the free molecule have
been congidered. In actual faqt, the coupling between the
molecules will modify the free molecular wave functlons and
energy levels., It is not known to what extent they are modi-
fied; not even the nature and the strength of these forces are
known with any certainty,} One attempt to describe the
influence of the intermolecular interactions has been made by
Nagamiya (1951). He assumed that the intermolecular forces
could be described by a crystalline'electric field potential
possessing a definite symmetry. Using group theoretical
methods, he worked out to what extent the various degeneracies
of the free molecular energy lévels would be removed by
crystalline fields of various symmetries. His results for
CH4 and CD4 are shown in Figure 1., These results have
proven to be extremely useful in analyzing the entropy of the
solid methanes at low temperatures,.

A different theoretical approach to the description of
the intermolecular interactions was used by James and Keenan
(1959), They assume that the interactions are due to the
octupole moments of the molecular charge distributions and
have attempted to provide a detailed model of the low temp-
erature phase transitions in solid methane in terms of these

interactions, Since the theory of James and Keenan is com-

pletely classical, they feel that, of the 1sotopic modifications



Modi-~ T+ _ Some allowed values of J and K Constants in eqgn.2-2
T
A A
fication ° ° Ortho Meta Para B/k C/k
(%K) ("K) (1) (a) (E) (°k) (°k)
CHu 20.4 8.0 J =1 J =0 J = 7.68 7.68
=2 = 3 _
= 3 = Y4 _
CDy, 27.0 21.9 =4 3.84 3.84
J =1 K 1 =0 K =0 ]
CH,D I 23,2 15.9 -2 1| =1 -0 559 7.68
= 2 2 = 2 =0
=3 3 =3 =3 - al
CD,H u 26.1 19.9 4.73 3.
Table 1., Some Properties of Free Methane Molecules

9T
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of methane, 1ts predictions would apply best to CDM, which has

the largest moment of inertia,

Nuclear Magnetic Resonance Studies 2:2 i

The earliest low temperature N.M.R. studies of methane
were carried out by Thomas et al. (1950). 1In their experimental
measurements of the spin-laétice relaxation times, inadequate
precautions were taken to remove O2 impurities from their
sample, As a consequence, the relaxation process was dominated
by the wvery strong interactions between the paramagnetic O2
impurities and the nuclear spins on the methane molecules, Many
details pertaining to the nuclear relaxation which are reported
in this thesis, were obscured by these interactions in the |
measurements of Thomas et al,

The first theoretical treatment of N.M.R. in solid
methane was provided by Tomita (1953). Unfortunately, hils
theory was applied to the incorrect experimental results dis-
cussed above. However, his general approach, which brings out
explicitly the role of molecular symmetry with respect to the
effects of the intramolecular spin-spin interactions on Tl

and T,, will be very useful in any attempt to formulate a

2
detailed theory, of N.M,R., in low temperature methane. In
particular, he shows that the dipolar interactions beﬁween the
nuclear spins on molecules having spin wave functions ﬁS(A),
give no contribution to spin relaxation,

Measurements of the line-width in CHM, carried out by

Wolf (1963) and Thomas et al. (1950), indicated that there was
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no significant change in the line-width at either of the two
phase transltion temperatures. The experimental values of the
line-width were much smaller than were calculated assuming a
rigid lattice. Actually, the observed values were in reasonable
agreement with the calculated values, if the molecules were
assumed to be isotropically reorienting. For sufficiently
rapid molecular reorientations, the contribution of the 1ntra-
molecular dipolar interactions (the interactions between nucleil
on the same molecule), to the line-width would be conslderably
reduced. The absence of a change in the line-width at the
transition temperatures rules out the proposal by Pauling (1930)
that the transition involved a change from oscillations of the
molecules in the low temperature phase to free rotation in the
high temperature phase.

Another set of pertinent results was reported by de Wit
and Bloom (1965). Measurements of the deuteron spin-lattice
relaxation time between 55-1100K indicated that the correlation
time for molecular reorientations (to be defined in Chapter 4)
was a very slowly decreasing function of temperature over the
entire temperature range, with no change being observable at
the melting point 9OOK. Moreover, by measuring the spin-
lattice relaxation times in mixtures of CH4 and CDM’ thus
varying the intermolecular dipolar interactions, it was con-
clusively shown that below 650K, the interactions causing

relaxation are solely intramolecular.
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Specific Heat Studies 2:3

Specific heat studies of the methane system were first
carried out in 1929, Clusius, in 1929, discovered the upper
phase transition at 20.4°K in solid CHy. Subsequently,

Clusius and Popp (1937), found that CDM and CDH, exhibited two

3
phase transitions. These occurred at 27.OOK and 21.9OK for
CDy, and at 23.2°K and 15.9°K for CH;D. The other methanes
CD2H2 and CD3H have also been found to possess two phase
transitions, see Table I (Sperandio, 1961), It may be noted
that the upper phase transition temperatures vary almost
linearly with 'n!' for CHM-nDn° This linearity holds for the

lower phase transitions between CH2D and CDH’ but does not hold

2
for CHyD and CH), (as they do not lie on the straight line).

In addition, the lower phase transition is sharper than the
upper phase transition, except for the case of CHu.

Only recently has the lower phase transition in CHu,
which occurs at 80K, been discovered by Colwell, Gill and
Morrison (1962), This phése transition was not very pronounced
and was rather difficult to observe. The discovery of the
lower phase transition in CHM removed the puzzling feature that
CHM was apparently the only méthane modification which was
not characterized by two specific heat anomalies. The obser-
vations of Morrison et al. have been supported by a re-
investigation of the high pressure calorimetric behaviour of
CHy by Rosenshein and Whitney (1964). They found, contrary

to earlier experimental work (Stewart (1959) and Stevenson

(1957)), that the lower phase transition at higher pressures
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in CHM when extrapoclated to zero pressure, correspconded to the
phase transition temperature observed by Morrison et al, As
all methanes possess two phase transition temperatures and can
exist in three distinct phases, the following conventions will
be adopted: Tg and T, denote the upper and lower phase
transition temperatures, respectively; and phase I will be the
phase above Tt» ; phase II, the phase between T, and Ti ;
phase III, the phase below T .

Studlies were also carried out on mixtures of CHM and
CDa° It was found that the upper transition temperatures
varied linearly as a function of the mixing ratio between those
of pure CHu and CD4. For a mixing ratio of CHu and CDM equal
to the stoichiometric ratio of deuterons to protons in a given
isotopic modificatlion of methane, T: is roughly the same as
that of the given isotopic modification! For example, a 25%

CH,-75%CD, mixture has T = 25.4°K, while CHD, has Ty = 25.9°K.

3
Moreover, it was found that the lower phase transition tempera-
ture varied linearly with the mixing ratio, if the CDu content
was larger than 60%; below 60%, the transition temperature
dropped more rapidly (Bartholome et al. 1938).

Methane and krypton can be mixed to form solid solutions
(Stackelberg et al,, 1936). Solids of pure methane and pure
krypton each have the same crystal structure (f.c.c.) and their
lattice constants differ by only 1.5%. When Kr is added, the
specific heat maximum is broadened, its peak value is decreased,

and the temperature at which the peak occurs is shifted down-

wards (Eucken and Veith, 1936). For XKr concentrations greater
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than 16%, the maximum in the specific heat versus temperature
curve 1s unobservable,

A recent paper by Colwell, Gill and Morrison (1965) is
of special interest since the conclusions from specific heat
measurements, and our conclusions from magnetic resonance agree
in principle. They measured the heat capacities of the par-
tially deuterated methanes between 2.5 and 27°K. In addition,
to the two transitions for each methane, they observed large
heat capacity anomalies below 80K for CH3D, CH2D2 and CHD3.
These anomalies are interpreted as the high temperature tails
of Schottky anomalies (Rosenberg, 1964)., 1In the analysis of
their data, they assume that no conversgsion takes place between
the different specles, and that in solid methane the coupling
between the molecules is weak enough to consider the energy
states to be those of the free molecule weakly perturbed by
crystalline fields in the solid. In particular, they interpret
these anomalies 1in terms of removal of the rotational degener-
acles by the crystalline electric field. They are able to draw
some conclusions regarding the size of the energy level
splitting, the crystal fileld symmetry, and the degeneracies
of the levels,

N.M.R. measurements were carried out on mixtures of
CHM with CD4, and of CHM with Kr, in addition to measurements
of CHu and its isotopic modifications. These experiments
were carried out to correlate the magnetic relaxation behaviour
with the interesting results of the specific heat measurements

discussed above,
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Miscellaneous Measurements 2:4

A series of infra-red and Raman experiments have been
reported drawing contradictory conclusions from their experi-
ments. Welsh et al. (1952) have studied the Raman spectra of
methane ag a2 liquid and as a solid Jjust below its melting
point. They concluded that rotation was essentially free in
the liquid, and certailn aspects of the spectrum in the solid
also led them to conclude that the rotational freedom was
unchanged by solidification., However, Savitsky and Hornig
(1962) contradicted these results. They examined the infra-
red spectra of the solid phases I, II, and III of CHu and
CDM, and concluded from the absence of observable rotational
fine structure that a barrier 1n excess of several hundred
degrees Kelvin must hinder molecular rotation, It should be
mentioned that their measurements were limited to témperatures
less than 40°K., Recently, Ewing (1964) has shown that the
observed spectra of liquid and solid methane do not. conflict
with the hypothesis that the molecules are undergoing hindered
rotation in these phases.

The above contradictory results prompted a theoretical
study by Gordon (1965). He shows how the infra-red and Raman
line shapes are the Fourier transforms of the time correlation
functions of the first and second order spherical harmonics,
respectively, To compare the results of the Raman and infra-
red studies with each other, the correlation functions should

be compared,
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To support his contention, he has calculated the Fourier
transforms of the Raman spectrum obtained by Welch]et al,, and
the infra-red spectrum by Ewing. He finds that for t<10”13
sec, the correlation functions are indistfinguishable from those
of the free rotational motion. Both the Raman and infrared
correlation functions show the exponential decay for t> 3 x 10'13
sec that 1s expected for rotors hindered by random intermolecular
torques. However, the Raman. correlation function decays faster
than the infrared function; it has fallen to a much smaller
value by the time the exponential description becomes valid.
Therefore, the Raman spectrum resembles the free rotational
spectrum conslderably more than the 1nfrared one does.

X-ray studies by Mooy (1931) and McLannan et al. (1929),
showed that solild CHM has f.c.c. lattice with the same lattice
constants above and.below the phase transition. On the other
hand, Schallamach (1939) found that frequently additional lines
not associated with f.,c.c, lattice would appear below the
phasgse transition, which would invarlably be accompanied by a
1.6% increase in the lattice constants. Moreover, there are
contradicting reports about the existence or absence of
birefringence below the phase tpansition; birefringence would
not exist if the crystal is f.c.c.. Thus, it is not at all
clear whether or not there is a small change in the crystal
structure on passing through the phase transition., In the
discussion of the results this point will be referred to

again,
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'

Some 1interesting results have been obtained by Rosenshein
et al. (1964) from ultrasonic attenuation and sound velocity
measurements 1in CHu. The veloclity of sound exhiblts an
appreciable change at the upper phase transition. Moreover,
there appears to be a maximum in the attenuation a few
degrees above the upper phase transltion; there is an interest-
ing correspondence between this maximum and certaln features
in the spin lattice relaxation data of CH4, which will be
discussed in Chapter 5. No explanation of their results is
provided by them,

Inelastlc neutron scattering studies of CHu have been
reported by Stilller and Hautecler (1962) and Dasannacharya et al.
(1964); they arrive at the conclusion that hindered rotations
are non-existent, and that the only motions of the molecules

are libretions, small angle osclllations about a certain axis.



CHAPTER 3.

EXPERIMENTAL METHOD AND APPARATUS

Relaxation Time Measurements 3:1

All relaxation time measurements reported in this thesis
were carried out at 28.5 and 4.4 mes using the pulse method
developed by Hahn(iéSOLIn this methdd, a radio frequency field
is applied in the form of pulses; we are interested in the
transient signals after the pulses, Under conditions previously
discussed in the Introduction, the pulse rotates the magneti-
zation of the spin system into the x-y plane; the equilibrium
magnetization before the pulse 1s applied beling along the z
direction, The precession of the magnetization about the main
magnetic field indu%es a transient signal, called the induction
tail, in the coil around the sample oriented in the x-y plane,

As discussed earlier, the return of MZ to its equilibrium
value Mo , is usually exponential and is described by the time

constant T the spin lattice relaxation time,

1’

To measure T, one uses the fact that the amplitude of the

1
induction taill, after a 9Oo pulse, 1s proportional to the value
of MZ at the beginning of the pulse. One prepares the state of
the spin system at t = 0, such that MZ = 0, by applyling a 9OO
pulse., After a certain time %, another 90O pulse is applied;
the amplitude of the induction tail is a measure of the extent
of the recovery of MZ towards its equilibrium value M, after

a time T . This sequence is repeated many times with different

26
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values of T , Before repeating the sequence, the spin system has
to be allowed to return to equilibrium; this implies one has to
wait at least 5 Tl's, to incur an error of less than 1%. The
spin-lattice relaxation time is obtained by plotting

In(Mg - M®)) as a function of T, the slope of the straight
line is -1/T,.

An alternative method, which saves time when T, is long,

1
involves the application of a train of 15 or more 90b pulses
with a separation between them greater than Tgi but much less
than Tl' This prepares the spin system in a state with Mz = 0,
As before, the application of a 9OO pulse will measure the
recovery of MZ towards equilibrium; the procedure for obtaining
Tl is the same as above, TUsing this method it is not neces-
sary to wait between successive sequences. The reproducibility
of T1 measurements is about 5% in these experiments.

Unlike Tl’ the decay of Mx,y is not exponential, but
in general exhibits a very complicated time dependence., In
the so0lid methanes, the local filelds are almost always much
larger than the magnetic field inhomogeneity over the sample;

therefore no correction had to be applied to obtain the shape

of the induction tail,

The Spectrometer 3:2

The apparatus used in pulsed nuclear magnetic resonance
has been described in many articles (Hahn 1950, Clark 1964),
consequently only the basic features will be described in this

section, Each of the major constituéents of the spectrometer,
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as shown in the block diagram (Figure 2), will now be discussed

in turn.

Timing Units 3:2:1

As described 1n the previous section, pulsed nuclear
magnetic resonance (N,M.R.) measurements of spin-lattice or
s8pin-spin relaxation times require pulse sequences consisting
either of two radio frequency (r.f.) pulses (the two-pulse
sequence), or of a train of r.f. pulses followed by‘a single
r.f. pulse (the'saturating train sequence). These two types
of pulse sequences are shown in Figure (3). The separation
and the number of pulses in the saturating train can be con-
vtrolled. Further requirements are that the width and the
position of the last pulse can be varied independently of the
initial pulse or pulses., The electronic circuits used to pro-
vide timing pulses for the above pulse sequences and to provide
gating pulses for the r.f. oscillator afe completely standard
(see Figure (3)) and are not shown here. It may be remarked,
however, that the output pulses used to gate the oscillator
stage have amplitudes of about 80 volts and rise and fall

times of approximately O.l/bsec.

Transmitter 3:2:2 (Figure (4))

The transmitter has to be capable of delivering very
intense r.f.. pulses, with rise and fall times apprdximately
0.2 usec, into a low impedance load, No r.f, leakage can be

tolerated between pulses., The simplest method to achieve this
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is to gate the oscillator. The tank circuit of the oscillator
is situated in the cathode circuit of a gating tube. During the
off cyecle, the éating tube 1is biased on, A d.c. current flows
through the coil and thus reduces the Q of the tank cilrcult so
that it cannot oscillate., When a pulse, supplied by the timing
unit, blases the gating tube off, the current through the tank
circuit is suddenly switched off and the tank circuit rings

at its resonant frequency, If there 1is sufficient feedback,

it will oscillate for the dvration of the gating pulse, The
oscillator 1s an electron-coupled Hartley circuit to reduce the
effects of variations in loading on the frequency.

The oscillator stage is followed by a class A amplifier
and two class C amplifiers, all using 6L6 tubes, These stages
were capacitance coupled with a tuned circult in the grid of
the next stage. This resulted in better power transfer at
30 mecs, than when transformer coupling was used., The final
output stage consisted of an 829-B with both sections in
parallel, which was capacitance coupled to an impedance
matching network between the transmitter and the sample
circult, To achieve fast rise and fall times, the Q's of
21ll tuned circuits must be gquite low.

At 30 mecs, the peak to peak voltage across the sample

coll was 1500 volts; at 4.5 mes, it was 3500 volts.

Sample Circult 3:2:3

As will be discussed in the Theory chapter, accurate
line shapes are obtained-only if the r.f. magnetic field 1is

considerably larger than the local magnetic field due to
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interactions of the spin with neighbouring spins. In order to
accomplish this, care had to be taken in matching the sample
circult to the transmitter, The sample circuilt is shown in
Figure (5). The crossed diodes on the transmitter side served
three purposes: (l) they 1ncreased thelQ of the sample cilrcult,
(2) they prevented transmitter nolse from belng fed into the
receiver after the r.f. pulse, by decoupling the transmitter
circuitry; (3) they improved the recovery time of the
receiver by preventing any r.f. from entering the sample
circuilt, after the r.f. level in the pulse had dropped below
3 volt,

The inner conductor of the transmission line consisted
of silver plated stainless steel tubing, diameter (1/8");
the outer conductor, a 1" stainless steel tube, served as the
pumping line as well., These diameters were chosen such that the
impedance of the transmission line was as close as possible to
90 ohms, the impedance of the coaxial cable used outside the
dewar head, At 28,5 mecs, a half wave transmission line was
used between the sample coll and the impedance matching network;
at 4.4 mes, this was eliminated, instead the transmitter and
the receliver were placed as close as possible to the sample coil.

Since the r.f. voltages in the sample circuilt were
large, care had to be exercised to prevent electrical breakdown;
in particular, the He exchange gas pressure had to be less
than 10 L2,

Another troublesome effect, not noticed at 30 mes,

was large high frequency sinusoidal transients after an r.f.
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pulse, which appeared only in the presence of the main

magnetic field, Their amplitude and frequency could be altered
drastically by potting or coating the coil with different
substances, but they would usually reappear, 1f the coll was
repeatedly cooled to M.EOK or if the coating was cracked.

We surmised that the interaction between the pulsed r.f.
current, which may be 10-20 amps, and the main magnetic field
excited some structural resonance in the coil at ultrasonic
frequencies. These effects were not seen at 30 mes because the
r.f, currents were smaller, the inductance of the coil was less,
and the structure was more rigid. The best potting agents were

found to be liquid porcelain "Sauereisen" and "Stycast" epoxy.

Receivers 3:2:4

The single coll sample circuilt, described above, suffers
from the serious disadvantage of injecting a large r.f. pulse
into the input stage of the receiver, For fast recovery, from
the large r.f, pulse, which saturates the receiver, all tuned
circuits and RC coupling networks must have short time con-
stants. In particular, the last stage and the detector,
which handle the maximum signal, must have very fast recovery.
Paralysis, which is a temporary cut-off due to grid current
being drawn during the pulse, can be avoided by making all
grid and cathode circuit time constants short; this suffers
from the slight disadvantage of lowering the gain per stage.
Supply voltage recovery, 1f not guarded against, can

seriously distort the output and lengthen the recovery time,
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The gain control blas supply, in particular, should have an
output impedance of less than 2000 ohms,

The recelver used at 28,5 mcs, was an Arenberg Wide
Band amplifier (WAGOOC)° The preamp had a cascode input, two
stages of narrow band amplification, and a cathode follower
output. The main amplifier was wide band, 10-60 mcs, The
overall amplifier had a 7 s recovery time.

The 4,4 mes receiver, which we constructed, had a
1 mes band width and a 6gs recovery time, (see Figure (6)).
The preamp, bullt according to Clark's design (1964), uses
a high g pentode 7722 in the input with a very low equilvalent
noise resistance, (200 ohms); followed by a 6DJ8 amplifier and
cathode follower stage. The main amplifier consisted of four
synchronously tuned amplifying stages, a detector, and a low
impedance output stage. The tuned r.f. stages consisted of
6AKS5 pentodes, with the individual band widths of each stage
belng 1.5 mcs., To improve the recovery time of the
recelver, pairs of crossed-diodes, FD 100, were used in the
plate circuits of the first two amplifying stages.

The linearity of both amplifiers was checked carefully,.
It was found that the linearity correction was negligible.
To keep the operating conditions the same at all times, des-
pite a variation of 80 in the signal strength in the range from
1,2-80°K, we inserted a wide-band Hewlett Packard attenuator
between the preamplifier and the main amplifier. This reduced

the sigral output, but not the signal-to-noise ratio.
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Cryostat 3:3

The design of the cryostat resembles that of an adlabatic
calorimeter, the main design criterion being the minimization
of any heat leaks. The motivaticn 1s, however, different.
In the case of the calorimeter, the purpose is to obtain
the best possible accuracy; in our case, the aim 18 to reduce
the temperature gradients in the sample and to decrease the
helium boil-off rate., These congiderations are important as
the sample may be at any temperature between M.EOK and 5OOK.
After these introductory remarks, some of the details will be

degcribed in the following sections,

The Vacuum Can and the Dewar Head 3:3:1

Figures (7) and (8) show the construction of the dewar
head and the vacuum can, The prime concern in the design was
to keep the amount of metal to a minimum, so that the con-
sumption of liquid helium was reduced., Only non-magnetic
materials were used to keep thé magnetic fleld as homogeneous
as possible near the sample; this excludes certain types of
stainless steel and brass.

The manifold, shown as A in Figure (7), allowed access
to the inner conductor of the transmission line, which ran
down the center of the puﬁping tube. The bottom end of the
transmission line was anchored at 4.2°K, to eliminate any heat
leak down it,' The electrical leads for the thermometers and

the heater were brought into the vacuum can using two
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Housekeeper seals fitted with a pinch carrying five tungsten
wires each,

The can was soldered to the flange using Woods metal;
Indium and Teflon O-ring seals were found to be less reliable
and involved the use of more me£al. While soldering the
flange, the tall end of the can was kept 1in liquid nitrogeﬁ.
This condensed the methane in the sample tube, and thus
reduced the danger of the sample exploding.

Only copper was used in the construction of the can,
because 1t has a better thermal conductivity coefficlent than
brass, and 1t does not spoil the homogeneity of the magnetic
field, However, in machining the wall thickness to 30 thousandths
of an inch, it became porous to HeII and had to be coated with

a thin layer of soft solder.

The Sample Holder 3:3:2

To reduce the temperature gradients, a sample holder was
machined from a copper rod. The sample holder completely
enclosed the sample, except for the tail end, around which the
sample coil was situated. Good thermal contact between the
sample holder and the sample was ensured by filling the space
between them with Apiezon grease, To reduce heat leaks to a
minimum, the sample holder was suspended b& two nylon threads
and held in place by a teflon spacer. In addition gauge 34
Magnanin wire was used for the thermometer leads, because it

is a poor thermal conductor., The radiation baffle shown 1n
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Figure (8), served to intercept any room temperature radiation
down the pumping tube, and at the same time anchored the
pottom end of the transmission line at 4,2°K.

™o copper tubes soldered into the sample holder served
as the thermometer wells, The sample holder also provided a
mounting for a 700 ohm Constantan heater, which was bifilar
wound‘to eliminate any stray magnetic fields associated with
the heater current. Thermal contact between the heater and
the sample holder was provided by two coats of shellac, The
heater was evenly spaced over the whole sample holder to avoid
any hot spots. To obtain an efficient helium transfer, a helium
exchange gas pressure of 3 cm was introduced into the vacuum
can. 1t was found that a moderately fast pumping system was
needed to i1solate the sample from the bath within a reasonable
length of time. Using a Hyvac 6 and an oil diffusion pump con-
rnected by a 1% inch pumping line to the dewar head, a usefu;
vacuum of O.l;& or better was obtained after 30 minutes of

pumping.

Temperature Measurement and Control 3:4

Temperature Measurement 3:4:1

Two thermometers were used to cover the range from
1.2—550K, a 100 ohm Speer carbon thermometer Grade 1003,
and a Hartman-Braun platinum thermometer model W 4871.

The thermometers were fitted into the copper thermometer
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wells with some Apiezon grease assuring good thermal contact.
The platinum thermometer, which had been calibrated by the
N.B.S., was used to measure temperatures above EOOK; the carbon
thermometer was used below 2OOK, This was necessary because
the sensitivity of the platinum thermometer decreases very
rapidly below EOOK; and that of the carbon thermometer becomes
less sensltive above 250Ko

Calibration points for the carbon thermometer wgre
obtained around EOOK, using the platinum thermometer, and
around 4.20K using the vapour pressure scale of Heu. These
calibration points were then used to evaluate the constants

A, B, and C in the equatilon:-

c -
log R + TO@?R = A+B/T

This is a semi-empirical relationship, which has been found
to describe the temperature variations of the carbon resis-
tance (Clement and Quinnell, 1952), Some of these calibration
points were checked for every He run and it was found that
changes 1in carbon resistance implied corrections of the order
of 0,01%. |

A comparison of the phase transition temperatures
obtained from the spin-lattice relaxation time data with
those obtained from specific heat measurements, provided a
valuable check on the accuracy of the thermometry. FIFurther-
more, the fact that the nuclear spin magnetization obeys the
Curie Law, was also used to check relative temperatures of the

sample between 4.2 and 15°K with an accuracy of about 3%.
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From these checks, 1t was concluded that the thermometry was
accurate to O.lOK in the range below 1OOK, and accurate to
0.2°K from 13°K to 20°K.

To assure ourselves that the magnetic fleld dependence
of the thermometers did not affect our temperature measurements,
we measured the resistances of both thermometers for a set of
temperatures with the magnetic field on and off. We found
that the correction was at the most 0,01°K.

A Rubicon Mueller bridge was used to measure the thermo-
meter resistances, and a Brown null indicator was used for the
null amplifier, A Mueller bridge will measure the resistance
of a four lead thermometer in the presence of sizeable lead
resistances, “"However, this bridge could only measure resis-
tances up to 70 ohms; whereas the carbon resistance assumes
values from 200-500 ohms in the temperature interval 20°K-
1.2OK, At lower temperatures, the carbon resistance changes
with temperature are fractionally very large, Consequently,

a slight loss in accuracy and sensitivity could be tolerated.
We therefore decided to extend the range of the Mueller bridge
according to the circuit shown in Figure (9). A subsequent
check of the sensitivity and the accuracy of the modified
bridge, using some accurately measured standard resistances,
showed that these were quite adequate,

In the measurement of the carbon resistance below
4,29, care had to be exercised to prevent self-heating of
the thermometer, which would lead to erroneous temperature

readings (Berman, 1952), Below the A point a measuring current
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through the resistor of 1 puamp was used; at 4.2OK and above a
10 gamp current was used, A 1 ma, current was used for the
platinum thermometer. It should be noted that all the resis-
tances were measured for both directions of current to
eliminate any thermal E,M,F.,'s,

An attempt was made to measure the temperature gradient
along the sample holder at 2OOK, using two calibrated carbon
thermometers situated, 10 cms., apart. The temperature
difference was so small that we could assign only an upper

limit of 0.02°K.

Temperature Control 3:4:2

In these experiments, it was imperative to control
the temperature to better than 0.1°K over long periods of
time at any desired temperature between 4,2 and 550K.
Consequently, we decided to use an electronic feed-back
regulator,

The temperature control unit is shown in Figure (10).
The sensing element used was either the carbon or the
platinum thermometer. The input to the temperature control
unit is supplied by the Brown null indicator, which is used
here as a d.c. amplifier, As the output voltage of the
Brown null indicator contained much 60 cycles/sec, the first
stage of the control unlt was a McFee difference amplifier
to eliminate the 60 cps. component and to amplify the small
d.c, component. The next two stages were cathode coupled

d.c, amplifiers driving an output cathode follower, the
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cathode load of which is the heater., The bias on the grid of
the cathode follower determinedvthe average current through

the heater, Once the system started regulating the temperature,
we were able to adjust the bias such that the mean position of
the null indicator was zero,

At low temperatures, the gain of the system was too
high and the whole system would oscillate, To remedy this,
we Just lowered the gain of the control unit until it stopped
oscillating.

To measure the temperature, the average current through
the heater was maintained, but it was not regulated for.the
duration of the measurement. The drift of the temperature
during the measurement was insignificant.

Because of the high sensitivity, good electrical
isolation between the heater and thermometer wiring was

essential, otherwise the system would osclllate.

Sample Preparations 3:5

The proton and‘deuteron spin-lattice relaxation times
in the liquid and in the solid methanes have been found to be
very sensitlve to small concentrations of O2 in the sample,
Since the O2 molecule is highly paramagnetic, it provides
a powerful mechanism for spin-lattice relaxation, As a
consequence no information would have been obtained about
the nature of the interactions between the methane molecules,

if the 0, impurities had not been removed.

2
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The technique found to be most suitable for the removal
involved the use of a getter, Misch metal, stupplied by Lindsay
Chemical Co. The concentration is probably reduced below
2.5)(10_4% using this technique (Sandhu et al, 1960).

Two different geometries, shown in Figure (11), were
used during the course of these experiments. For both geo-
metries, the relaxatlion times agreed to within experimental
error.

In geometry 'a', the tungsten coil shown in the diagram
contains the Misch metal. The sample tube was evacuated to
10—6qm and baked several times while pumping. When the flask
had "been baked out, it was filled with Argon to a pressure
of 1 or 2 mmHg., The getter was then flashed until a diffuse
layer was deposited on the inner surface of the flask, The J
argon was then pumped out, and the methane gas was introduced;
the flask was then sealed off from the system.

The sample preparation was the same for geometry 'b!,
except that the gas was left in contéct with the getter for
several days, after which the methane was condensed into the
sample tube using liquid nitrogen and was sealed off from the
gettering bulb. At room temperature, the gas pressure 1n the
sample tube was 25-30 atmospheres, whereas the average burst-
ing pressure was measured to be 70 atmospheres. This geometry
was used for most of the low temperature measurements because it
mgant that the cryostat design could be simplified, and that
some of the heat leak and vacuum problems could be virtually"

eliminated. This particular geometry, however, introduced the



72

cm

TUNGSTEN
COIL

ground glass / sealed off here
fitting

1.8 em

20cm B

®

Figure 11, The Two Sample Geometrics Used

0§



51

possibility of the sample exploding and of possible contamin-
ation of the sample by O2 impurities due to the absence of the )
getter bulb. The spin-lattice relaxation times were reproducible
from sample to sample and over long periods of time for each
sample, These measurements were carried out over a period of
more than a year and no change in T1 with time for any sample
was ever observed,

Mixtures of CHM with CD4 or Kr were prepared by mixing
eppropriate amounts of the gases at room temperature. Esti-

mates of CHq to CD4 or to Kr ratios were made from the partial

pressures, assuming the gases to be 1deal,



CHAPTER 4,
THE THEORY OF RELAXATION

In Chapter 1, the spin-lattice relaxation was described
as the exchange of energy between the spin system and the
lattice, so that thermal equilibrium will be established
between them., A detailed interpretation of the relaxation
behaviour will be attempted in terms of the interactions
between the nuclei and the degrees of freedom of the lattice,.

Many papers have appeared in the literature on the
theory of nuclear magnetic relaxation (Redfield 1957, Bloch
1956, Abragamll96l), Some of the gross‘features of the theory

pertaining to the systems under consideration will be reviewed.

Conventional theory 4:1

The problem of calculating spin lattice relaxation
times, in general, consists of evaluating the transition
probabilities between spin-states due to interactions
between the lattice and the spin system, The Hamiltonian
describing the spin-lattice interactions for the systems

under consideration is:

H. = Zg"—(ﬂm\guk +%$_‘2F€Qk K "’%Z F@lth) Uk

ZE I-L.E.j .,.z IueC'-J (4-1)
2 2 Fg BY

52
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The Tirst three terms describe the magnetic dipole-dipole inter-
actions between like and unlike nuclear spins, The primed
(unprimed) symbols denote those quantities belonging to spins I,
for example protons (to spins S, for example deuterons).

Jl'ik is"the direction of the vector?ik between spins 1 and k.

o 2 .
Fik,_ _;_% Q—3Co$ ath) = - 2“15;1’ \‘(22
Lk iR
) . . + (4, —
Eh: Y|‘3 M By ces B, €7 4 R = = ‘f’g_ ]7<+,’=5|
vk iR
n N #-2)
FL;: '3 sen* @, et Yk = ‘2_7_1 i?%a__
r 'S ik

]

= — 2 YiYe b [—2/3 Tsels) +-§;(I+1I‘k +L_; IHQ)]

+! 2

t2

A= -2 YiYe R It LTak
where the Y, (0,d) are normalized spherical harmonics,
The next two terms of the Hamiltonian describe the spin
rotation interaction, the interaction between the nuclear spin

and the current distribution associated with molecular rotation,

= =1

C and C are the spin-rotation interaction tensors for the
two types of nucleil,.

The last term is present when one of the types of
nuclei has spin I > %; it describes the interaction between
the quadrupole moment of the nucleus and the electric field
gradients at the site of the nucleus due to the surrounding
electronic and nuclear charges, The functions FmGn) are the
same as above, except now 51-1 specifies the orientation of
the field gradient at the site of nucleus 'i' with respect

to the laboratory frame, and '
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(@] 2. '
Bi = s3I, - I;(L )
+1 -
B'f = _.{%—_ X_Iét' I:L-i— 11-\’ I§L] (4‘3)
2
B = (g J:jf:L
2

A1l of these contributions to H involve molecular para-
meters., As a conseduence of those interactions between the
molecules which cause the molecules to reorient, these molecular
parameters will also be random functions of time. 1In the
general theory of nuclear spin relaxation (Abragam p300), the
relaxation probability due to random perturbations involve the
Fourier transform of the "correlation function" of these para-
meters. The "correlation function" G(~ ) of spherical harmonics

of order 2, for example, 1s denoted by
Gk) = < Y2 m (2 ) \\/ZM@LQ‘*T))> (4-4)

whére { ) signifies an ensemble average. G(T ) is a function

of ¥ only if, as 1s generally true for an equilibrium

ensemble, the correlation function is invariant under a

change in the origin of time. The correlation function

G(t) —=0as 7T—>o ., If the correlation function is
exponential, as is often the case, a characteristic time of

the system, the correlation time, is defined by

a(xr ) = a(0) e’xﬁ% . General properties of the Fourier spectrum
(or "spectral density") J(w ), of G(T ) are that the shorter the
correlation time, the broader the frequency spectrum; in the

limit that T, —= 0 it approximates a "white spectrum", More
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specifiically, 1f the correlation function is exponential, then

the spectral density is

Jeo) = 2Te. (4-5)

and the Fourier component J(w, ) attains its maximum amplitude
wher w, T, = 1. As we shall see later, the fact that J(w )
goes through such a maximum gives rise to a characteristic

minimum in the plot T, versus correlation time,.

1
The theory of nuclear spin relaxation origlnally
developed by Bloembergen, Purcell and Pound (B.P.P,, 1948),
expressed the spin-lattice relaxation process in terms of
rate equations involving transition probabilities between
nuclear spin states induced by the spin-lattice interactions,
This theory was incapable of describing interactions in which
the off-diagonal elements of the density matrix played an
important role. A more general theory using the density matrix
was developed by Redfield and by Wangness and Bloch (Abragam
p276). Using this formalism and neglecting cross-correlations
arising from the fact that as a molecule moves as a rigid body
there 1s a correlation between the relative motions of various
pairs of spins) i.e. assume <l‘l,_ 9@:) \"2 (QkLC**L))
for i,J,# k,1, 1t can be shown that spin-lattice relaxation
due to dipolar interactions can be described by a single
exponential and the expression for Tl and T2 due to interactions
between like spins are:
‘

= + Rt
4 2y T(I+)

@)
TT r + Xik @w:)J
-
2

[ (\)
Lt
12 I“’@ww 15 ik + 3 1561]

(4-6)

2
= ‘(“th(1+| >
)
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A similar expression has been derived for T, in the case of

1
dipolar interactions between unlike spins. 'For a nucleus
with spin I = 1 and non-zero guadrupole moment, the quadrupole
interaction with an axially symmetric field gradient gilves
rise to a spin-lattice relaxation time
L= 3 (a gz_v)" [ ey + J”(awo)J (4-7)
T, &o o3

In the theory leading to the above results, 1t has been

explicitly assumed (Redfield, ;957), that

[(rzy 2 )™ << (4-Ta)
and that {H,>= o , where H, 1s the perturbation causing
relaxation, This assumptibn is essentially a statement of
the fact that the fractional change in the populations has
to be small during the time of interest ('UC) otherwise one
does not get simple time-independent rate processes.

The above theory, which essentially treats the lattice
classically, suffers from the defect that the spin system
relaxes to a steady state described by an infinite tempera-
ture. It can be shown that a quantum mechanical description
of the lattice will lead to a finite T for the spin system
equal to that of the lattice. This result can readily be
understood, if one remembers that the lattice 1is assumed to
have infinite heat capacity, i.e. at all times .remains 1n
thermal equilibrium, consequently the transition probability
will be weighted by the Boltzman factors and will tend to bring
the spin system into thermal equilibrium with the lattice.

The quantum mechanical description of the lattice becomes
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bl

necessary at low temperatures when only a small number of
degrees of freedom of the lattice are excited; this will
become apparent when we consider:-a Quantum Mechanical model
in Chapter 6.

In the Hamiltonian described earlier, no distinction
was made between interactions originating within the molecule
(intramolecular interactions), or outside the molecule

(intermolecular interactions).

H=H intra ¥ Minter (4-8)

For example, in a molecular solid the contribution to the
electric field gradient at the site of a nucleus due to
neighbouring molecules is negligible in comparison with that
due to charges assoclated with the molecule on which the
nucleus is situated. For the quadrupolar interactions,
therefore, the only molecular parameters entering into
the Hamiltonian of Equation (4-1) will be the angles of
the electric field gradient with respect to the laboratory
frame, In actual fact, the deuteron spin-lattice relaxation
is dominated by the quadrupolar interactions, the dipolar
interactions being much weaker (deWit and Bloom, 1965).
The deuteron spin-lattice relaxation gives information
about the correlation function of Y,).

The dipolar interactions are both intra- and inter-
molecular in origin. The 1ntra-molecular dipolar’
interactions average to zero under rotations of the molecule.

The correlation times for these reorientations are
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sufficiently short at all the experimental temperatures so

that the assumptions (4-7a) are satisfied and T, and T

1 2

can be evaluated using equations (4-6),

The inter-molecular dipolar interactions are more com-
plicated because the interaction strength between the |
molecules 1s determined by the relative spatial locatlons of
the molecules as well as the orientations. Because of this
fact, they do not average to zero under rotations alone. Con-
sequently, the spectral density is in general a function of
two correlation times, one associlated with molecular reorient-
ation and the other with translational motion. If it is
assumed that the correlation éime for reorientations is much
éhorter than the correlation time for translational motilons,

then H,

intep CaD be written as (Abragam, pi4s53),

Hiveer = Y_'H\ - <1"|>JL\:\.,] + < 'H\>.n_‘ Sg
= H, +— Hy
where ( sz@ represents an average over all orientations
£, and &, of each of the molecules. Hf is time dependent
primarily through reorientations of the molecule and Ht
depends only on the relative positions of the molecules so
that its time dependence i1s due to translational motions

is
inter

(HE) HEwr ) > = M) 'HTQ-A-'E)? + (H @) Ht@1~'t)>

Lhter Nter

only. Now the correlation function for H,

+ ) H D)+ (M@ e 4T

The last two terms average to zero, if the translational

and the rotational motions of the molecules are uncorrelated.
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Thus, the spectral density of H.

. asi
ipter 15 € sily seen to be

the sum of two terms--the spectral density of Hr involving
the rotational correlation time, and the spectral density of

Ht involving the correlation time for translational diffusion,

i.e. J (w) =7 (w) + I, () .

inter r

If the correlation times are sufficiently short to satisfy
the assumptions (4-7a), then T, and T, can be calculated
using equations (4-6).

When the correlation time for diffusion is long, the
spectral density Jr(u% ) is small and the contribution to Ty
is negligible. This is the case below 650K, where self-
diffusion is virtually non-existent, l1.e. a truly rigid
lattice, The spin-lattice time measurements in mixtures of
CH, and CD, (deWit and Bloom, 1965), and experimental results
to be discussed in Chapter 5, showed clearly that those inter-
actions causing relaxation below 65OK are intra-molecular,

In other words, the contributions of Hr and Ht to Tl are
both negligible. This result is in agreement with some

theoretical predictions by Hubbard (1963), regarding the
influence of intermolecular interactions on spin-lattice
relaxation,

What effect do these interactions have on the spin-spin

relaxation? The contribution to T, due to Hr is small, since

2
it is equal to the contribution to T1 due to Hr' Here, use

is made of the fact that T, = T2 when  we T << . The

1
contribution due to Ht below 650K is much larger than that
due to H,. It can not be calculated using equation (4-6)

because the assumptions (4-7a) are violated, the correlation
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time for diffusion T, being too long, l.e. w,T,>>/ .
Van Vleck's moment analyses has to be used and it will be
discussed in section 4:3, For w,T.>>/ , the contribution
of Ht to the line shape is temperature independent. Thus,
the entire dependence of the line shape on T_ 1s due to
the small contribution Hr' This explains why our measure-
ments of spin-lattice relaxation are more sensitive to
changes in T_ than Wolf's (1963) measurements of spin-spin
relaxation.

In summary, only the intra-molecular interactions cause
appreciable spin-lattice relaxation. One can thus think of
nuclear spin-lattice relaxation in methane as a two-step
process, as shown in Figure (12): first step, the electric
interactions between a molecule and its neighbours cause it
to re-orient; second step, the time dependence of intra-
molecular interactions due to molecular reorientations causes
the spins to relax by exchanging energy wlith the molecular
degrees of freedom., Boeth the intramolecular dipolar and the
duadrupolar interactions involve second order spherical
harmonics., Consequently, these interactlions are described
by the same correlation functions: these correlation

functions will be discussed in the next section,

Classical Theory of Molecular Reorientations 4:2

In general, one can define the reduced correlation
function gl('c) for the spherical harmonics of order £ in

terms of the correlation function GL(’r)
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Figure 12, TIllustration of the Idea that Relaxation is a Two

Step Process
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&) = (| Vet 306) = n 3O (4-9)

Ivanov (1964) has shown that for a general rotational random
walk with no restrictions on the size of the individual
angular steps, an exponential correlation function 1s obtained.
The rotational diffusion equations of the Debye model (BPP,
1048) is obtained in the 1limit of small angular steps. The
Debye model is widely used by experimentalists in the field
of NMR to interpret thelr experimental data, although there
exists some doubt as to the validity of the rotational
diffusion equation when applled to molecules in situations
such as are encountered in solid methane., The existence of
an exponentlal correlation function enables one to calculate
some sort of characteristic time 1; directly from the experi-
mental measurements of Tl.

Hubbard (1961), using the rotational diffusion equa-
tion, calculated the influence of cross-correlations on
the spin-lattice relaxation of CHM. He found that the spin
lattice relaxation was governed by three exponentials for
all values of Wy T, o but that one exponential was’dominant,
and that within the presently available experimental tech-
niques one should observe only one time constant equal to
that calculated, neglecting cross correlations.

The spectral densities for eqn. (4-6) are of the

form

\) »
T = % g e (4-10)

[ + 2T2

Tﬁ»=ﬁ%@r$ﬁgy= 6:1: 4
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For the intramolecular dipolar interaction we obtain using

eqn. (U4-6)

- ‘é- y4t21-([+l) { T + 4. Te 2} (4_11)

T, 5 b€ ETERAR RN A

Figure (15) is a plot of T, versus according to eqn. (4-11),

The minimum value of T, occurs at W, T. = 0.62 and the

1

expression for (Tl)min is

(l ) 20 2 ¢
’I‘l min We <AH > = 8ms. for CHLL for w, = 2Tx28.5x/0

where w, 1s Larmor frequency of the nuclear spins and <%F4z>
is the mean square average of the magnetic field at the site
of a nuclear spin due to the dipolar interactions with the
other spins on the same molecule, i.e. the effective strength
of the interaction giving rise to relaxation, Similarly,

the expression for Tl due to quadrupolar relaxatlon also
involves the correlation functions of the spherical harmonics
Yé"n(xl). For spins I = 1 and axially symmetric field

gradients, such as is the case for CDM, the expression for

2
L = 2 leg v Te £ -
T, Fo [ + aél:, L U+ (oot + |+ @wo'cg)l] (4-12)

An approximate value for (Tl) 1 is obtained using C. H. Anderson
min

molecular beam measurement of the quadrupole coupling constant.

e® ¥V _ \eo ke. = 50%
® B3t

and + (\l.l)
A = &.O milltsec,
T . — (6.9)
LN,
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The important feature to be noted is that if the correlation
functions are exponential, then the value of Tl at the minimum
determines the strength of the interaction causing the
relaxation of the spin system; no adjustable parameters are
involved, Yet, the value calculated for CHM is a factor of

20 smaller than the experimental value; for CDM, the experil-
mental value of 8.5ms. agrees reasonably well with the

value calculated above,

This discrepancy will occupy our attention for the
remainder of this thesis; we will discuss the shor%comings
of the conventiénal theory in dealing with a Quantum Mechani-
cal system like CHH at low temperatures.

If one included any other interactions, like the spin
rotation interactions, the theoretical T1 would become even
shorter. The spin rotation interaction 1s usually assumed
to be non-existent in the so0lid and the dense liquid states.
This 1s a consequence of the crystalline electric filelds
present at the molecular sites., These are said to quench
the molecular angular momentum 1i.e,. <ff> = 0 Just as 1is
encountered in crystal field theory of paramagnetic resonance.
It might be worth mentioning that the spin-rotation would
be strictly additive to the dipolar or quadrupolar contributions,
because any cross terms would be zero, as they have different
transformation properties.

As yet, a theory predicting the correlation time of
molecular reorientations in terms of the intermolecular

forces, the collective motions in the solid and the wave
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functions of the molecule in the so0lid, 1s non-existant.
Below the phase transitions probably, the only correct pro-
cedure would be to derive the normal modes of the many body
problem; as a A -singularity in the specific heat usually
signifies a co-operative transition.

The crystalline electric field, which arises from
anlisotropic intermolecular forces, 1s sometimes used to
calculéte single molecule wave functions and energy levels in
s80lids. Modulation of the anisotropic interactions by phonons
can cause transitions between these states. These intermelecular
forces are all due to electric interactions between the charge
distributions of the various molecules, Examples are the
anisotropic interactions between the octupole moments of the
charge distribution, and the Van der Waals dispersion forces,
which contribute both to the 1isotropic and anisotropic inter-

molecular forces,

Line Shape 4:3

As was mentioned at the end of section 4:1, the line
shape 1is dominated by the time-averaged intermolecular dipolar

interactions,<(H The problem of calculating the line

inter> ’
shape due to these interactlons is the same as the usual

line shape problem in which magnetic dipoles are situated

in the lattice sites of a rigid lattice, Van Vleck (Abragam
pl08) has derived general expressions for the moments . of the

line shape for this type of problem, It is generally found



66

that the rigid lattice absorption line shape for a non-metal
resembles a Gaussian line, but the values of the fourth and
higher moments indicate that it is squarer than a Gaussian,
The experimentally observed induction tail is shown in
Figure (13).

A rigorous theorem can be derived showing that the
time evolution of the free induction tail is described by
the Fourler transform of the absopption line shape. For
this theorem to be valid, the r.f. magnetic field during the
pulse has to be much larger than the local field., This con-
dition is satisfied if the width of the 7C/2 pulse is much
less than T2. It follows from the above theorem that the
induction'tail can be expressed in the following form,

n

: t
a(t) = > M, Zr (4-13)
o
where M is the nth moment of the absorption line shape

", j: fomeog o meg™ oo

As the expression (-13)converges rather slowly, the semi-

empirical analytic expression

2 .2
F(t) = exp ( S ) 2ln Lt (4-11)

has been employed in several instances and fbund to provide
a remarkable fit of the data., Once the parameters 'a' and
'pb! in F(t) have been obtained by fitting it to the experi-

mental induction tail, the moments of the line are given by
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Figure 13,

Photographs Showing a

Typical Induction Tail

for CHM at 1.29K

(1)
(2)
(3)

(4)
(5)

sweep 5 usec/cm.
sweep 10 ssec/cm,

sweep 10 xsec/cm;
factor of 15.

sweep 20 ssec/cm;

sweep 20 usec/cm;
factor of 6

increased gain by

same gain as (3)

increased gain by
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3a® + 2a2b? & = b*

=
~
1l

Mg = 15aé + (5a*b* + 3az b” +t b

One method for evaluating 'a' and 'b' from the experi-
mental data 1s as follows. As 1s easily verified from
equation (4-<14), the induction tail is zero whenever
btn = TUn where n is an integer. Thus, by measuring the
times tn’ wheré the zeros occur in the induction tail, one

can evaluate 'pb!. The maxima between the zeros occur at

times tk given by

[d'ﬁ-——':&)] = O
L [y,

Using this condition, the following relationship is obtained.
a? = _lo_cwclui:k -
2
T i
Caution should be exercised to check that the expression (4-14)
using the experimentally evaluated parameters 'a' and 'b!

does indeed fit the complete experimental induction tail.

In the next chapter, we will review the experimental
results and point out the discrepancies in view of the conven-
tional theory. In Chapter 6, we will propose a model and
discuss possible extensions of the conventional theory to cope

with these discrepancies,



CHAPTER 5.
THE EXPERIMENTAL RESULTS

The results of the conventional theory quoted in the
previous chapter will now be used to analyze the experimental
results. There 1t was observed that the nuclear spin-
lattice relaxation time depends on the strength of the spin-
lattice interaction, and the correlation time describing the
random character of the interactions. Thus, under approp-
riate assumptions, the temperature dependence of the
correlation time can be extracted from the data. The next
and rather difficult task is the explanation of the teﬁbera—
ture dependence of the correlation time. A model which
partially explains the temperature dependence and other
features of the data will be presentedin the next chapter.
Some of the discrepancies between the experimental results
and the predictions from conventional theory, which will
become apparent in this chapter, will also be discussed
there.

vCertain similarities between the various sets of
data are evident, and will now be summarized to ald in the
discussion of the individual sets of data. The spin-
lattice relaxation time varies slowly with temperature
above 3OOK. This slow temperature dependence is in agree-
menf with the earlier experimental results between 55—110°K
(de Wit and Bloom, 1965). In contrast, the temperature

dependence below the upper phase transition temperature is
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very strong. The spin-lattice relaxation time usually
decreases by two or three orders of magnitude in this
region. All but one of the curves of T1 veraus T go
through a minimum,. ﬁThe increase in the spin-lattice relax-
ation time on thé low temperature side of the minimum is
usually less than a factor of 10; except in three cases
where this increase 1s rather more spectacular. At the
lowest obtainable temperatures (1.2OK), the temperature

dependence of T. generally becomes much weaker. The

1
temperatures at which the A-anomalies in the specific heat
occur are evident in the spin-lattice relaxation time data
in many cases, either as changes in the slope or as dis-

continuities in the Tl versus T curve., Now, the experimental

results will be presented.

Coupled Spin Systems: 5:1

A discussion of CD3H and CH3D should be prefaced by a
discussion of the nature of the relaxation when a nucleus,
besides interacting with identical neighbouring nuclel having
spins I, also interacts with neighbouring unlike nuclei
having spins S. Because the splitting of the nuclear Zeeman
levels 1s quite different for the two types of nuclei, the
expressions for the relaxation of one type of nucleus as a
result of 'interactions with the other type of nucleus are
quite different from the expressions for interactions

between nuclei of the same type. As a matter of fact, the



time dependerice of the z-component of magnetization of the
spin system S, SZ, will be a function of IZ—IO as well as of
SZ—SO, where Io and SO are the equilibrium magnetizations.
The time dependence is described by a set of coupled

differential equations, as given by Abragam p295,

dx
'a'E = -Ax —A'y
dy
a = -B'x-By (5-1)
where X =1 =1
z o}
y =35, -5,

where the A's and the B's are relaxation rates and will be
explicitly written in the next paragraph. The solutions

of these equations are

X = K’(?\ +Ae e -\-@ﬁ»ﬂ)éht]
(), —2,)
YV = - Q(?\.-G—A)(?\z"‘ﬂ) { ehlt - 6*7\1“:] (5-2)
(?\1‘)‘2)9
where AN, = -(9+BL:tK—B)°‘+4A'B'
2

The solutions of equations (5-1) were obtained under
the initlal conditions that at £t = 0, x = a, and y = 0, In
other words, that the spin system I has been disturbed from
thermal equilibrium I, # I,» by an r.f. pulse for example;
but the spin system S has not been disturbed and thus the
z-component of magnetizatlon is still SZ = So‘ This set of

initial conditlons applies to all the experiments reported

1
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here; r.f. pulses are applied only at the Larmor frequency of
one of the spin systems. The above expressions will be used
to determine to what extent cross relaxation effects
influence the relaxation of a particular spin system.

Now the expresslon for the A's and B's will be glven.
The expression for A and B involve two contributlons; that
due to relaxation by like spins which is given by equations
(4-6) and (4-7) and that due to coupling between unlike
gpins. The contributions due to like spins will be
denoted by 1/TlI and 1/TlS for the I and S spin systems,
respectively.

A = “__;_‘_‘TI‘ - -YIZ-YS’L tq‘S(Sd-’)'E[% J_Loé)t'u\) +_?‘>: Joé):)+ %Jﬁi:""%)]

A !

Vztzr(l:-*l)z[" ﬁwr-ws) 1—5- ﬁw -N.oJ (5_3)
B e I T | Tt 3 [ )*éfﬁg%j]

SS

where B' and 1/’1‘1 are the correspondlng expressions given

above with the I and S interchanged.

CH,D: 5:2

3

The proton relaxation data for CH3D at B.5mes., shown
in Figure (14), exhibit the general features outlined above.
The reason for discussing CH3D first is that the breaks in

T

1° occurring at both phase transition temperatures in CH3D
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are the most pronounced of those for all the systems studied.
It has been previously inferred from entropy measurements
(Collwell, Gill and Morrison, 1965) that these phase transi-
tlons have to do with ordering of the molecular orilentations.
The rapild changes of Tl near the phase transitions and the
changes 1n the temperature dependences of Tl provide, per-
haps, the most direct confirmation of this interpretation of
the entropy data. This 1s so because it 1s known that below

about 65OK, T. 1s governed by Iintra-molecular interactions

1
and is therefore sensitive only to the strengths of these
interactions and the rate of molecular reorientation. In

this connectlon note that the high temperature results between
25 and 55OK Join up with the results obtained by Bloom and
Sandhu (1962) between 55 gnd llOoK. The slow temperature
dependence between 55 and llOOK, implies that the correlation
time 1s also a slowly varying function of temperature in

this range.

Earlier it was noted that if the relaxation is domin-
ated by one mechanism, and if the correlation function 1is
exponential, then the expression for the minimum value in the
spin-lattice relaxation time involves no adjustable para-
meters. It only contains parameters specifying the strength
of the interaction and the Larmor frequency of the nucleil in
the applied magnetic field. For CH3D the domlnant relaxation

mechanism is believed to be the intramolecular dipolar inter-

actions; this conjeeture 1is supported by the present and

earlier experiments by us (see section 4:3).
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Figure 14, Experimental Values of T, Versus T for CH3D




Now using the results of the previous section, the
effect of the coupling between the unlike spins can be taken

into account. It may be shown using equations (4-6) and

V4 1 /7,11 1/7. II
(5—3) that ———l—I—f ~ 42, _{.Tls__ ~ 5’ and / 1 z0.8;
1/, 1/T, 1/T£§f

these results were calculated using the approximation that
for exponential correlation functions the spectral density
J(“)I + "‘)S) =~ J(wI) as wy = 28.5 mes. and wgq = 4, Umes,
Thus, if the time constants are evaluated and substituted in
the equations (5-2), the conclusion is that the relaxation is
governed by one exponential with time constant 1/T1I to
within experimental error. In other words, for all practical
purposes the relaxation of proton system, and thus (Tl)min’
is governed by the interactions with the other protons in
the molecule and is given by equation (4-6). From this
equation it can be seen that the only difference between

the calculation for (Tl)min for CH,D and that for CH, is

3
that the interactions now involve two neighbouring nuclel
rather than three as for CHM. Thus one finds using equation
(4-6), that (Tl)min = 12 millisec. for CHyD as compared with
8ms for CHM' As in the case of CHy to be discussed later,
there is a discrepancy of a factor of 18 between the

experimental and theoretical values of (Tl) If any

min*
other contributions to Tl, due to other relaxation

mechanisms, are included, then the discrepancy would be
even greater. Despite the fact that the predictions of

(Tl)min by the conventional theory appear to be wrong, the

75



76

relationship between T T:C and (Tl)min given by the con-

l’
ventional theory will be used in the next section to obtain

the correlation times.

The Analysis of the Data: 5:3

In this section a method of analysis will be described,
which is based on the discussion in Chapter 4, We recall the
expressions (4-11) and (4-12) for the spin-lattice relaxation
time due to dipolar and quadrupolar interactions{ respectively,

These equations can be rewritten in a form involving only T

C,
w, and (Tl)min
1
— _ A
T, o 7 (5-14)

where y 1s defined as

— X X -
y = V+ X2 + \ X2 (5 5)

where x = We T,

The dependence of y on x is shown in Figure (15). It must be
emphasized here that owing to the presence of a maximum in y
versus x at x = 0.62 and the resulting minimum in Tl’ definite
values can be assigned to‘tC at any temperature using the
value of T = 0.62/4, at the temperature at which the

minimum in Tl ocecurs.

1 A
(-T——) - 1,425
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At a particular temperature 'UC can be obtained from the value

of y. The value of y is given by the ratio of T, at the parti-

1

cular temperature to (’I‘l)min

()
= - T (5-6)
Having evaluated y, two values of x are obtalned from the
graph of y versus x. One of these two values is elimlnated
using the criteria that x < 0.62 corresponds to the high temp-
erature side of the minimum,and x > 0.62 to the low temperature
side,

One is faced by the dilemna that the theoretical and

experimental values of (Tl)mi disagree drastically. One

n
possible explanation, which will be Justified in the next
chapter, 1s that at low temperatures or for small J quantum
numbers, the effective interaction strength causing the
relaxation can not be correctly described clasiidcally and'

has been reduced 1n strength. If the correlation function 1is

still exponential and 1f the strength of the interaction does

not change appreciably in the temperature range of interest,

then the general form of ‘I‘1 as a function of T@ as glven by
equation (5-4) is still correct. It is this general form of
the dependence of Tl on T% which is of importance in this
analysis. The only necessary modification to equation (5-6)
is the replacement of the theoretical value of (Tl)min by the
experimental value, in order to correct for the change in the
effective strength of the interaction. The above two assump-

tions will be examined in detail in the next chapter, where
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it will be seen that they are not always valid.

There are two additional assumptions implicit in this
analysis. One of the assumptions 1s the neglect of effects due
to cross-correlations between pairs of spins on the molecule,
As was discussed earlier, Hubbard has shown this assumption to
be correct 1n the range of validity of the classical diffusion
equation, but its validity at low temperature 1s debatable,

The other assumption 1s that the relaxation of the spin system
is dominated by one mechanism, This last assumption 1is consis-
tent with the interpretation of the data between 55 and 110°K,

and is supported by the present experimental results; in

particular the data on T, versus T for mixtures of CHu with

1
CD4’ and the mixtures of CH4 with Kr (to be discussed later)
being especially relevant. _

Using the above outlined method of analysis, the values
of ’tc versus T have been been obtained for CH3D and are shown
in Figure (16) (log 1/w,Tc has been plotted versus log T).
A surprising feature is the slow temperature dependence at the
low temperature end. Moreover, if it 1is assumed that
l/»\:.c oc T! then the resulting graph 1s indicated by the
dashed line. The behaviour of the log 1/x versus log T plot
at the higher temperatures suggests that a T7 temperature
dependence 1is not unreasonable. This latter feature is
encountered in most of the systems studied and will be dis-
cussed in terms of the coupling between the phonons and the

molecules in the next chapter. The solid curve is a theoreti-

cal fit on the basis of this phonon coupling model.
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The first possibility that should be investigated 1s the
possibility of describing the reorientational correlation time
by an actilvatlion energy as 1t has often been found to be the
case (Andrew and Eades, 1953). The temperature deperdence of

the correlation time would then be of the form
T
’CC,= 'T:u& /T (5'7)

where kTo is an activation energy corresponding approximately
to the height of the rotational barrier between different
molecular ﬁositions. To check whether the correlation time
can be described in this way in Figure(17) 1ln «w,Tq has been
plotted versus 1/T. It is clearly demonstrated by this
figure tHlat for no appreciable range of temperatures can the
temperature dependence be descrlbed by an activation energy.

Exactly the same conclusions can be drawn about 'tc versus

T in each of the following systems.
CDy: 5:4

In Figure (18), the experimental values for the spin-
lattice relaxation time as a functlion of temperature of the
deuteron spin system in CDu are shown. A distinctive feature

of the data is the rapid variation of T, on the low tempera-

1

ture side of the (Tl) Another difference between this

min®
set of data and that of CH?D is the occurrence of only a single
break in Tl versus T curve occurring at the upper phase transi-

tion temperature. The absence of any discontinuity at the
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10.0

Wo Tc = 205 exp. (0.634)
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Figure 17. Plot of w,t. Versus 1/T to check whether Molecular
Reorientation i1s Governed by an Activation Energy
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lower phase transition temperature may be due to the experi-

mental errors in the T1 measurements together with the very

sSteep slope of the T1 versus T curve at that point. The high

temperature values of Tl Jjoin up with the earlier reported
measurement between 55 and 1100K.
Uslng conventional theory and the quadrupole coupling

constant for CDq, the minimum value of Tl is calculated to

11.1
6.0

experimental value is 8.4 millisec. Ramsey and Anderson 1n

be 8 millisec ig ; (see section 4:3), whereas the

a private communication have stated that the uncertainty of
their quadrupole coupling constant should be even larger
than that quoted by Anderson (1961). Anderson's values were

used in calculating the above limits on (Tl) Thus the

min’
apparent agreement between the experimental and theoretical
(Ti)min may be misleading.

The graph of log 1/x versus log T obtained using the
above procedure is shown in Figure (19). This curve is not
smooth as is the one for CH3D. According to some conjectures
the curve should be smooth near the high temperature end.

The bumps in 1ln 1/x versus 1ln T may be due to the nature of

the low lying energy levels 1in CDMW ;

CD;H: 5:5

For CD3H, both the proton and deuteron spin-lattice

relaxation times have been measured, see Filigures (20) and
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(21). The curves exhibit changes in slope and breaks in Ty
at the two phase transitions.

The value of (Tl)min for the deuteron resonance is
4 millisec. as compared with 8 millisec, for CDy. If one
. rather naively assumes that the electric field gradient at
the site of deuteron in CD,H has the same value as that in

3

CDM, then the theoretical value of (Tl)min for CD,H 1is the

3

same as that for CDy, 8 ms, Now, the question is: how

large is the contribution of the intramolecular dipolar

interaction to the relaxation of the deuteron, and can it

account for the apparently low value of (Tl)min for CD3H?
If again the approximation is used that

J(a)I.i a)s)cs J(a)I), then the maximum contribution to

the relaxation rates due to the coupling between unllke spins

correspond to time constants TlSS and TlIS which satisfy the
relations T,°°as 800 millisec and /7155 £ 0.8, and
1/T IS
S3 1
l/Tl g
1 2 the relaxation

—=T ~ 5. It was noted above that T
1/"I‘l

time due to quadrupole interactions, was approximately 8 ms,
It may be seen using these numbers and equation (5-2) that

the relaxation is dominated by the quadrupole interactions .

S
i.e., Tl = Tl

not affected by the deuteron spin system, because the cross-

relaxation times Tlls, etc., are so long, and the deuteron

= 8 ms, Similarly, the proton relaxation is

relaxation time 1s so short. In essence the z-component of
the deuteron magnetization Sz(t) remains always approximately

equal to SO when the proton system is disturbed from

86
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equilibrium by an r.f. pulse in the measurement of the

proton Tl.

There 1s another problem in connection with CD3H,

namely, it has been found (Morrison et al., 1965) that the

CD3H supplied by Merck, Sharp and Dohme contains small

amounts of CD4 and CH2D2. This fact did not come to our
\

attentlon until it was too late to have the sample analyzed.

These impurities in the (CD.H cause some doubt as to the

3

validity of our results for CD,H. In particular, the CH2D

3 2

- impurity is 1likely to have an appreciable effect on the

in CD,H. This has been discussed elsewhere

1 3
(de Wit and Bloom, 1965),

proton T

CHL].: 5:6

The spin-lattice relaxation time data for the proton
resonance at 28,5 mes. in CH4 is shown in Figure (22),
Although a break in the Tl versus T curve is evident at the
upper phase transition temperature, no change is observed at
the lower phase transition; this may be due to the fact that
this phase transition is quite broad and difficult to
observe (Morrison et al., 1963). The theoretical value of
()

20 times shorter than the experimental value of 160 millisec,

min = 8 millisec. was calculated in section 4:3, and is

The is rather shallow indicating that in this

(1) min
region T ° is a slowly varylng function of ftemperature,

That 'UC is slowly varying around (Tl) is illus-

min
trated by the spin-~lattice relaxation time measurements
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carried out at 4.4 mcs, shown in Figure (23). A noteworthy
feature of this set of data 1s the absence of a minimum in

T,; at the lowest attainable temperatures the spin-lattice

1
relaxation time is still becoming shorter. If one examines
the curve of the correlation times, log l/k versus log T,
for the 28.5 mecs CH) data shown in Figure (24), then one

concludes that the absence of a (Tl) at 4.4 mes, is to

min
be expected. TUsing the value of"tc given at 1.2°K, one
finds that at w,= 27 x 4,4 mes. WeT.= 0,18, whereas it
has been seen earlier that (Tl)min ocecurs at W, T.= 0,62,
The high temperature end of the correlation time curve shows
a T' behaviour as indicated by the dotted line in Figure (24).
In Figure (23) the correlation times obtained from the
28.5 mecs, data ha%e been used to predict the values of T;
at 4.4 mes, so as to check the consistency of the assumptions
and method of analysis. The agreement between the predicted
and experimental results 1s reasonably good.

A puzzling feature most clearly seen in the 4.4 mecs.

data is the minimum in T. which occurs at 23°K. This

1
second minimum is also present in the data for the CHu-Kr
and CHM—CDM mixtures. ‘It is rather unfortunate that the
existence of this second minimum was not realized when the
CH)y data at 28.5 mcs were taken; in that case T, 1is
decreasing, but the data do not go through the second mini-
mum, This‘second minimum has not been observed for any of
the isotopic modifications of CHu.

Some remarks have to be made about the data obtained

in the region of this upper minimum., The plot of 1log
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(A(o0 ) 'At) versus t does not consist of a single exponential,
i.e., there is no unique Tl’ but it can be analyzed as the
sum of the two exponentials. A typical plot is shown in
Figure (25). 1In view of the experimental errors assoclated
with A(oo)—At and the fact that the two time constants so
obtaihed usually differ from each other by less than a factor
of 4, it is impossible to try a meaningful separation of the

two time constants. The values of T, shown on the graph

1
are in fact the slopes of the initial straight 1line portion

of .the T, plots and the value of T, thus obtained falls in

1 1
between the values of the two time constants. One can say
with certainty that there are two distinct contributions to
the spin-lattice relaxation. Note that the effect of the
second minimum of shortening T; in the 4.4 mes. CH, data
persists even below the phase transition; that is why the
departure of the experimental values of ’I'1 from the pre-
dicted values on the basis of the 28.5 mcs. data is
greater near the phase transition. The effect of this
second minimum on Tl can not be accounted for at the present
time.

Ultrasonic attenuation measurements by Thiele,
Whitney and Chase (1964) were carried out at a frequency
of 11.8 mes. These measurements show a peak in the absorption
at 23.50K. This peak implies a correlation time of approxi-
mately 1.4 x lO—8 sec, at 23.5°K for whatever mechanism is

responsible for the ultrasonlc attenuation. The correlation

time obtained from their data is to be compared with the
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correlation time of 2.2 x 10-8 sec, at 23.20K implied by the
second T1 minimum discussed above. It appears very likely
that there is a connection between these two observations,

but at the preéent time nelther the mechanism responsible for
the anomalous ultrasonic attenuation, nor that associated with

the upper T, minimum is known.

1

CHM - Kr Mixtures: 5:7

The CHq—Kr mixtures agaiﬁ exhibit an upper minimum in
Tl very similar to that observed in pure CHM. The data are
shown in Figures (26) and (27) for the 10% and 50% Kr mixtures.
However, no evidence for non-exponential relaxatlon was
observed, The explanation for this difference may be con-
tained in the fact that the measurements were terminated when
A(t)= 0.15 A(e0 ), although in the case of CHy, the non-
exponential behaviour was noticeable when the measurement was
terminated at that point. Surprisingly, the values of the
lower (Tl)min are very strongly dependent on the Kr concen-
tration, being 160, 300, and 5000 millisec. for 100%, 90%,

and 50% CHy, respectively. This behaviour of (Tl) is

min
surprising in view of the assumption, which 1s supported by
other evidence, that all spin-lattice relaxation inter-
actions are intramolecular. A possible explanation will be
provided in the next chapter. Moreover, the temperature

dependence below the (Tl)min is drastically changed by the

addition of Kr. The high temperature values above and
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below the upper ( are the same for 10% and 50% Kr

l1)min
providing additional evidence that at least down to 20°K
the relaxation mechanisms are intramolecular. Another
peculiar feature 18 the large shift to higher temperatures

of the upper Tl minimum as the Kr concentration 1ls increased.

CDM—CHﬁ Mixtures: 5:8

The proton and deuteron spin-lattice relaxation times
were measured for a 67% CDy - 33% CH,r mixture, shown in
Figures (28) and (29), Only the proton spin-lattice relax-
ation time was measured for a 10% CDy - 90% CHy, mixture shown
in Figure (30).

If the relaxation due to intermolecular interactions
was appreciable thils should be reflected in longer values of
(7))
such effect was observed; (Tl)min is 155, 195, and 175

mih with increasing concentration of CDM. In fact no
millisec for 100% CHy, 90% CH,, and 33% CH,, respectively.
Within the experimental error, the variation in Tl minimum
1s negligible.

The addition of CDM to CHM seems to have a marked
effect on the temperature dependence of T1 below the minimum.
The upper minimum in the Tl data for ?he proton resonance is
also evident in the mixtures as it was in pure CHM. As in
the case of CH&’ the relaxation beﬂaviour for the proton

resonance 1in the region of the upper minimum is also non-

exponential, The temperature at which the upper minimum
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occurs 1s apparently independent of the CDu concentration,
whereas it is very concentration dependent for the CHM-Kr

mixtures.

A Distribution of Correlation Times: 5:9

It has been observed 1n solid high-concentration
ortho HE’ that the relaxation of MZ towards 1ts equilibrium
value is non-exponential. Thils non-exponential behaviour has
been attributed to a distribution of correlation times exist-
ing in the solid because it is inhomogeneous, i1.e., the
crystalline fields vary greatly from site to site, the
crystalline fields being highly dependent on the local con-
figuration of the ortho and para H2 molecules. Consequently,
a "spin temperature" (to be discussed in the next chapter)
does not exist, because the energy levels of the neighbouring
nuclear spins are not even approximately equidistant, A
detailed examination of the relaxation function for Mz
shows (Sugawara et al. 1956) that a distribution of
correlation times has the net effect of introducing a dis-
tribution of Tl's. This could have the effect of increasing
the mean value of 'I‘l at the minimum, and of broadening the
T1 minimum, Non-exponential relaxation behaviour was not
observed in any of our experiments in the lowest temperature
phases in methane. However, this does not prove conclusively
that a distribution of correlation times does not exist, since,

unlike H it may still be possible to describe the spin system

2,
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by a "spin temperature". As far as our experiments are con-
cerned the lengthening of Tl could help to explain the long
(Tl)min f'or CHM’ On the other hand, why should a distributioen
of correlation times only show up for CH4 and not for CDq?
Non-exponentlal relaxation has only been observed for CCHM

and CHM - CD4 mixtures, although only in a small temperature

range near the upper minimum,

The Line Shape: 5:10

For all the systems studied, oscilloscope photographs
were taken of the induction tail at a number of temperatures.
As the shape of the induction tail varied only very slightly
throughout the temperature range for all of the systems, the
results will not be presented., The results égree in
principle with those reported for the proton spin system by
w51f (1964). The line shape in particular T, of the deuteron
resonance also shows very little change with temperature.

A cursory examination of the data does show that the higher
moments of the line are slightly temperature dependent. It ‘
has also been checked 1in a couple of instances, and shows

that the Lowe beats can be fitted using the equation (4-14).
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Summary: 5:11

As has been shown in this chapter, the relaxation
properties of the methane system at low temperatures have
many interesting features, These resultsAcan be used, 1in
principle, to arrive at a better understanding of the nature
of the various phase transitions and of the properties.of the
three phases. The main qualitative features of the results
are:

1. Rapid changes of Tl occur 1in the immedlate vicinity
of many of the phase transitions., In cases where rapid

changes of T, were not observed, it was possible to gilve

1
experimental reasons for thelr non-appearance. One can
tentatively conclude that all of the phase transitions have
assoclated with them large changes 1in the orientational
states and/or in the rates of molecular reorientation. This
is in qualitative agreement with entropy measurements,

2, Above the upper phase transition (phase I), Tl is
slowly temperature dependent in all cases, except that a
pronounced minimum occurs in all measurements of Tl in
CH4 (including experiments done on mixtures). The mechanism
for these high temperature minima is not understood at all,
The slow overall temperature dependence also remains to be
explained.

3. T1 decreases very rapidly with decreasing tempera-

ture below the upper phase transition (phases II and III) in

all cases and goes through a minimum value 1in phase III
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In this chapter, the Tl measurements were discussed in
terms of the conventional theory of relaxatlon by intra-
molecular interactions due to molecular reorientation, In

the conventional theory the effective strength of the intra-
molecular interactions is usually taken to be 1independent of
temperature so that the varilation of Tl versus T glves the
temperature dependence of the correlation time ’CC for mole-
cular reorientation., In the discussion here, 1t was

assumed that the relevant correlation functions decay expon-
entially in time., Some of the difficulties involved in using
this type of interpretation to obtain quantitative ipformation
about the systems studied are as follows:

1, The minimum values of T, are known from the con-

1
ventional theory if the intra-molecular interactions are
known. For the protons, the observed (Tl)min are all too
long, and in many cases by factors of 20 or even more,
Furthermore, the values of (Tl)min in the CHM-Kr mixtures
at low temperatures depend.strongly on the Kr concentration
although the temperature independent values of Tl at high
temperatures are independent of Kr concentration.

2. The dependences of ’CC versus T extracted from
the 'I‘l data are not governed by a singlg activation energy
as 1s common for many classical systems,

3, There is no existing theory of molecular reorien-

tation which 1is capable of describing the nature of the phase

transitions in methane,
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4, The present inadequate knowledge of the crystal
structure of sollid methane above and below the phase transition
(see section 2:4) does not exclude the possibility of a small
change 1in the crystal structure on passing through the phase
transition. Such a change could account for the discontinuiltiles
in T1 versus T through its effect on the molecular energy levels.
Recent 1investigations have revealed such a structure change in
solid Hy at 1ts phase transition occurring at 1.5°K (Clouter
et al, 1965, and Mills et al. 1965),

The conventional theory does give approximately the

correct values of (Tl) for the deuterons, but the

min
uncertainty in the quadrupole coupling constant is great.
In addition, the temperature dependence of T; in CH, at 4.4
mecs can be predicted approximately from the results at 28.5
mes.

In the next chapter, the consequences of the detalled
model of the molecular energy levels 1n phase III proposed
by Morrison et al. will be examined. - When this 1s combined
with a simple picture of the phonon-molecular rotation
interactions, there are indications that the results can be
quantitatively interpreted in terms of molecular)parameters.
Also, some of the possible consequences of the quantum

mechanical nature of the systems belng considered will be

discussed.



CHAPTER 6,

FURTHER DISCUSSION OF THE EXPERIMENTAL RESULTS

Review of the classical calculation of the
correlation functions: 6:1

As has been discussed in Chapter U4, T, 1s related to
Fourier transforms of correlation functions of functions of
the molecular orientation insofar as contributidns of intra-
molecular interactions to spin-lattice relaxation are con-
cerned, The calculation of such correlation functions for a
general class of systems 1s difficult. However, useful
results have been obtained for simple models in which for
example, the molecular orientations are taken to be random
functions of time,

As an exémble, suppose that a given vector in a mole-
cule is initially orientéd in the solid angle between O,
and Q.+ dn, with probabflity p(.ﬂ.o)dn.o and that
reorientation proceeds by discrete random jumps with equal

probability to any other element of so0lid angle between

L and L+ ds. Then the expression for the correlation

function of a function of LY T), y(a(w) ), is given by

G&) = U'd.n da, . P, ) 3(:5) 3*(.0.) (6-1)

where PN ,N,,)da 1is the probability that the molecule

is oriented between f1and OO+ dfiL at time T if it 1s

108
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initially oriented between Ilo and !lb + dILb. For the above

model

I - (6"2_)
P, 1) = s-0,) e e | 2 (1- e'c/'._-c)
Tt
where 6(:1-510) is the Dirac &-function and T% is the
average time spent by a molecule in a glven orlentation.

Usually, it is appropriate to assume random a priori

orientations, i.e.,

pl.) = o (6-3)
in which case, substitution of equation (6-2) into equation
(6-1) gives ‘

Ga) = (| 4> PR ' (6-4)

This type of model has been used recently for the inter-
pretation of relaxation by quadrupolar interactions 1in
solids (Alexander, 1965).

The opposite limiting case is.the rotational diffusion
model in which the individual jumps are assumed to be very
small, As mentioned earlier, this case has been examined
in great detail by Hubbard (1962) and others (Steele, 1963).
This case would be most applicable to liquids cémposed of
large (classical) molecules. The correlation function'of
y(vw ) for the rotational diffusion model is of the same form
as equation (6-4) and ’CC in this case is expressed in terms
of the rotational diffusion constant. The passage from the
small jump limit to the large jump limit has been discussed

by Ivanov (1964),
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In the preceding chapter, the experimental data have
been analyzed under the assumption that the correlation
functions are exponential as given in equation (6-4). How-
ever, the usual classical interpretation of the parameters
appearing in equation (6-4) were found to be inconsistent
wlth most of the data. The y(L£1L) introduced above is
identified with the spherical harmonic of order 2, namely
Y2m(:1). The predicted minimum value of Tl for a gilven
resonance frequency is determined completely within the above

2 . .
models by <|y| > , which is ;ﬁ; for Y

2m(
tions are equally probable. It has been found that the

Q) if all orienta-

experimental values of (Tl) are consistently larger than

min
the theoretical predictions on this basis.

Secondly, the temperature depenaences of 'CC as given
by the experimental temperature dependence of T1 assuming that
G(r ) is given by equation (6-4) cannot be described in terms

of an activation energy for most of the cases studied, 1l.e.,

the formula

T, = 'to en/.r (6-5)

<

is not obeyed. For comparison with other systems where

equation (6-5) is obeyed see Alexander (1965).

The Low Lying States of Methane: 6:2

The above mentioned discrepancies are not at all sur-

prising in view of the fact that the methane molecules have



very small moments of inertia., For example, the rotational
constant of CH, in equation (2-2) 1s B = (7.68°K)k. There-
fore, it would not be surprising if it were necessary to
take 1into account the quantum mechanical properties of the
rotational energy levels in order to describe adequately the
molecular reorlentation in the temperature range in which
these experiments were carriled out.

There is in fact, some information available about the
nature of the low lying molecular states on the basis of
accurate heat capacity measurements by Morrison and his
collaborators (Colwell, Gill and Morrison, 1965). Figure
(31) is a schematic representation of the lowest rotational .
energy levels of CH3D and CHD3 according to thelr measure-
ments. Roughly speaking, the 12 lowest rotational states are
considered to consist of two groups of levels having
degeneracies g4 and g1 respectively, with gl/go = 3. The
average splittings between these groups are given as approxi-
D and 1.26°K for CHD

mately 1.77°K for CH For CHu, the

3 3°
residual entropy indicates that the so-called T symmetry
species' 3-fold spatial degeneracy 1is partially removed,
the ground state corresponding to 8o = 2 and the excited
state to g, = 1. The spatial degeneracies of the A and E
species are completely removed. For CDu, no removal of the

3-fold spatial degeneracy of the T modification is implied

by the entropy measurements,

111
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Calculation of the correlation functions for
molecules having discrete energy levels: 0:3

Let the rotational states of a molecule be denoted by
the index m = 1,2,~ etc., and suppose that the expectation
value of the intra-molecular interaction in question in the
state m is i The variable y is considered to be a random
function of time because of the fact that transitions are
induced between molecular states m,n, etc. by interactions
which couple the molecular orientations to the lattice vib-
rations and so forth, If y is a "stationary", raﬁdom
function of time, the correlation function G(T ) of y may be

written in the form (Abragam, 1961, p271)
G(T) = 2 pom Pl Yoo g (6-6)

where | is the & priori probability that a molecule is 1n
the state m, Pmn(q:) is the probability that a
molecule is in the state n at time T if it is in the
state m at time T= 0,

(t) =P_(-t). For this

and it has been assumed that Pm mn

n
case,

alt) = al-x) (6-7)

In Chapter Y4, the consequences of an exponential form
for the correlation function G{w ) have been examined, It
should be noted that an exponential form does not hold in
general for the G(T ) given by equation (6-6) even when

Pmn(q:) are governed by rate equations, i.e.,



113

5xE _—

J=2 _SXE _
AN -
SXA™ ~ N
N
\ N
AN
AN
<
AN
N
E AN
: ) 7‘
SxE —_—— == = :{:——-—
A b— 5 c/mole
J=l T S ‘
- *r4A+4E
~
~
\\
_ IxA ‘>::::: y v
J=0 A+E
FREE ROTOR HINDERED ROTOR

The Energy Level Diagram Proposed by Colwell,

Figure 31.
G111 and Morrison (1905) for CH3D and CD3E




114

arp

mn _ _ P,mm Z Wmm' + Z Wm‘.m F)m\ml (6'8)
dt mifoen 'V\*'Y\.

where wnn, is the probability per unit time that a molecule
undergoes a transition from the state n to the state n'.
The 1initial conditions are

P (0) = & (6-9)

mn

Two Energy Level Case: 6:4

In order to examine the model of Colwell, Gill,
Morrison in more detaill, assume a two energy level model in
which the lower energy level 1is g5 fold degenerate and the
upper level is 8,1 fold degenerate. The energy separation of

the levels 1s taken to be kTo

j:go-t-l)...,,)qo.'-a, El = kT;

Pl )

=12 cmaes, 30 Eo: o

Let the index 1 denote the lower levels, 1 = l,2,...,go

and the index J denote the upper levels, j=go+1, go+2,...,

g, T g,
Let y = Vs in the ith state of the lower level,
and y = yj in the jth state of the upper level.
Therefore,
pi = Pgy independent of i
equilibrium probabillities
pj = pl independent of j
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p/P, = e T/ T (6-10)

8P, T 8P =1 Normalization (6-11)

To complete the model, the following simplifying assumptions
are made,

WO = transition probabilities between any pair of
states in 0O,

wl = transition probabilities between any pair of
states in 1,

W, = transition probabilities between any state in
0 and any state in 1,

W = transition probabilities between any state in
1l and any state in O,

Then, p W, = p,W_ , by detailed balance. (6-12)

From equation (6-6) and the above definitions,
¢(t) = p{% R g 4o +§ Py gi‘lj]
vR[ 3 Rrgwr v Ruy m] (6-13)

Now, by substituting the transition probabilities defined
above into the rate equations (6-8), the conditional probabi-

lities P, ., in the expression for G(1 ) may be found. The

k1l
calculations are very lengthy, but straightforward and the

results are:
Ry @ = (610 - ) € s gy peopp,
P '@ = (adl‘i" '/3’) e, . %o/ o, ey o

P @ =-p €™ 4 p,

T,

_ (6-14)
PJL@):—PQQ ol 4 PO
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where use has been made of equations (6-11) and (6-~12) and
- (6-15)
Tt_- 31‘”1 + J. Wo
A= + w
R

T,and T, are the average lifetimes of a molecule 1n an
individual 1 and J level respectively, while T,, 1s the time
constant for the establishment of a Boltzman distribution
between the two groups of levels.

Substituting equations (6-11), (6-12) and (6-14) into
equation (6-13), the correlation function G(® ) may be written

in the form,

0= gon| 3~ ]
+ S\P.[ (:f‘)J. -~ (3)3 ] e, (6-16)

2 e—'ﬁ/q:m

2.9 PP <) - (9]

where (glt)L and <ﬁ% are the average values of y for a system

of molecules restricted to the i and J states respectively,

etc,
<§Z,=-§: %;- i > &te (6-17)
(¥).= Ew }; 4 ) et

Using equations (6-10) and (6-11))

po _ (g'o + g' e-—";/-r)‘l
(6-18).

Pp= @ + 3, S
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If all three terms in equation (6-16) are non-zero,
the analysis of the experimental data in Chapter 5 is invalid,
since 1t was assumed there that the correlatlion function could
be expressed in terms of a single correlation time. The
expressions for the relaxation rate would be expressed in
terms of the Fourier transform of G(7T ) as in equations
(4-6) and (4-7), but the Fourier transform would then consist
of the sum of 3 terms of the form of equations (4-11),

As will be discussed later, there are systems of
interest in which the first two terms in equation (6-16) are

zero or small., In thls case, one obtailns,

= — 2 g (xa 6-19
_‘l_. = C, 4T 4,9, PP [<'1>a <27j] :{(x ) ( )
where ¢ . = 6 Y*h*I(I+) (CH,,, dipolar interactions)
cl S bé'-oo Ll-

see equation (4-11) (6-20)

= 3 -Lv[fga f?!]z (CDH, quadrupolar inter-
actions) see equation
(4-12) (6-21)
is the classical coefficilent,

Xo1 = @oTo, (6-22)

The quantity y is identified with the spherical harmonic Y2m'
Whereas, in the classical case <‘WQMP>= 1/4w  (equation

4-9)), this is replaced by

Arfm (D = (o)’ (6-23)
= goa»o Pe Pi [<3>L - <:>J]2
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for this special case., Therefore, the effective strength of

the interaction is temperature dependent in general.

The Temperature Dependence of the Transifion Probabillities:

In the previous section the correlation times were
expressed in terms of the transition probabilities W+, W_,
WO and Wl. If one believes that the molecular reorient-
ations are caused by the coupling between the molecules and
the phonons, then the temperature dependences of the transi-
tion probabilities can be predicted using a formalism very
similar to that used in the theory for electron spin-lattice
relaxation (Jeffries, 1963)., In electron spin-lattice
relaxatlion the only important relaiation processes for a
two-level system are the "direct" and the "Raman processes."
Higher-order relaxation processes are also possible, but the
transition probabilities due to these processes are negli-
gible,

In the direct process one imagines that the molecules
| are coupled to the phonons by the crystal field interaction
with the molecule. This interaction acts as a time-
dependent relaxation perturbation inducing a transition
between the states of the molecule simultanéously with the
creation or annihilation of a phonon of energy E>=kTo, thus .

conserving energy. Using the properties of the matrix

elements for the creation and annihilation of phonons, one



can derive the following:

z
]
D
—~
31
!

where A = (e-';/"‘— /)h'

The constant A is dependent on the nature of the relaxation

perturbation. Substituting these in equation (6-15)
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1 = A _gorgelr (6-2L)

Tou el
The usual case considered in Electron Spin Resonance is
g, =8 =1,
_']ET,,: A coth (TO/ZT)

Unlike the direct process, the Raman process involves
the simultaneous absorption of a phonon of energy 6‘ and the
emission of another of energy & o = & 1 + & along with a
transition of the molecule from state |j) to state \L> and
vice versa. In contrast to the direct process where the
phonon energy must equal the energy level splitting, the
only requirement now 1s that difference of the two phonon
energies be & for energy conservation. Since b%<<k @&

D
(the Debeye temperature), the entire phonon spectrum is

avallable.
LY
W_ j eIkt 528> ds,
Js (esl/kT _ ') (Csz/lﬂ'__‘)
i S/ kT 3.3
W, oc e % 8, d%,
L (e"/kr—r) (e%/'7-1) |
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Now if 8§«< kT in the temperature range where Raman process is
dominant then W_ = W+ . Moreover, if &<«< kT << k@D then

(Abragam, 1961, p. 408)

W, =~ w_ oc T (6-25)

For the special case of nuclear quadrupolar relaxation
in a cubic crystal, it.has been shown (van Kranendonk, 1954)
that the T/ law only holds for T < 0.02 Oy .
of the phonon-molecule interaction is known for solid methane,

Until the form

it will not be known over what range of temperatures the T7
law is valid for the systems being considered.

Transitions between any pairs of levels wilthin the
degenerate sets of levels, which are described by the transi-
tion probabilities v¢1 and M/O can occur as a resonant, pro-
cess through the intermolecular coupling which exists between
neighbouring molecules in these states. Since no energy is
exchanged Qith the phonons in such a process, it is likely
that w o and lel would be temperature independent.

Temperature dependence of T. for some special cases: 6:6

1

A, Two-level system:

The simplest case is that in which the degeneracy of
the molecular levels is completely removed and in which
only the lowest two levels are appreciably populated. 1In

this case, it is obvious that
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Cq2i = 98 = L4
Gy = qr = <yt

B, =8 =1 (6-26)
Po = —
1+ éﬁu}r
~To/T
o= <
|+ e FT

At high temperatures, TO/T <<1 and hence P =P, = i,
so that equations (6-16) and (6-26) give

-t
(t) = ¢* e [Ton (6-27)

where we have defined y by
2y =V, - Vq (6-28).

Therefore, we conclude that at high temperatures, for a
two-level system, the correlatlion time T;.obtained from the
analysls of Chapter 5 1is to be identified with =T,

Therefore, using equations (6-15), (6-24) and (6-25)

T e - (6-29)
~ Acoth@far) + BT
It has been shown in Figures (16) and (24) that equation
(6-29) does fit the plot of T versus T derived from the
experimental data. The curves shown in Figures (16) and (24)

correspond to the values of the parameters
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0.36 sect CH,D
B=1.5x 10" sec” (%k)"7T cny

5.9 x 1072 sec™ (%)~ CHyD (6-30)
T, = 7.0 %k CH,

o .
8.8 K CI—I3D°

This analysis 1s now seen to be inconsistent with the
assumption that To'<< T in the experimental region. If one
includes the temperature dependences of P, and Dqs equation

(6-16) is replaced by

-To -T
a(t)= +4° e /T e~ e (6-31)
Theref ) D 1 t 1y t at d dent
erefore, <J Y= Ié%?? is now strongly empgr ure dependen
as indicated by equations (6-23) and (6-31). It is therefore
concluded that in spite of the excellent agreement given by
equation (6-29) and (6-27), the two-level model is incon-

sistent with the experimental data for CHM and CH,D.

3

B. The two energy-level system with degeneracies

There are many two energy-level systems in which the

conditions under which equation (6-19) is valid are satisfied.

2

o’ etc. For example,

2 2
These conditions are <y >i = < ¥>i =y
a molecule in the J = 1 state subjected to an axially sym-
metrical crystalline field has its degeneracy partially .
removed such that g&/gl =% of 2, “=Similarly, a molecule

in the J = 2 state subjected to a field having cubic symmetry
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has two energy levels with degeneracies which satisfy the
equation go/gl = 3/2 or 2/3. For these and other similar cases,

the expectation values of Y are identical for all degenerate

2m
states. Therefore, the assumption that the first two terms of
equation (6—16) vanish is valid for such systems. This is not
necessarily true of the spin-rotation interaction as willl be
discussed in section 6:8.

As stated earlier, the model of Colwell, Gill and
Morrison, 1965 for CH3D and CHD3 corresponds to a two energy-

level system with w= 3, where w is defined as

w = g,/8g, (6-32)

The other parameters are

1.77°% for CHyD

(@)
T, = 1.26°K for CHD;. (6-33)

To

For these systems, the expression for Tl given by equation

(6-19) becomes

L= DfEH) gl (e

where

D= 16Tt wy° Coy (6-35)

fehy=

and y(x")has been given by equatiens (5-5) and (6-22). It is

e T
—'\;/1-)?— (6-36)

[+ we

seen from equations (6-34) and (6-36) that T, is dependent on

1
temperature because the effective strength of the spin-

lattice interaction is temperature dependent as given by
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f(TO/T) and x _; 1s temperature dependent because of the temper-
ature dependence of the correlation time «x,,. The dependence
of y on x has been plotted in Figure\(l5). The dependence of
f on TO/T is shown in Figure (32). The limiting value of f at

the high and low temperature ends corresponds to

rm (@) =

T

F %0 b+ w*
Lim S—@/T) = explTo/T) (6-37)
—1§—0co

Thus f(TO/T) decreases rapidly with decreasing
temperature for T<< T,. At temperatures T _<< T f(TO/T)
closely approximates its asymptotic value which 1s sensitive
tow . For w=l, £ 1is a monotonically increasing function of
T, but for w>1 £ goes through a maximum. As a consequence,
the dependence of the effective strength of the spin-lattice
interaction on temperature is a sensitive function of w .

From the discussion in section 6:5, the effect of the
interaction between the molecules and the phonons on T,
can be expressed in terms of the "direct" and "Raman" pro-

cesses as follows

1 _ Rg, \tw e I + © T (6-38)
T | - e~ To/T

ol

where the approximations made in deriving the T7 term
(Raman term) are that T, << T << op-
At low temperatures the direct process\predominates

and for T << TO, it follows that ™,,, and hence X012 is

independent of temperature. Therefore, for T << To, Tl
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At high ‘femperofures
N\ . :
\ the curves asymptotically

approach —!
N\ PP (1+w )2

\_ asymptote: e'T°/-|-'

| I I

-2
10 0

Figure 32,

| 2 3
The Temperature Dependence of the Effective

Interaction Strength for Several Values of w
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exp (+ TO/T). For T >> T_, on the other hand, f (TO/T) is
independent of temperature and L/Tlcc;y(xol). The tempera-
ture Tmin at which the minimum in Tl versus T occurs depends
en A, B, To’ and the frequency u)o, which can be variled
experimentally., Figure (33) shows how Tl/’l‘lmin depends on

T/Tmin for different values of To/Tmin. These plots are

valild for a special case characterized by w= 3, B = 0.

Thls assumes that the temperature is sufficiently low that
the Raman term is negligible.

For comparison, the experimental data for CHM’ CH3D
and CDu are plotted on the same graph. It is seen that the
experimental values of T1 for CDu and CH3D vary much more

rapidly with temperature just below Tm than any of the

in
theoretical curves. The most plausible reason for this is

that the Raman term has been neglected since B has been chosen
to be zero., That the Raman term is probably important for
these cases is indicated by Figures (19) and (16) in

Chapfer 5, where the term giving the high temperature

behaviour tg'oc 70 is still important at T The

in’
reader is reminded, however, that f(TO/T) has been taken to

be constant in the analyses of Figures (19) and (16).: For
CHM, Figure (24) indicates that the T7 term is small near

T . Indeed, the experimental values of Tl for CHu‘are

min

in reasonable agreement with the theoretical curves of
Figure (33) for T@/Tmin between 0.05 and 0.175 for T/T .
between 0.5 and 1.5, Because there are several parameters

in the theoretical expression whose values have been
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chosen arbitrarily, this agreement has only qualitative
significance.
Colwell, G111l and Morrison (1965) give the parameters

w= 3 ana T, = 1.77°K for CH,D. For this value of T_, f(T_/T)

3

varies by only about 10% for T>T ;,- If this is so and if

the contribution to 1/”(01_due to the Raman term really does
vary as T7, then using the extrapolation of the T7 curve 1in
Figure (16), the fractional contribution of the BT7 term to

-1
‘q%l in
This is sufficient information to determine Ago and B in

in equation (6-38) may be estimated at T , = 10.1°K.
equation (6-38) since it 1is known that W, T = 0.62 at

T Then using the value of TO = 1.77OK, we have calculated

min®
Tbl_l versus T for different values of w as given by
equation (6-38). Using the calculated values of f(TO/T)

shown in Figure (32) and equation (6-34), calculated values of

T. versus T have been plotted in Figure (34) for w-= 1/3, 1,

1
3, and 9, The experimental values of Tl versus T for CH3D
are shown on the same plot, A comparison between Figures
(33) and (34) shows that this crude correction for the Raman
term results in better agreement between the model and
experiment, but 1t is impossible to distinguish between
different values of w on the basis of the available data.
Better agreement with experiment could be obtained between
5OK and 10°K for w = 3, if B were chosen to be a little
larger, but the very slow dependence of Tl on T below 5°K

could not be reproduced for @ = 3 and To = 1.770 K. It

would appear that very similar remarks apply to CD3H.
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£ would be very desirable to have an independent check
uéing NMR of the parameters To and w which apﬁear in the model
of Colwell, Gill and Morrison., To do this T1 must be sfudied
in the region T << T  where T, ocexp (TO/T). This means going
down to temperatures of the order of O.3OK using a liquid He3

cryostat, In this regilon, the relationship woT%,>»1 should

be satisfied so that Tl is given by
— = e 1{To/T) T<< T, (6-39)
1 wO '-Col min

Figure (35) shows a plot of 1og\(l/T1) versus TO/T for different
values of w in the region T << T 1f only "direct" processes
are important.

The study of Tl down to O.3°K is a very important
experiment insofar as the evaluation of the parameters in this

model is concerned. . If a rapidly increasing T, is not

1
observed at these temperatures, then the assumption that

(g}>i= Q;Xj made earlier would have to be re-considered
(see section 6:8).

Spin Temperature: 6:7

In the discussion of the experimental results in this
thesis it has been assumed that the approach to equilibrium
of the nuclear magnetization can be described in terms of a

single time constant T Experimentally, this has indeed

ll
been found to be true, except for some cases 1n the vicinity
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of the unexplained high temperature ”T1 minimum" in CHy .

Yet, there are at least two reasons for expecting a possible

deviation from exponential behaviour,

case (1)

Case (2)

The splittings of the molecular energy levels may
vary from molecule to molecule because the crystal-
line electric fieids may vary. Thué, there may not
be a unique correlation time for this system. This
seems to be the case in solid H2 below EOK, where a
non-exponential relaxation is observed (Sugawara et
al.,, 1956 and Hardy, 1965).

There may exist different spin species each having
non-zere nuclear spins. If so, and if these species
have different orientational states, they may relax
at different rates., 1Indeed, one implication of
Tomita's (1953) analysis of the low temperature .
properties of CHy is that the A species (1 = 2)
cannot relax, According to his results, only

the T species (I = 1) can relax.

The two effects descrived above need not manifest ﬁhem;

selves in a non-exponential relaxation behaviour, The reason

for this is indicated in the followiﬁg diagram (Figure 36) in

which we imagine two spin specles a and b which have spin-

lattice relaxation times T

1a and le respectively, The two

spin systems can also exchange energy with each other and,

if not coupled to the lattice, their spin temperatures

ab

approach a common spin temperature with a time constant T2 .
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1.0
Low temperature

asymptote: e~ T°/-|-

f (To/)
T’ (To/T )

0.1

002 ' ! ‘

Figure 35, Theoretical Plots of 1/T1 Versus TOT"'in the Low

Temperature Limit, w, T. >> 1, Including
DIT€ecCT Process Only
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Figure 36, Illustrates the Coupling of Two Spin Systems

'a' and

'p" to the Lattice and to Each Other
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+ ab a b
I T,%%<¢ 1%, T,

b systems are almost equal at all times and it may be shown that

the spin temperatures of the a and

the magnetization of the composite system approaches equi-

librium with the lattice exponentially with a time constant

o L (6-40)

where C, and C, are the heat capaclties of the a and b systems

b
respectively.

The time constant T2ab

"transverse relaxation time" T, which may be measured for the

should be closely related to the

composite systems as the time constant for the decay of the
X-y components of magnetization. For CHu at low temperatures
T

= 12 ﬂsecs, while for CDLp T, = 500 psecs so that the con-

2 2
ditions required for equation (6-40) to be valid would seem to
be well satisfied, The experimental results give a postiori
justification of this.

If the a and b systems are associated with different
. local environments (Case (I)), the effect of a distribution of

correlation times would result in an increase in the value of

over that predictéd for a single correlation time.
min

1
For the special example of case (2) for CHu glven
above, if a 1s assoclated with A symmetry molecules and b with

T symmetry molecules, SO thatll/TlA = 0, then

1 _ Cp 1
et = TAC T
T, £ om
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with

Np I (IT + 1)

T, NA T, (I, + 1)

where NA, NT are the number of molecules having A and T
symmetry respectively and IA IT are the total nuclear angu-

3
lar momenta for molecules having A and T symmetry respectively.

For CHM’ it is known that I, = 2, I, = 1, while the high temp-

A > T
erature ratio of N,/N, is 5/9. If this ratio 1s unchanged
at low temperatures (no conversion between different spin

species)

This would also give rise to an increase in the predicted

value of Tl .
min

Some Commerits about Matrix Elements of the Intramolecular
Interactions: ©0:0

To conclude thls discussion of some of the manifestations
of the quantum nature of the methane system, one more aspect of
this problem will be discussed, namely, the effect that res-
tricting the molecules to a small set of states has on the
correlation function, In the classical treatment of retational
Brownian motion, the molecules are assumed to have a definite

orientation Jn_o(t), i.e., the wave function,

s(a - a6) = Z (x5 Vi)
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involves a superposition of all J, m. states. The intramolecular

J
interactions of the form Y2m(11) are completely specified. by
:Lo(t) at a particular time,

In the opposite extreme, for an ensemble of non-
interacting symmetric top molecules where J, K, M are good
quantum numbers, the orientation of each molecule 1s indetermin-
ate., The eigenfunction of the system of N molecules 1s the
product of the N free rotor wave functions \JKM) . The
correlation function of ngCrL) is then

Gr) = T { P Yoo V;:@@#t))}
where Yém(IL(t)) is a time-dependent operator in the Helsenberg
representation and.f is the density matrix describing the

equilibrium populations of the various levels,

The correlation functions can be written as follows:

=) +I J

G(T ) = J_Z ; ?T Prin [T k') Yaa(»ﬂ)‘J"KM>|QCOS(@JK-«;I.(.)'U
=0 =-T -
I‘:O K':—JI Ml:’T

where E-, = * Wr, = ‘hnR J’(J'+l)+ + 9_34,(2

and prm = exp —(Ere/kT)
T % €) exr o

For spherical top molecules, the expression may be rewritten

GT)= _t_| o S P ar+3 2T+ 5L T 2T-\ cesizTOL, T
Q) 41_‘_[5 +-rl;§ 3-{ L23+| cas[( 3 R:)+—23’+| CS[ g]

r2zzs coereones] v pgzs coder-aagd]|

Now the interactions between the molecules can be introduced

in an arbitrary manner by multiplying G(T ) by an exponential



137

function e~  where . 1s then a measure of the time
interval. during which the molecules behave essentially as free
rotors. Now, if w, and l/&b are appreclably smaller than
any frequencies occurring in the oscillatory terms, then these
terms can be neglected and one sees that G(T ) has 1/5 of its
classical value., At sufficlently low temperatures the
correlation time will be long enough for this condition te be
satisfied., This is another possible contributing factor to the
lengthening of (Tl)min' |

The above considerations are intended only to illustrate
how off-diagonal elements of the intra-molecular interactions
can be suppressed insofar as their contribution to spilin-
lattice relaxation is concerned. They are not intended to
imply that the wave functions of methane molecules 1in the solid
are well approximated by free rotor wave functions. The
model of Colwell, Gill and Morrison does implicitly assume
that the wave functions of solid methane can be written as a
product of N single molecule wave functioens. No detailed
description of these single molecule wave functions has yet
been given.,

Within the context of the above remarks this is an

appropriate time to.make some comments about the spin-rotation

interactlions. When the degeneracies of the moelecular rotational
levels are completely lifted b& the crystalline electric fiéld,
the rotational angular momentum J is "quenched" (Abragam,

1961, p. 174). This means that the only non-zero matrix

elements of J are between states of different energy. For
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this reason, according to the preceding argument, the contri-
bution of the spin-rotation interaction to nuclear spin relax-
ation 1s expected to be small in solids.

In fact, the spin-rotation interaction has been com~
pletely neglected in this thesis. For cases in which degener-
acles do exist, it is not clear that this neglect 1s Justified
even 1in solids in which the molecule 1s subjected to large
crystalline fields. 1In the discussion of the model propoesed
for solid methane, 1t has been assumed that for states i1 and jJ
which have degeneracies 8, and 81 respectively, <y2>i = <y> f
and <y2>j =<y> j2 (see section 6:6B)., It was pointed out
that these equalities are satisfied in many cases of interest
for y =Y

2m’

examples given in section 6:6B, these equalities could not be

for example, It 1is quite clear that for the

satisflied for matrix elements of the operator J in the spin-
rotation interaction. Then, the assumption that only the last
of the three terms in equations (6-16) is non-zero, would not
be valid and the correlation times T, and T, would enter into

the expression for Tl'



CHAPTER 7.
SUMMARY

In this thesis, the results of a study of the relaxation
properties of the methane system at low temperatures have been
presented., These were studied with the ultimate aim of
gaining further insight into the nature of the phase transi-
tions. To achieve this aim, N.M.,R. pulse techﬁiques were
used with the hope that through the application of conventional
N.M.R. theory, information about the nature of the relaxation
mechanisms and the reorientational metions could be obtained.
Instead, it was found that the conventional theory is inade-
quate. The experimental results and the analysis of the
experimental results using the cenventional theory have already
been summarized at the end of Chapter 5. The results definitely
indicate that the reorientational motion of the methane mole-
cule is at least partially quenched at the 'phase transitions.

As a consequence, an attempt was made in Chapter 6, to
modify the theory such és to take account of some of the
effects due to the quantum nature of the system, The model
for the low lying energy levels of solid methane proposed by
Colwell, Gill, and Morrison (1965) was used as the starting
point for our considerations in Chapter 6; the consequences of
thelr model as far as the relaxation properties of methane
are concerned were examined in some detail, The following

consequences were established there:

139
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(1) under conditions satisfied by many (but not all)
systems of interest, it was found that a single
exponential does indeed describe the correlation
function. \

(2) The effective strength of the interaction has
been found to be temperature dependent for a two
level system, thus invalidating the analysis of
the experimental results carried out in Chapter 5.

(3) It is postulated that phonon-molecular interactions
involving direct (one phonon) and Raman (two phonon)
processes cause transitions between the energy
levels, The observed temperature dependence of
the correlatioh time 1s consistent with this
plcture, at least qualitatively.

(4) Some considerations leading to a reduction in the
strength of the relaxation perturbafion and
consequently in a lengthening of T1 were dis-
cussed in Chapter 6, .

The following conclusions can be drawn from this study
of the relaxation properties of the methane system, The
molecular reorientations are definitely partially quenched at
the phase transitions, but not completely. It seems likely
that the direct.and Raman processes in part account for the
observed temperature dependence of the observed correlation
time at low temperature; this to our knowledge is the first
time that these types of processes have been observed to

play a role in the magnetic relaxation in diamagnetic
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substances, The conventional theory appears incapable of
explaining the details of the relaxation phenomena in solid
methane,

In conclusion, some further experiments will be pro-
posed. In Chapter 6, it was proposed that carrying the
relaxation measurements down to OZ3°K allows a determination
of To’ A word of warning 1s appropriate here; 1f the spin-
rotation interaction is an effective relaxation perturbation,
then the considerations which led us to propose that experi-
ment are not correct. It would be intriguing to measure the
relaxation properties of a CHM-Kr mixture containing a very
small amount of CHM in view of the drastic changes exhibited
by the SO%Kr-SO%CHu data., A more detailed examination of the
upper minimum in Tl for CHu, and CHu mixtures with CDu of Kr,
if performed carefully, may allow a separation of the two time
constants observed. A study of CH2D2 could be interesting,
as the energy 1level scheme proposed by Colwell, G111l and
Morrison (1965) for CH,D, consists of three sets of low-lying
energy levels,

On the theoretlcal side, there seems to exist no
theory of the interactlion between molecular rotatlion and
lattice vibration which 1s applicable to a quantum system like

solid methane.
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