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ABSTRACT | . S

-

-

. . R . * .
An understanding of the interconvexrsion between the

nuclear spin symmetry species in the solid methanes is essen-—

-

. tial for characterising the unusual low temperature behaviour

of these solids. 1In this thesis, _the measurement of the

K]

total neutron scattering cross-sections of the methanes is

used to study quéntitatively the extent and kinetics of the

spin ‘conversion process.

A method of accurately measuring total crossr-sections
of molecular solids, at low temperafures (0.75 K<T<100 K)

‘O
and at long neutron wavelengths (4.7 A), has been developed

. »

by modifying an existing neutron spectrometer at . the
.McMaster Nuclear Reactor. The-precision anaaprobable

accuracy of the method prdve:‘to have advantages over some

other techniques for following spin species conversion.

\ -

Three of the solid isotopic methanes were‘'studied
(CH4, CH3D and CHZDZ). :In CH4, eitensiv? measurements wére
.made on solid in phase II, in which spin conversion occurs

at different rates on the two difﬁefeht kinds of sublattice.

t

The conversion lifetime of the molecules on the ordered.sub-

lattice sites was found to be 75 hours. On.the disordered

v

sublattices, the lifetimes were much shorter and strongly
4
temperature dependent. The equilibrium cross-section data

- . .

iii
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.were used to critically test a theorctical description of

’

solid CH4. It was found to be satisfactory.

. Spin conversion'in CH3D was studied quantitidtively and

~

found to odcur: primarily below. T = 4 K. 1In contrast to CH,,
the spin conversion process in CH3D was very fast. The
cross-—section data were also used to guide the analysis of

§omé existing thermodynamic data @or CH3D, and to derive the

characteristics of the low-lying tunnelling levels. Some

inferences about the nature of the lowest temperature phase.

(phase III) are made.

Little is known about CH2D2, and the cross-section
‘. N

mcasurements were made to determine if spin conversion
occurs, especially below T = 4 K. A change in cross-section
was found in tgﬁﬁ?temperature region and an argument is

ppeéented which ¢ould ascribe such a.change to spin conversion.

’ v

~
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CHAPTER I

INTRODUCTION

The terms guantum so¥id, guantum fluid gnd quantum

behaviour have come primarily from the low temperature inves-

tigation of a few solids and }iquids: They are,/in many ¢
respects, reflections of a hfﬁporical development; if the
éttempt to ﬁndérstand a system in terms of classical ideas
failed, either totally or in part, the abérrations were
ascribed to guantum effects)l 1In this cqntext, qﬂghtum solids

are soli@sxfor which few as‘ects of their behaviour can be.
"~ .

fully understood in terms of the classical precepts.

.

The label "quantum solid" is one of convenience

because all solids are indeed gquantum solids. It is only the

-

limits of our perception, the rahgevof current exper}ﬁental
technology and £hou§ht, that' create the division between .
quantum and classical. solids. The division is at best
indistinct, and can at times be misleading.

* Solid hydrogen is a prime example of a quantum solid.
. 1

It is a molecular crystal where the guantum restrictions on

- - -

' thefoccppatioﬁ of distinct quantum states completely domi-
nate its behaviour. The intermolecular inte:@ctions in a

\7 [
crystal of solid hydrogen can be conveniently broken into

* ) : * . . 3 - 4 -
two components: a weak isotropic dispersion force,which



provides most of the iattice binding energy, and %p,onienta~
thonally dependent quadrupole-quadrupole @electrostatic force
which, although weak, is intimatély associlated with the bulk

of the low temperature properties of soli, hydrogen, These

intermolecular interactions are, however, so weak, and the

rotational energy level spacings so large, due to the very

low moment of inertia,’ that, even in the solid, the enexgy

states of the molecules are little different frog\the free

l ° -

molecule in the gas™ and‘J remains a good quantum number.

A 4 ’
In hydrogen, the Pauli Principle affirms that the

total wave function must be dntisymmetric with respect to

)

proton exchange. This has a profound effect. If the usual

-

separation of the wave function into a product wave fugction

is attempted, it is readily seen that the electronic, vibra-
. ' 4 )
tional and translational portions arxe all symmetrxic at low

Eemperatures, implying that the rotatignal-nuclear spin wave

_ function must at all times be antisymmetric. The antisym-

metrip restriction couples specific rotational and nuclear
spin states, which results in states with J odd being
associated with a tbtal nuclear spin, I, of unity, whiee
states with J q&en have a total nuclear spin(of zéro.lsThe
two distinct comginAtions are referred to as ortho- and
para-hydrogen respéctively. ) \

Proton exchange in hydrogen is equivalent to the

parity operation and, as a consequence, no intramolecular

3 L {
»

interactions can mix the ortho and para states to allow



interconversion -~ a factor which gives ortho- and para-
hydrogen all the -characteristics of distinct chemical species.

In the solid at low temperatures, the large rotational energy
\ .
spacings are such that .the ortho-hydrogen is almost entirely

<
he “

in the J=1 level, and the para-hydrogen; in the J=0 level.

Conversion Between the two species in the solid state

1

\ ; .
is possible because intermolecular nuclear spin dipole-dipole .
Ty

interactions mix the orthg and\para states. The conversion

. . - ‘ » - .
process is, however, very slow?. Acceleration of the conver-

. 'sion process can be accomplished by catalysts which either

-

absorb the hydrdgen atomically or place the hydrogen in a

4

. large magnetic field gradient3. It is possible experimen-

géllx to prepare derogen samples with any arbitrary ort@o—
pafa concentration4. ' .
Solid hgdgogen and the complementary solid deuterium
have'beeﬁ irntensely studieé, both experimentally and theore-
: 2
tidally. Many .of the unusual properties a? low temperature
originate frém the orientational inteiact&pn be;ween the
moleculess._ Para-hydrogen in the J=0 state is essentially
spherical, and the orientational part of the potential does
not affeét these moleculess. Pure para-hydrogen and mixtures
containing less than 63 éer cent ortho-hydrogen crystallize
in a h.c.p. lattice wﬂich is stable down to the very low
temperatureé, but if the orthohydrogen cbncentratiqn is

greater than 63 per cent, the solid undergoes a phase

transition to a f.c.c. structure at lower temperaturxes. The



phase transition is associated with the orientational
ordering of the ortho molecules. 1In the high temperature
h.c.p. phase, the. three components, M;= »1,0,+1, of "the

'anguiar momentum in the J=1 level are degeperate, but in

the f.c.c. structure, the degcner22y is lifted and excita- )
tions from the ground state MJ=O, to the excited state,

M,= %1, }nvolve collecﬁive angular momentum exciﬁation§
(librons) along specific crystal axes7. Libron excitations,
analogous to magnetic spin waves, have been observed

8,9 ang extenéively‘examined theoretically

«

Dilute solutions of orthorhydrogen in para-hydrogen

experimentally 6,10,11,12

also exhibit an interesting orientational behaviour. At

low temperatures, the molecular reorientation ocgurs by mutual

.

reorientation of pairs of ortho molecules, coupled by the

A

1]
intermolecular quadrupole-guadrupole interaction. The

&
process has been called adiabatic molecular reorientation
D)

because no phonons are required to aid the reorientation?3.
The a.m.y. process causes the molecular reorientation time .

T to b emperature independent, and a sensitive function

c’
of the ortho hydrogen concentration. This system of a pair
of Qﬁtho molecules imbedded in an essentially ineft matri#
of para molqcu;és has provided a unique opportunity to
examine the guadrupole-quadrupole interaction potential
between two ortho—hydrogehsl4’ls.

The solid methane system has many similarities to

solid hydrogen, the major one being ‘that, in all five of the



isotopic modifications of methane formed by selective

dcuteration of CH4, the Pauli Principle must be obeyed and

cach isotopic modification has two or more nuclear spin
symmetry* species. Moreover, the moments of inertia are low,

and quantum effects are observable at easily- accessible low

”

temperatures. Solid methane has, however, some additional
complicationsnot present for seolid hﬁdrogen.
The methanes form molecular crystals with the

{Sotropic dispexsion forces providing the bulk of thé lattice
binding eneré& and, as in hydfogen, the electrostatic forces
provide the orientational part of the potential, The domi-
nant electrostatic termfor the methanés is, however, the
octupolg—octupolé interaction. 1In the methanes, the
'intermolecular’interacti;né are of comparable energy to the
energy separation of the free rotor levels, and J is.no .
longer a good guantum numberl®. The moments of inertia of
CHy tﬁrough CD4.§re such that the low teméerature propertidg8-
of CH; are characteristic of a. quantum crystal, .while fhe .
majority of the properties of CD, can be described
classi&ally. Hence the methane system bridges the region
between quantum and classical solids.

Conversion between the spin species is also more

complex in the methanes. Intramolecular as well,as inter-

molecular interactions can mix the various spin states, thus

. N R .
abbreviated* to spin species in all, of the following text.
LY )



allowing conversion to occur through different pathways.

.

The role of the spin species and conversion between them, . .
especiaily for the partially dehteraﬁed methanes, is a probleh
of great importance if the methane system is ever Eo be under-
stood as well as is hydrogen. .The lack éf experimental infof-
mation is so extreme that, for the partialﬁy deuterated
methanes, it has not 5een clear if spin species conversion
even occurs and, if it does, on what time scale., Even ‘for
CHy. the most extensively séudied methane, thel?echanism and

extent of the conversion process has not been well defined .
until very recentlyl7'18.. '

" An experiment which could acéurately detect spin
conversion or, better still, an experimept which cbuld
quantitatively reveal the extent of spin conversion in the
methane syStem would be of great,§alue in uhravel;ing the
complexities of thg methane 'problem'. In t@is~the§is;the.
incoherent neutrog total scattering cross-section for
protons is used to study spin conyersion in thréé of the
iso£opic methanes,' -~ CHy, CH3D and’éHZDz. Not:only is spin
conyeféion detected, but quantitative measurements of its
- extent and kinetics have been made. The results show that,
for CH,, spin conversion is‘rapid if an'bxygeﬁ catalyst is
present, and that almost complete conversion to the ground
state A spin species is achieved by T = 0.75 K. For a pure

CH, sample, spin conversion is much slower, and distfhct ,

differences in conversion rates on the two.sublattices,



<

of which_the solid-is composed, -ordered and disordered, are

[

~

found. Conversion in<CH3D is, however, found to be rapid,
both for the pure and oxygen-doped samples, and ta occur at

lower temperatures than for CH,. The analysis, of the conver-

sion in CH3D has allowed a more complete interpretation of

existing heat capacity and entropy data to be made, and

some inferences .about the struqture of the,lowest stable
orientationally ordered phase are made. Ppssible‘sgih con-
version in'CHZDz is also found, but the effect on the cross-

section is small énd, in the absence of additional data from

other methods, no extensive deductions can be made.

a » '
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CHAPTER II

THE METHANE "PROBLEM"

IT.1 Historical Introduction

{'An interest in the Third Law of Thermo&ynqmics led
to the first jnvés£igation of solid méthaﬁe. In 1929,
Klaus Clusius, as part of his laboratory's extlensive examina-
tion of molepular solids, measured the hecat caéacity-bf CH419.
A A-type anomaly was found at T = 20,4 K which indicated that
methane éxasted in two solid phases (now normally" labelled p
I and II, in order of decreasing temperature) . Ip“the Ty
foilowing years, the other isotopic modifications WQ;e\

prepared and their heat capacities measuredzollez?'23. The

decuterated methanes were found to Have three solid phases,

&
2

with tpe newnlow temperature phase designated as ITI. The
"missing” phase of CH4 was therefore, a mystery, and extgnsive
work was performed to try to resolve it. The trangition-
Lemperatures for the varlous methanes are given.in Table I.
"An analy51s of the entrOpy of CH4 based .on an extra-

polation of the heat capacity data from about T = 15 k20,21
indicated no residual entropy at T = 0 K,'from which it yas
deduced that a third phase probably did not occur. Heat

23

capacity mecasurements on mixtures of_'CD4 and CHy showed

that a wide range of concentrations did exhibit all three

k)
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TABLE I

Transition Temperatures (K)

I+ II IT » III
CH, ) 20.4 L -
CH3D 23.1 ‘ 16.1
CHY,D, 24.9 19.1
CD3H 0 26.0 20,9
'co4 ' 27.2 22.4

»

phases and, only as the mixture approached pure CH4; did th%
third phase disappear. 1In 1938, an additional piece of the
puzéle wés provided by a high pressure investigation (1 kbar
to 2 kbar) of solid CH4>", which showed that CH, did transform
to phase III at higher pressu;es. Following this early work :
on the methanes motivated by the Third Law studies, the
focusiof:interest shifted by the 1950's to the nature of the.
three solid phases, and the reasons behind the polymofphic
behaviour of the methanes.,

More compléte‘high pressure studies of solid CHy
were completedzs'26 which confirTed-the exXistence of phase
.IIXI at pressures as low aé 1 kbar, but at still lower
pressures, the phase did’not appear to be stable. Similar -
measurements wére also méde on CD426, where all three phases
were stable down to zero pressure. The phgse diagrams foxr

CHy and CDy were éualitatively similar\and are shown -in

Figure 1., where the course of the II to III transition
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Figure 1.

The P-T phase diagram for solid CH, and CDy



line 1in CH4 at low pressures has been determined by recent

27 s
n.m.r. measurements . :

s

Farly X-ray diffraction studics on CH4 showed that
both solid phases had an f.c.c. structurezs. More recent
X-ray studies have confirmed the f.c.c. sﬁructure29'30'3l'32

‘HHeavy methane (CD4) was later studied by both X-ray33 and

34,335 techniques which showed that the

neutron diffraction
two upper phases also had an f.c.c. structure, while phase
III appecared to have undergone a slight tetragonal distortion.
The Artyée anomalies seen in the heat capacities, the
entropies of fusion aﬁd the two transition regions, and the
retertion of the f.c.c. structure, or something very close
to f.c:c., all suggested that the three so{id ph&ses were
associated with increasing orienta:ional ordering as the
. Ttemperature decrcased. On this basis, the t;ahsformations
+ from one polymorph to another indicited abrupt changes in

the orientational order of the molecules,
[

I1.2 ‘The Naturg of the Solid Phases

Soiid methane is a member of a much larger class of
solids, molecular solids. As the name suggests, the most
distinct featufe of these solids is that the molecules retain
their identity within the solid. The molecules are alsa
electrostatically neutral, and th& intermolecular bonding is

very weak compared to the chemical bonds within the mole-

cular framework.
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isotropic with respect to the relative molecular orientations.

12

A

. A s
The origins of the intermolecular potential are

'

complex because contributions can”Come from many sources3s37,

The rare gas solids are the simplest "molecular" solids. The
. N

intcrmolécular potential is isotropic, and has both a short

range repulsive interaction and a long range attractive inter-

action. The short range rcpulsive interaction is due to
exchange forces as the atomic wave functions overlap. The ’
long range, attractive interaction is dud? to dispersion and

induction forces. The resulting potential has, the gcneral’

.
-

form shown in Figure 2, and has been extensively modeled by

simple functions, such as the Lennard-Jones 6-12 potential,

or by more sophisticated forms38,
M A

The repulsive exchange and the attractive diépersion .

forces_ are also the major contributors to the more comp}ex

interactions betwecen molecules. In most molecular solids,

.

the dispersion terms account for most of the crystal binding |

energy, but an additional interaction is possible; the
electrostatic permanent multipole interaction which is not
present in atomic solids. ﬁblecules may poas;ss/permanentﬁ
electric moments which can interact to give eltﬁéf an attrac-
tive or a repulsive contribution to the intermolecular
potential. 3 e

The high symmetry of the methane molecule causes the

dispersion interaction between two methane molecules to be

Thus, in sélid methane, the dispersion forces will be the

3
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Figure 2. The isotropic interatomic potential
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.
] .

determining factor for the magnitude of the lattice parameter
and the stable f:c.c. structurxe, but it is the electrostatic
forces which influence the: molecular orientations. Fér
methane,\the first non-zero permanént electric moment is the .
océupolér one, and the orientationally—dependent_electrostatic
interaction is correspondingly weak.

| The fundamental differences beéween the relatively‘
strong, isotropic dispersion forces and the weak, orientatio-
pally—dependent octupolé—octupole interaction in methane were
the basis for the first, highly successful attempt to describe
theoretically the{na;pre of the polymorphism in solid methane,
- the now classic James and Keenan model39. éolid methane
was modeled by placing spherical rotors with tetrahedral point
chafge distributions on an f.c.c. lattice.. The model was"
kept as simple as possible by neglecting both molecular and
lattice vibrations, and by considering only the electrostatic
octupole-octupole interéctions between molecules. The octu-
pole moment was treated as éhe one disposable parameter in
the theory. The model was analysed within the framewoxrk of
classical statigtical:mechanics, thus neglecting rotation&l
quantisation and‘the presence of nuclear spin species. It

was hoped that the use of the octupole moment as an adjustable

parameter -would partially compensate for these deficiencies.

o

The classical restrictions of the theoxry did, however, .7

. suggest that the results would best apply to CDy. and care

would have to be taken. in extending them to CH4 where



—

-The orientational portion of [2], fi(wi), was the independent

15
k3 . . -
P , Y
guantum effects could serxiously interfere.
A classical Hamiltonian, H, was constructed from two
terms; the rotational kinetic energy, Ti’ and the orienta-

tionally depehdent pair interaction potential, Vij'

H=3T. + £ V,.(w.,0,) [1]
i 1 i>j AJ if ) . -

>

“rhe orientations of the molecules were specified by their’

Euler angles, W If the Helmholtz free energy of the system

was minimised, statistical mechanics provided the means to

define a system distribution functidn in phase space,

*(p,q) ., which was separable into kinetic .and potential o
*
energy terms

o (p,q) exp(~H/kT)/ [dt exp(-H/kT) [2]

1

‘ 313 ;"
g £ (w,) exp(-Ti/kT)/fd p exp( T%/kT).

th

probability distrxibution function fer the 1 molecule within

the mean 'field approximation,

)

N . %
. 3
fi(wi) = exp(—Vi(wi)/kT)/fd q exp(-Vi(wi)/kT), [3]
where
V.lw,) = 5 do. V. . (w:,0.) € (0) . [4]
11 necarest I ) ] i ] 33
‘neighbours -

o

Equations [3] and [4] comprised a set of consistency equations

which were solved iteratively to obtain a self-consistent

-



[

>

16

set of independent distribution functioﬁs, fi(wi). Each
) ~
possible self-consistent sct was associated with a possible

phase of the syétem and, once found, allowed the internal
cnergy, entropy and frece: energy to»be‘calculated ‘casily.
James and Kecnan solved these equations with the explicit
xform of tﬁe octupole-octupole interaction and -scarched for
solutions at various tcemperatures,. Tha-disordered solution,

where

_ 1 3
£,(wy) = /811 | B E . [5]
o ~

for all molecules in the system, was always found to be a

~solution at any temperature. At lower temperatures, two

additional solutions of lower free energy were discovered.

The octupcle moment was then adjusted to move the.phase
£;anéition between the disordered to first ordered solution
to correspond to the observed .transition temperature in‘CD4.
The James and Keenan mode;-successfully predicteé
three'golid, orientationally different, phases and managed
_to reproduce the lower transition éemperature (IT - IXIX)
éuite well once the upper transition temperature had becen

-

"fixed. The orders of the phase tramsitions, within the

. @

framework of the model, weré alsb determined.. The upper

transition was found to be second order,'and the lower one

-

firﬁ% order. The most interesting aspect of the solutions
was, however, the structures of the;three phases. The high

temperature phase (I) was oqientatidnally disordered with

all molecules equivalent. The structure for phase II was

-
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more unusual. The crystal had,eight dgstinct’sublattices
and, on six of them, the molecule§ were constrained to libra-
tional motion with the orientations arranged in an "anti-
;ferfomagnetic“ fashion. On the remaining two sublattices,
the molecules were essentially free rotors., This rather
bizarre structure, shown in figure“3, occurrxed because the
ordered molecules, on what are now known as the antiferro-
rotational ;ublattices, form a cage about the central \
disordered molecules. * The symmetry ¢f the cage cancels the
electrostétic*field exactly, thus allowing the moiecuie to
rotatesfreely. This structure, whiés'derived‘for Cb4,
should be the same for phase II of CH, because the heat
capacities of mixtures of CH4 and CDy showea that thg I to
I1 transifion existed at all concentrations of the two com-

éonentsz3. The lowest temperature phase (III) was deduced

»

to be of uniform order, called ferrorotational, with all the
molecules having identical orientations and constrained to
librational movement. James and Keenan also suggested that
a tetragonal distortion, a'compréssion along the’ z-axis,
should oécur for ‘this ordered phase.

The distinctive structure predicted for phase II was
not widely accepted in the discussion of the grogerties of
solid methaﬂé until a neutron diffraction stuéy of CDy., made
thirteen years/aftgr the work of James and Keenan, confirmed

both the high temperature disordered structure and the

complex sublattice structure of phase 1134. The neutron



Figure 3.

<?

L]

The phase I1II structure of the methanes, where
the tetrahedra represent the ordered molecules
and the sphere, the disordered.

18
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diffraction dafa were not, however, consistent with the
proposed structure for phase III, Unfortunately, the refine-
ment of the diffraction data proved difficult, and while James

and Keenan's structure could be rejected, no unique space

group for the phase III structure could be found35. Neutron

and X-ray diffraction data33'35

40

and optical birefringence

N

studies show, however, that the II to III transition is

first order, accompanied by a tetragonal distartion of the

lattice. ’ '

1

-

The classical James and Keenan model, while highly
succeséful, could not give any information on isotope
effects, the energy levels for the v;pious strucfures, nor
could it deal with the effects of nuclear spin species. . A
quantum mechanical extension of £he classical model was
made by Yamamoto et al, in a series of papers in which
the objective was to see if the behaviour of CH, could be
explained by such a model. This long and detailed theoretical
effort culminated in a paper in which many of the observable
properties of solid Cﬁ4 were calculatedl®. The extended
&ames and JXeenan (EJK) model made the fundamental, but
reasonable, assumption that the phase II structure did indeea
apply to CH4. . \

To describe adequately the\behaviour of salid CHy,
the EJK calculations had to employ a more comprehensive
potential which included a one-body, orientationally
dependent crystal field term (V;), similar to the potential

experienced by a methane molecule in a rare gas matrix41,

as well as the two-body orientational molecular field (W;.).
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The two portions of the potential were expand}d, using a
multipolar expansion, and then approximated by non-honded

atom-atom potentials. The general form of the Hamiqun{an

was
H=%T.+ £.'0 V.lw,) + £ 2 W .(o , w0, (6]
: c . L. ’
i 1 i 11 w i3 1371773
which contains {iwo disposable paramecters, fc and f,,. These

two paramcters allowed the relative strengths of the crystal
and molccular fields to be adjusted. The fully expanded

potential, Wi contained terms of the form of the octupole-

K
octupole interaction, as w¢ll as higher order terms. By
analogy with the classical calculétion, a set of consistency
equations was ecstablished within the mecan field approximation
and then solved to find the stable structures at various-
temperatures. The methane wave funétiéns used in the calcu-
lations were constructed from a large basis set of symmetry
adapted, spherical top, frece rotor functions, up to J = 8,
from which the correct symmetry-allowed cgmbinations of the

" rotational and nuclecar spin wave functions were m;de. The
resulting wave functions kept track of the nuclear épig
specie§ throughout the calculations. 1In all the calculations,
the‘yarious spin: species were assumed to be-in thermal
equiiibrium, and randomly distributed among the ldttice

sites. The disordered high temperature phase, where the
molecules have a.site symmetry Oy, and the eight sublattice

antiferrorotational phase II, where the ordered molecules

3 -

-

R
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have a‘sfte symmetry D, 4, and the disordered, O, were
confirmed as the stable structures. Once the structures were
firmly established, the potentials for the molecules with
“different site symmetries were evaluated, often drastically
simélificd from the full potcntial, and the site Hamiltonians
were defined with the new symmetry-reduced potentials. The
site Hamiltonians were'theﬂ used to cvaluate the energy
cigenvalues of Lhe molecules on the various sites. The basis
.set was sufficiently large to permit accurate eigenvalues to

be calculated.

The two disposable parameters, f_, and f  , were fixed

c

by calibration with e%@erimental results. The molecular
field was found by symmetry”to be zero for all molecules in
pﬁase I, and for Lhe equivalent disordered molecules in phase

II, thus leaving only the crystal field terms in the potential.

\

The crystal field parameter, f was adjusted to give an cnergy
' 1

cl

spacing between the two lowest energy levels, for a disordered

4

molecwle, comparable to the spacing obtained from neutron
inelasgzé\gbattering data42. The molecular field parameterﬁ
f,r was then set to duplicate the cogfect transition tempera-
ture between“phase I and II. Once these parameters were
fixed, the energy cigenvalues for the molecules on both the
Dpq and the 0) sites were¢ established. The result is shown
in Figure 4, ‘

The success of the EJK model applied to CH, was

assessed in two ways: by its ability to reproduce known
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oxge?imenﬁal behaviour, and by the aid it rendered in the

interpretation of unexpected experimental results. The nost

N

stringent Lest was the comparison of the calculated encrgy

eigenvalues with those determined from necutron inelastic

kY

scaLLering experiments, r~,drly neutron prcrlanLS on phase
T

7

IT of ¢H, had detectcd)cxa1taﬁmoﬁs that appeared characteris-
L;d/;f a free rotor?3s 44 a ro§ﬁlt which, if not interpreted

in terms of the now established‘structure of phase II, was

hard to reconcile with the heat:capacities and other data.
. : : 12
S N . .
The theoretical trégtﬁzﬁt?of phase II did, of course, provide
LR ¢ i 7 .

. - e . "
the answer. These qxcitatlons were associated with the

molecules on the twbd o ientationally disordered sublattices.

/
The .comparison of ¢he/neutron scattering data,42’43'44

including those used/to set the parameter f,, with the
h
. theoretical elgeﬂvalﬂes for the 0Oy molecules showed excellent

agreemént. The enexgy eigenvalues for the ordered Dj4 ‘mole-
cules, frwgt p bllshed in a preliminary report by Yamamoto

/
et 31.45, provided ﬁoth the means. to analyse an ingenious

n.m.r. experiﬁénq‘ nd the incentive for further inelastic
! ' ‘ Al

neutron studies.’ fhe eigenvalues for the Dog molecules were

shown to be groupéd into a low lying set of tunnelling levels
’ 4 \ 4
and a ser?és of nluch higher energy groups which correspaopnded

-

to librational dxcitations. The excitations within the

Lunnelllng levdls were first detected by azéfﬂémagnetlc b

1mpur1ty n.m.?. level-crossing exper1ment46, but the moé%

conclu%ibe p#bof»of the tunnelling levels' existence came from

<



a very accurate neutroﬁ inclastic scattering experiment which
determined both the separation of—the cnergy levclgrand thaeir
symmct:y classifications47. Again, agrecment between :heory
and-cxpcriment Qas goéa, although the calculated cenergy level
spacings for the tunnelling levels w;;e slightly larger than
those determined from Qﬁperiment.

An unexpected feature of the calculateé energy levels
for the ordered molecules was their temperature dependence
below about T = 4 K. The increase in level spacing with
decrcasing temperature resulted from,conversi?n between the
nuclear spin spacies.

The agreement of the theory with some other reccent
experimental results was also found to be good. Contrary to
the classical‘calculatigns,*the inclusion of the crystal
field term resulted in a first order phase transition between
phases I and II; in agreement with experimentai lattice .
parameter32 and heat capacity results48 which have found
discontinuities and hysteresis effects in the‘transition
region. Two further experimental properties of solid methane
were readily interpreted in terms of the thecoretical model;
the léw.temperature heat capacities ané the thermal expansion.
Both of these qﬁantities depend, however, on the extent of
spin conversion, The Qeét capacity of CH, has a la;ge
Schottky-type anoma1y49, centred near T = 1 K, which could

only be observed if spin conversion was catalysed and thermal

equilibrium between the three spin species. achieved, The-
f
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anomaly associated with the depopulation of the low lying
tunnclling-levels of the ordered molecules and the calculated
heat capacily, including the contribution from the temperature

dependence of the levels, gave an adeguate fit to the experi-

16 : .
mental data ~ . Farly thermal expansion studies of CH4
. . 50
discovered a weak negative thermal expansion below T = 8 K77,

whi1le more roécent work has shown the eoffect to be much more

32,51

pronounced The discrepancy between the Lwo groups of

data was attributable to different extents of spin species

——

‘conversion. The earliér work was performed on a sample not

»

in complete thexrmal eguilibrium,
+ The nature of phase I and 1I for both CD; and CHy 1is

now well established, and any- subsequent experiments must be

interpreted with these structures in'mind: » The extension of
the use of these structures to the intermediate isotopic
methanes, CH3D, CH2D2 and CD3H, is almost certainly valid.
The situation with.respect to phase III is not quite so

unambiguous, but again the me thanes, excluding CH,, probably

have the same low.LemperaLurXNSLrucLure. Phase TII is
AN

undoubtedly more ordered than phase [I, but a complex sub-

lattice erucLu;e is entirely possible. The energy cigen-
values for the molecules in phase ITI probably closely rescmble
those for the ordered molecules in phase II. This is given
some support by the appcarance of Schottky-type anomalies,
similar to that observed in CH4, for three of the four

52,53

deuterated methanes No anomaly has been observed for
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Dy, but the mecasurements may not have been extended to low,

“enough temperatures., . ' .

11.3 Nuclear Spin Species Conversion ¥
A group theoretical treatment of the symmetry allowed
combinations of the rotational-nuclear spin wavefunctions.of
CH, sﬁowed that three spin SgGCies exi§ted54. For convgéience,
. the species are 1a£g;1éd by the symmetry of the rotational
portion of the wavefunction. Similar analyses have also been

5 . i
L

L

made for the other isotépic methgnes and a summary 1is
given in Table 2. Also shown in the table'are the values of
the proton nuclear spin, IH' tpe deuteron nuclear séin, ID’
which correspond to the various spin species, and the value
of the mean squared proton nuclear séin angular momentun, -
<I(I+1l)> at zero‘teﬁperature and at high temperature limit.
Much of the literature prior to 1972 on spin conversion and '
the orientational behaviour of the solid methanes has been

reviewed by Bloom and Morrison®.

In the abscnce of a perturbation which can mix the
nuclear spin states, spin speci%g interxconversion is strictly
forbidden, but, unlike hydro;enr’intramolecular interactions
such as nuciear spin-spin and spin-rotation terms can lead
to mixing, and allow conversion to occurss. These intra-
molégular interactions gain ;n importance if the energy
spacing between two levels is small. Intermolecular inter-
actions can also be inportant. The_nuclea¥ spin-spin inter-

action between neighbouring molecules can mix the spin states,

e
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TABLE 2

Spin Species

A, Iy
T, Iy

E, I

A, I

E, I
A, (I
I
I

B,
LI

B, \I
Ay I
T, I
E, I

il

2

l »

0

"3/2

X

t2,0 IH
1 Iy
1 Iy
2,0 'IH
3,1,0
2,1
4,2,0
3,2,1,1
2,0

<I(I+1)>

4.57 (deuterons)

=1 } 1.71 (protons)

8.18

14.
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<I(I+1)>
: T »c0

2.25

4.0

1.5



A \ ‘ o
\ . v

which is the mechanism for cohversion in hydrogen, but .perhaps

a more important intermolecular interaction is that with a

paramagnetic impurity. The magnetic field gradient associa-

ted with such an impurity can induce a spin flip, thus
allowing conversionB. For gas samples, a convenient, and

y

often unintentional paramagnetic impurityJ is oxygen. , The

een well demonstrated2’3.'

‘

catalytic @ffect of oxygen on spin conversion in solid
hydrogen hjéﬁb

Spin’ conversion in solid CH, has been studied
primarily through' the use of infrared absorption and n.m.r.
technigques. The i.r. abéorption method fo}lowed the proé;ess
of spin conversion through céreful‘monitoring of the
intensity of gbsorption of the rotational fine‘stfucture on

56.' The‘measurements were made on CH4

vibrationai bands
méﬁrix—isolated in aigon.' Chénges in the optical absoxrption
intensities with time were causeq by the spin conversion
process. Methane .in anvargon matrix is nearly equivalent

to the methan; molecules in phase Ils, or the metﬁane )
moleculeé on the disordered sublattices of phase II, where
only crystal fiéld té;ms contribute to the potential. The
results of the optical measurgments indicated that conversion
in pure methane followed first order kinetics anq had a
lifetime of zbout 130 pinuteql The aédition of 0.2 mol per

cent oxygen shortened the lifetime to about four minutes. @«

Many n.m.r. measurements have been performed on CHy to

examine spin conversion, through the use of the known

S o
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dependence of the n.m.r. signal intensity, and hence the
sample's magnetic sﬁ;ceptibility on the mean squared nuclear
spin aggular momen tum, <I(I+l)>57. The value of <I(I+l)>
does, of course, reflect the progress of spin conversion.

The first n.m.r. observation of the kinetics of spin conver-
sion in solid CH, was made by Wolf and Whitnexssﬁ who noted
that, afger the sample was cooled to T = 4.2 K, the intensity
of“the’n.m.r; signal approached an equilibrium value at a
rate best characterised by a lifetime of about 130 minutes.
Confirmation of the effect of oxygen on the conversion rate
was soon made using a similar n.m.r. techniquesg. This

later experiment also indicated that conversion in pure CH,
todk significantly longexr than the time of the experiment

(24 hours), while a heavily OXygen-déped sample converted in
less than ten minutes. At intermediate oxygen concentrations,
the conversion process went to about’ 60 per cent completion
in twenty-four hours. Another careful n.m.r. experiment
studied the conversion rate for a large number of samples .
in,which the oxygén concentration was varied from.30 ppm. up

to. 4.1 mol per cent60

, and a change in thg rate of conversion
by a factor of fifty was ohserved between the lowest and
Bighest oxygen Hsncentration samples.

| A careful examipation of the results for oxygen-
doped samples from the varioug experimenps iﬁdicated that,

while accurateeoxygen—methane gas mixtures could be prepared,z

there was no guarantee thatethe compositioh of the solid was
o



ﬂ%e same as the initial gas mixture. Thus, many of the
kY

alffercncés beé@eeh different experiments ccould be ascribed
to sample histori.

The kineticé ekpe;iments were complemented by other
n.m.r. experiments designed to ﬁoliow the extent of conversion
at equilibrium, The n.m.r. siénal iﬁtensity was calibrated
so that accurate values of <I(I+l); could be obtained®’. At
T = 4.2 K, the value of <I{I+1l)> was foﬁnd to be 3.73,
considerably above the high temperature limiting_yalue of
3.00. This experiment conclusively proved the exié!ghce'of
spin conversion in solid CH4. The;e were, however, some
appaientiy conflicting results. A singie experiment at
T = 1.06 K on an oxy gen-doped CH, sample determined <I(I+1)>
to be 5.88i0.361, far above the previous value at T = 4.2 K.
In another n.m.r. experiment in which both the €quilibrium
values of <I(I+1)> and thé approach to équilibrium were
stuéiedsz, <I{(I+1l)> at T = 4.2 K was found to be 4.1, and the
value had risen to 4.6 at T = 1.6 K. The kinetics experi-
. ments were performed by cooling the samples rapidly from
T = 19 K to é series of lé@er temperatures while the magnetic
susceétibility was monitored. The results indicéted that the
conversion process was temperature dependent, with its rate
decreasing at lower temperatures. =

The obvious discrepancies between the'low tempera-
ture values of <I(I+1)> for the différent n.m,r. experiments

E 3

were resolved by a detailed study of a pure CHy sapplel7,

~
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whiéh showed that <I(I+l)> approached a limit of 3.75 if the
time of the experiment was only a few hours. It was
suggestedl7 that this limit corre5pondéd to complete conver-
sion on only the disordered sublattices in phase II of solid
CH,. Morcover; it was argued that higher values of <I(I+1)>
must include conversion on the ordered as well as the dis-

4

ordexed sublattices, and that oxy gen caéalysis was probably
involved. The behaviour of’<I(I+l)9 as a function of tempera-
ture, for the two proposed mechanisms, is shown in Figure 5.

Neutron scattering can also be used to monitorlchanges
in <I{(I+1)>. A neutéon total cross-section experiment on
“pure CHy was performed63 to see if spin conversion was detec-
table by this method. A small apparent increase in <I(I+l)>
was found at T = 4.2 Kl but the size of thé effecé.was much
smaller than that expected from the n.m.r. data, It is also
probable that the sample was not at equilibrium during these
experiments.

The large amount of data on spin conversion ‘in CHy .,
which once appeared bewilderingly complex, can now be inter-
preted in terms of the tdo AL fferent sublattice types present
in phase II of CH4, coﬁpled with the possibility of oxygen
catalysis. Recently, theoretical studies of co?version in
pure CH464 and in oxygen catalysed CH465 have bZen méde.
,The calculations on pure 'CH, show that the intramolecular
nuclear spin dipole~dipole interaction is the dominant‘term

mixing the various spin states, but it is the intermolecular
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The temperature dependence of <I(I+l)>, where

the upper curve is for conversion on all sublattices
in the phase II structure, and the lower curve for
the disordered sublattices only.
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' oétupolc~octupole interaction, modulated by the necessary
.phonon emission, which induces the transition botween the
rotational-spin states. This méchanism lcads to a calculated
conversion time of two hours for the disordered sublattices,
and a conversion time in excess of 2000 hours for the‘ordered
Sublattices. These results are in qualitative agreecment with

the most recent n.m.r. study66.

The calculations for the oxygen-doped CH, were aimed
primar;ly at obtaining & qualitative understanding of the
catalyged conversion process. " The calculation followed the
methéd used for oxygen catalysed conversion in solid hydrogen3
The two spin states, A and T, are mixed by the fluctuating
'magn%tid field which arises from the rotation of the CHy in
the field of the paramagnetic oxygen molecule.i The calcu-
lation was restricted to the)ordered molecules in phase II,~
and the results indicated that oxygen did provide a good
pathway for the conversion process, but that, below T = 0.3 X,
the efficiency of oxygen as a spin conversion catalyst would
be severely diminished.

Spin conversion alsc has a large effefé on the
measured heat capacities of methane. Early measurements of

\

the heat capacity of CH4 in phase II down to T v 5 K revealed

48’67, which was inter-

a broad anomaly centred near T = 8 K
preted as evidence of a transition from phase II to phase III.
Subsequent optical birefringence measurements in this rqgioh68

gave some partial support for this interpretation, since a

e L
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weak birefringence was observed. Conversion between spin
species Qas thought not to be Llhe, cause, 5ecause the entiropy
change in the anomal;dwas rather small (2.4 .J mole-lK_l), even
though it had been proposed that oxygen.catalysed spin conver-
sion might be occurringsg. As will be shown in this thesis,
kinetic results from ncutron cross-section measurcments
correspond very well with results from the carly thermal
measurements, thus firmly establishing that the heat capacity
anomaly around T = 8 K is a-conseéuence‘ogspin conversion on
the disordered sublattices. The counterpart for the ordered
sublattices is found in the anomaly in the heat capacity
ccgtred near T = 1 K, of oxygen catalysed CHy, reported
rccently‘by Vogt and Pitzer49.

Spin conversion in the other four isotopic methanes
is not so wellldocumented, and limited data are only

availablé for CH3D69. I.ike the other deuterated methanes,

CH3D has three solid phases, and the molecules in phase III

are probably in environments similar to the ordered molecules

of phase II. Hence, the energy level spacings for Ehe ‘
tunnelling levels should be small, and spin conversion could

be expected to occur at very low temperatures. In CHy» there

aée ?hree level% in the low lying tunnelling states, each of
different spin symmetry, and thus the existence of the
Schottky-type anomaly confirms that conversion is occurring. \\\J<

In CH3D, however, there are at least four levels and only

two spin symmetry species. The jxistence of a Schottky-type
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anomaly, therefore, cannot_be taken as proof of spin conver-
sion.‘ The existence of spin conversion has now been established
from deductions based on the entropy of CH3D53'76. Figure 6
shows the entropy, S, as a function of T bascd‘upon the

entropy of gascous CH3D, with the inclusion of the nuclear

spin entropy for the protons and the deuterons, and thermo-
dynamic data extending down to T = 0.15 K. If the entropy at

T = 0 K is estimated by extrapolation from the region ncar

T 10 K, then it is found to be R1In96. This indicates that,

at T = 10 K, no nuclear spin conversion or ordering of the
deuterium position has occurred. The further reduction of
the entropy below T = 4 K corresponds to a large Schottky-

>2:53  If the data to the

type anéﬁaly in the heat capacity
lowest experimental temperature are used, the entropy at

T = 0 K is estimated to be near Rlnl4. The full significance
of this result will be discussed later in the thesis. Here,
it is only necessary to note that the reduction in entropy

is greater than Rlné6, which exceeds the amount (Rln4) that
would be caused by preferential alignment of the C-D bond

in the crystal structure. The excess change in entropy can
only be caused by spin conversion. )

An early, but inconclusive, n.m.r. susceptibility

71

mgasurement on CH,D showed a slight increase in <I(I+1)>

below T = 2 K. Recently, the n.m.r. susceptibility measure-

69

ment has been repeated with a much improved technique and

the results definftely indicate that spin conversion occurs

s

1
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can be correlated well with the avail

JThere has becn a suggestion52

le thermodynamic data.

that conversion might
‘also QGour in solid CH,D, at low tenlperatures. Some evidence

for tﬁﬁs has been obtained from th
results.

i

neutxron .cross-scection
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CHAPTER III
NEUIRON SCAT'TERING ~' A NUCLEAR SPIN PROBE

-

III;l Introduction
. The sensitivity of neutron scattering to the ngﬁ}ea:_
spin state of é molecule has been well established for the
' 872,73

. D w
ortho-, para-hydrogén’ exarnpl . For solid hydrogen,

howeverx, neutro; scattering wag never used to follow the
conversion proceds., 6 L.B. Borst made.the first attempts to
use ghe technique to detect conversign in methane, water and
acetylene7ié75. Unfortunately, the egperiments yielded
ambiguous results, Much later, Johnston and-Collins63
obtaiged clear, but qualitative evidence of spin conversion
in CHy4. Né quantitative data of a quality cgmparable to
that from n.m.r. experiments were obtained. The neutron
.scattering results repofted'in this fhesis represent a
further‘refinemenﬁ of the teqﬁqique used hy Johnston and
Collins,, to the point where quantitative information about

!

the spih~conversion process has been obtained,

III.2 Neutron Scattering - General Theory *

-
-

The interaction of slow neutrons, that is neutrons
" with thermal energy or less, with.matter is strongly'éepenF

dent on several factors. It depends on the thermal motion

38 ‘
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of the scatterer, the interference between the sgattered waves,

the chemical bonds present in the scattercer, and, finally,

on the nuclear spin state of the scattererzs.

Thermal neutrons have Qavelengths comparable to
interatomic spacings (1 t6 5 &), and thereforé neutron
scatterihg provides an‘alternate diffraction method for the -
examination of the structure of solids; liquids and gases,
Tﬁermal neutrons have-the further advantage that their
cnergies are of similar magnitude to the energies of lattice
vibrations, mqiecular vibrations and many other basic excita-
tion processes in solid;,'liquiﬁs and gases. Inelastic
ﬁrocesses in thﬁh the neutron loses or gains a significant
fraction of its initial enexgy are easily detected, and make
neutron séattering a powerful'brobe of the possiblé’excita—
tionhs and dynamics of a crystal77. ‘

The range of the neutron~nucleus interqctioﬁ is much
shorter than the neutron wavelength (10—14m), and the
scattering potentiél can~be approximated by a delta function
centred on the nucleus. The sc;ttering amplitude of the
neutron wave from sﬁch'a pofential; f(k), is spherically,
symmetric for scatteriné from a singlé fixed nucleus, éuite
uﬁiike the behaviour of f£(k) for X-rays. Because f£(k) is a

constant, it -is normally called the scattering length of

the: nucleus, If the values of the scagttering lengths, b,
78

” * - 3
are examined. for the various elements’”, it is immediately

obvious.that the values differ from one element to the next,
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énd they even diffex from one isotope to another. 'In .
addition, the variation of the scattering length through the
periodic table appears, at first glance, to be totaiiy';andom.‘
In fact, the scattering length contains contributions from .>
two sources. The obvious source is that b is.propqrtionai.to
the 'size of the nucleus which should lead ﬁo a gradual
increase of the scattering length with nuclear mass. Super-—
iméosed on thi; rather predictable trend is the more complex
. phenomenon of resonance scéttering. In any nucleus, therxe
are maﬁy energy levels, and a resonance interaction of the
incoming neutron with the scaﬁtering nucleus can lead to
radical changes in the scattering'length78. The scattering
length, which is always compl%x,‘can even become negative,
These radical changes in the scatteriﬁg 1eng£h due to
resonance interaction§ do not follow any trend with respect
to mass number as do’the scattering amplitudes for X—rays:
Thus, neutron scattering provides a method of analysing |
structures nét amenable to X;ray diffraction techniques.

To returnm to the simple case of a single nucleus
fixed at an origin, the total cross—séction, o, of the
ﬁucleus is defined as

o = 4mb2. |, T Y
Tﬁe normal un;t of negtFon cross-sections is the barn (10~24
cmz). If the nucleus is free to move, however, the

scattering takes place in a centre of mass frame of referencs,

and a correction must be made to the cross-section., If a~

-« .

]



nucleus of mass M is bound in an otherwise inert.free mole- .’
) [N . 5

cule of, mass M, the total cross-section for scattering the

_neutron of mass m is reduced from the bound value shown in

(7] to??

- m+M ’ )
’ 0mo]_ —‘ am ( )> n-[8]

- . , If the scattering occurs from a number of nuclei

which aré fixed in posﬂtion, for example, in a molectle or a
solid, the neutron scatterin§ is characterised not only by
the elastic,and:lnelastic processes, but also by the. phase

) relatlonshlp of the scattered heutron waves; whether the .
scattering is coherent orxr 1ncoherent.’ Unllkehx—reys,;where
"incoherent” (diffuse) scattering can only arise throuch dis~ ¢
.order of chemically dlfferent species (for example an’ AB

. alloy), incoherentfneutrbn scattering can arise from two
addltlonal sources: the random dlstrlbugﬁon of lsotopes of“'
the same element throughout the system, and the ex1stence of
non zZero nuclear spins on the scatterlng nuclei. The, flrst
is slmpler to 1llustrate. .

Nlckel has flve‘commonly occurring isotopes, all

79

wifh gnite different scattering lengths “but, in the solid,

R
i

an effective scattering length, B, can be defined as the ;-
weighted average of thie isotopic scattering lengths

b = i wi bi' ' s . [9] ‘

n

The effective scattering length determines the intensity of‘_

el



N
)

i ¢

-

£ T the observed ccherent scattering, which is, of course,
a° -

‘responsible for diffraction. - If equation [7] is recast for

*solid uickel} it becomes'

v t

2

o = 4w L owy bi ' . . : [10]
y - , ‘1 . . _
. ’ and a coherent cross-section can be similarly defined, except‘
»  that b is used: ..
: : . 2. )
. _ .o = 4wb°". - : _ o [11]

¢oh

. . «

«

‘The iné&ocherent cross-section is defined as the difference

! L

’béfweén‘ﬁhe total cross-section and the coherent cross-section

‘and is équal to

. ¢ .
R _ .—--2 _ =9 !
L e _ 9inc, él (b% - b%). [lg}

A}

Equation [12] shoWs,tha% the incoherxent scattering, due to

the isotoPe distribution, is causea by the random fluctuations

thioughout the sample of the scatterlng length from its mean

-

yalue. The formal result shown in [12] also applles to the

case of nuclear sgln lﬁcoherence, althdpgh the cause is

[
-

+

o perhaps more complex,

\ . The resonance scattering term does not depend directly

on the écattering nucleus, but rather on the compound nutleus
formed by the neutron-nucleus sys tem. If the scatterlng
nucleus has a nuciear spln,I, the compound nucleus can have

¢ ‘a spin of elther I+% or I-%, and the resonance energy states \

for the two compound nucle1 are completely dlfferent, as ‘are
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. s
79 A C .
the scatterlng lengths . The two possible scattering lengths

are usually de51gnated as b and b_ respectively. The - 7

expressions for. the coherent and incoherent cross-sections,
80

¢
for elastic progesses, are as follows

* : 2
: AT
9coh 4"«§T¢T)b+ +(21¥I)b—) - [13]
A ¥ .
Oinec = 4n [I(I+1)] (b, - b_z? T [14]

(21+1) 2

The fncoherent cross—section.is‘dependent.upon the square of
the difference'between the two’scatteripg lengths, ané,-for
most npclei.with non zero.spin, the ?ifferende is small as 1is
the incoherent cross-section. Hydrogen is an excepeion in
which the two scattering lengtﬁs are of opposite sign and
roughl§ equal‘magniehde,ﬁhich causes the inooherené cross-
section to be Qefy large (79.8b), - much larger than the |
coherent crxoss-section (1.8b). As the name implies, the
incoherently scattefed'neut;ons, whether from_spio or isotope'
effecps, canﬁot inﬁerfe;e with other scattereé'neutrons,
of“with the incident beam, because all of the-phase

1

relationships have been lost.

Neutrons scattered from a crystal can'be divided
into four groups. The collectlve propertles of the

scatterers are reflected in the coherent elastlc and inelas-

tic scatterlng proce5ses76, whlle the incoheréent elastic

and 1nelast1c scatterlng are associated w1th the scatterer

-

IR PN
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only, and no collective information is incorporated into the

scatteringsl. ‘

¥
ITI.3 Scattering from Hydrogenous Molecules

For scatterers containing hydrogen, such as methane,

the cross-section is dominated by the incoherent scattering

and, for'éuch samples, fhe orientation of the crystal .rela-
‘%}ve to the incident and scattered neutron beém is irrelevant. e
Poiycrystalline samples are usually ﬁsed,.and the inelastic
scattering can only yield,information on the energy of

§ [

excitations and the density of states for such excitation

processes8%: The elastic incoherent scattering normally

¢

contains very little information about the eﬁvironmenﬁ of
the scattere% exéept that it is affec£ed by nuclear spin
‘correlation within a molecule. | ' ~

If spin correlation i$, for the present, neglected
then some useful generalizations about the behaviour of the‘
cross-section of hydrogeneous molecules can be made from |
both a theoretical and an experimental vi@&point. Most - .
hydrogeneous‘molecules are organiijoiecular crystals wherxe
the weak'intgrmolecular‘interactions, éoupled wi'th the non-
coiiec&}vé nature of the incoheren£ cr6§s-section, have ﬁade
common, the almost eésentiél, assumption thét the

o

moléCUles can be effectively treated as free molecules.
Almost all theoretical tfeatments to date have considered
only the scattering from free gas molecules, neglecting .

the possible effects of a solid or liquid environment,
. < - .
N
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The complete theoretical expression for the total
cross-section is deceptively simple. For an array of N, not
necessarily identical, nuclei the total cross-section is given

by,

v 2

, ¢ ~ A ‘ 2 *

o= fda = I g.|<f| I b, exp(il-f.)[i>] [15]
~ . i . j ! '

oi,f Jj

1l

where 95 is the .thermal population factor of the initial state

§j is- the position vector of the jth nucleus

o
is the neutron momentum transfer, Q = k - kg o

o> 0}

and is the scattering length operator.

3
The sum in equation [15] is over all péssible initial and
final states of the system, and evaluating these matrix
elcmeﬁts is very difficult, if noé‘impossible, even for a
simple system. Zemacﬂ‘and Glauber managed to circumvent the
need to sum explicitly over all possible states through the
use ,of a cleve£ operator fo;malismaz. They solved the two
rélatively simple cases of the translating nucleus and the

1

rigid rotq;. The calculaéion was then éxtendedh with
difficulty, té the ;pecific case Qf-methane83. A dgreat
simplification of the formalism wag made b§ Kriegexr and

Neikin, but at the expense of generality84. The %implificétion

involved approximations which made. easier the handling of

translational, rotational and vibrational contributions to

"the cross-section of the molecule. .Thése approximations

<— g L
restrict Eﬁe use of the theory to temperatures larger than

the rotational constant of the moleéule, to incident neutron

-
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crniergies much larger than the rotational level spacings, and
to systems where the effects of nucléap spin are absent. The
theory has the advantage, howévér, that it provides an easily
calculable cxpression for the cross-section, especially :for
molecules of high symmetry such as methane. Details are
given in Appendix 1. . A characteristic of cross-sections
calculated by this method is %their linear decrease with
*temberature. The sldpe of the line is primarily a function
of an effective mass parameter derived from the mass tensor
concept of Sachs and fellerBS{ whiéh combines the rotational
and translational behaviour of the molecule into one scalar
representation, the efféétive'mass. The physical interpre-
tation of the decrease of the Eross—sectiop witﬁ temperature
is entirely associated with the possible inglastic processes
because, as the temperature decreases, the population of
excited states decreases and the probability of inelastic
energy gain processe§ diminishes' accordingly. The elastic .
cross-séction is temperature independent. The Krieger-
Nelkin method has been very successful in déscribing the '"*”:3
behaviour of many hydrogeneous ﬁolecular systems in the gas,

liquid and solid state7%'86'87.

<

III.4 ' Neutron Scattering from Molecular Spin States

t . ’
',lThe incoherxent cross-sec%ion expression [14] assumes
: 1€

H * e

. that the neutron spin and the nuclear spih are randomly

oriented, which Ehen allows. the ready evaluation of several

spin expé;tation values77. In molecules with several
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identical nuclgi with non—zéro spin, this assumption is no
longer valid 5eéause the Pauli Principle forces correlation
between thé nuclear spins. When this occurs, the phase
relationship between the_yuclear spins on theilike—nuclei is
no longer random, and intexfercence between neutrons scattered
from these nuclei can occur. The exact nature of the
addiﬁional terms in the créss-section due to coherent spin
dependent scattering within the molecule could, in principle,

be calcﬁlated from équation {15], but now b the scattering

jl
length, is a spin dependent operator. An indication of the
complexity of the problem can be obtained from the conside-
ration of a épecial case, the neutron cfoss~secti9n at long
wavelengths. . If the neutron wévelength is very long and

only elastic scattering is considered, equation [15] -

simplifies to the form

o= fdQ — & gi[<il ? _£j|i>| , [16]
' ) “ | \
- where the exponential has been expanded and the first term
retained; The imgprtant term is the square of the expecta-
tion value of thé spin dependent scatteriné leggth. Wﬁen
equation [lé] is evaluated (see Appendix 2), it is evidént
that o is proportional to <I(I+l)> fof the molecule., The
additional dnterference term in the créss-section caused by
spin eorrelation is associated with scattering off the spin
state of thé molecule, rather than the individual nuqlei.

It is this result that allows neutron scattering to act as
a4 ,

Y

[ W
by
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a prébe of tﬁe mplecul;r nuclcar spin states and the accompany-
ing effects gf spin’conversioﬁ. Spin correlation does not
occur between 5olecu1es, except at very low teﬁperatures, and
the necutron waves scattered from dffferent molecules cannot,

interfere. Hence, the neutron scattering appears totally

4 .
incoherent to the cxternal observer. 2

, If the long wavelength restriction is removed, the
effect on the relationship between ¢ and <I(I+l)> is not’
obvicous. Zemacﬁland Glaubexr attempted to gxplain the
additional spin-dependent term in the cross-section when they
applied their theory to CH483. T£ehresult Qas again a germ
’ prbportionai to <I(I+l)>, but modified by a matrix element )
related to the rotationai motion of the molecule. Séveral ///
authors have since tried to evaluate these terms with varying
88,89,90

degrees of success The equivalent term for the

simpler case of hydrogen’®

shows that, at finite neutron
wavelengths, the magnitude of the proportionality constant
between ¢ and <I(I+1)> is reduced, but the form of the depen-
dence is not aléefed. The extent to which the effects of
correlated épinslare observable is a‘difect function of the
ratio of the neutron wavelength to the proton §eparqt10n.
This conclusion is supported experimentally in that the two
spin species of solid hydrogen have ciearly different
cross-éecﬁions at wavelengths only‘sﬁightly longer than the

72,73

proton separation , ‘@s 1is shown in Figure 7. . Methane

. . o ’
has a proton separation of 1.8 A and, therefore, a.neutron

¢
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beam of at least that wavelength should be used if spin

correlation effects are . to be observed.
1




CHAPTER 1V

EXPERIMENTAL

!

Accurate mcasurements of ‘the total neutron cross-
// sections of the solid methanes required the development of a
neutron spectromeiter and a cryoéenic apparatus to contain

the methane samples at temperatures from as low as possible

o had to be analysed

to the melting points., The samples a

so that the data could be properly internpreted.

<

IV.1l Sample Preparation
1.1 Handling and Stoborage

Since a neutron heam with a large cross-sectional
arca was required to yield acceptable counting rates, the
samples had to be rather large. For maximum sensitivity it

as found necessary to use samples of about 0.1 moles of

methane.

All samples were handled in a high vacuum system
(p<10~® Torr), énd manipulation of the.samples within the
system was accomplished with the use of liquid nitrogen and
liquid helium. Once sample preparatién was completed, the

samples were transferred to lecture bottles which had been

leak tested and baked out under'high vacuum.,

51
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- 1.2 The Samples

(i) CH4: Two samples were used. The first (Rescarch
Grade, Matheson) was copdensed directly from the lecture o
bottle supplied’ﬁy the manufacturer. 1Its purity wa§ better
tﬂan 99.99 per cent. Randomtﬁatch analyses of this grade
of methane by the manufacturer sﬁowcd normal oxygen levels of
2 - 8’ppm.; 7

l The second sample was deliberately doped with oxygen.
A small amount of oxygen (Rééearch Grade; Merck, Sharpe and
Dohme) was mixed with a large volume of Research Grade
Methane at room temperature. The final mixture was estimated
to be 0.66 mol per cent 6xygen, which was subsequently
verified by a gas chromatographic analysis of the sample.

(ii) CH3D: Two samples of the monodeuterated////
methane were examined, but their prepara?ion was ﬁofé
involved. COmmerciaily available deuterated methaﬂés are
isotopically impure and usually contain an apprésléble
amount of alr. It was not practicable to attempt to purify
:the saméles isotopically using avallaple gas ‘chromatographic
téchniquégﬁl.' The samples were, however, analysed mass
spectrometrically to determine their isotopic compositions.
The results are given in Table IXI. The composition deter-
mined for the CH3D sample compares favourably with that for
similar commercial samples used in o@her.st;die557'92.

_Both CH3D samples were drawn from the same manufac-

turer's lot and differed only in the effort applled to
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“

~¥emove otherx impurities."The first samﬁle was ug{gizz;h Ao
additioné} trgatment, and fgé%)an analysi;\qf the_n.m:ra spin
relaxation time (Ty) in the liquid93, it was found to contain
1.2 mol per cent of oxygen., An effort was made’ to remove all
traces of ai¥ from the occond sample, It was exposed to a
diffuse layer Misch metal (a cerium-lanthanum alloy) getter
which has préviously been shown to be very effectlve for the
removal of air from methane samplésg4. For example, similar
samples, used in n.m.x. Tl mcasurements, had no detectable
levels of oxygen in them (less than 1 ppm.) . In the
llmlted handling of the sample after the getterihg, some
impurities were probably introduced, but the amount is
estimated to be less thqp 10 pgﬁ..

(iii) CHyDy: Only one séﬂple of CH,D, was used.
The sample was dxpwn directly from the material supplied by
the manufacturer (Merck, Sharpe ané Dohme) . ‘The air cdntent
was reduced somewhat by trap to trap distillation at T = 77 K,

- v

which should have reduced the oxygen content to less than
560 ppm. No attempt @as made to purify tﬁe saméles isotopi-
cally, but a mass spectfbmetric analysis of the sample was

made and the results are shown in Table IXTI.
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TABLE III

Isotopic Composition of Dcuterated/ﬁgthanc'Samplcs (mol %)

Sanple Composition:

CHy  CH3D  CH,D, CD3H | - CDy
CH3D 3.6:0.1 95.3%.1 0.9%0.2 0.2:0.1 -
CH,D, - 2.2£0.2 97.8%0.2 - -

IV.2 Cryogenics

The gyzggenic problem; assaciated with the measurement
of total neutron cross-sections at low temperatures were of
three kinds: production and maintenance of low temperatures,
the construction of a suitable sample ¢ell, and the measure-
ment and control of the temperature.

a

* 2.1 Production and Maintenance of Low Temperatures

The main element of the cryogenic system was a
commercial cryostat (Oxford Instruments, type MD4A) which.
included a special variable tempeyature insert that permitted
studies over the temperature range from 1,3 K to 300 K. The
insert consisted of a small vessel (125 cm3) suspended below
the main helium-4 resevoir (see figure 8), and could be
operated in two modes.‘ To operate below T '= 4.2 K, the insert

was filled with liquid helium drawn from the main helium -

L]

. -~



Figure 8.

The Cryostat
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Leservoir through a needle valve. When the insert was full,
tﬂe vapour pressure of fhe liquid was‘reduced by a high
capacity roéqry oil.pump (190 1/min) thexreby reducing the
temperature to 1.3 K, a temperaturé that could bé mainﬁained
for épdut four hours. If, additional low temperature operation
was required, the insert had to be refilled, a procedure that
could be performed very quickly (1 to 2 minutes):

To operate abpvé T = 4.2 K, a diffgrent procedure
was réquired. The insert wés constructed of a ‘low conducti-

~

vity stee alloy;\@né a considerable temperatﬁré gradient

imposed across it., By evacuatghg\fﬁe insert

vessgl and then reintroducing controlled pressures of helium

coula-

gag, the heat flow from the sample stage to the main liquid
elium reservoir could .be precisely controlled and the
temperature of the sample varied continuously up, to T.= 100 K,

The cryostat had two other special features: a N
central tube (5 mm in‘diameter) to the sample vacuum space
which cérried a filiing tube to the cell, and a tail assembly
constructed entirei& of aluminum, wﬁich'had thin sections to
act as neutron windows. {Aluminium has a veryblow neutron
cfoss—séétion.f The total thickness of aluminiuim in. the
windéw region was lesé than ;.5 mm. . The neutron windows were
large enough to. ensure that the majority of the sample vacuum
space - was accessible tg the neutron beam.

‘After several preliminqry experiments, it was obvious

. that a great deal of interésting data might be obtained at -

L2
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still lower temperatures and so the feasibility of construc-
ting a helium-3 refrigerator within the existing cryostat
was investigated. There were several spatial problems to be

overcome because of the‘limited sizes of the ceniFal tube
and the sample vacuum séace in the tail asscmbly.

The helium-3 refrigerator was constructed in such a
/
way as to make minimum alterations to the basic cryostat. A

small copper chamber and a connected filling line for conden-

/
|

sation of the helium—3[qere added. The chamber was cylindri-

gal with a volume of li.S e’ (see'figure 10) . The dimensions
|

of the pumping liné,whﬁch also served as the filling line,

determined the lowest accessible temperatures of the refri-

f \

gerator. Two -tubes hdd to pass through the central access
| .

)the cold walls (T = 4.2 K). The sample

, j
filling tube wagﬁmade/of stainless steel (1 mm O0.D. and 0.1 ¢

tube without touching

mm wall thickness), and wound with an jnsulated manganin
! ' T

heater (300 Q) which %as used to prevent blockKage of the

. tube during cooling Jf the sample. The heating wire also
insulated the tube f#om(the.walls of the central tube and
the helium-3 pumping;liné,~which occupied 'the remainder of
the space within the/centrgl shaft.

. N
the helium-3 reservoir, the mean free path of helium (0.1 mm)

At the low t[mperature end of the pumping tube, .near
was smaller than the diameter of most tubing and the gas
flow through such tubing was viscous while, at the room

temperature end, the mean free path was much larger (15 mm)

— e
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,ﬁpfentering the helium-3 condensation chamber. The bends

. 58

L

-

than tﬂe diameter éf £he ceﬁtfal tube and the flow was.
molecular. A calculétion of the flow impedance of the-
pumping line, using empirical Eormula@gs derived for the
various flow regimes, indicated that the short; small diameter
section of the punping line at the top of the central tube
was tﬁe flow limiting section of the system. it is the
pumping speed which, of course, determines the refrigeration
capacitylof the system. The final configuration of the
pumping tube was a short section of 4 mm 0.D. stainless stecel
tubing near the top of the. shaft, .where it could be allowed
to touch theoQélls; followed by a longer section of 3 mm
diameter tube down to the vériable temperature insert. At'
this boint, a short section.of copper tubing was put into
the line and thermally anéhored to the variable temperature
iﬁsert. During the operation of the helium-3 refrigerator,
-

the insert was kept at T = 1.3 K and the short section of
copper tubing aided the condensation of the helium-3. Below
the‘copper tubing, the line was reduced té a 2 mm diameter
stainless steel tube which had two staggereé 90° bends prior
acted as fadiétion baff}es‘for the pdmping line. | L

The helium-3 refrigérator had to be thermally iso-

lated from the rest of -the cryostat. ' The cryostat was

always operated undexr high vacuum at pressures always lower

than 2:»{10"6 Torr, and the effects of thermal radiation were

reduced wherever'possible by radiation shields anchored

.)t

P
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either to the liquid nitrogen or the liquid helium reservoir,
With these two factors minimised, the major source of heat
influx was conduction down the electri%al lgads. All wiring
terminated 'at three ten-pin’electrical connectors moﬁnted
necax_ the base of- the cryostat (sce figure 8). The electrical
leads‘into the cryostat'we¥e #40 copper for low current

°

application and #36 copper for higher current~hse. Two
metres ofr&ire were used between the external connectors and
%he first thermal anchor on the liquid nitrogen reservoir and
a further 1.5 metres, between the liquid nitrogen and the .
liquid ﬁeliuﬁnreservoir. At the base of the liquid helium
reservoir as many copper wires as possible were converted to
constantan (#36) to reduce thermal conduction to the sample
cell. At the juncture of ‘the two'éissimilar metals, great
. care @gs taken to ensure that all the joints would remain
isothermal, thus reducing possible thexrmal emf. problemé.
Thin-walled (0.1 mm) stainless steel tubing was used for. the

*

filling and the helium-3 pumping lines to reduce thermal ‘
conduction down their lengthé.

In‘order‘to operate the cryéstat both above and
below T = 4.2 K, however, it was necessary to introduce a
controlled heat leak between the sample chamber and the
variable tem%%;;ture insert, This was accomplished by a
strip of ultra éure tin (99.9998 %) which acted as a super-

conducting heat éwitchge. Below the superconducting transi-

tion temperature (3.7 K), the thermal conductance of the,

PRI
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Figure 9.

The Helium-3 Refrigeratof (Schematic)
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switch decreased by almost two orders of magnitude and
thermally isolated thé_celi. ,Above T = 3.7 K, the switch
became a controllable heatf leak to the cell.

To operate the helium-3 refrigerator, the variable
temperature insert was maintained at 1.3 K: and helium-3 gas
was introduced into the helium-3 reservoir and pumping line,
By maintaining an overpressu}e bf helium~3 vapour a small
quantity of helium-3 was condensed. The vapour pressure
over the liquid was then reduced to‘approximately 2x1071
Torr using a sealed rotary oil pump. In‘the usual experiment,
the helium-3 refregeration system and the sample &dttained a
;table minimum teméerature of 0.75 K which could be mainpained
for about four hours. The helium-3 handling‘syétem was
enéirely sealed, ;nd the gas could be manipulated&within the
syétem with the 'uée‘éf the rotary pump. éeriodiqally, the
gas was purified by pgssing it through a cooled (T = 77 K)
charcoal adsorption trap. A schematic layout of the helium-

3 Yefrigerator is shown in figure 9.

2.2 The Sample Cell 7

- The sample cell was made an integral part of the
ﬁelium;3 refrigerator for two reasons: to ensure that the
cell and the helium-3 liquid resexveoir maintained good thermal
contact, and to overcome a constructional difficulty. The
sample filling tube had to be made from stainless steel to
minimise hgat flow, while the sample cell needed to be of

' R rs L=
aluminium to maximise the neutron tﬁgnsmission, A reliable,



Figure 10,

~

Cross-sectional vView of Samplg Cell

and Helium-3 Reservoir

a. sample volume

b. liquid helium-3 volume

c. variable temperature inse{t

d. - helium-3 condensation and pumping iine
e, sample introduction tube
f. indium deal )
g. carbon reéistance‘thermometer

h. 50Q heater -

i, tin heat switch
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low temperature scal betwcen the two metals proved to be
almost impéssible to prepare. Good thermal contact ﬁnd a
reliable secal were achieved,‘howevcr, by joining the sample
cell Eo the hclium—BreservoirthrOUgL an indium scal. The
filling tube was then soldered into the copper helium-3
rosevoif through which a 1 mm. diameter hole had been bored
to coincide with a similar hole in the aiuminium cell. The
frnal arrangement is shown in figure 10.

The rectangular sample cell was constructed with its
two largest parallel faces machined to a thicknéss af 0.4 mm
"for high neutron transmission. The remainder of the cell
was kept ;s'massive as possible to minimise thermal gradients.
The internal volume of the cell was 2.20 cm? and the cell
thickness, a crucial parameter in the cross-section calcula-
tions, was determined to be 0.35530.002 cm. The base of th@
cell was dgsigned to accommodate the resistance thermometer,
a~resistive heaters, and the tin superconducting heat switch.
The neutron windows were defined with sheet cadmium, a
material of very high neﬁzron cross-section, to ensure that
‘neutrons cguld only pass through the volume containing the
methane sample. 4

2.3 Measurement and Control of the Temperature
The wide range of temperature over which the cryo-

stat operated necessitated the use of two types of thermometer.

At the lowest temperatures, below 4.2 K, a resistance ther-

- mometer was used to determine the sample. temperature while,

E



64

e
-

above 4.2 K, a thermocouple was used. The resistance
thermometer was a carbon composition resistor (Speer, 200 Q,
% watt) mounted in the base of the cell (sce fiéure 10) with
a light coating of grcase to improve thermal éontact. The_ -
electrical leads were wrapped arcund and varnished to the
base of the cell to enhance the thermal contact. The resis-
tance was measured using a standard four-probe technique,
with the current supplied by a very stable mercury Hattery
(1.40 V) and a current limiting resistor. In normal operation,
a current o£-5~10uA was used, and the voltage across the
resistance was measured with the current passing in both
directions to eliminate thermal emf. effects. The resistance
was determined by éomparison with an accurate standard
resistor (300:.001 Q). Using this teéhnique, the resistance
could be reproduced to within 0.1 @, and seemed to be unaf-
fected by thermal”cycling. )

The thermometer was calibrated by comparing its
ipdication with those of a helium-3 vapour pressure theymo—
meter and a calibrated germanium ?hermometer. The R-T

k]

relationship is displayed in figure 11 which also shows the
relationship for a similar Speer resistor97.

Above T = 4.2 K, séveral thermocouples were used to’
monito€3the sample temperature and to measure temperature
differences between various elements of the cryostat. The

thermocouples are listed in Table IV. All of the thermo-

couples were insulated and stuck to metal surfaces with
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1000
800

600
R(Q)

400}

L » calibration
s points ,
9-—sinf1;5l§1r thermometer
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200 ret3s f -
,"/ )
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42 2 15 1T 0.7
K - -

Figure 11. The resistance-temperature curve for the
carbon thermometer. )
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- stages. - The variable temperature insert was first set 39 a

66 -

v

'Glypta{.Varnieh to ensure good thermal contact. Thermocouples

.

1l and 2 provfded an absolute measure of the température of the

variable temperature insert and the sémple cell reSpeqsivele

bedause they were referenced to the stable temperature of th

o 4

helium-4 resevoir. Théy could measure temperature differende)

’,

of 30.05 K over the temperature range,froﬁ 1.5 K to 100 K.

.

Thermocouple 1 had been calibrated by the manufacturer of .the

~

cryostat, from T = 1.45 K to T = 300 K. g Thérmocouples 3, 4.

“and 5 were only used to measure temperature differences.

P

.
~

TABLE IV ,
Thermocouples,
. Reference .
Number - Material> Position
pt ~l“ . gold ~0.05 atm.% iren Helium-4 reservoir to.
* vs chromel-P . variable temperature
€ - insert t ) : v’
2 .gold-0.07 atm.% iron Helium-4reservoir to
_vs chromel—P ' sample cell bottom
i & f <
3° - chromel Vs constantan variable temperature
P . . ‘ , insert to sample cell
” T Q ‘bottom
4 v chromel vs zg:onstantan’z*é sample cell bottom to
X ‘ ‘sample cell top -
: . ’ <
5 - copper -vs constantan variable temperature ~. .
‘ . + insert to gas inlet :

~ ) ' - -tube

[}
1
-

Temperature,control above 4.2 K was effected in two

4

7
M2
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> ‘'control used a - -fully proportional controller, designed for

*T\kﬁmple tempexature, for periods of several hours,ito better

67

'

temperature sllghtly below that of. the sample, with a 51mple o
on—-off controller (Shinko}: whlch used a carbon resistor
(ohmite, 100 @, % watt),mounted on the base of the insert\as

a temperature sensor. The controller regﬁlated the passage

o®

of preset currents (0 - 100 mA) throughsthe 100 @ heater in

the base of the insért. By this method, the temperature of

the insert could be controlled to better ‘than 0.1 K over most
of\the'temperature range studied. The second §tage of
low temperature use98, with thermocouple 2 as,the temperdture
sensor. The heating current could vary from 0 to 100

through the 50 Q manganin 0011 wound on the base of

‘sample cell. The use of both controllers regulated the

<
©

than 3#0.01 K, over the temperature range from°4.2 K to 100 K. &
| Sample temperatures between 1.4 k, the minimum saﬁple
temperature using the variable temoerature insert,iand 4,2 K
were controlled by oPerating'the'insert at 1.3 X, .and then
passing.a small“pohetant current (0 to 5 mA)‘through.the cell

heaters. ‘This method could ¢ontrol the cell temperature to

within +0.025 K, for several hours ) v -

W RPY

IV.3 The Neutron Scattering Experiment

3.1 @Be Neutron Spectrometer
i . .
A long wavelength, moderate intensity neutron beam ,
" . . t

¢

was required to measure precise

entron cross-sections, whicl
" L

would best show the effects of puclear spin species conversion.
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, monochromator

‘McMaster Nuclea
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Unfortunately, these two requirements were di&metrically
opposed for. a neytron beam froﬁ a thermal neutron.nqciear‘
reactor. The wavelerngth distrigution from such a reactor,
with a moderator temperature of 315 K (the éperating condition
of the licMaster Nuclear Reactory, is shown in Figure 12, -

note the long taill extending to higher neutron wavelengths.

As the wavelength increases, the neutron intensity drops

‘sharply, - so much so that, ‘at a wavelength of 53, the

intensity is a factor of 200 less than that .of the maximum.

In any total crogs-section experiment the final 0peratﬁng

point would have| ‘to be a compromise between these two °

factors: wavelength and intensity.

Wnile neithexr of the neutron spectrometers at the

Reactor was ideally suited for iong‘wave—

length total cr ss-secﬁion measurements, it was decided that

I

o ' .
ngth (1.06A) twin-axis neutron spectrometer

99

the fixed wavel

was the better bne to modify

®

. The long wa?el%pgth mono-
chromatic‘nedt on beam was préduced by Bragg refleé%ioh
from a‘single rystal of‘pYrolytic graphite, and the spectro-
meter modification involved the instaliation of a graphite

nd beam tube. .

- '
The physical arrandement of the existing twin-axis
spectrometer .is shown in Figure 13, The positioning of. the

graphite mdnochrqgatOr was determined by the la:gest inter-

w

. o
in graphite which is knaown to be 6,7A and,

¥

planar spacin

f [°] .
to obtain neutrons with wavelengths near S5A from such a

WA e e e g
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Figure 13. Twi#s-Axis Spectrometer
a. graphite monochromator (4.72)
b. aluminium monochromato; (1.06;)
c. berylliﬁm filter
d. b@am stop
e. helium-3 circulation system
f. vacuumesystem
g; counting electronics
h. specimen-table : -
i. helium-3 proportional counter
j; water-filled shielding tanks-
k. paraffin

“1. main gate on neutron beanm

m. "white" neutron beam emerging from
reactor .

n. reactor pool wall.

—~
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monochromator, the"diffraction angle, 20, has to be near

100°. Access through the water-filled shielding tanks limited

the available monochromator positions to a range pf values

’

for 20 from 60° to 95°:

The monochromator base,. rigidly mounted on a lathe
bedq, was conneeted to the centre of the spectrometer sample
table by a telescoping'aluminium beam tube, of 7x7 Em erdsé~'
section, whlch cnsured the correct allgnment of Lhe neutron
beam with respect to "the sample.mountlng p051tlon.

The monochrométo; was an_oriented graphite single
crystal (Unioh Carbide), 9.% xm x 5.1 cm x 0.16 em, with

3

the c-axis of the crysta;<p§rpendicular to the largesg

[y

cxystal face, and é'mosa;c spread of 0.8%. The large
mosaic spread increased the intensity of theJsbeam Slgnlfl—
cantly,and the i?ss of monochromaticity of - th beam did not

affect the neutron total cross -section experiment to any

-

great ‘extent. R - , - '
oA * ‘ - .
In Figure 14, a cross~3ectional view;of the beam

L, @

starting from the monochromatoxr is shown. 1In the:firét
section ef the beam'tebe, the neutron béam was redueed-in &
size and roughly collimated, to a dlvergence of 1.5°, by a
long plug of poiymethylmethacrylate‘and cadmlum At:longér
wavelengths, hlgher order Bragg reflectlops from. the mono- -

chromator were troublesome, but the problem was alleviaﬁed E

by the use of.q polycrystalline Beryllium filter which

' selectively ramoved neutrons from ‘the beam whose wavelength
o . v .o ) . .

' .
L

R VUr LT R
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Pigure 14. Cross-sectional View o¥ _t Neutron Beam

¢ . .

-~

° a. water—-filled shielding tanks
X ) Lo o’ ta
b. paraffin wax shielding"
c. lathe bed
d. graphite monochromator and mount
e. neutron beam channel
f. beryllium filtexr cryostat
g. beryllium filter

h. monitor helium-3 proportional .
neutron counter

\&//ﬁx : i. soller slits . «

j. crxyostat . ..

k. main helium-3 proportional neutron
,counter

1. paraffin wax shielding

[s]

e
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. . o
was less than the Bragg cut off for beryllium100(3.96A). The

efficiency of the filter was further improved by cooling the

\

cylindrical block of beryllium (5 cm dia x 10 cm) to liguid
nitrog;n temperatpréé, fhus drastically reducing‘the“number
of ihciastic processeés which deplete the pfimary beam
intensity. Cooling of the filter doubled the usable neutron
flux.

The intensity of the neutron beam_from the reactor .
was found to fluctuate quiée seriously over periods of
several hours, but the effect of these fluctuations onhthe N
cross;section measurements was Qvercome by'introducing a
split beam arrangemegt, where one portion of tﬁe beam was
put ‘into .a reference counter,.and the other through the
sample. The reference heliyg-3 prdportional counter was
‘ mounted just after‘the beryl%iﬁm fil;er (se€ Figure 14) and
could be adjusted to intercept any fraction of the beam
desired. - The counter was heavily'«shigléeq with p;)lymethyl—
~methadrylate, paraffin wax and cadmium to keep the back-
ground neutron count to a minimum.

The portfon,of tﬁe beam not intercepted by tﬁe 4
reference counter was then coliimated to 0.8° ﬁy a set of
Soller slits, and the beam masked with cadmium so that‘it
was rectangular‘(Z.O'cm x 4.5 cm) and symmetric about the
beém tube centre. The beam passed directiy%through the

central axis of the  specimen table, 15.3 cm above the surface

of the table. Its intensity was measured ‘with the main

L
L4

XA e b, i by o A
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- twin-axis helium-3 proporti@nal counter which was encased
in a large drum of paraffin wax with cadmium sheet surrounding
the portions of the counter not in the beam. T; limit the
detection of low angle scattered neutrons, -a second set of
Soller slits was placed in front of the counter. ) _—
3.2 Operating Conditions and Calibration
‘ A
. Initially, both helium-3 proportional counters were
adjusted to/their.optimum-operating conditions: the high
voltage supplies were adjusted to put both counters in their
plateau regions and the amplifiers were set to yield an
average signal of 5 volgé. The éiscrimin;tors were adjusted
to remove unwantéd noise from the siénal.
_The beam position was established by rocking the
main counter through the'zero anglexpositionsto find'the
approximate location of the beém cgntre. With the counter
in this position, thg monochromator angle was varied in 0.1°
“steps until maximum intensity was aﬁhieved. The main counter
was then rocked through the zero pésitidn to determine £he
éxact beam posiﬂion and profile. The beam was 1.6° FWHM.
Once the éero,positiqn was known, the reference beam monitor

J

was adjusted| to have a similar counting rate to that of the .

[} % -

n@n counte 5 ‘ ' \
\ |

Wavelength calibration was accomplished by an
examination of various powder diffraction patterns. The
powdér pattern of polycrystalline copper was examined with-

the berylliym filter oqt‘of position, and the various Bragg -

~ f

-

i R
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rcflections due to the A/2 and )\ /3 components of thelbeam
were casily observed upon scanning the main counter through
a range of 20 values from 0° to 130°. The first Bragg
reflection (110) from the primary beam (20 =135°) was beyond
the range of the instrument. The powder pattern of poly-
crystalline’lead was also examined. In this case, howevér,
several «xweflections due to the primary becam were detected,
as well as the reflepﬁions dﬁe to the X1/2 and ;/3 beam
éomponenis. The lead powder’pattern was measured with and
without the beryllium filter in positiéh to test the effici-
ency of the filter. p
Analysis of the powder patterns indicated that the

neutron wavelength was 4.73&0.023. The efficiency of the
) beryllium.félter was difficult to estimate because all of
the Braggsreflections due to the highér ordexr beam componént§
disappeared, relative to the background noise, when the
filter was in position. This implied that the maximum frac-
tion of the beam due to the higher order components was
less than about 0.0], While, with the filter out,.these
, components composed about 80 Per cent of the bgam}

3.3 The Experimental Configuration and Counting Methods

Once the initial operating conditions wefe established,

the main counter was returned to the ze%o position and clamped
in place. The entire spectrometer assembly was made as rigid
as possible to minimi e the effect of instrumental fluctua-

tions on the cross-section measurements.
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éﬁi‘ The cryostat, firmly mounted in an aluminium frame,

was then accurately éent;ed on the speétrometer specimen

table by two locating pins and sccurely fastened in place.

The cryostat height was adjusted, using bolts in the mounting -
frame, to-make the centre of the sample cell coihcide with

the ncutron beam centre. ‘The orientation of the cryostat was
checked to ensure that the sample cell was perpendicular to

the beam direction. The cadmium mask on the cell was larger v
than the incident beam, thus furthe; reducing the beam size
before the beam passed through the sample. "

A measurement of the total cross-section of a saméle
involved determining the neutron transmission of the sémgle,
that is, determining the ratio of the beam intensity with
and without the sample in the beam. The reproducibility of
the transmission measurements was greatly increased by the
$plit beam ﬁonitor system where the neutron count on the .
reference counter was used to determine the counting inter-
val of the main counter. This ;}rangement compensated for
'the neutron flux variations thch would have lowered the
level of reproducibility if f}ked time counts were used. In
a normal experiment, the reference counter was used as a
Qrését trigger for the. main counter and, when the preset
‘monitor count was reached, the count registered on the main
neuéron counter was stored on paper punched tape. ‘?he

monitor was then aytomatically reset and the sequence

repeated., "To increase the precision of the data, large
e Y i



‘ - - (

-»
preset values of “the monitor count were used, typically‘
200,000, to achicve good counting statistics. , Such preset

<

levels allowed about forty count scguences per hour.
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V\&\\The Samples : ' e T . o '

7 AIl:samples were condensed inte the sample cell as

v

‘ lquldS which were then cooled.” The coollng process was,

o

however, very slow due to the llmlted thermal contact

between the cell and the variable temperature 1nsert Some

control of the rate was eférc1sed by varying the pressure of

'hellum gas in the insert vessel. Most samples requlred

three.to four hours to cool from.near T = 95 K to just
. N N 4 »

@ ~

- below the triple point at T = 90 K. *~ ) p

The slow solidification was ideal for'the‘érowth of

-large solid methane crystals, a factor notea in other

29 32, 34 The ideal sample for neutron total cross-

section experlments would be polycrystalllne, but it was

k] 14

not. attalnable. Some attempts to locate Bragg reflectlons

from several samples of both CH4 and CH3D using neutron\\-

diffraction, weré/hot‘SUCCessful. These results indicated

that the sample cbnsisted of a few crystals with no major

u

" crystal axes coinciding with the cryostat axis.. The cxryo-

-

stat dedign made reorientation of the sample impossible.

In one instance, the sample was condensed directly as. a

-
’ -

L N
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" V.2 calculation of‘§hutron Total Cross-sections

T~

' . \ A S
solid, at T = 85 K, and for a brief period Bragg reflections,

.
~

characLerlstlc of an oriented polycrystal wére found
Durlng the course\of the dlffractlon experlment however, ghe
sample appeared to-recrystallize ané thé reflectlons disap-

peared. o \ ‘ . ‘ - ; < -

An advantage of slow cooling and solidification was .

that the solid specimen filled the cell completely just

‘below 'the triple point. This was important for fixing.the

s /’ .« . , - ' .
sample thickness, - a parameter that was essential for the

-

computation of the total cross-sectiopn.
: .

The total cross-section of a molecule (o) is related

to the. experimentally observable neutron transmission of a
- . !\-

sample T by a simple equation,
T
O £l

-

(17]

"= exp(-Nto),
T, ‘

In order to ‘evaluate the crossﬁsection, the molecular density,

the number of molecules per cm (N), and the samplesthickﬁess

(t) must be known. . . '

The molécular densities, as a function of tempera-
ture, were determined from a number of expefimengal sources.
The data availaSIG for CH, a:d éD4 were fairly compfehensive,
but nbné existed fox CH3D or CHZDZT{ Accurate estimates of
the temperature dependeﬁcecbf the molgg volume of CH; were
obtained from an X-ray diffraction study of the lattice

c \
¢ . 4

. - . N
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parameter between T = 2.5 K and Lhééiw}ple point .. They

were checked with data from other experimental SOurCLszg‘?&\

']Ol 102, 103. ’ Molar-volumes of CH4-1n tile liquid were

104

v

oo}alned from a study employlng a- pycnometrlc method
The dnbeontlnu1ty in the molar vo lume at the triple p01et,
inferred from the juncturew?f the SOlld and 11qu1d molar

volume ‘data, was .checked through the use of the Clau51u§—

Clapeyron eduation. The limiting slope of the'melting cuxve

at zero pressure was obtained from the data of Prydz and

- ’

Goodwinlos, while the entrOp; of fusion was obtained from'

the work of Colwell et a1#8, The two independent. estimates

of the discontinuity yielded the same value; - 2.7 em3. A

‘compositef:urve for the molar volume as a functiog oé’tempera_
ture is shown in Figute 15,

A similar procedure was followed for CD4,.a}tdo;§h no
g;ngle compreﬁensive study of the lattice paraﬁeter, oxr of the
molar volume has been published‘ ; The ﬁesglts of two separete)

_X-ray investigations, one over the tempe%ature range of 4.2 K

106 u ' .. 107

to 50 K and the other from 10 K to 70"K , were used.

In addition to Lhese data, molar volumes from other X-ray

and neutron dlffractlon studies of CD4, usually at. a few

isolated temperatures, were also used34 35, 108. The magnitude

‘ \

of the discontinuity in the molar volume at the transition

between phase II and phase I1II, obtained from the X-ray

o

studies,kwaé consistent with the estimate of the tetragonal

-

lattice distortion made from some optical oirefringence

%

’ -,
. .
‘ ’ ’ ,‘q -~ .
. r'a



Figure 15. The Molar Volumes of the Methanes
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measurements 0. . .

The molar volume of ligquid CD4 was estimated from Lhe

A »

results of comparative studles of Lhe molar volumes of CH4

L] . # .
109 llO. The molar volume of CD4 as a functlon of

tcmperature is also shown ln Figure 15. The curves for CH4

and CD4

énd CD4 are very 51m11ar, although CH4 does not transform

into phase III It is important to note that ‘the CD, curve

§
lies below the CH4 curve,

Experlmental109 110,111 and theoretical studlesll2 )

of condensed CH4 and CD, have indicated that the change in

' »>

+molar volume upon deuteration is due primarily to a change in

-~ L]

the intermolecular potential, coupled with a relatively

minor translational quaptum effect. The potential is

altered because deuteration shortens the' C-D- bond length,

L

making the molécule physically smaller. The molar volume of
CHBD should lie Setwgen ‘those for CH4 and CDy. This is

supported by some early fragmentary data published by’ .

Clusiusll4; Some additional 1nformatlon was available.
40

’,

Optical birefringence data 1nd1cated that the magnitude of
the volume disoohtinuity at ‘the phase II to II1I transition’
in CH3D was about half that fOr.QD4. The oolume change
between phase I and II was very similar for both’CH4iand CD
and the estimated entropies of the trarsition were also
close48. From these data, the behsviour of'CH3D gear’ohe

two solid-solid phase.transitlons was estimated.

Y
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-The differences in the molar volumes for the isotopic

N

methanes reflect the differences in intermolecular poténtial

due to deuteration and to the differences in the mean squared
. . \ R
displacement of the molecules from their equilibrium

positions., .Both of these factors bear, either directly or
: . . _

inairectly, some inverse relationship to the mass of the

molecule. In lieu of a more concrete exper imental or theore~

tical prediction for the behaviour of the molar volume of

v

CH3D, the curve was simply scaled, by an_inverse mass

relationship, between the two known curves. wAny errors
incurred in this procedure would primarily affect the.absolute

cross~section valuaes of CH3D, but, as the goal of the experi-
ment was to examine relative changes,’ they were not important.

In phase III, the'region of gfeatest interest, the molar

'volume has little dependence on temperatu}e, and thus has a

negligible effect on the'ﬁémperatﬁre dependence of the

for CH4D and CﬁzD2 are shown in Figure 15.

. v N N . ,
known, a temperature dependent, correction for the sample

.

neutron cross-section values. A" similar procedure was

4

followed to establish the molat volume‘df CH,D, The curves

1 -

Once the molar voiumes for the various. methanes were

/

thickness was degived.“ In the solid, the thickness was

assumed to decrease as the cube root of the molar volume;

‘the dimensionless factar

Py 1 . ’ ’
Vi (T) /3~ was used as the
VL (T.P.)

-

scaling parameter, where the molar volume has been

-

* ;/‘
- Lo
. . .
? .
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normalised to the valué at the t;iple'point._ Given the mole-

. cular density, readiiy derivable from the molar volumes, and .

i/

the sample thickness, . .the conversion of the neutron transmission

data to neutron total c¢ross-sections was straightforward.
V.3 EBrror Analysis

&

Random errors in the experiment arose from two

-

sources: the neutron counting and the temperature control.

Neutron counting errors were minimised by uSLng large total

'counts (usually in excess of 100 000), and by repeatlng the

£

count sequence many times at the same temperature.

-

Aberages were taken ard the standard deviation of each set

.

was used as an estimate of the error. The effects of.fluctu-

_ations in the sample temperature during the experiments were

more difficult to ﬁssess. The magnitude of the random error -

in any value of the Cross- secflon was found. by substituting
i - N -

the known count and the estimated temperature. errors into-an

‘error equation derlved by a Taylorx serxes expansion of

-

equation [17]. The temperature derlvatlves of the\molecular
deneity and the sample thrckness were'evaluated by taking the,
analytic derivative of the power series expansions of the

two parameters.

'Tae systematic.errors can be divided‘into two érpups
depending.upon whether or not they remained constant during
the exper}ment. The constanr terms affect only ‘the absolute
values of the cross-sections and not the relative wvalues.

[N N [}

a e
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As a consequencev these sources of error were minimised where
Qoésible, but'ﬁo effort was made to rbmgye all of them. The
icsults‘Were/not, for example, co}récted for neutror’.absoxrp-
tion, nor for the finite solid angle subtended by EQe‘neutroq
céunter, a factor which affects the sensitivity.' The counter
dead time wa$s congidefed and shown 'to be iﬁsignificant at the
1OY counting rates (2000 c.s?l) used: the‘pulse width was
3.3 us, and the‘probabilityvof two counts occurring within
this time interval was.neéligible. 'The cell thickness and
empty cell transmission were both accurately measured to

minimise, possible errors from tliese two sources. There were,

‘however, several sourcges of error that did not remain constant

during the experiment. :Their effects were reduced wherever

possible. Fluctuations in the neutron flux were well compen-
. *

. sated for by the in-beam monitor system. One other souxce

- ~

of error, peculiar té the apparatus, arose because some
rigiaity in the cell mounting had to be sacrifiged to improve
thermal isolation; the cell was able to move small distances .
of the'qaéﬁitudé of 1 to 2 mm., The movement was, however,

always discontinuous, occurring, for example, during the

filling of the helium-4 resevoir, and could thus be

- recognised easily..

An effort was made to establish an accurate tempera-

&

ture scale over the entire temperature range .examined

experimentally. Below T = 4 K, the carbon resistance ~

phermometef was galibrated against a'previously calibrated

-

.

.. -

-
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germanium-resistance thermomete,r53 and the eduilibridm

[\ v
vapour pressure of helium-3114. The reliability of the scale

in this region was vér& high. Above T = 4 K, the températﬁre
scale was cstablished by two gold-iron vs chrémel‘therma—

couples (1 apé 2 in Table IV),\one of which had been calibra-
ted by'Oxférd Instruments. The second thermocouple, which |

was, attached to the celi, was: calibrated against the first.

Both thermocouples were referenced to the stable helium-4

2

bath temperature. The maximum possible error in bhe tempera-
ture scale between 4 K and 77 K was estimated to be less ;han
0.1 K. When the éryosﬁat was used above T = 77 K, liquid
nitrogen was plaggd in the helium-4 resevoir and the ﬁhermq—
couples'were then ;eferénced.to the boiling point oﬁ_nitrogen,
~ a less reliable standard. The error in the temberature

scale for the region could have been as large as 1 K.

ot

Two other factors affected the precision of the
relative cross-section data. - The first was the presence of -
isotopic impurities in ‘the dépterated methanes. The substan-

tial amounﬁméf'CH4 pfesenp as an.impurity in' CH3D gequired

that a correction be made. The single particle\nature of the

>

incoherent neutron scattering made the conrgction guite easy:

4

a scaled fraction of the ngptron cross-section for pure CHy

o

could be subtracted from the CH3D data. The second factor

concerned the'gémples themselves. . Some of the observed

7

scatter could not be ascribed to instrumental defects,

tempé;ature stabil%ty or ‘counting statistics. Thermal

o
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. history effects and long equilibration times 'in the solid
methanes sometimes increcased the apparent scatter of the

data. Their exact nature will be described more fully in

1Y

latexr sections. ' A

V.F CH4

1

The data for both the pure methane and the oxyden-
doped sahbles contain information about the equilibrium

bghaviouf of the methane system in relation to the variqﬁs

spin species, and .-about the kinetics-of the conversion

grocess.
f - :
/ An unexpected benefit of the limited heat exchange

|

between the sample and the variable temperature insert was
| P

that fairly accurate, total cross-sectigigavalues could be
measured as the sample cooled. These data were cdllected
from two partially overlapping sets of data, one with liquid

nitrogen in the resevoir (T = 100 K to T = 85 K), and the

1]

second with liquid helium (T = 88 K to T 20°K). The

. . t .
neutron counting ﬁpquence was started once the sample was
liquefied and the cooling had begun. A record of the time

dependence of the sample temperature was kept to enable the

»

series of neutron counts to be related to the sample tempera-
tures; the cooling rate was slow enough so £hat a linear ~
interpolation of’ the £empera£u;e between the reference points
introéuced no significant errors. Within each linear region,
the neutron count data w;re subdivided into apprOpriQEe .

segments and averaged. The average values, along with the:

<
——
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interpolated temperature, were.used to calculate total cross-
fl .

section values as a .function of tpmperature: o'f‘he results for
. “
one continuous cooling experiment, betlween T, = 100 K and ‘
T = 25 K, are shown in Figure 16, Below about T = 25 K,
ncutron cross-sections had to be determrnéa at constant
tcmperatugqs. The results of these more’ precise measurements
of the cross=-section are also included in-Figuxe 16 to give
a complete overview of fﬁe tempeyature dependenée of the
equilibrium neutron total~cross~seqtion.

Above Tz25 K, the results for  the pure and oxygen-.
doped samples were very simila@ but, below Ehat temperature,
differences appeared which can,be‘a;cribed to differences in
the amount of spin conversion that occurred in the specimen.

/

Recent n.ﬁ.ru mcasurements60 and low temperature heat
capacity c‘iatalf9 had shown that substantial amounts of oxygen
impurity in methane aliowgd spin species converéipn to reach
wtcompletioﬁ rabidly. Thug, the oxygen-doped sample was
examined first to obtain the equilibrium behavioﬁr gf the
cross-section. The saﬁple was cooled slowly (1 K hr'l) from
~near the triple point to just below the phase transition
(T = 20.4 K). At this point,‘the sample temperature was
Ttlosely controlled for about one hour, while the neutron
transmission of the sample wad measured. The data were
.collected at one degree interVals down to T = 4.2 K.

. . b
Following this initial cooling, many other data points were

determined, all within phase II, down to T = 0.75 K which
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was reached with the helium-3 refrigeratijwn stage, 'Finaily,

prior Lo being removed, the sanmple was waimed slowly through
the transition region. 'The coiposite data are shown in
Figure 17, which is a plot of ncutxyon total cross-section

o N .
. against the logarithm.of the Lemperature.

The data_for pure methane were, as was expectéd}7'49’53 .

complicated byigéme dependent effects associated with spin
. -t -

. . . A )
speciles conversion. The cross-sections for pure methane

given'in Figure 17 .xrepresent psceudo-equilibrium. At each

“

temperature, thef{ncutron transmission was followed until no

- - . . ' ! * .
{further dﬁanges ith time .could be detected. Uaﬁally, this
E / - _”

-

. o :
took three to folr hours. When the system seemed to be at

2 ~

equilibrium, the neutron qross—secﬁijn was~determinéd. To*
compare the two methane samples, theé cross~sectiohs were
'n5rmalised in pﬁaﬁe I at T = 22.5 K.’

. The kinetics of spinAconversibn were studied in the

following manner. The sample was allowed to stand at a

A

given temperature long enocugh so that the lattice was in®
thermal eduilibrium; The cell temperature was then changed

rapidly-, either by heating or Eooli;g, and the change in the

sample’s neutron transmission was followed for periods/pf‘as

long as sixteen hours. The ¢onversion process was aiﬁumea
) ‘e .
to follow first order kinetics, and the following integrated

-

rate eguation.was used:

C(t) = Cut(Cu=Cy) exp (-t/1) O e [18]

} . . &5

i . " N

.o

I'd



‘Figure 17-

The low temperature total péutfon.
cross-~sections - for CH4 .
® oxygen-doped (0,66 mol%) sample

A ﬁure sample
0 results from the initial cobling_of\the
oxygen—doped sample
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" liere, Co and C, are respectivelly the initial land final values

of the necutron count, and. 1 is| the characte%iétic lifetime of

the process.,

There che several experimental limitqtioh;giﬁ the
kinetics measuremgnts: (i) the change'(cm—cq) had to be
several times lérger than the statistical error in the
neulron counting kN%); (ii) the tfme fequired to change the,
temperature had to be muc% les®™than 1; (iii) T had to be
at least as large as the time taken fo? one caﬁnting inte?val‘

Conversion in tﬂe oxygen-doped sample was found to
be rapid. ?he majority of- the experiments We;g thefefore,
iimited'to the temperature ;egiﬁn 1.4 K<T<4.2 K within which
the tgmpératur@ could be changed sufficiently’rapidly. The
data were fitted to 'equation [1§]‘by a non-linear léast'

squares method. Both a grid search and a gradient expansion

’ methodlls were used to determine the unknownr parameters. The

\ .

. \
conversion lifetimes derived from the curve fits are given

in' Table V, Where morebthan one exPérimentias perfarmed,
the standard deviation for the data is given.
Conversion kinetics in the pure meéthane sample turned

out to be moré complex. The data were also analysed by a

non-linear least squares'methoa acéorging to equation'[18],‘k

-but only the grid séérch method was employed because it was

computationally faster. The estimates of lifetimes for
B . ¢
cornversion for-.a variety of temperature changes are shown
’ . [}

in Table VI. THey are obviously temperature dependent, .,
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TABLE V

Conversion Kinetics in CH,-Oxygen Doped Sample

-

~Tcmpe£ature Number of . ' Estimated Lifetimes fox
Change' (K) .Experiments”~ Spin Conversion (sec)
T . .
1.4 to 4.2 5 - 120 +40
4.2 to 1.4 4 - 250460
2.0 to 0.76 2 310+30
4.2 to 2.6 ‘ 1 , 90
6.5 to 4.2 1 o , 190
8.0 to 4.2 1 240 )
, 19.0 to 4.2 7/ 1 . 330
7 %
“
Y "

‘.



———

TABLE VI

’ ’
.Conversion Kinetics.in CH,-Pure Sample

&

Number of

%') 4

Temperature Estimated Lifetimes for
Change (K) Experiments "Spin Conversion (sec)
4.2 to 1.4 _ 4 270,000{+80,000)
6.0 to 4.2 1 " 3,100
8.2 to'4.2 4 6,900(%2,000)
11.2 to 4.2 1 21,000 ‘
11.9 to 4.2 1 13,000
12.0 to 4.2 1 " 2,100 ‘
o~z
16.0 to 4.2 1 17,500
20.0 to 4.2 1, T 2,400
22,0 to 4.2 1 1,000
4.2.to 8.2 4 1,600 (+1,000)
8.2 to 10.2 1. 600 P
4.2 to 16.3 S RN 1,000 .
4.2 to 20.0 S| 100
\, .
R
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which had some ramifiéa£i6ns on the experinental method and
analysis. For exampleﬁ‘thishintroducedran -asymmetry into
the determination of 1 from heating and .cooling experimcntsf-
At temperatures below 4l2 K, no obvi&us time effects
were obscrved for the pure methane over a period of several’
hours, yet the values of the cross-section were clecarly well
. Selow {hose corresponding to equilibrium (see Figure 17). T;
obtain an estimate of the rate of conversion, the sample was
equiiibrated at T = 4.2 K for a period of 12 %o 20 hours, and N

then its temperature was reduced rapidly to 1.4 'K and

maintained there for up to 16 hours. The data were analysed

AN

.

with & gradient-expansion, non-linear, least squares method,

and the best values for the parameters.in equation [18] were

~

found. The cxperiment was repcated four times and the recsults

B

are given in Table VI. - . ‘ ) .

V.5 'CHBD

"The-majority of .the data for CH3D were collected from
experiments on a pure sample. A few experiments were

performea on an oxygen-~doped sample. .

. Figure 18 gives an overview of the temperature

~ -

dependence of the cross-section for CH3D. Results for the

-

region T>26 K were obtained during continuous cooling, as in

~

the example of CH4, Below T = 26 K, the sample temperature
was reduced in one degree steps, and the neutron transmission

data were collected at each temperature for at least a
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hour. Bccause‘some'nqn—reproducible effects appcared in the
r¢egions of the transitions, ghe sample was kept at T=22 K,
just below the I to II phase transition, overnight to allow
it to anneal. At.the lower transitiog, %he sample was ‘
cooled sl*wly and anncaled for apbroximately twelve houfs.

Extensive cross-section mecasurcments were' made between
T = 0.75 K and T = 16 K for the solid in phase III. The data

were collected over periods of one to three hours for each

determination,with the sample temperature controlled to

better than i.Ol'K. Additional cross—-section values for phase
I of CH;D were obtained as tge sgmple‘waé'waimed up at the 4
conclusion of the experiments.

In contrast to the example of CHy, no dependence of
the cross-section upon oxygén content was found for CH3D.
This is illﬁstrated in Eiguré 19 where the results for the
pure ané oxygen-doped specimens are plotted. An effect of
foxygén was, however, found on the rates of conversion, as
{s summarised in 'Table VII. Because of the experimental
limitations mentioned earl}er, it was only practicable to
study the‘kinetics in thé fegion 1.4 K<T<4.2K. . For the
oxygég—doped sample, however, the measurements were only

possible after the reactor™flux was increased, by a factor

of three, for the duration oE\th experiment.

' ' ’
V.6 CHD, . | o

It would have been desirable tq usé a larger cell

for the experiments on CH,D, to compensate for the small

\

A



Figufe 19.

*

The low temperature total neutron
cross—-section of CH3D.
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TABLE VII =~ &
* Conversion Kinetics in CH3D

4 ¥

Sample Temperature Number of Estimated Lifetimes
- - ‘Change (K) Experiments for Spin Conversion
‘ (sec) _ \
CH3D/O2 1.4 to 4.2 4 ©30+15 .
CH3D l.4 to 4.2 4 . 113050 -
Q
4.2 to 1.4 5 | 18035

number of protons per molecule. This would have entailed

extensive reconstruction of the system, and it was thought
q . . ,
LN

‘not to be essential( even though'the cross-section meaéur§~
. ments would be somewhat restrictéd by the loy;;bvel of neutron'
scattering from the CH,D, sample. .

The same cooling procedure was used, - continuous
cqoling to the region of the upper 'transition-and annegiing
in the regions just below the transition‘temperatures. The
temperature dependence é& the neutron cross-section is shodwn
in1Figurés,20 and 21. The general trend is the same as that

for CH, and CH3D except at the! lowegt temperatures (T<4.2 K)

L .
As will be discuss2&d ™n th ext chapter, the decrease

N \

in 0 with decreasing temperature for T<4.2 K is most probébly
associated with spin conversion. It was not practicable,
however, to sthdy the kinetics of the conversion process

because the change in neutron Emansmission was so small..

, ‘ N
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o {b CHAPTER VI

DISCUSSION

“ ~
3

The puréose of the experiments on CHy was somewhat
different from that for CH3D or FHZDZL: From thg outset, the
existence and extent of spin ;pécies conversion in CH, was well
documented. Nevertheless, the‘meqsurement 6f the neutron total
Eross—sectiéns of CH4 could aim to accomﬁiish several things.
Although tHe n.m.r. study of Code and Higinbothaml7 conéluded
that spin convegsion in phase II of CH4 proceeded d;fferently
on ?be,orderéd and diso?dered sublattices, no single experi-
ment had examined solid CH,, both pure and with a known large

o

oxygen content. Thus, the neutron scattefing experiment on -

»

'two such samples was undertaken to confirm the effeﬁt of the
subliFticé structure on the spin‘conve£sion process. At the
same time, the indebendent experiment would test for any :
‘systematic errors in the n.m.r; observations. _ In adéition,

the neutron cxperimént yields information ébout the kinetics

of the conversion process that codld.not be obtained from )
n.m.r. experiments without e*qegsivq difficulty. The role of
the néutron-scatfering experiments on bﬁ4 was, thereforej to
er:;orate upon and to cénfirm existing concepts, while, for
CH3D and CH,yDy, the experiments were of an explorafory nature;.

o
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to attempt to define the role pf spln species conversion in

the }éf)tumpclaturc behGV}our of these solids. )

At higher temperatures, where the concéhtrations of’

L) P -

the spin species become constant, the behaviour of the

. P
dif{ferent solid isolopic methanes becomes rather similar and
it is convenient, in this region, to discuss the data for all

of the methanes together (section VI.Z2).

VI.1L Crystal Form and Impurity Content

The attempts to detect neutron diffraction from the

. N . [}

samples (section V.1l) indicated that the solidification
procedure produced large grained cf@stals; This behaviour

is similar to that noted elsewhere ‘in several X-ray and

neutron diffraction studie529’32’34. It is rcasonable to

assume that large grained samples have occurred in many other

~

experiments where a slow solidificatian procedure was
followedl7. Polycrystalline samples have probably only been

obtalhed when methane has been rapldly SOlldlfled at low

29

temperatures (T<40 K) from the gas or llquld., ‘The presence

of oriented crystals does not, however, affect the predomi-
nantly 1ncoherent neutrxron scatterlng from a methane sample,

because the scattering is of a single partlcle nature, and

independent of sample orientational.‘ On thé other hand, in

n.m.r. experiments, oriented crystals, coupled with the

f

defined magnetic fieid axis, could lead to(unexpeCted results.

To examine the effects of strateglc 1mpur1t1es, such

as oxygen, lt is obviously desirable to perform experlments
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on samples of uniform.composition. Such samples afe unlikely

to be ettained except under specifically controlled exPerimental

conditions. 1In the present experiments, the technique of

sample hapdling and crystal growth was such that significant

segrcgation of the oxygen was unlikely, except possibly during-

the slow freezing step. Since thé solid was subsequehtl; //’ ™~

cooled vérx slowly; some homogenisation of the composition /

ought to have occurred by diffusion. ’ C {
A greater amount of seg}egation would be expected in

9the£ experiments, for example, n.m.r.l7 and calorimetricsz,

in which the condensed specimen occupied only a small fraction

of'the total container volume. In such circumstances, it -

-would be important to condense and to cool the sample

extremely rapidly to prevent attainment of phase eguilibrium.

VI.2 Phase I

In phase I, the cross-section results for the three
methane'isoﬁopes are very similar, which is not unexpected
because, in this phase, the octahedral‘crystal field deminates
the behav1oun,and no effects directly aSSoc1ated with the ’ B
spin specikes should be observablelG. The results therefore
contain information about the rotational and translatlonal
freedom of motion of %he molecules. A plot of the total -
cross-section per proton against'temperatufe for the three
methane isotopes studied is shown in Figure 22. The data are

noimalised at T = 96 K to facilitate comparison. The(§imila—

rity of the three curves is striking. The large discontinuity

»



'?igure 22. The cross-section per proton, for the
three methanes studied in phase 1I.

L CH4 )
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[

Kr'ﬁger Nelkin calculation
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at the triple point (T=90 K) reflects the decrease in the
freedom of rotational and translational mQLione‘of the mole-
cules on soliaificatien. Evidence from other experimental

studies indicates that there is only a relatively small change

in rotational freedom at the melting point. The entropy of

48,92
!

fusion is low and is characteristic of a plastic

crystalline phase in which helting primarily involves 'the
loss of the translational order of the crystal. Other

techniques have .indicated that, near the triple point, the

rotational motion of the methane molecules is nearly freell7

If the ‘change in translational motion is the primary cause

in the cross-section is

of the dlSCOhtanlty in ross-section, then the change
4/7 associated with a decreased

density of low eriergy translational states in the solid,
which in turn reduces the number of possible inelastic

_ scattering processes. ,The magnitude of the deCrease in

‘Tross-section "at the trlple point {§ the same, within
ézgerlmental error, for all three methanes. Similar discan- -

tinuities in neutron total cross-section have been observed

in other molecular solids at their triple pointslls’ylg, and

‘/-I
in ammonium iodide at a first order phase transition (T=263 K)

in which the NH4+ ion goes from a severely limited rotor to

a nearly\free rotor86, \

. Between the triple point and T=50 K, o decreases,
almost linearly with decreasing temperature. This behaviour

is characteristic of the cross-section for a. free rotor in
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which the possible number 'of enexgy gain processes becomes

increasingly restricted as ¢xgited stales depoPulaLé. This

is illustratqd by a free rolor calculation,vdue to Kriéger
.and Nelkin84, of the cross-scction for methane; it is also
shown in Figure 22, Below T 50 k, the siope of o versus T
begins to dccrease until, in the region just above the phase‘
I Lo‘[I Lrénsition, it becomes esscntiélly\zero. Such !
behaviour of thé cross-section is consistent with increased
restriction of rotational motion, perhaps associated with

the strengthening of 6riéntational correlatiohs35, which ulti-
mgtely leads to long range origniational order on the ordered

sublattices in;phgse 11.

Another interesting, aspect 6f the data shown in
Figure 22 1is the ‘trend with incrcaéing deuterium substitution
of the methane. At the trible point} all three methanes
exhibit similar behaviour, but at lower temperatures the
0 versus T cur;es forx tﬁe Qﬁree isotopes have quite different

"slopes, with the most heavily deuterate@~pethane having the
iowcst one. The observed differences are far outsiée the
possible error in either the experiment or in Ehe estimated
molar volumes. The probable origin of the trend is suggested
by an argUment,,based upon- a quantum theory of corresponding
states, to explain the trend observed in the upper transition
kemperature upon deqte;ationlzo. The transition Eemperatunes
are'fdund to scale to a rotational,@emperature that is

\ - r
directly related to the moments of inertia of the molecules.
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-

. T Y
As the moment of inertia increases, the energy'leve spacings
decrease, and so the rate of depopulation of the lg¢vels with
temperature must also decrease. On this basis, it] could be

expected that the slope of the ¢ versus T curves yould be

|
less for the more highly deuterated methanes, as is observed.

The initial cross-sectidn experiments on both CH,

-

and CH3D suggested that the transition from phase I éo IT
was sccond order; the cross-section appeared to go smoothly
through the, transition region. Other'experimen¢s;have indi-
cated that the transifton.has many second g:%;?nét?fzbutes,

3.
such as critical fluctuations35

19

and a largevxitybeéanomaiy

in the heat capacityt?. wWhen the cross-section was®

>

measured over small intervals of tempefature, in the’
immediate vicinity of the transition, the true discontinuous
" nature of the transition became apparent. A slight! increase .

. ' [
in cross-section occurred when the methane began to transform

into phase II and some ﬁysteresis was evident, ., These obser-

vations are in accord with a number dE\B&isting results, for

) 121 32

example, n.m,r. '1‘1 , lattice parameter and heat capacity

measurements48, which show the transition to be first order.

VI.3 CH,

3.1 cConfirmation of Cade and Higinbotham:s deductions,
Below T = 20 K, the crqss—sebtﬁon/ﬁﬁEh for CH, are
significantly different from those for the other methanes.

wr

There is ap obvious parallel between the cross-section values
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for bolh the pure and oxygen-doped methane samples (Figure 17)

and Lhe calculated values of <I(I+l)> charadteristic of spin
specics conversion on all eight sublattices of‘;ﬁasé II and

of conversion just bn the disordered sublaLticcs’(;zgure.S).

In fact, the correspondence is excc}lent, thus copfirming the
suggestion made by Code an% Higinbothaml7 on the basis of their
n‘m.r. study of a pure CH4‘samp1e, that co?Version is observed
on only the disordered sublattices in most experiments
perfgrmed on pare methane. 1If the sample contains a catalyst

such as oxygen, then conversion occurs on all eight sublattices.

, v )
//NVE;', 3.2 The Direct proportionality between o and <I(I+l)>,
- a tcs£ of the theory.

The cross-saction da£a'coqtain the information .
necessary\to perférm a more quantitative interpretation of
the temperature dependence of <I(I+l)>. ® There afe,'however,
some other possible inelastic érocesses that ‘need to be
examined to ensure that their effects do not obscure deduc-
tions about spin conversion.

Inelastie processes associated with rotational excita-
tions are limited by. the phase II structure and the low
enérgy of the neutron (43 K). On ;be ordered sublaétices,
all inelaséic scattering is associated with the tunneling
ievel§ because th? lgbrational states aré depopulated'at low
temperatures and cannot be excited by the neutrons.

Considerations of detailed balance indicate that,-gy T=0.7 K,

the inelastic¢ processes will be reduced by about 30 per cent,
i

=



o
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if the scattering function stays approximately constant over

>

the phase II region., Similar arguments can be made for the

disbrdexcd molecules, except that the change in inclastic
processes will occur predominantly above T = 20 K. The

rotational inelastic contributions tosthe cross-section yould

Az

therefore be expected to remain very nearly constant”“below

-

T = 20 K, with a possible decrcase below about T = 1 K when
the tunnelling levels beg{n to depopulate. Inelastic

scattering from the lattice is also possible where the inco-

s

herent inelastic scattering is proportional to the density of
» phonon states. This contribution should be small because the

mecasurcments were made well below the Debye temperature of,

. .

solid methane (ODw7S K).

To summarize, the fraction of the total cross-section
due to inelastic processes is small and any change with
temperature will also be small. Hence, for the subsequent

analysis of the cross-section data, it is assumed phat the

cross-section, in'the absence of spin conversion, is tempera-

’

ture indebendené below T = 20 K.
The cross-section data for the oxygén-doped CH,
. sample represent an equiliérium distribution of the three
spin speci on both the ordered and disordered‘éublattices.
. The; can thus be used to determine the temperature dependence
of <I(I+1l)> and to check the theoretical predictions for

<I{I+1)> as a functioen of temperature. At any temperature,

<I(I+l)> is given .b¥;. o ' ‘ .
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<I(I+1)> = 6.0 P, + 3.0 By + 0 P, [19]

-

where PA, P, and Pé are the.populations of the A, T, and E

T
spin species respectively. In phase II of'CH4, these popula-
tions can be calculated éésily from a rotational pa?tiéion

function, constructed from thg,cncrgy level scheme of Yamamoto

et 91%6 which includes the témperature dependence of the

-~tunnelling levels. Values of <I(I+l)> wére calculated Aas a

.

function of temperature, and used to establish "the unknown
proportionality between ¢ and <I{(I+l).>. - The best equation

representing the linear relationship was found to be:

-

6 = 167.1 & 8.34 <I(I+l)> > ' [20]

e

~

The guality of the fit to equation [20] can be. seen in

Table QIII, where the calculated values ;ﬁ ¢ agree Qith,GXpéré-
ment within the progable"exﬁerimental error: This result has
two direct consequences: it confirms that ;be’lineaﬁ?relaiion-

ship between ¢ and <I(I+l)> is valid at finite -neutron wave-

lengths, and it demonstrates, once again, tRat Yamamoto's

-

theoretical model of CH, is a satisfactory ope. The” sensi-

4
tivity of <I(I+l)> to the”temperature dependedce of the
tunnelling levels, predicted by Yamamoto et al, is small and
just barely detectable in the experimentai re uhégj.
Simi}arly,- the cross-section data are notrdccurate enough

to distinguish between the values of <I(I+l)> calculated

from the experimental tunnelling level splittings of Press

97 16

and Kollmar and the theoretical values of Yamamoto et al-’
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TABLE VIII

Comparisoh of oboervcd cequilibrium neutron cross
sections with cross-sections calculated from the
Lhcoretlcally predicted values of <I(I+l)> dme

to Yamamoto et al (1977) . . .

3

T(K) |, ¢ o (barns) <I(i;1)>
obs’. calc.

0.75  214.3 214.5 5.686 °

0.86 ©213.0 - 213.4 5.548

0.97 211.8  212.2 | 5.405
©1.43 208. 6" 208.3 4.943

2,00 206.0  205.5 4.599

3.33 .. 202.4 202.2 . 4.207
. 4.07 . 201.5 2011 4.077

§.26 © ' 200.2 199.7 . 3.910

6.00 199.3  199.0 -~ 3.823 .

18.00 197.8 - 197.4 3.636

10.00 ...  196.2 o 196.3 3.496
12.00, . 195.0 195.4 3,392 _ K
14.00 193.9 194.7 ) 3,300
.18.00 ' 192.7 193 © ' 3.105 %
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An inelastic neutrén scataefing experiment at weryflow
Lemperatures is requifea €O establish unambiguously whether
dr'not_dilation of the tunnelling leyels occurs as a conse~
qﬁence of spin conversion to the A species.
3.3 Spin Conversion on the'Disordéred Sublattices of

Phase £I

The n.m:r. and ﬁeutrgn results'agreelthat, in pure -
-CHy spin conver;ign ogcurs only on the disordéred sublattices
(section 3.15.- A quantitative comparison of the gesults from

-

the .two types of measurement can, however, be made by asing

-

equation [20] to calculate the valueé'of <I(I+1l)> from the

.

measured cross-sections. These values are shown in Table:IX.

i

The apparent limiting value for <I(I+I)> at'low»temperatures

. of 3.92:0.05 is larger than the expected one:

<I(I+1)> = 3/,%3.00 + %%6.00 [21]
. low : .
! ) . temp. :
» .
= 3.78,
by an amount greater than the expe&ted error.' There are two

possible causes for the difference. Spin conversion on the

Y

ordered sublattices of phase II could have raised £I(I+l)>

by a small amount, but,aﬁ examina'tion of the thermal history
of the sample virtually riled out this possibility. It is

. . . IC
more probable that the limit is questionable, because spin

conversion will have occurred in phase T at T = 20.4 K and p

the distribution of spin species will no longer be the high

>
\,

T

-

£ -
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’1‘;1\.BLE IX
. Conversién on disordered subla;tices'of CH -
based on observed neutron cross-sections
T (K) o (barns) - ZI(I+1);'a
- . $0.05P £0.05
- - 0.75 199.8 S 3.92
1.38 . ‘ 199.8 | 3.92
4.2 T 199.0 -3.82
6.0 ' 198.0 © 371
: 8.0 - ) 196.1 3.48
10.0 - 195.6 _ 3.42
12.0 ( 194.8 © 3.32
14.0- < 194.3 _ 326
18.0Q ‘ . 192:9 ) 3.10
20.0 . 192.8 | 3.10
a\calcu‘lated using equation [20] . e
. ] ) berror limits express\the.limits on the
accuracy of the value due to normalization
procedures :
A

N
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toﬁpquture one. Thus, at-the phase transition, three
&uarters of tﬁe molceccules become orientationally ordered and
conversion gimes for these molecules become ver§ longG4. - The
corresponding value of <I(I+l)> for these npolecules must,
ﬁowever, be greater than 3.00: Its magnitude can be estimated.
Although the energy levels have altered for the ordered
molecules in phase II, their symmetry has not, and an upper .
+limit of <I(I+l)> = 3.5 for these molecules is obtained by
assuming that the spin species compositioﬁ is frozen at the .
levels. present in phase I just above the transition. A
lower limit of <I(I+1l)> = 3.1 is obtained if ép}n conversion
.in the transition region occurs anq the newly formed ordered
molecules reach true thermal eguilibrium, The\two estimates
lead to
3.82 < <I(I+1)> < 4.13,

, low : .
L Y ' temp ’

The neutron result is comfortably between these limits.
17 give <IN I+1)»> . = 3,67 which is
\ T=4, 3K

Code and Higinbotham
based on ;I(I+l)> = 3.00.at T{fJ45 K. In phase I, however,
<I(I+lf; is not a£ its high témperature limit even at . T = 45 K
;nd if an allowance is made’fo; this, the neutron and an.m.r.
experiments yield the same limiting value for <I(I+1)>

low
. temp.

a

within their ‘respective uncertainties.
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3.4‘ Anomalous cross—secfion results near the phase I
to iI transition,
thn the oxygen-doped CHy saméle was first'cooled into
phase II, the neutron cross-section was fouﬁd to be anomalously
larée (sece Figure 17). An explanation is to be found in the
results of the.refined measurements of ?Be lattice parameter
*in CH, in the region of the I to II phase transition32. 1In
particular, it was found that Bragg réflections characteristic
of both phase I and phase II occurred siﬁultaneously qur quite
a wide temperature range near the transition. This suggests
that the tfdnsition occuré by'a doméin’growtb mechanism and
so, 1f the sample weré cooled rapidlyithrough the transiﬁion,
it is possihle that a large fraction of the crystal ‘could
remain in a meta stable phase I-type structure wéll below the
transition temperature. 1In thisvcvent, significant additional
conversion would be expected to occur thus leading to values
of o larger éﬁan those corresponding to equilibrium. The
anomalous cross—;ection results were reanalysed a;suming
that some fraction, XI{ of the crystal had rémained in a
phase I structure ‘below the transition. The value of Xy at

T = 14.8 K was estimated through equation [20], and the

theoretical values of <I(I+l)> for phase I and phése IT
e

4
i

type structures, and found to be 0.41. 'This composition was

’ then assumed to remain .constant and the,cross—sectioﬂ‘that
. , R _
would correspond to such a mixture, for 14K<T<20K were calcu-

lated. The' results are displayed in Figure 23. The éalculated

<
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Figure 23.

- .. equilibrium cross-section

A

%+ calculated cross-sections

14

The anomalous cross-section results in CHy4

anomalous results

18
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R
values of o duplicate the obscrved ones well.

3.5 Kinetics of Conversion .
_The sensitivity of the ncu§}oﬁ cross—scctians to ’
- changes’ in QI(I+1)>, clearly demonsirated by the cguilibrium
measurcments, suggeétea that the kinetics of spin éonversion_
~could be studiéd with Soﬁe precigion. In all studies Qf:the
conversion p;ocess; the rate was assumed to obey first order
Kinetics, as there were no expérimental oxr theoretical.,
reasons for using a mogé c?mplex rate equation.
The kinetics of spin conversion in oxygen-doped CHy,
were examined first; primérily to ensure that equilibrium
hqd been achieved in the experiment; determining "equilibrium"
croséfsécéions for CH4. The conversion lifetimes found
(Taﬁie V) agreed well with the more gualitative éstimatgs,
based on thermal relaxation rates, of Vogt and Pitzer49 for
a sample of“similar composition. Spin conversion in'the
oxygen catalysed system is rapid, witﬁ the spin species concen-
tratioﬂs coﬁing to-eduilibrium within ten miﬁqtes, over most
of thé temperature range studied. Below T = 1.5 K,‘thermal
equilibrium of the samplé appeared to requiﬂg'about’thirty
minutes ﬁo be atﬁained, - an effect also noted by-Vogt and
Pitzer49: The conversion rate found above T = 1.5 K is also
consistent w%th the existing n.m.r'.59 and i.r.56 eQidence on
the rate of spin conversion .in oxygen-doped samples. The.

spread in the lifetimes given in Table V is probably the

result of variations in the rate at which the sample tempera-
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ture could be changed. 'The best results were obtained by
warminéfthe sample from T = l.a‘K to 4.2 K, wbere the cell
temperature could be ehaned within a few seconds.

The interpretationrof the kinetics of conversion on
the ordered sublattices of phase II in a "pure" CHy sample is
more~complex because of the possible intrusion of the effects
of Lraces of oxygen in the pure)samples; The rate of conver-
sion on the ordered sublattices was known to be 'very slow.

In a n.m.xr, study, Hopkinsﬂhtkai%i estima%&é the conversion
time for their sample to be in excess of twenty four hours,
while Code and Higinbothaml7 suggested their sample should
reach equilibrium in about ten hours. The pure sample used
in these cross-section experiments had a probable oxygen
conéentrafion of about 10 ppm.

The results of the long term experiments at T = 1.4 K
shown in Table VI; display large scatter because the conver-
sioh process could only be followed for a time that was oniy
a fraction of a.lifetime. The inaccuracies were minimised,

" however, because the limiting value of o, at infinite time,

was known from the experiments on oxygen-doped CH The

4°
average lifetime found for conversion.of the molecules on the
.ordered sublattices was 75 heurs. Recent n.m.r. measurements
on a similar ;ethane sample have found the value for t of
about 150 hogr566. Lifetimes of this magnitude mean that it
would take about a month for CH4 to reach spin speciee

equilibrium, These estimates are much less than the theore-

s



120’

tical estimate for t.of about one yecar. The diffe;ehce

may be the result of the sméll oxXyygen conceﬁtrations in the
cxperibental sampleslzz. If that.is true, the conversion \
should not followfstrict first orxder kinetjcs, because the CH,
molecules in the immediate neighbourhood of the impurity would
be expected to convert more raﬁidly.‘ The conversion rate-at .
longer times would then depend én whether or not spin
diffusion could occur. o

Abo&e T = 4 K, the conversion rate was found to be
fagter, and can be associated with the molecules on the
disordered sublattices. The rate is témperature dependent

: &
(Table VI), as had been suggested by earlier n.m.r, datab?

and also by the heat capacity measurements of Vogt and Pitzer49.
Before the results of the cross-section measurcments are
discussed in more detail, hgwever, mention should be made of

the temperature of the specimen, because the system could-be
heated m&ch more rapidly than i? could be cooled. For the
kinetics experiments in which the sample was heated, the
temperature at which the conversion process occurred was
gnambiguo;&i\\zpié wvas .also the case for T<1l6 K where the
‘sample could be cooled‘rapidly. At higher temperatures,

however, the sample cooling was much slower, and the mean of

< ‘ . .
the initial and final temperatures was a more appropriate

LY

estimate of the temperature at which conversion occurred.
The conversion lifetimes, as a function of the most

appropriate sample temperatures, are shown in Figure 24,



Figure 24. The conversion lifetimes in CH,

® neutron cross-section data - errxor bars
express one standard deviation where
more than one experiment was performed

+ thermal relaxation data

. O n.m,r. ref. 60

A i.r. ref, 56

. [ theory ref. 64
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The general shape of the temperature dependence is similar to

that found for thermal relaxation in CH4123. That similarity

indicates that the thermal inertia observed in carly calori-

melric¢ measurcements can be associated with the conversion

pfocess, and not with a phase [I1I+II transition as.was first
\ ' '
:nunbsed67. The lifetimes derived from these thermal relaxa-
Lion data are also Qhown in Figure 25, along with several
estimates of 1 at T = 442 K, “The thermal mcasurements ére
the most precise, but it is satisfying that the genéral
agreecment is so good., The important result is‘not, however,
the exact magnitudé of T, but rather that several entireiy
different cxperiments exhibit the same trend and approximate
magnitade. ; . R o
There are at least two possible causes for the tempera-
ture dependence of thé lifetimes on the disordered sublattices.

-

In their theoretical calculation of the conversion rate,
N

Nijman and Berlinsky64

restricted the calculation to the
lowest A and T enexgy levels, for the disordered molecules,
Their calculated rate would ﬁeceséarily be temperature
dupepdent1 ccause the increased population of the phonon
states at higher temperatures would facilitate conv?rsion:

A broadening of the‘rotational energy levels at higher .
_lemperatures as was observed in the inelastic neutron study

47, would also6 lead to an enhancement of'

of Press and Kollmar
the conversion rate. It is also possible thét, at higher
temperatures, increased population of the excited rotational

.

L

Id -
RS
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Figure 25. A trudcited portion of the disordered
: sublattige energy level scheme for CH,
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The population’ of the- degenerate A-T
level plotted with the conversion
lifetimes in CH,
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states prOVides an'alternate_patﬁway for conversion, If

one of the excited levels should qontain a degenerate A-T

>

palr, converSLOn within the level would be rapid, and the

overall rate would be enhanced. A truncatled portion of the
]
renergy level‘array’for the molecules is shown in Figure 25,
¢

[ -

where the threé spin species have been separated for clarity.

The lowest E level is degenerate with a T level, which would

allow the E and T spin species to interconvert. The slow
conversion process observed for the disordered molecules at .

low temperatures must, therefore, involve the T to A spin

»

species conver51on, as Nljman and Berlinsky assumed64 The
. .

first exc1ted A leve1(60 5K) is, however, degenerate with

-~

-one of the excited T levels, and the degeneracy, shown in
Figure 25, could provide an alternate spin conversion path-

way. If this is true; the observed cenversion lifetimes. should
B . i . ‘@ . -
‘be inversely proportional to the population of these degenerate .

states at any temperature. The populatlons and the conversion

lifetimes are shown, as a functlon of temperature, in Figure

26, The correlation between the two parameters is striking.

VI.4 CHD .

Much lees ihformation was avaidlable for CH.D than for

3

CH,. While the existence of some spin conv%rsion was surmised
" ‘) X

.from an interpretationmr of thermal data52, and later established
by n.m.r;‘ekperimentssg, its full e%tent was unknown. -
Moreover, CH3D transforms into phase III, a structure that

-

S e o
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is not yet characterized. The conseéqguence of that is a

2 .
matter to be explored.

4.1 The Cross-Section and Spin Conversion o
) . s AN
Phase II of CH3D is only stable over a narrow tempera-

v

ture range (16.1 K<T<23.1 K). Only a limited amount of cross-
section data were obtained in this phase, but they showed a
slight increase in o as the temperature was decreased through

the phase II region, - a trend- that is consistent with spin °

‘conversion between the two possible spin species in CH3D (A
¢

and-E), 'probably on the disordered sublattices. At T = 16.1 K,
%

the phase transition to phase III occurs.

t

The cross-section'daﬁa show that the transition is

first order, and a slight hysteresis in the transition region

3

‘'was again observed. Annpéling below the transition was found

to be éssentiar because, "if the sample were cooled quickly

bd

from phase II, o drifted with time for a period of hours.

o

Similar behhviqur had also beéen observed in\zhe heat capacity53“

a~

and n.m.r,. studie569 of CH3D, but its origin was not

N

established. The thermal meagdremenFs indicated that a sig-

»

nificant amount of énergy ,(9J/mole)53 was relgasea during

63 and

these drifts of long duration, while Doth the n.m.r.
thé cross-secktion }esplts showed that Spén.conversionmwasv

also inyplved.. The_effects weie,not, h0wevef, reprodn¢ibie.
It is possible“that their origin is a domaif type transfor-

mation, such as has been hypothesised to occur during the |

»

rapid transformation from phase I to II in CH4J(sec;ion VI,

G

FLS TNNT

<
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3.4). The long time effects yould then be associateéd with
the gradual growth of the phase III structure, and the spln

conversion occurs as a consequence of the neccssaﬁy.changes

-~ -

in the rotational energy levels. The non-equilibrium nature -

A

- of the phenomenon makes it difficult to study more quantita-
tively. . . )
In'phasa III, the value ofto increases stead%ly as
the temperature is® ecreased,‘which indicates that spin
species ¢on§ersi to the high npclear spin (I = 3/2) A ..
species is occurring. The magnitude'af the change is
éimipished in comparison to that for CH, for two reasons.
There are fewer protons, and the total croés—section is
correspondingly reduced. In ad@ition, the maximum expected
‘change in <I(I+1);'for complete spin conversion is much less
than for CH4, being only 1.5 compared to 3.0. It should
also be noted that the bulkcof the’ change in 0, and hence in
<I(I+l)>, occurs below T = 4 K in CH3D. This means that the
lowpstwlying énergy levels in CH3D must . be considerably
different from thase in‘CH4. Neither the structure nor the
energy level‘scﬁeme for phase IfI'oﬁ CH3D is known a priori,
. and to make some deductlons about them may be taken to be ‘
one object of the neutron experlments. Even the qualltatlva
analy31s'of the results has proven to be of great value
_because it has establlshed unamblguously, the temperature

range over which spin conversion. occurs, something. that

could not be done from thermal measurements.-

0



The recent n.m.r. susceptibility measurements for
ci40°? inéicate—that.<1(;+1)> = 2.71$0.07 at T = 1.840.3 K.
‘It would be valuabie to confirm that but, before attempting
it throdgh a quantitative interpretafion of the cross-section
data, it is pertinent to exémine the kinetics of coﬁversion

as well as the information to be gleaned from the thermodynamic

data that are available.

4.2 Kinetics of Spin Conversion

. Throughout- the experiments, no time dependence of o,

other than in the transition region, was observed. _Moreover,

oxygen doping was found to have no effect on the "eguilibrium"

value of g, a behaviour in contrast to that of CH4.' The rate
of conversion was always fast, but it was detectably
different for the pure and oxygen-doped samplés. For —

l.§<T<4.2 K, the spin cpnoefgion lifetime of the oxygen-doped .
samble wvas abproximately 30 sedonds, an-gppreciable fraction
of which could bg‘due to thermal equilibration of the sample
system. For the pure sample, T was abqut‘iﬁo seconds. Again,
there turns out to be a parallel bétweeﬁ neutron cross-section
and éalorimetfic'studies, In two sepérate thermal investi-

gations @f CH3D52’70

, the thermal relaxation lifetime, shown
in Figure 27, was found to be unexpectedly long, and
éssentially independent of sample size and composiﬁion. The

tQFrmal-data between T = 1.4 K and 4.2 K yield a relaxation

lifetime of about 50110 seconds. Thus, the thermalL\

L)
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Dd wir S 2



T (sec)

1201

00
O
-

I~
-
T

129

o
Ao- . A
- )
o )
A
5
o : Io)
o
°© o o
] | ]

2~ -3 4
T(K)-

o fz |
27. Thermal relaxation data for SH4D

0 ref. 52 T : o !

A ref. 70 , , g

o I

—?



130
-
./l ]

relaxation effects must be ascribed to spiNICOnvefsion,as was
first suggestea by Colwellsz. No ébQious c;talytic-effects '
due Lo oxygen were evident in the thermal relaxation results,
even though'the two samples studied varied consider;bly in
the level of oxygen impurity (10 ppm. and 0.24%). The *
apéarent catalytic effect of oxygen observed in the cross-
section results js possibly due to the much greater difference
in oxygen impurity levels (1 ppm. and 1.2%). Below T = 0.8 K, '
the thermal relaxatiop times become noticeably ionger, which -
suggests thaE'the spin conversion process is gecoming more
&nhibited at the léwer temperatures or that the mechanism is
‘changing. :
) The interesting feature of conve;sion in CH3D is that -
the molecules in phase III, presumably in ;n enVironment‘very
similar to that of'éhe ordered molecules in phase II of CH,,
coq&ert at a rate about 2,0Q0 times faster, The theory
developed by Nijman and Berlinsky®? for conversion in éH4

should apply equally well, in principle, to‘the CH_D system

3
'ané, on this basis, one would expect the conversion to-be
.very slow in phase IIL. The fact that it is not suggests
that at least two of the tunnelling levels, of different
~symmetry, are accidentally degenerate, thus removing the

rate limiting step deduced from theory, - the emission of a

phonon.
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4.3 The Entropy of CH3D

Tonc]ucidate a possible structure for the tunneclling
]uvel; in CH3D, or .a calib;atién procedure for the inter—‘
relation of o to <I(;+1)>, a model for the structure of -
phase III nceds to be formulated. The results .of such a
procedure should be Lreated with caution, and only be taken
as possible lndlcatlons of the nature of solid CH3D in phase
I(I. The constraints on any mqdel imposed by the existing
data for CH3D are, however, appreciable. i

The entropy of CH3D provides several unambiguous
facts that are pertinent. The residual entropy at T = 0 K,
estimatea in the usual way by comparing the statistical
entropy {without nuclear sbins) with the entropy based on
" calorimetric data, excluding the Aeat capacity anomaly in the
region T<8 K, was found to be 11.9:0.4 J/mole K‘whibh,
within‘tﬁe limit given, is Rln 492. The natural explanation
for that result is that the C .- D.bond direqtion of the CHBD

\
molecules remains randomly oriented with respect to the

.crystal axes -at the low Lempnratures.' /
Since the Schottky type anomaly. is observed 1n the
heat capacity at low temperatures, and since spin convers1on
is known to occur, it is preferable to include nuclear spins
'in tge calculation of thé statisticél entropy (by adding
Rlngpﬁf where p = the spin Qeight). When this is done, the '
residual entropy at T = 0 K, on thg basis just given, bécomes

38.3%0.4 J/mole K which, within-the limit shown is equal to

. Rln 96. ' *
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Figure 28. 'The entropy of CH3D below T = 4 K.
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If account i then taken of the low temperature
anomaly in the heat capacity to calculate the calorimetric
enlropy, uéing the most rgcont‘thorhodynamic data53, the
residual entropy at T = 0 K bécomcs 22.1t0.07 J/mole K.

(See Figyure 28 for a represeqtation of the temperature
dependence of the entropy.) The lowest energy state of CHyD

has A symmetry and a nuclear spin deygeneracy of 12 associated

"with it. The degeneracy could be expected to remain at the ¢

lowest experimental pemperéture reached, - T = 0.15 K. On
this basis, the calculated min;mum residual entropy would be
Rln 12 (20.7 J/mole K) which is less thaﬁ Lhe vélue_found
experimentally by an amount that is twice the estimated
uncertainty. A rediction in entropy from Rln 96 to-Rln 12

is easily accounted for physically by spié conversion (Rln 2),
and érdering of the orientations of the C - D bonds. The

fact that the difference in residual entropies calculatea
from the data at higher and at lower temparatures is less

than R1n 96 - Rln 12) is possibly significant, but an unique

>

interpretation cannot be offered.

4.4 A Model for Phase III of CH4D
The simplést premise on which to base the phase III
strué;ure is that éll of the molécul?§ become oriehtationally
ordered, and equivalent to the ordered molecules of phase II.

The resulting structure could still have many orientationally

distinct sublattices, but the symmetry and the strength of

-
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the potential at each lattice site would have to be’
.essentially the sape, - probably close to the tetragonal site
symmetry which scems to descrlbe adequately the ordered
molecules in phase II of the CHy. If such a model were
correct, then the rotational cnergy levels of the molecules
would be grouped into a low-lying scet of tunnelling levels
and a series of higher energy librational levéls. Sucﬁ.a
scheme could qualitatively explain the existence of the low

temperature Schottky-type anomaly in the heat capacity, the
[} .

behaviour of thewentropy and the neutron cross-section results.

While the model has these obvious advantages, it may not be
N
an accurate representation of the phase III structure.

124 for thé‘phase III struc-

Recent theoretical calculations
ture have suggested that, while the éisordered molecules of
phase 11 becéme orientationally ordered in phase 11T, théir
symmet:y is not equivalent to that of the ordered molecules
in phase II. This is reasonable because the phase II+IIX
t;ansition would not be expected to produce a total reorgani-
zation of the lattice. Aﬁ the present time, there are insuf-
ficigpt experiméntal results to allow a distinction,to be
made between the two models for gﬁése III. The model with
non-equivalent CH35 molecules is the more complex, and the

13

accuracy and quantity of existing data are not adequate to

-

evaluate its parameters. Therefore, the simpler model with
equivalent methane molecules will be used for the subsequent

[}

discussion of the neutron scattering results,

BBmchdin. w7 "
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TABLE X

The Fnergy Level Scheme derived from Lhe
Equivalent Molecule Model,

- a mee oe e - ———— —— . m m m MY o A e e e & o —

Symmetry - Degeneracy Energy (K)
E 12 ' ‘2.6
E 4. ‘ 1.4
A 12 : 1.1
A 4 0

For CH4D molecules in a tetragonal crystal field,
there will be four tunnelling levels, two of A symmetry and
two of E. The degeneracies of the various levels are known

125, and are given in Table X. The rotational -

from group theory
paréition function that corresponds to th&s model is simple
because the highef energy librational excitations do not
contribute significantly at low temperatures, and the heat
capacity and <I(I+1)> are, thereﬁbre, easily calculated,
Acéually, it is the réverse‘procedure that is appropriate,
that is, to p§e the experimental éesults to obtain estimates
of the energy level spacings. The heat capacity depends on
both the degeneracies and the spacings, while thé neutroﬁ
cross—-section data reflects the relative popu%ations of the

two spin species. Thus, the two sets of results are

complementary.
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A non-linear least squares method was used to derive-
estimates of the energy level:spacings from the experimental

heat capacitiesS3. Spin conversion was assumed to occur

réadily, as thé neutron cross—section results showed, It
should Lc noted, however, that it was not possible to derive
a sct of energy levels that reproduced the heat capacities
within the{; probable experimental error over the entire
temperature range 0.15 K<T<4. K, The values of the energies
given in Table X reprcseétla compromige for both the higﬁ and
low temperature regions.

The fact that & single set of levels was not consis-
tent with the heat capacities suggests that the simple model
chasen for phase III is inadequate. The same conclusion is
rcached from an analysis of the cross-segtion results: The,
values of <I(I+l)>, corresponding to the energy levels in ‘
Table X were calbulated and then used to determine the para-
" meters in the linear relationship between o and <;(I+l)>

‘v

-

o = 140.9 + 3.89 <I(I+l)> [22] —

§

Fguation [22]f5eproduced the exéarimentar values of o,
except at T ="0.75 K as is illustrated in Table XI.

The value of <I(I+i)> calculated for T = 1.8 K (2.83)
agrees-within the error limits, with that found from the '
ﬁ.m.r. determinatiogs69. More;ver, it is satisfying that
the array of levels in Table X places'two levels of different

spin symmetry in close proximity. This is consistent with
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TABLE XI o

Comparison between observed and calculated

Cross sectlon§§1n CH,D
DU T _,_s 3 ,\,_ — e -
o (barns )
(K] -—~—~Q—-~l~——-, . <I(I+l)> ,
obs. calc. : : .
Q.79 155.3 154.0 <. 3.37
N

1.4 152.6 152.4 . 2.97

1,6 - 152.2 152.2 2.91

1.8 © 151.8 151.9 2.83

2.0 151.6 151.7 . 2.78

2.5 151.3.  151.3 2.68

3.0 151.0 151.0 "2.61

3.5 150.9 - 150.9 - 2.56

4.0 150.7 150.7 © 2,56

L §
4.5 150.6 150.6 2.49
’(5.0 - 150.5 150.5 2,70~

6.0 . 150.3 150, 3 £ 2.43
10.0 150.1 150.1 2.36 r“

Ay S
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" )
the rapid spin species conversion that is observed experi-
mentally. . - ' o
To summarize: the simple model for phase III scrves

to correlate the recsults of different k;nds:of exPeriménEs

on CHiD. While the gcneralnagreement is’satisfa?fory, there
are obvious indications that the actual situation is more
complicated than that envisaged by the model. There appears
to be a distinct change in the behaviour of the system

P
between&T = 0.7 K and 1.4 K, the region where the temperature

dépendence of the thermal relaxation times change (Figure 27).

©

This suggests two possible modifications of the model.

The first is that the molecules are not all on

equivalent sites; the simplest alternative being the

_recently proposed structure where one-quarter of the molecules

are still in a less hinderiﬁg potential than the remaining‘
three-quarters., On this basis, there woudld be two differen;
coﬁtributions to the heat capacity, the thermal relaxation
and ‘the neutron crésé—sectibns. Qualitatively, the devia-
tions from the simple model are consistent with a two sub-
lattice model, but théﬁ s as far as the matter can be taken
at present. A second possible explanation for the breakdown
of the simple mod#l is that the energy level spacings are
temperatu?e dependent, as has been found theoretically for

CH416. Dilation of &he levels would cause <I(I+1l)> to be

t

larger than exbecteq at low tempefatures. fﬁmﬂlarly, fhe

calculated heat cqpaéity would be affected, as well as the

- = o7
-
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conversion lifetime. The thermal relaxation time could bé

drastically altered if the level dilatlon.wé%e to remove the

accidental degeneracy between the two levels through which

- 3 ‘. :
spin conversion is. accelerated. .t .
NG . ) R

VI.5 CH202

The total cross- sec¢1on results for CH2 5 .Were

.

obtained to ascertain if spln conversion was occurrlng,
2

/
espec1ally in the -’ reglon of the low temperature Schottky type

anomaly *(T<1.5 KLﬂwhlch‘had been observed in the heat

R . Q

. 2 . e
_capaclty5 ‘ The results show a small but significant

decrease in o below T = 4.2 K (shown in Figure 21). Its

(9

cause is not immediately obvious, but it will ke argued.that
it could result from spin conversion. A, decrease’ in ‘o could

> ’ " . " . * i - - . i
be caused by two effects: .a change in the inelastic o ) .

scattering as the tunnelling levels depoﬁufate at lower
temperaoures, or spin conver51on. *A group theoretlcal |
analysis of CH,D, in a tetragonal f;eld the most probable
symmeéry for the'phase III stfucture;,indlcate ghat five .
tunnelling levels occur with two éossible spin species

(A and B). of tﬁe five levels, three have symmetry'A(IH=12[7)
and two, B(I —6/5) It ls possible to construct an accept~”'“
able arrangement of these levels that leads to a decrease

in <I(I+1)> below T = 4,2 K Such a configuration is s*own.

‘in Flgure_29, along w1th the temperature dependence ‘of

<I(I+1)> .for such a scheme. The level sqheme chosen is very

similar to one proposed by Colwell>?2 to. fit the low
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. E-21K A45)"
, mA(SO)

E=067K B(63) .

140

E-0.5K 48(63) 
R E=0K _ A(5)
1.4' 4 " )
™ P *
[ ]
] | 1 1
1 3 4

Figure 29,

An hypothetical energy level scheme and

the corresponding values of <I(I+l)> for
CH2D2 .
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o ‘
“ , &
temperature heat capacity data of CH,D,, except that the

order of the levels has been changed slightly. The calculated
valucs,gf <I(I+1)> show a small‘éecrease from T = 4.2 K
down -to 0.75 K, below which a large intrease in <I(I+l)>
pccurs.“ The enexrgy level schemf chosen qpélitatively
ekplains the ébser&ed neutron cross-section results and so
the:model ought to be considered when fﬁrtheﬁ dataion CH2D2'
become available. ‘ ‘ .

o Little can be séia about the rate df spin conversion
in CH,D, other than that the lifetime of the process was
prpbably less than £he counting.ihterva (3 minutes). It

should ‘be noted, howevei, that the experi ental sample of

CHZD2 contained an appreciable amount of oxygen (~500 ppm.)

i

JROS



CHAPTER VII

CONCLUSIONS

-

The use of total neutron cfo§s~sections as a measure
of the éompééition of nuclear spin symmetry species in a
molecularsolid has been developed and refined to the point
where it yields quantitative information about the spin con-
version-proceés, At higher temperatures, where éhanges in
the concentrations of spin spécies'are-small, the totai
cross-section is sensitive to 'subtle changes in holecular
rotation and translation. That aspect’is'not treated
extensive1§ in this thesis. - :

The principal experiments were éerformed on the

k]

solid.isotopic methanes‘éH4, QH3D and CH2D2. For CH4, the t
‘results aof the cross-section measurements- confirm deductions
from n.m.r. studies which haé”indicatéd that spin conversion
proceeds differenﬁly on the ordered and disordered sﬁp;attices
of phase II. The équiiibrium values‘of the cross-section
obtained with oxygen-doped Sample‘of CH4, have been used to
test the predicted theoretical temperature dependence of
<I(I+1)>, the‘mean squared proton nucleaf angular momentum
per molecule. Qqantiﬁative agreement is found. The kinetics

of the spin conversion proéess was studied. in béth‘pure and

oxygen—doped‘CH4 samples. _Cénveréion on the ordered sub-

142

. s o men
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lattices was found to be very slow, altliough not—as slow as
predicted by theorQ. The difference may be accounted for by wf;
the presence of trace amounts of_éxyggn in the experimental
.sample. Conversion on the djsordered sublattices was found
to be much faster, and strongly temperature dependent, The
conversion lifetimes are cbnsiséent with those observedvfor
thermal relaxation in CH,. ' - ~

Spin conversion is shown to occur in CH3D in the
region T<4 K, and to be close to completion by T = 0.75 K.
This resdlt is correlated with changes in the entropy of
CH3D at low tempgratures. There is, however, the complicapion
;hat ordering of the C-D bond directions occurs over the same
temperature region. Since the structure of the low tempera-
ture equilibrium solid phasg (phase III) is not known, a full
interpretation of the experimental fesults is not possible,
D 'can be

3
made. The rapid spin conversion that is observed is: attri--

but estimates of the low lying enexgy levels of CH

buted to an accidental degeneracy of levels of the A and E

t

spin symmetry species. No firm conclusion can be drawn

about the possible dilation of the low lying energy levels
as the spin conversion process occurs. . . :

A less exténsive study was made of CH,D, because

relaﬁively few results are available‘for that methane from
. : Lo '
other kinds of experiments. Moreover, the neutron cross-

$

section measurements were necessarily less sensitive because.

of the loQ proton concentration in the moleculef' In contrast
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]

to the observations made with CHé_and CH_ D the total ncutron

3
cross-section was found to decrease with decreasing tempera-
ture in thé region T<4 K. An argument is developed to show

that tbis result can be consistent with spin cenversion.

L



APPENDIX 1

Calculation of Neutron .Cross-sections
- The Krieger-Nelkin Method

There are many methods which have been used to calcu-
. ‘ . 186
late the neutron cross-sections of free molecules, ., but

84 is, perhaps, the most étraight-

the Krieger-Nelkin method
forward. The method i»Rased on the more sophisticated, and

very difficult to use, Zemach and Glatlber82 formalism which

x ’ .
-accounts for the gquantum mechanical nature of the scatterer. -

‘The KrfbgeréNelkin method,is a quasi-classical approach in

that res'trictions are placed on the‘theory in such a way

that‘the\quantum nature of the rotations is neglected. The
\the neutron, E

energy of o

»

enexgy lev%l spacing, and.the témpera;ure of the sample, .T,

must be hiih.enough to populate many rotational levels.

Within thisjrange of applicability, the rotational and ~

. . ,‘ » . . A

translation%l motion of the molecules are incorporated into
i

an effectivel mass, m, derived from the Sachs-Teller mass

tensor concept85

. The Krieger;Nelkin calculation thus
cannot deal with the problems ariéing from nuclear spin
correlations, or those from the quantum nature of- the

' I

. rotations, but it does provide a good indication of how the

cross~section for methane behaves, as a function of tempera-

145

must be larger than the rotational

-

—— f .
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ture, in the gas and liquid phasesgs' .
The cross-section per nucleus,oN, for each nuclcus
in the molecule, is given by the following expression
CGF oz % },-CP i k, ?
oy = Oy 20 {erf(c?)-(1-p)-e erf(C*(1-p?) )}
& : X
o ’ , :
. [A1.1].
where: F
ON is the free nucleus cross-section.

w is the energy (in eV) of the lowest internal

mode of vibration * \\\»d;“?
C = EO m
kT
p=(1-aZst P

o = (1 + W) /KT o

8 = W/ (20kT)

[

Equation [Ai.l] can be evaluated for each different nucléﬁgl

in the molecule, where the éffects-Bf chemical binding are

-~

encompassed in m, and the results summed to obtain the

<

. b3 ' ‘ '
total cross-section of the molecule. A comprehensive .

analysis of the Krieger-Nelkin method has been given by

McMurray et al.l?7.

~

A list of the two parameters, which contain the '~

©

molecular information, is given below for the isotopic

-

methanes studied. The values of W were obtained for

28

spettroscopic datal . Wit these values for the methanes

4

fe2
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TABLE Al.I
Isotope - | m : L __w(ev)
cH, ) 0.2944 : ' 0.1656
CH_D 0.2621 (protons) 0.1433
3 0.2403 (deuteron) ‘
' CH,D, 0.2145 (protons) 0.1282
0.2353 (deuteron)

and for T = 95 K and a'neutron,wavelength of 4.72 3, the
Eoéal cro;s—section and the slope of the cross-section per
proton with temperature (the Kriéger—Nelkin formula gives a.
linear dependence with temperature) were\calculated with the
following results.

- ’ TABLE Al.II

Methane ¢ (T=95 K) slope
(barns) (barns K‘%ﬁproton“l)
cry " 253.8 147
_ CH3D ‘ 206..2 ’ .144
Y - CH,D, ' 157.8 ' .141

Increased deuteration of the methane molecule does not
» drastically affect the slope of the cross-section-temperature

line,



APPENDIX 2 “

The Long Wavelength Limit for the ’
Neutron Cross-section

The correspbndence between the total neutron cross-

section and <I(I+1l)> ié most clearly evident if one examines
the elastic scattering of very long @avelength neutrons. The

long wavelength expansion for CHy has been performed by

129

Johnston and so only an outline is given heke.

~

. The starting point is the rigorous expression for

the elastic total cross-sectipn,

s . iQ.F 2
g = 4n T g, |<i] I b e [i>] [A2.1]
i * atoms=1 N -

th

where 95 is the population factor for the i state and

~

bN is the spin dependent scattering length of the

NED atom in the molecule. . '

If the neutron wdvelengfh is very long such that.
0.Tr<<l, the exponential can be expanded and only the first
term retained. Equatign\[AZ.l] then becomes just the

square of the expectation value of the scattering length:‘

< 3

~ 2 ’
o =4n I g |<i|l I b _|i>]| . [A2.2]
’ i * atoms N
nThe spin dependent form of the scattering length is given - !

~

148 .
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80,76

in many Lexts and is,

) Y oy Y .y
_ (IN+1+2XIN.S)) Lok (IN-Z(IN’S)i [ |
\ . N R + . - aA2.3
/ 2IN+1 . ‘21N+l .

>

! 54, 3
fthen equation [A2.3] is substituted into [A2.2], there are

/ several terms which can be more easily condensed if’two "

additional quantities are defined: the coherent scattering

length

= I+1 b + I b;_ ’ . . [A2.4]
coh 2T+1 + 2I+1 -

and\QE? incoherent scattering length ' ‘

[I(I+l)]!s
b, _ = =——————— (b

inc 2I+1 + 7 b2

[A2.5]

where I is the nuclear spin of the scatterer. In the expansion

L

of [A2.2], there are several spin dgpendent terms of the

form <(§.fﬁ)> which must he zero if e neutron beam 1is

. [ U § . G
unpolarised. Other terms of the form (S.Ii)(s.Ij)> can be
combined and shown to be proportional to L(I+l)> for the
molecdle,«which is the desired result. The final expfession

for the total cross section of CH4 is

-

) 2 2
g = 47 L g_1l6 b + 4%(b, -b, ) I(I+l)
I=spin I coh Ht °H
species
. +80b 2 1. . [A2.6]

coh bcarbon + bcarbon
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With this expression, the total cross-section for CH

4 at
<1 (I+l) > =

high temperatures, 3.00, is 290 barns, while the
cross~section for a molecule in the ground A state is 537
barns,

.
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