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1. INTRODUCTION

The methanes, CH and its deuterated derivatives, freeze at about 90 K into

an orientationally disordered cubic structure phase I, also called the a-phase.

Similar to molecular crystals such as H 2 and N2> the stability of this orienta-

tionally disordered phase ranges over a relatively large temperature interval.

The large isotope effect on the transition temperatures from phase I to phase II

(or B-phase)s occurring at 27 K and 20 K. for CD, and CH^ respectively, is an

indication that quantum effects play an essential role in the many rich and in-

teresting - very often puzzling - phenomena observed in numerous experiments

during the past decades. For instance, for many years it remained obscure why the

deuterated species of methane exhibit, upon lowering the temperature, a further

transition to a fully ordered phase III (or y-phase), whereas CH remains in

phase II down to T = 0 K. Another example of quantum behaviour is the large value

of the spin-lattice relaxation rate in CH, at temperatures below 5 K, and its in-

dependence on temperature. At these temperatures, the concept of molecular re-

orientations, modulating the dipolar interactions, does not suffice to describe

the phenomena observed.

Already in 1951, Nagamiya1 proposed a model for phase II, in which the methane

molecules were ordered by local crystal fields of a definite symmetry. In his

theory, he included a finite overlap of the wave functions of the oriented mole-

cules. The wave functions were generated by applying the symmetry operations of

the molecule and/or crystal field on a standard orientation. The symmetry adapted

wave functions are linear combinations of the orientational wave functions. These

functions, labelled according to the irreducible representations of the molecular

and crystal symmetry groups, are eigen-functions of the orientational Hamiltonian.

The energies of these "tunnelling" states are called tunnel energies. In the con-

struction of the wave functions, requirements as to the permutation symmetry have

to be met. For CH, (proton spin I = i; f ermions), this implies that, in order to

obey the Pauli principle, the combination of the orientational wave functions and

the nuclear spin wave functions must be anti-symmetric with respect to the inter-

change of any two protons. This is easily accomplished by noticing that the point

symmetry group of the molecule (= T.) is isomorphic to the four particle permuta-

tion group S,. In the language of group theory2'3, the Pauli principle is stated

as follows: the Kronecker product of the irreducible representations for the

molecular group T, and the permutation group S./T, must contain the anti-symmetric

A„ representation. The auclear spin wave functions, labelled with total spin quan-

tum number 1 = 0, 1 and 2, transform under permutations according to the irredu-

cible representations E, T„ and A. of S./T, respectively. Hence, in order to obey



the Pauli principle, these representations combine with the E, T and A„ molecu-

lar representation labels of the symmetry adapted orientational wave functions t

respectively. Consequently, out of the 24 orientational states and the 16 spin

states, only 16 combinations "survive". The following nomenclature for the com-

binations (or spin isomers) of CH, is used: para (1 = 0; E), ortho (1=1; T) and

meta (1 = 2; A).

A major breakthrough in the methane problem occurred in 1959, when James and

Keenan developed a classical theory on phase transitions in solid CD,. With the

assumption that the CD, molecules, situated on a face-centered cubic lattice, in-

teract only via their first non-vanishing electric multipole moments (which is

the octupole moment) and using a mean field approximation, they were able to pre-

dict three solid phases: a high temperature free rotor phase, an intermediate

phase in which one quarter of the molecules exhibit free rotation while the re-

maining three quarters are ordered in the molecular field. The low temperature

phase predicted by James and Keenan was shown to be completely orientationally

ordered. Due to the smaller moment of inertia of a CH, molecule, giving rise to

an appreciable zero point energy, the classical JK theory was thought for a long

period of time to be inapplicable to solid CH,. However, after the experimental

confirmation of the structure of the intermediate phase II of CD, by Press5 in

1972, the quantum mechanical version of the JK theory developed by Yamamoto and

co-workers6 successfully predicted a set of low-lying tunnel-levels of the order

of 1 K7 in CH.(II), with the assumption that CH.(II) is ordered in a similar way

as CD4.

More recently, the validity of using a mean field approximation has been ques-

tioned by Sprik and Klein8. The effect of orientational correlations on the sta-

bility of CH.(II) has been examined. One of the results was that the crystal

field term as introduced by Yamamoto et al., in order to make a stable phase II,

may well be replaced by other mechanisms in order to provide a stable phase II.

The confusion about CH,, whether it remains in phase II down to 0 K or may

exhibit the complete orientational order at low temperatures as observed in the -.'

deuterated derivatives, was resolved by Nijman and Trappeniers9, in a series of

high pressure NMR experiments. They showed that the ordering transition to phase

III occurs only at pressures exceeding 400 bar. The origin for this behaviour is

that the large orientational zero point energy causes the partially ordered

structure II to be the more stable configuration as compared to the completely

ordered phase III.

The JK prediction of the structure of phase III proved to be in conflict with

experiment10. A more comprehensive treatment of the structure of phase III by

Maki et al.11, including the hexadecapole terms in the Hamiltonian still proved



to be inconsistent with experimental results10. Up until this time, the precise

orientational order of phase III has not been unambiguously established, although

a structure containing two or more inequivalent sublattices with low site sym-

metry has been widely acce;. :ed in order to account for the different kinds of ex-

perimental observations concerning the structure of phase III.

Nuclear magnetic resonance techniques, applied to quantum-molecular solids,

provide different kinds of information. For example, the nuclear spin-lattice re-

laxation time T. is a measure for the spectral density of the intra-molecular

spin-dependent interactions. It may give information about the rate of molecular

reorientations. In addition, by measuring the nuclear magnetisation M Q , which is

proportional to <I(I+1)>, one obtains information about the populations of the

different nuclear spin isomers.

A characteristic minimum of T. versus temperature, commonly encountered in

NMR, was observed by De Wit and Bloom12 in 1969 in phase III of all the deutera-

ted methanes. This minimum of T. was attributed to the modulation of the intra-

molecular dipolar or quadrupolar interactions, due to molecular reorientations

occurring at a rate near the Larmor frequency. However, the absolute minimum

values of T. were too large by far to be accounted for by a reorientational pro-

cess in a classical lattice exhibiting a continuous energy spectrum. Indeed, the

existence of a finite overlap of the orientational wave functions, resulting in

tunnel splittings of the librational states, explains the origin of the discre-

pancy. The tunnel energies are by far larger than the Zeeman energy, reducing the

spectral densities at the Larmor frequency of the dipolar or quadrupolar matrix

elements, connecting states of different tunnel energy to almost zero. According-

ly, the relaxation efficiency is reduced by the existence of discrete orienta-

tional energy levels.

In contrast to the behaviour of T in phase III of the isotopic methanes, the

spin lattice relaxation time in CH, (II), to which only the ortho-molecules con-

tribute, proved to be nearly temperature-independent from 5 K down to 10 mK, im-

plying a temperature-independent broadening of the energy levels. Broadening

originating from phonons is expected to be temperature-dependent. Furthermore, at

temperatures below 5 K, CH, is in its librational ground state (the energy sepa-

ration between the ground state and the first excited state being about 75 K).

Consequently, lifetime broadening due to excitations to higher librational states

may be excluded. In order to account for the T behaviour in CH,(II) at low tem-

peratures, Bloom13 proposed a model, derived from NMR properties of ortho-hydrogen

called adiabatic molecular reorientation, in which the anisotropic octupole-octu-

pole interaction is responsible for mutual reorientations of the methane molecu-

les. Such mutual reorientation need not be stimulated by lattice vibrations, the



correlation time T for molecular reorientation becoming temperature-independent.

In a more quantitative theory on the spin-lattice relaxation of CH, at low ||

temperatures, Sprik and Trappeniers11* proposed a model for the dynamics of the .

orientational coupling between the ordered CH, molecules. The broadening of the --

energy levels of the ortho molecules is caused by the off-diagonal elements of

the intermolecular anisotropic interaction (the molecular field itself by which

the molecules are ordered originates from the diagonal elements). They were able

to reproduce satisfactorily the behaviour of T,, considering the rather poor

knowledge concerning the precise form of the orientational wave functions.

Phase transitions of solid CH, under pressure have been investigated since

1939, when Trapeznikowa and Miljutin15 observed a second phase transformation at

elevated pressure apart from the transition at 20.4 K and zero pressure obtained

by Clusius16 in 1929. This transition was attributed to the II-III transformation

as was observed at zero pressure for the deuterated methanes. It could not be ob-

served any longer below 1 kbar. In 1957, Stevenson17 exploited the volume jumps

at the phase transition in a piston-displacement experiment, in order to estab-

lish transition points in the p-T diagram of solid CH,. Surprisingly, he observed

four phases, two of which only existed at elevated pressures. The II-III transfor-

mation as detected by Trapeznikowa could be followed down to pressures of about

1 kbar. Upon lowering the temperature, the II-III transition could still be de-

tected, but the pressure at which the transition occurred remained at about 1

kbar down to liquid helium temperatures. A transformation to a fourth phase was

observed at low temperatures (from 4 K to about 30 K) at pressures above 2 kbar

(see Fig. 1). The triple point of the I-II and II-III phase lines was found at

about 2.5 kbar and 33 K, where phase II ceased to exist. The low temperature- ,:

high pressure phase IV could not be observed by Stewart18 in 1959, using a similar

piston-displacement method as did Stevenson. At this point we should mention a

remarkable feature in the phase diagram as obtained by Stewart (Fig. 1): the un-

certainty in the transition points suddenly increases at pressures above 2.5 kbar.

For many years, the phase diagrams constructed from the transition points as

obtained by Stevenson and Stewart were met with considerable scepticism, due to

the very large uncertainty of these points. This scepticism was supported by an

experiment carried out by Rosenshein and Whitney19 in 1965. They were able to

detect II-III transition points at pressures considerably lower than observed by

Stevenson and Stewart. Furthermore, from a heat capacity experiment by Colwell et

al.20 at zero pressure, experimental evidence was found of a sluggish X-type ~'

transition at about 8 K, analogous to the low temperature transition observed in j

all the deuterated methanes. ;:

The question whether or not CH.(Ill) is stable at zero pressure was answered
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Fig.l. The phase diagram of solid CH^ constructed from transition points
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in a high pressure NMR experiment carried out by Nijman and Trappeniers9 in 1975.

These authors showed very accurately that phase III is stable only at pressures

exceeding 400 bar, thus confirming the results of Stevenson and Stewart, whose

phase diagrams exhibited the correct features of the non-existence of phase III

at zero pressure.

The phase diagram of solid CH,, constructed from transition points obtained

from a number of experimental investigations, is presented in Fig. 1. Up to 3 kbar

the I-II and II-III phase lines may be drawn unambiguously through the transition

points as obtained by Nijman and Trappeniers. At higher pressures, information

about the phase behaviour becomes less reliable, but the occurrence of a triple

point of the I-II and II-III phase lines, resulting in a I-III phase line at

still higher pressures (drawn somewhat schematically in Fig. 1) was generally

accepted. The high pressure-low temperature phase IV, as reported by Stevenson,

is also shown in Fig. 1. However, it could not be observed in any other high pres-

sure experiment, although an anomolous behaviour of the dielectric constant at

pressures exceeding 5 kbar was observed by Costantino et al. in 1972.

The program of this thesis has two main objectives. Firstly, the experimental

determination of the phase diagrams up to 10 kbar and the accurate establishment



of the triple points of the methane solids. Furthermore, attention had to be paid

to the high pressure-low temperature properties of solid methane in order to solve

the conflict about the existence of phase IV. Secondly, by observing NMR para-

meters such as the spin-lattice relaxation time T. and the line shape second mo-

ment M~ as a function of pressure, information could be obtained on tunnel split-

tings and site symmetries. In connection with this,' a calculation of the quadru-

polar and dipolar matrix elements of ordered CD, and CH-D- molecules respectively

was to be carried out. These matrix elements may be used for a calculation of the

spin lattice relaxation rate or the second moment in the presence of tunnel split-

tings large compared to the Zeeman energy.

In order to perform this high pressure experiment at the required temperatures,

r. liquid helium cryostat had to be built around a 15 kbar pressure vessel, which

was used previously in NMR experiments22 at liquid nitrogen temperatures at the

Van der Waals Laboratory. Furthermore, the large area in the p-T diagram of

helium (which is used for pressurizing the sample of methane), where helium is in

its solid state, had to be made accessible. In the previous high pressure NMR ex-

periments at the Van der Waals Laboratory23'21* on solid methane, the NMR coil in-

side the pressure vessel was always in danger of being destroyed by the solidi-

fying helium. Consequently, a coil and socket had to be constructed, capable of

absorbing pressure gradients as induced by the solidifying helium.

The gas pressure generating system consists of a commercially available Har-

wood set. The NMR spectrometer for measuring T. is very similar to the one de-

scribed by Arends25. The working frequency of the pulse spectrometer was 24 MHz

and 6 MHz for protons and deuterons respectively. In order to determine the

second moment M», the zero time resolution method was employed. A discussion of

this method, applied on solid methane, can be found in the thesis of Sprik21*.

With minor alterations concerning e.g. the long time stability of the magnet and

the programming of the microprocessor, the very same pulse spectrometer as used

by Sprik was incorporated in the present experimental set-up.

The content of this thesis is divided into six chapters, each of which has

been published, or is about to be published as a separate paper. Chapters one to

four are grouped together to form the experimental part I and the theoretical

part II consists of the remaining chapters five and six. In chapter 1, a descrip-

tion is given of the liquid helium cryostat and of the 15 kbar beryllium-copper

pressure vessel. The experimental results on the spin-lattice relaxation in CH, ,

CH2D2 and CD, are presented in chapters 2 and 3. From these results, the exis-

tence of a fourth high pressure phase is now well established. However, some very

peculiar features regarding the phase diagram of methane appear. In this connec-

tion, the sharp increase of the uncertainty in the experimental transition points



as obtained by Stewart at p > 2.5 kbar and the time factor in the dielectric con-

stant as observed by Costant-ino et al. are both explained. As it appears now, the

phase diagrams of the methane solids can be viewed in two different ways, depen-

ding on the pressure history. At high pressures (p > 5 kbar), the orientational

disordered phase I transforms into phase IV. This transition exhibits the enor-

mous hysteresis of about 20 K. By manipulating pressure and temperature, phase IV

can be maintained down to zero pressure, where it is stable for at least several

days. If, however, the pressure never exceeds 5 kbar, methane exhibits the fami-

liar phase transitions as established by Nijman and Trappeniers. The temperature

range in which phase II is stable becomes increasingly smaller as the pressure is

raised, resulting in a triple point of the I-II and II-III phase lines (Table I).

At still higher pressures, the I-III transition can easily be followed up to about

5 kbar. At this pressure, the first signs of another transformation become appa-

rent, appearing as a very slow change in T (the transformation being complete in

about 3 days at 6 kbar). Another striking phenomenon is that phase I retains a

"memory" of phase IV. This is exhibited in the fact that, once phase IV is ob-

tained, the IV-I and, upon cooling, the I-IV transformation occur rather fast

(in about 2 minutes).

Having established the stability of phase IV down to zero pressure, an experi-

ment was set up in order to measure the isothermal compressibility of phase IV.

The second moment, M„, was measured as a function of pressure. Provided that only

the intermolecular interactions contribute to the second moment observed, a sim-

ple relation holds between M„ and the compressibility, following from the —j- term

in the dipolar interactions. The results of this experiment are laid down in

chapter 4. Surprisingly, the expected increase of M, with increasing pressure is

absent. Moreover, at normal pressure, M„ is extremely sensitive to temperature.

Both features are explained by assuming rapid spin conversion. A simple analysis

of the experimental results yields a tunnel splitting between the A and T mani-

folds of at least 5 K.

As was already mentioned in this introduction, expressions for the spin lat-

tice relaxation rate — , based on a classical treatment of the lattice, results

C H 4
CH2D2

CD4

P(kbar)

3.90

3.34

3.02

T(K)

32.1

34.4

35.5

TABLE I: The triple points of the I-II and II-III phase lines.



in minimum values of T. which are considerably smaller than experimentally obser-

ved in phase III of solid methane. In phase IV, T . is even larger, as can be

inferred from chapters 2 and 3. In order to derive expressions for the spin lat-

tice relaxation rate of methane molecules, whose librational ground states are

split, quadrupolar and dipolar matrix elements were calculated for CD, and CH D

respectively. The derivations presented in chapters' 5 and 6 of part II are based

on a calculation similar to the one carried out by Nijman23 for CH,, and which

will be briefly outlined below. At low temperatures, where the positions of the

protons and deuterons are not localized, the permutation degeneracy results in a

coupling of the orientational and spin states. The symmetry adapted orientational

wave functions are labelled with two representation labels y and y , which are

irreducible representations for the symmetry group of the crystal field (site

symmetry) and for the molecular group respectively. The symmetry-adapted nuclear

spin wave functions are labelled according to the irreducible representations y

of the permutation group and the total spin quantum number I. Only specific com-

binations of y and y for the combined wave functions are allowed by permutation

symmetry. In order to apply the Wigner-Eckhart theorem on the matrix elements,

the quadrupolar and dipolar Hamiltonians of CD and CH D respectively are adapted

to site symmetry, permutation symmetry and molecular symmetry. The calculated

matrix elements are then substituted in a modified Hebel-Slichter formula for the

relaxation rate. The spectral densities near the Larmor frequency in the expres-

sion for the relaxation rate may be neglected in the case of quadrupolar or di-

polar matrix elements connecting states with different orientational energy. This,

in effect, slows down the relaxation as compared to the classical case, i.e. zero

tunnel splittings.

The calculated minimum values of T. of ordered CH,, CD, and CH D molecules

in crystal fields of different symmetry are listed in Table II, together with the

values experimentally observed. As a comparison, the classical values are also

shown. The Larmor frequency for the deuterons in CD, and for the protons in CH,

and CH D, are chosen to be 6 MHz and 24 MHz respectively. From Table II it is in-

ferred that the calculated minimum values of T. are still too small for CH, and

CD^ and, in contrast, too large for CH-Dj- A t first sight, these results are

rather disappointing. However, the discrepancy between theory and experiment is

reduced when the following arguments, based on the wealth of experimental results

concerning the methane solids, are taken into account.

Firstly, the orientational wave functions used in the calculations were

approximated by 6-functions, leading to values of matrix elements which are lar-

ger than when the real (less localized) wave functions are employed. Consequently,

the relaxation rate is over-estimated, resulting in minimum values which are lar-



CD4

CH2D2

(exp)

1 min

III

160*

9

75

ms

IV

260

18

78

(tunnel)

1 min

Td

21

0.9

205

D2d

35 '

2.8

205

(class)

1 min

6.6

0.4

30

TABLE II: The minimum values of T

First column: experimentally observed in phases III and TV
*: taken at P = 0.5 kbar

Second eolwm: calculated with, finite tunnel splittings and T-, and D ,
site symmetries (for CH. see ref. 23)

Last colvrnn: calculated with, zero tunnel splittings

ger than listed in Table II. The effect of a finite width of the wave functions on

T.j can be inferred from the pronounced pressure dependence of the minimum values

of T1. Due to the increasing strength of the ordering potential with increasing

pressure, the wave functions become more localized, resulting in a more efficient

relaxation.

Secondly, although the precise orientational order of phase III is not known,

it is a well-established fact that phase III consists of two or more inequivalent

sub-lattices with low site symmetries. The relaxation efficiency is slowed down

when it is assumed that the broadening of the energy levels is not equal for the

different sub-lattices. This is supported by recent neutron scattering experiments

on CH4(III)
26>Z7. If the broadening of one of the sub-lattices equals the Larmor

frequency, the molecules on the remaining sub-lattices will relax more slowly.

So far, as described above, the discrepancy between theory and experiment is

reduced only for CH^ and CD^. For C H ^ , the calculated values are larger than

the experimental ones, in contrast with CH, and CD,. However, the calculated re-

laxation rate is greatly enlarged when the assumption is made that the energy

separation between one or more energy levels is small compared to the Zeeman

energy. For instance, a T. minimum value of 57 is obtained when the two T levels

are degenerate. Indeed, as has been verified experimentally28, some of the energy

levels coincide on at least one sub-lattice.

In summary, the discrepancy between the theoretically derived and experimen-

tally observed minimum values of T. is reduced by the qualitative arguments



given above. However, a r.ioro quantitative analysis is not possible at this point,

because the precise orient.itional «ave functions are not known. Furthermore, the

orientational order of phase III is still a subject of investigation, while ex-

perimental determination of e.g. structure, orientational order, tunnel splittings,

etc. of phase IV has yet to be carried out.
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PART I : EXPERIMENTAL

CHASTER \ : LOW TEMPERATURE-HIGH PRESSURE APPARATUS FOR NMR EXPERIMENTS

D. van der Putten, K.O. Prins and N.J. Trappeniers

Van der Waals Laboratory, university of Amsterdam, The Netherlands

A. description is given, of a liquid helium cryostat containing a high pressure

NMR probe, suitable for hydrostatic pressures up to 15 kbar. The tail of the

cryostat is designed to fit between the poles of a conventional electromagnet.

Hydrostatic helium gas pressure is generated by means of a commercially available

two-stage gas compressor. The apparatus is designed for performing NMR experiments

on samples subjected to pressure, in a temperature range from 2 K to 100 K.

13



1. INTRODUCTION

The liquid helium cryostat, described in this paper, has been designed in order

to control the temperature of a 15 kbar pressure probe for NMR experiments between

2 and 100 K. This low temperature, high pressure equipment has been used success-

fully in a series of NMR investigations of phase transitions and molecular motion

in solid methane and its deuterated derivatives1'2»3. The spin lattice relaxation

time T of both the proton and the deuteron spins have been determined under high

pressure. In addition, proton magnetic line shape second moments, using the zero

time resolution method1*, were measured in order to study nuclear spin conversion

processes and the compressibility of the various solid phases of methane.

2. DESCRIPTION

2.1. The high pressure NMR probe

The high pressure NMR probe has been used before in a study of the phase be-

haviour of CF,, C_H,S and C.H,6'7 at temperatures from 77 K. to room temperature.

As details will be published elsewhere8, only a brief description will be given

here.

The pressure probe is designed to operate at pressures up to 15 kbar. It con-

sists of a two-part beryllium-copper pressure vessel. As shown in Fig. 1, the bot-

tom part consists of a cylinder (28) with an outer diameter of 55 mm and a length

of 120 mm. The top is fixed to it by means of a BeCu nut (25). The sample volume

has a cylindrical shape with diameter 11 mm, with a serai-spherical top and bottom.

Adequate sealing of the pressure vessel is obtained by using a BeCu ring (26) of

the type described in ref. 9.

The BeCu electrical feedthrough of the r.f. voltage to the NMR coil is moun-

ted in the semi-spherical top part, which is shown in Fig. 2; this figure is re-

produced from ref. 9. The details of the feedthrough, which meets the requirement

of sealing at liquid helium temperature and high pressure, have been developed by

Schouten et al.10. This reference contains a description of the insulating and

sealing material (a-e) used. A small initial tension in the packing material is

applied by the nut E in order to provide a seal at low pressure.

The top part of the pressure vessel contains a channel connected to the high

pressure capillary, used for filling and pressurizing the sample volume. This

capillary (I, Harwood 4.7x0.62 mm) is connected to the pressure vessel by means

of sleeve II and a nut III.

The NMR probe, inside the sample volume, consists of several different parts
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•Big. 1.

The 15 kbar pressure vessel

made from machinable glass (MACOR, Corning Glass Works, NY). The first part is

made so as to fill the semi-spherical volume at the bottom. The NMR coil is wound

from silver '̂ire (0.4 mm) in a groove machined on the outside of a cylinder with

outer diameter 9.5 mm and inner diameter 8 mm. The coil is insulated from the wall

of the vessel by a thin-walled cylindrical tube (o.d. 10.9 mm; i.d. 10.0 mm). This

construction of coil and sample holder has proved to be capable of absorbing the

mechanical strain produced during the solidification of the pressurizing liquid

helium. Consequently, the large area in the pT diagram in which helium is a solid

has now been nade accessible fc NMR measurements.

2.2. The helium cryostat

The design considerations for the liquid helium cryostat were largely dictated

by the size of the pressure vessel and the space available in the conventional
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electro-magnet used in our high pressure studies. The magnet is provided with

pole caps having a diameter of 32 cm, the gap is 8 cm wide. The distance between J

the housing of the magnet windings is 20 cm.

As the magnet gap does not provide sufficient space for liquid nitrogen and

liquid helium containers, a tail-type cryostat, bottom and top of which are illu-

strated in Figs. 1 and 3, was designed. The cryostat is constructed mainly from

stainless steel; high purity copper has been used for those parts requiring good

thermal conductivity. The pressure vessel is mounted in a vacuum-sealed inner

space (17). It is surrounded by two coaxial shields (23) and (24) at liquid helium

and liquid nitrogen temperature respectively. These shields, which consist of 1 mm l

thickness high purity copper, are thermally connected to the containers of the

cryogenic fluids, located in the top part (above magnet gap). The liquid helium

container has a volume of 3.6 1, the liquid nitrogen container measures 6.9 1. i

Both containers are suspended from the top plate (3) by the inner tube (20) sur-

rounding the space (17). This tube is made from stainless steel; it extends to

just below the bottom of the helium can, where (22) the copper helium shield (23) t

is welded to it. The inner tube is responsible for conducting the major part of

the heat coming from the top plate at room temperature to the nitrogen and helium

containers. The thickness of its wall is reduced, therefore, from an original

1.6 mm to 0.5 mm all the way down to the helium container, leaving 'rings' at the

original thickness at distances „f 6.6 cm, in order to maintain sufficient mecha- j

1 nical strength. Furthermore, the top part of the inner tube (20) is anchored to

the liquid nitrogen temperature at the copper plate (5), from which 6 copper rods

(6) are suspended into the liquid nitrogen bath.

,• The pressure vessel is suspended from the top plate by a stainless steel tube

I (13, wall 1 mm). This tube is also fixed at liquid nitrogen temperature at the :

; copper plate (5). The stainless steel high pressure capillary (10), connecting

the probe to the high pressure equipment, and the r.f. transmission line (11) are •

located inside this suspension tube. The electrical tuning and matching of the l -

probe to the r.f. equipment is performed at the top end of the transmission line. '•"

• The outer vacuum space (19) between the wall (8) of the cryostat and the in- (

ner tube can be evacuated through valve (7) and is maintained at a high vacuum by y-

•r the absorption pump (21). A safety valve (18) is mounted on the outer wall of the Pl

i cryostat. The inner space (17) can be evacuated or maintained at a preset helium

é pressure via port (12). The many connections, which are required to be vacuum -'

jf tight, are made by welding. Rubber 0-rings, indicated by black triangles and rect- ;A.

• angles (14) in Fig. 3, are used at those connections which have to allow for ther- |°-

mal expansion or are essential for disassembling the cryostat. %

i

A'
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IFig.2. The top part of the pressure vessel
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Fig.3. The liquid helium aryostat
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2.3. Temperature control and measurement

Three resistance thermometers (32) £.re mounted in holes in the bottom part

of the pressure vessel (Fig. 1). In order to obtain good thermal contact, the

thermometers are surrounded with Apiezon-N grease. All three thermometers were pur-

chascJ from Lake Shore Cryotronics. A carbon-glass thermometer (type CGR-1-1500)

is used as the sensor for a temperature control unit. It is inserted as one arm of

a Thomson bridge, the output of the bridge being monitored by a null-detector

(Analogic, U.S.A.), which is the input of the temperature control unit. This unit

supplies the current for a heater coil bifilarly wound in a groove on the cylin-

drical surface of the pressure vessel. Part of the current is proportional to the

unbalance of the bridge, another part is proportional to the integrated unbalance.

The temperature stability obtained is better than 10 mK in the range from 2 to 40

K.

For the temperature measurement, a calibrated magnetic field independent CGR-

1-1500 is used, which is checked at regular intervals against a calibrated GR-

200A-2500 germanium thermometer.

The twelve thermometer leads and the leads to the heater coil enter the inner

space via a glass to metal vacuum tight seal (Electrovac, not shown in Fig. 3) at

the top port (12).

2.4. Operation of the low temperature, high pressure probe

The cryostat can be operated over a wide range of temperature. When tempera-

tures exceeding 40 K and up to 100 K are required, the inner space (17) is main-

tained at a vacuum of about 10" Torr. Temperatures lower than 40 K are obtained

by transferring some helium exchange gas through the top port (12). Temperatures

down to 2 K are reached by pumping on the liquid helium bath via the evaporation

line. Temperatures from 80 K up to room temperature are obtained by filling the

liquid helium container with liquid nitrogen.

At temperatures below 20 K the contents of the helium can is sufficient for

operating intervals of about twelve hours between refills. At higher temperatures,

these intervals are reduced due to the increasing heat transfer from the pressure

vessel to the liquid helium container.

This low temperature, high pressure probe was used in a series of NMR investi-

gations of the properties of solid methane. Methane samples and, similarly, samples

from other low boiling point substances, may be prepared by condensing through the

high pressure capillary the proper amount of liquid into the sample volume. After
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crystallization, by adjusting the temperature of the pressure probe to just below

the melting temperature, hydrostatic helium gas pressure can be applied. Crystal-

lization inside the capillary is prevented by applying current to a heating wire

wound around the capillary above the pressure vessel. In order to maintain a pres-

sure tight seal of the pressure vessel, down to low temperatures, the maximum

operating pressure has to be applied during the process of cooling down; after

reaching the desired temperature, the pressure may be lowered to any other value.

Obviously, changing samples which are solid at room temperature requires disassem-

bling the pressure vessel.

Helium gas pressure is generated by a two-stage gas compressor (Hftrwood Co.,

Walpole, Mass.). The pressure is measured with a manganin resistance cell. This

cell has been calibrated up to 10 kbar against a Harwood dead-weight pressure

balance in our laboratory. The inaccuracy in the measured pressure is within 0.2%.

However, the accuracy in the determination of the pressure is considerably reduced

under experimental conditions, such that helium is in the solid phase. A method

developed by Spain and Segall11, employing the equation of state of solid helium,

is used to calculate the pressure inside the probe under isochoric conditions.

ACKNOWLEDGEMENT

The authors gratefully acknowledge the cooperation with W.J. Schuijlenburg and

W. Koops in the design and the construction of the cryostat and the advice of Dr.

J.A. Schouten in solving problems with the pressure equipment. This investigation

is part of the research programme of the "Stichting voor Fundamenteel Onderzoek der

Materie (F.O.M.)", supported by the "Organisatie voor Zuiver Wetenschappelijk

Onderzoek (Z.W.O.)".

REFERENCES '-,

1. D. van der Putten, K.O. Prins and N.J. Trappeniers, Physica 114B (1982) 281 '&•;

2. D. van der Putten, N.J. Trappeniers and K.O. Prins, Physica 124B (1984) 193 ?

3. D. van der Putten, P.J. Kortbeek, K.O. Prins and N.J. Trappeniers, Physica j?

(to be published) ['

4. K.W. Vollmers, I.J. Lowe and M. Punkkinen, J. Magn. Res. 30_ (1978) 33

5. D. van der Putten, N.J. Trappeniers, Bull. Magn. Res. 2_ (1981) 135

6. M.H.M. Schutte, K.O. Prins, N.J. Trappeniers, Proc. 20th Coll.Ampère 1978, 377

7. M.H.M. Schutte, K.O. Prins, N.J. Trappeniers, Bull. Magn. Res. 2 (1981) 143 f

8. M.H.M. Schutte, thesis, University of Amsterdam (to be published) \',

9. W. Goedegebuure, J.A. Schouten, N.J. Trappeniers, Rev.Sci.Instrum. 48 (1977) 1213 .'•

10. J.A. Schouten, N.J. Trappeniers, W. Goedegebuure, Rev.Sci.Instrum. 50 (1979) 1652 i v

ïi. I.L. Spain and S. Segall, Cryogenics 2 (1971) 26

21



CHAPTER 2 : PHASE TRANSITIONS OF SOLID CH4 AT PRESSURES UP TO 9 KBAR DETERMINED

BY NMR

D. van der Putten, K.O. Prins and N.J. Trappeniers

Van der Waals Laboratory, University of Amsterdam, The Netherlands

Conclusive evidence for a new phase transformation in solid CH,, with a hysteresis

of 20 K, is presented. At pressures above 5 kbar this new phase IV is definitely

stable while at lower pressures, even down to P = 0 bar, phase IV is stable for

at least several days. Previous high-pressure results which were not completely

understood are re-examined and re-interpreted in terms of this new phase transi-

tion. The spin-lattice relaxation time T. has been measured in the phases I, II,

III and IV up to 9 kbar and from 2.5 to 90 K. In addition, the triple point of

the I-II and II-III phase lines is established at 3.9 kbar and 32.1 K.
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Conclusive evidence for a new phase transformation in solid CHi, with a hysteresis of 20 K, is presented. At pressures
above S kbar this new phase IV is definitely stable while at lower pressures, even down to P = 0 bar. phase IV is stable for
at least several days. Previous high-pressure results which were not completely understood are re-examined and
re-interpreted in terms of this new phase transition. The spin-lattice relaxation time T, has been measured in the phases I.
II, III and IV up to 9 kbar and from 2.5 to 90 K. In addition, the triple point of the I—II and II—III phase lines is established
at3.9kbarand32.1K.

1. Introduction

At 20.4 K and normal pressure CHj transforms
from an orientationally disordered phase I to a
partially ordered phase II. The peculiar structure
of this phase was first derived theoretically by
James and Keenan [1] for CD4, who assumed the
electrostatic octupole-octupole coupling as the
dominant interaction, the structure being later
confirmed in a neutron diffraction experiment by
Press [2]. Six out of eight molecules in this
structure are ordered on the sites of an fee
lattice. The octupole-octupole interactions with
the neighbouring molecules cancel out, leaving
the remaining two molecules orientationally
disordered. Whereas the deuterated species of
methane show a further phase transformation to
a totally ordered phase III at lower temperature,
CH» does not.

Pressurizing a sample of solid CHj has often
led to puzzling phenomena. A piston displace-
ment method was used by Stevenson [3] to
reveal four phases, two of which only existed at
elevated pressures. Also a triple point was found

at 2.5 kbar, where phase II ceased to exist. The
low temperature-high pressure phase IV could
not be found by Stewart [4], who used the same
piston-displacement method. A remarkable fea-
ture in Stewart's resulting phase diagram was the
fact that the error bars at pressures higher than
2.5 kbar increased suddenly by more than a fac-
tor 5. An unexpected anomalous behaviour of
the dielectric constant e0 at pressures above
5 kbar was found by Costantino et al. [5]. On
cooling they found the expected I—III transition,
while Ea remained temperature independent
below the transition temperature. After repeated
runs, however, the I—III transition disappeared
and £o increased with decreasing temperature.
Later attempts to obtain the Raman spectrum
were not conclusive [6]. A high-pressure NMR
study by Nijman and Trappeniers [7] accurately
established the phase diagram up to 3 kbar, and
showed that the II—III transformation only takes
place at pressures higher than 400 bar. Further-
more, a minimum of the II—III phase line occur-
red at about 7K. Two quantum effects are res-
ponsible for this behaviour. First, the absence of

0378-4363/82/0(HKW)(HH)/$02.75 © 1982 North-Holland
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282 D. van der Pullen el al. I Phase transitions of solid Chit al high pressures

phase III at normal pressure is due to the large
zero-point energy of the ordered molecules in
Phase III, as is explained by Yamamoto and
co-workers [8], who developed a quantum-
mechanical version of the classical James and
Keenan model, and on more general ther-
modynamic grounds by Sprik, Nijman and Trap-
peniers [9]. The rapid conversion (in about two
hours) from the T(/ = 1, J = 1) to the A(J = 2,
J = 0) spin species of the free rotor molecules
[10,11] is respons'ble for the minimum in the
II—HI phase boundary. When spin conversion is
completed the five-fold degeneracy of the A level
leads to a value of k In 5 per molecule for the
entropy of the disordered molecules. The ordered
ones still have k In 16 as a result of the sixteen
close-spaced tunnel levels of the three spin isomers
in their librational ground state. In the high-
temperature limit, the entropy of a freely rotating
molecule is larger than that of an ordered mole-
cule. Thus, the entropy change As associated with
the II—III transition is negative at high tem-
peratures and positive at low temperatures.

Recently, Raman spectra of solid CHj under
pressure at 4.2 K [12] have produced evidence
for the existence of two phase transitions at 1.7
and 5 kbar.

Wieldraaijer, Schouten and Trappeniers used
the volume jumps at the I—III transformation to
establish the transition temperatures and pres-
sures in a pressure range from 20 to 60 kbar with a
diamond anvil cell [13]. The phase line showed a
hysteresis of approximately 20 K; furthermore, the
connection with phase diagrams of previous
authors [4,14], obtained at lower pressures, sug-
gested a point of inflexion or, what is more likely,
the existence of a fourth phase, or another triple
point.

The purpose of carrying out a high-pressure
NMR experiment in a temperature range of 2.5-
90 K at up to 10 kbar, was to establish the triple
point of the I—II and II—III phase lines, the
pressure dependence of the proton spin-lattice
relaxation time T, in phase HI, and possibly to

solve the disagreement about the existence of a
fourth phase.

2. Experimental

The experiments were performed in a NMR
spectrometer equipped with a high-pressure,
low-temperature facility. The pulse spectrometer
is of a conventional design, and has a working
frequency of 24 MHz. A 10 x 90° -T-1 X 90° pulse
sequence was employed to obtain the spin-lattice
relaxation time TV The discontinuities in T\ were
used to detect the phase transitions [15]. The
high-pressure part of the system consists of a
pressure generating system (Harwood Engineer-
ing Co., Inc.) and a 14 kbar beryllium-copper
pressure vessel. Helium is used as the pressuriz-
ing medium, and the pressure is read from a
manganin gauge which is calibrated against a
Harwood deadweight pressure balance with an
accuracy within 5 bar. In order to determine the
pressure in the region where the helium sol-
idifies, use was made of a method employing the
equation of state of helium [16]. At the helium
melting point the temperature is slowly
decreased, taking care that the helium solidifies
first at the bottom of the pressure vessel, by
applying a temperature gradient along the vessel.
During the solidification of helium, the pressure
is kept constant. In this way the pressure just
below the transition is the same as in the liquid
helium just above the transition. In addition,
strain gauges were attached to the outside of the
pressure vessel in order to obtain a separate
reading. Below the helium melting line, the T\
data in fig. 4 are taken along isochores. A vari-
able temperature cryostat was developed to con-
trol the temperature of the pressure vessel from
2.5 to 90 K within 0.01 K. Temperatures below
5 K were reached by pumping off the liquid
helium. For the measurement of the tem-
perature, a magnetic field independent carbon-
glass thermometer was used, which was checked
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at regular intervals against a germanium ther-
mometer. The accuracy in temperature was bet-
ter than O.IK.

3. Experimental results

3.1. The phase diagram

The experimental results show a triple point of
the I—II and II—III phase lines at 3.9kbar and
32.1 K, and a new phase transformation to a
phase IV with a very large hysteresis of about
20 K (figs. 1, 2, 3). This hysteresis was also
observed by Wieldraaijer et al. [13], and the
connection with their phase line, obtained at
pressures above 20kbar with a diamond anvil
cell, is very good. It can therefore be concluded
that the influence of the dissolving helium is of
no importance as to the position of the phase
line.

O E - I transition
A I - E transition
O Z -HI Iraniittan |ir*tc«taSlet

Nijman and Trapptnurs
V this eipcrimint

Hrlium mtlimg tin*

- t

s
60 75

Fig. 2. The hysteresis cf the I-IV phase transition at P =
9053 bar. O: Increasing temperature; V: decreasing tem-
perature.

The procedure for obtaining phase IV needs
some clarification. Starting for instance at
6.5kbar and 80 K, which is the temperature
where the sample is normally held before a
measurement takes place, and cooling slowly, we
find the expected I—III transition at 38 K. During
cooling to 5 K in about 5h, T\ in phase III is
measured at regular intervals. The same pro-
cedure is followed with increasing temperature
and the III—I transition appears again. At 80 K
the pressure is raised to 9kbar, and the pro-
cedure is repeated. The I—III transformation
appears at 45 K. However, when the temperature
is fixed for 3h in the neighbourhood of the
transition temperature in phase I, Ti decreases
slowly from 20 s to a value of about 5 s, and on
cooling, the I—III transition is lost. Instead, with
increasing temperature T t shows a discontinuity
at 84 K from 14 to 25 s (fig. 2), the regular value
in phase I. This value is reached within a few
minutes. When the sample is cooled, still in
phase I, a discontinuity appears at 64 K (fig. 2).
On cooling, Tt shows no discontinuity at the
former I—III transition, but behaves quite
differently from Ti in phase III (fig. 4). Once
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Fig. 1. The phase diagram.

55

Fig. 3. The hysteresis of the I-IV phase transition at P =
6004 bar. O: Increasing temperature; V: decreasing tem-
perature.
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O 10 20 30 40 50 60 K

Fig. 4. Ti in solid CH4 at various pressures. Open symbols: phases I, II and III; closed symbols: phase IV.

phase IV is obtained the discontinuities in Ti at
the I-IV and IV-I transformations are
reproduced almost instantaneously at various
pressures down to 5 kbar, provided that the
sample is not warmed up far into phase I. When
the temperature of the pressure vessel is in-
creased to about 20 K above the IV-I trans-
formation in phase I, and is held there for a few
days, the I-IV transition is lost on cooling. Phase
IV can again be obtained by wailing for three
hours at 9 kbar or by waiting for three days at
38 K and 6 kbar. Below 5 kbar no I-IV transition
could be observed, because the sample would
first transform to phase III. However, the IV-I
and IV-II transforn.vL.ons could be followed
down to zero pressure. Thus, phase IV even
exists down to zero pressure (fig. 5) and is stable
for at least two days. To maintain phase IV at
pressures below 5 kbar, the following procedure
was followed: Phase IV is produced at 9 kbar.
Then the pressure and temperature are lowered
on a path in the P-T diagram along the helium
melting line, taking care that at no point the
helium solidifies in the capillary. At the desired
pressure the sample is cooled slowly to 5 K, still
in phase IV, Then, with increasing temperature,
T, is measured in phase IV and the IV-I and

IV-II (fig. 6) transition temperatures are
established. The reason for not obtaining the
III-IV transformation below 5 kbar is not clear.
Waiting for several days in phase III would not
change Ti. In another attempt, a mixture of
phases III and IV was made at 4.5 kbar. This was
achieved by not letting the IV-I transformation
complete itself at the transition temperature. The
sample was cooled quickly after Ti had teached a
value in between the values for the phases IV
and I, 14 s and 25 s respectively. At the I—III
transition Tx decreased, but its value was still in
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Fig. 6. Ti in phases IV and II al P = 390 bar. O: Tt in phases
IV and II with increasing temperature; A: T, in phase II with
decreasing temperature.

between the values of either phase III or phase
IV. Again, waiting for several days did not
change Tx. This procedure was repeated at
3 kbar and at zero pressure were mixtures of IV
and III, and IV and II, respectively, were
present. No change in Tx was observed.

3.2. The proton spin-lattice relaxation time T,

In many molecular crystals such as C2H4, CF4

etc., the dipolar coupling, modulated by thermal
fluctuations, phonons or Iibrons are responsible
for the interaction between the orientational
degrees of freedom of the molecules and the
zeeman system of the spins. Below 10 K, T,,
corrected for the influence of spin conversion, in
CH»II proved to be nearly temperature in-
dependent down to 100 mK [17,18]. This implies
that another relaxation mechanism is responsible
for the relaxation in CH4II. Bloom [19] pro-
posed the so-called adiabatic molecular reorien-
tation model, in which the anisotropic inter?
actions between the molecules are responsible
for the relaxation. Recently, a model for the
dynamics of the coupling between the orien-
tations of the ordered CH» molecules in phase II

was proposed by Sprik and Trappeniers [20]. in
which no reorientation occurs. The four-proton
exchange interaction is responsible for both the
observed tunnel splittings and for the broadening
of the degenerate T states of the molecules. This
broadening appears as an interaction between the
T molecules in the molecular field, and is observed
as a modulation of the intra-molecular dipolar
coupling.

In phase III the details of the structure are still
not known. Therefore, an analysis of the relax-
ation data would be quite speculative. However,
some remarks can be made. Tunnelling, as
recently proved to exist in phase III [21], tends
to lower the relaxation rate. This could be an
explanation for the fact that the minimum values
of T, are too long to be accounted for by a
classical reorientational process. The T manifold,
which only contributes to the relaxation, is split
because of the low site symmetry, the splitting
becoming smaller at increasing pressure. Thus, a
large pressure dependence of the Tx minimum
can be expected [22] as is confirmed from the
minimum values of Tt in fig. 4, i.e. 160 and 95 ms
at P = 0.5 and 6.5 kbar, respectively.

The T[ minima in phase IV are shifted towards
lower temperatures as compared to phase III
(4.5 K at normal pressure in phase IV, fig. 5).
This indicates that the reorientational motion,
probably accompanied by tunnelling, is faster
than in phase III.

4. Summary

In this section we shall summarize our results
on the I-IV phase transition, and compare them
with related observations in the literature. We
have presented conclusive evidence for the exis-
tence of a phase IV in solid CH». The I-IV phase
transition shows a very large hysteresis of about
20 K, which explains the sudden increase in error
bars in the phase diagram of Stewart [4] at
pressures above 2.5 kbar. Inherent to the piston-
displacement method used by Stewart is the hys-
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teresis of the apparatus. Therefore, the volume
jumps of the transitions were measured iso-
thermally, with increasing and decreasing pres-
sure, the transition pressure being the average of
the two. At lower pressures the I—II and II—III
phase lines were determined rather accurately,
but at higher pressures the hysteresis of the I-IV
transformation causes a sudden increase in pres-
sure difference of the volume jumps at increasing
and decreasing pressure. Thus, the I—III tran-
sition of Stewart at higher pressure is in fact the
I-IV transformation.

A striking phenomenon is the importance of
the thermal history of the sample in phase I with
respect to the time needed for obtaining phase
IV. When the sample is cooled from higher
temperatures in phase I, it takes 3 days at 6 kbar
and only 3h at 9 kbar to complete the trans-
formation to phase IV. If phase IV had already
been obtained the IV-I and Ï-IV transitions
would occur almost instantaneously. This
explains the different behaviour of the dielectric
constant and the disappearance of the I—III
transition after several runs in the experiment of
Costantino et al. [5].

The III-IV transformation observed by Thiéry
et al. [12] at 1.7 kbar and 4.2 K fits very well with
the extrapolation of our I-IV transition.
However, the IV-V transition at 5 kbar and
4.2 K could not be reproduced in our experi-
ment.
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CHAPTER 3 : PHASE TRANSITIONS OF SOLID METHANE AT PRESSURES UP TO 8 KBAR

DETERMINED BY NMR: CH.D AND CD^

D. van der Putten, N.J. Trappeniers and K.O. Prins

Van der Waals Laboratory, University of Amsterdam, The Netherlands

The phase diagrams of solid CH_D_ and CD, have been determined up to 8 kbar. The

transformation to the new phase IV, which has been shown previously to occur in

solid CH., also occurs in the deuterated species. At normal pressure, phase IV is

stable for at least several days. The Tj data in the phases III and IV suggest

the existence of several inequivalent sublattices with low site symmetries. The

triple points of the I-II and II-III phase-lines of CH„D„ and CD, have been es-

tablished.
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The phase diagrams of solid CH1D2 and CDi have been determined up to 8 kbar. The transformation to the new phase
IV, which has been shown previously to occur in solid CHi, also occurs in the deuterated species. At normal pressure,
phase IV is stable for at least several days. The T, data in the phases 111 and IV suggest the existence of several
inequivalent sublattices with low site symmetries. The triple points of the I—II and II—III phase-lines of CH ;D ; and CDj
have been established.

1. Introduction

At about 90 K, liquid methane freezes into an
orientationally disordered state, phase I, where
the molecules occupy sites on an fee lattice, but
can rotate freely because of the absence of a
strong orientating crystalline field. Substitution
of the protons by one or more deuterons has
only a slight influence on the melting tem-
perature. When the temperature is lowered, a
second phase transformation to a partially
ordered phase II occurs. The structure [1, 2], of
phase II is such that two out of eight molecules
on the sites of the fee lattice are disordered,
while the remaining six are ordered. The con-
siderable variation in transition temperature
upon deuteration (i.e. 20.4 K and 27 K for CH4

and CD4, respectively) is mainly a quantum
effect. As a consequence of the relatively large
rotational constant B = ttzl2I, where / is the
moment of inertia, the increase in zero point
librational energy reduces the gain in potential
energy at the ordering transition, thus depressing
the transition temperature. This isotope effect in
its dependence on density has been discussed by
Sprik and Trappeniers [3], who measured the
density dependence of the I—II phase lines in the
phase diagrams of CH3D and CHD3.

For the four deuterated species of methane, a
transformation to a completely ordered structure
HI occurs at still lower temperatures (16 K and

22 K for CH3D and CD4, respectively). As has
been shown by Nijman and Trappeniers [4], CH4

exhibits-this transformation only at pressures
above approximately 400 bar. Despite numerous
efforts, the details of the orientational ord.er of
the tetragonal phase III have not yet been
determined. In a comprehensive theoretical
study of the structure of CD4 on the basis of a
classical mean field theory, including the hex-
adecapole terms in the interactions, Maki et al.
[5] arrived at a tetragonal P42/mbc structure with
three different kinds of sites (D2, S4 and Cs). This
structure proved to be inconsistent with recent
experimental data on X-ray diffraction, inelastic
neutron scattering [7, 8] and heat capacities [9].
Three different kinds of sites, called Si, S2 and
W, were proposed by Fabre et al. [10] in CH4

(III). The molecules occupying the W sites
experience a mucn weaker molecular field than
the Si and Si molecules, resulting in a surpris-
ingly large tunnel splitting of about 8K. This is
in contrast with the tunnel splittings obtained
from a neutron scattering experiment [11], where
the largest tunnel splitting, as obtained from fits
to a two and three site model, was about 2K. A
further elucidation of the structure of phase III
was made by Lushington et al. [12] by combining
the neutron diffraction and the thermodynamic
data.

The existence of another high pressure-low
temperature phase IV in solid CH4, as reported

0378-4363/84/S03.00 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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194 D. van der Pullen et al. I Phase transitions of solid methane: CH2D2 and CD4

by Stevenson [13] in 1957, has recently been
definitely proved by a number of experiments. In
Raman studies under pressure by Medina [14]
and by Fabre et al. [10], transition points from
phase HI to IV were observed. By observing
discontinuities in density, using a diamond-anvil
technique, the I-IV transformation was
established in a pressure range from 20 to
60 kbar by Wieldraaijer, Schouten and Trap-
peniers [15]. A high pressure NMR experiment
by Van der Putten, Prins and Trappeniers [16,
17] revealed that the phase diagram of solid CH4

is actually more complicated than envisioned so
far (fig. 1). The I-IV transition exhibits a hys-
teresis of about 20 K. This transition is super-
imposed on the phase diagram as known thus
far.

The transformation to phase IV is obtained at
elevated pressure (normally in the range from
6-9 kbar). When the pressure is decreased, phase
IV persists down to zero pressure where, with
increasing temperature, the solid transforms to
phase II at 14.5 K, before transforming to phase

THE PHASEDIAGSAM OF

SOLID CH.

10

kbar

B

6

L

2

p

- \

-

-

-3/

Fig. 1. The phase diagram of solid CH,, 0 : ref. 10; V: ref.
13; A: ref. 14; • : ref. 18; O: ref. 17.

I at 20.4 K. When the pressure is above the
intersection point of the I—II and the IV—II phase
lines, phase IV transforms 'directly to phase I
when the temperature is increased. With this
manipulation of pressure and temperature, CH4

is never in phase III. If, on the other hand, the
pressure is always below 5 kbar, the familiar I—II,
II—III and I—III transitions can be found by
decreasing the temperature, starting from phase I.

Fabre et al. [10] observed that phase IV is not
much different from phase III. The librational
energy levels do not change very much going
from III to IV. They concluded that only slight
rearrangements of molecular orientations take
place when passing from III to IV, the number of
sublattices and site symmetries probably remain-
ing the same. A dielectric anomaly was observed
by Costantino and Daniels [18], suggesting a
ferroelectric or anti-ferroelectric ordering in
phase IV. This is in contrast with the tem-
perature independent Raman active vt mode as
measured in phase IV by Medina [14].

The present data on CH4 (IV) definitely prove
the stability of phase IV above approximately
5 kbar. The I—III transformation, which can only
be obtained by a fast cool-down from higher
temperatures, is meta-stable above 5 kbar. Com-
ing down from higher temperatures, CHLj (I)
slowly transforms to phase IV (i.e. in 3 days at
6 kbar and 3 hours at 9 kbar, and instantly above
20 kbar [15]). Once the solid is in phase IV, the
hysteresis loop of the I-IV transition is
reproduced almost instantly at all pressures
above 5 kbar, and the I—III transition has disap-
peared. The fact that phase IV can be main-
tained for at least several days below 5 kbar
down to normal pressure, poses an interesting
problem: which of the phases in solid CH4 is
stable below 5 kbar, the phases II and III, or
phase IV? Furthermore, what is the origin of the
enormous hysteresis of about 20 K of the phase
transformation?

The objective of the present investigation was
to determine to what extent deuteration affects
the stability of phase IV. The spin lattice relax-
ation times were measured in the phases I, II, III
and IV of CH2D2 and CD4. The phase diagrams
up to 8 kbar were determined.
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2. Experimental procedure and results

CH2D2 and CD4 were purchased from Merck,
Sharp and Dohm. The isotopic purity was
specified as 98%. The oxygen content was
reduced to a value less than 2ppm [19], which
was confirmed by measuring the proton T, in
liquid CHiD2 [20J. The experimental procedures
and the high pressure-low temperature equip-
ment have been described previously [17]. The
proton and deuteron spin-lattice relaxation times
T, for CH2D2 and CD4 were measured at 24 MHz
and 6 MHz, respectively. Discontinuities in Ti
were used to discriminate between the different
phases. The transition temperatures of the I—II,
II—III and I—III transformations reported here,
were taken as the average of the hysteresis loop
under isobaric conditions. As helium gas is used
as the pressurizing medium, the pressure values
below the helium melting line were derived from
isochores published in ref. 21.

7*i isobars for CH2D2 and CD4 are shown in

figs. 2 and 3. The open symbols represent the T,
values in ihc phases I, II and III. The transitions
between these phases appear as discontinuities.
T, in phase IV is represented by the filled sym-
bols. The hysteresis of the I-IV iransition is also
shown in some of the isobars. The conditions for
obtaining phase IV, as well as the procedures for
maintaining it and for measuring the IV—I, I-IV,
IV-IH and IV-1I transitions are described in ref.
17. There is a difference as regards the time
needed to obtain phase IV, coming down from
high temperatures in phase I. At 6kbar, it took 3
days to complete the I-IV transformation in CH4

[17] but only 3 hours at 9 kbar. In CH2D2 and
CD4, however, a complete transformation to
phase IV takes only approximately one hour at
6 kbar, this time becoming shorter at higher
pressure. Once phase IV is obtained, the 1V-I
and I-IV transitions occur almost in-
stantaneously, as was also observed in CH4 [17].
The resulting phase diagrams are presented in
figs. 4 and 5.

50 - 5
20 H

10 _

I T, ISOBARS IN
SOLID C H ^

0 p= 0 bar
A P =2505 ••
• P =4350 ••

• p- 0 ••
PHASE * p = 2075 ••

E • p =4990 ••
» P=8265 ••

002

'0 20 30 40 50 60 70 60 K

Fig. 2. T, in solid CH2D2 al various pressures. Op«n symbols: phases I. I I and I I I . Filled symbols: phase IV.
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T, ISOBARS IN SOLID CD4

^

o p = 0 bar
PHASES » p = 2215 ••
I.ÏÏ.H * P = 4 0 9 5 ••

a P = 5500 ••

• p = 0 ••
PHASE T P = 1 5 4 5 ..

W. *P =3535 ••
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Fig. 3. 7"i in solid CD4 at various pressures. Open symbols: phases 1. II and 111. Filled symbols: phase IV.
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2.1. Phase III

The minimum values of 7"| in phase III at a
number of pressure values are listed in table I,
together with the minimum values in CH4, pre-
viously obtained [17].

The minimum values of T\ are too large to be
accounted for by a classical reorientational
process [22] (i.e. 6.6, 17.7 and 0.4 ms, for CH,,
CH2D2 and CD4, respectively), in which the lat-
tice is treated classically with a continuous
energy spectrum, and thermal excitations are
responsible for the random reorientations of the
methane molecule. Only the intramolecular con-
tribution to the spin-lattice relaxation time has
to be taken into account [23]. Clearly, a cal-
culation of the dipolar matrix elements of an
ordered CH4 molecule has to be based on dis-
crete orientational energy levels. The spin system
and the rotational system have to be combined
to calculate the eigenstates. These eigenstates
must obey the Pauli principle, and thus be
antisymmetric under permutations of any pair of
protons. The fact that the permutation group S4

is isomorphic with the full molecular symmetry
group Td, permits us to label the 16 spin states
with symmetry labels of the molecular group Tj.

Table I
Minimum values of the proton 7~i at 24 MHz for CH< and
CH2D2 and the deuteron T, at 6 MHz for CD4 in phase III at
different pressures. The temperatures at which the minima
occur are listed in the right-hand column

p
(kbar) (ms) (K)

CH4

CH2D2

CD4

0.52
1.78
4.59
6.23

0
2.38
4.09

0
2.16
3.89
5.14

160
120
105
95

75
42
30

9
3.2
1.4
1.1

8
10
15
18

10
15
18.5

14
19
22
23

A one to one correspondence exists between the
total spin / of the molecule and the symmetry
labels i.e. A, (ƒ = 2), T2 (I = 1) and E (1 = 0).
The rotational eigenstates of the tetrahedral
molecule in molecular fields of different sym-
metry (e.g. Td or Did) are calculated on the basis
of a pocket state formalism in which the wave
functions are strongly localized in the vicinity of
the equilibrium orientations of the molecule in
the molecular field [24]. It turns out that for a Td

site symmetry, the combined eigenstates of
orientational and spin states, obeying the Pauli
principle, are labelled by the A,, Tx and E
symmetry labels of the tetrahedral group Td. The
energy differences between them are called tun-
nel splittings, and depend on the overlap of the
wave functions.

The dipolar matrix elements of an ordered
CH4 molecule in its tibrational ground state in a
Td environment have been calculated by Nijman
et al. [25, 26], who assumed a 5-shape dis-
tribution for the pocket states. In the resulting
expression for the intramolecular relaxation time
Tx for a Td site symmetry only the T molecules
contribute to the relaxation. Eq. (20) of ref. 26
becomes

(1)

in which do, the interaction strength, equals
ylhVr3, where yp is the gyromagnetic ratio of the
proton and r the proton-proton distance within a
CH4 molecule.

The expression for the normalized spectral
density of the dipolar coupling is

(2)

in which F is the symmetry label of that part of
the symmetry adapted dipolar coupling, which
transforms according to the irreducible
representation F of Td [26],

F : 12.
P)
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where T,, and TCJ are the mean times between
reorientations about two- and three-fold axes,
respectively. In eq. (1), the assumption is made
that the energies associated with the T and E
manifolds are much larger than the Larmor
frequency e„=24MHz (= 1.15 mK). This is cer-
tainly the case in CH4 (III) where, disregarding
the differences in molecular sites, EA-T >S of the
order of 1 K. Furthermore, the tunnel splitting
should be much larger than the homogeneous
broadening of these states (i.e. EA-T> 1/T1"). The
minimum value of T! for a Td site symmetry
becomes 21 ms. A DM site symmetry partially
lifts the nine-fold degeneracy of the T manifold,
and the relaxation rate is given by

iot (4)

where htol is the additional tunnel splitting of the
T manifold caused by the D M site symmetry.
Assuming (Oi>(i>c, a minimum value for T\ of
35 ms is obtained. A more efficient relaxation is
expected if Ü>, = <U0- These calculated values of
Timin. respectively 21 ms and 35 ms, are much
smaller than the observed minimum of 160 ms at
P = 0.5 kbar in CH4. Lower site symmetries of
the molecular field are expected to lower the
relaxation rate even further. A lowering of the
relaxation rate could also be a consequence of
the distribution of several inequivalent sublat-
tices, one of which containing molecules with the
maximum relaxation rate in the temperature
range considered. The existence of at least two
inequivalent molecular sites in CH4 (III) has
been confirmed by various experiments [8, 10,
11, 27]. Finally, in the calculation of the dipolar
matrix elements, S distributions for the orien-
tational wave functions were assumed. Of
course, in the weak molecular potentials the
orientational states become more delocalized,
slowing down the relaxation rate. Probably a
combination of delocalized orientational states
together with the existence of several in-

equivalent sublattices and low site symmetries is
responsible for the large minimum values obser-
ved. As the frequency dependence is quite
different, an experiment in which the T, mini-
mum values are measured as a function of
frequency would probably indicate which of the
mechanisms responsible for the lowering of the
relaxation rate is the more dominant.

A second feature of table I is the very large
pressure dependence of the Tt minima. The only
important contribution to the relaxation rate is
from the intramolecular dipolar coupling in CH4

and CH2D2 and from the quadrupolar coupling
arising from the interactions between the deu-
terons and the electric field gradients in CD4.
The density dependent intermolecular inter-
actions can thus be ignored. However, a pressure
dependent relaxation time can be expected for
CD4, where a very small deformation of the
molecule has a large effect on the electric field
gradients. Indeed, the T, minimum values are
much more pressure dependent in CD4 than in
CH4 and CH2D2 (table I). As has been shown by
Huiler and Raich [28] for a Td site symmetry, the
tunnel splittings depend exponentially on the
scaled potential V' = V/Bml. The effective
potential strength can be described by a power
law V7Vo=(i?o/i?)", where Vo in Ro are the
potential and intermolecular separation at nor-
mal pressure. Prager et al. [8] deduced a value of
8 for the exponent n. On the basis of a cor-
responding state analysis of the density depen-
dence of the II—III phase line, Sprik and Trap-
peniers arrived at a value of 12 in the high
pressure regime. Thus, a pressure dependent
relaxation minimum can be expected.

2.2. The I-II, II-III and I-II phase transitions

Contrary to the early NMR results of De Wit
and Bloom [29], the II-III phase transition in
CD4 at normal pressure could easily be observed
(fig. 6). In figs. 7 and 8, the I-II transitions of
CD4 and CH2D2 are shown. There seems to be
some confusion about the transition tem-
peratures of the isotopic methanes. Sprik et al.
[30] found transition temperatures in CH3D and
CHD3 that were considerably lower than pre-
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Fig. 6. The II—III transition in CD* at normal pressure. O:
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Fig. 8. The I-II transition in CHjD2 at normal pressure. O:
decreasing temperature; 7 : increasing temperature.

vious data [31]. Our results on CH2D2 are 0.5 K
lower than the values listed in ref. 31 for both
phase transitions. In the case of CD4 there are
more detailed measurements on the phase trans-
formations [32, 33, 34]. The transition tem-
peratures obtained from figs. 6 and 7 (21.8 and
26.6 K) are 0.2 K and 0.3 K lower than the results

of Baer et al. [34], who listed the existing data on
CD4 in their table I. A considerable scatter in
transition temperatures ranging from 22.4 K to
21.8 K and from 27.2 K to 26.6 K for the low and
for the high temperature transitions, respec-
tively, can be observed. As for CH4, there is little
conflict about the transition temperature of the
I-II transformation (20.4 K) obtained for a
number of experiments [32, 35, 36]. The con-
clusion seems to be justified, then, that the phase
transitions in the isotopic modifications of
methane are of a more complicated nature than
in CH4.

Examples of the phase transitions at elevated
pressures are shown in figs. 9, 10 and 11. The
triple points of the I-II and the II-III phase lines
are P = 3.34 kbar; T = 34.4 K and P = 3.02 kbar;
T = 35.5K for CH2D2 and CD4. respectively.
They were obtained graphically from figs. 4 and
5.
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Fig. 9. The I-II and II-III transitions in CH2D2 at P =
2505 bar. 0 : decreasing temperature; 7 : increasing tem-
perature.
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Fig. 11. The I—III transition in CH2D2 at P = 4353 bar. O:
decreasing temperature; V: increasing temperature.

2.3. Phase IV

The 7"i minimum values in phase IV are listed
in table II, together with the values for CH4

obtained previously. A comparison with table I
shows that the absolute minimum values in phase
IV are higher than in phase III, and are shifted
towards lower temperatures. The pressure
dependence of the minimum values is not as
large as in phase III, and the over-all tem-
perature dependence of Ti is quite different (figs.

Table II
Minimum values of the proton Tt at 24 MHz for CHi and
CH;D ; and the deuteron Tt at 6 MHz for CD4 in phase IV at
different pressures. The temperatures at which the minima
occur are listed in the right-hand column

CHi

CH;D;

CD,

F
(kbar)

0
2.20
5.90
8.30

0
1.95
4.60
7.60

0
1.47
3.10
6.91

(ms)

260
195
175
145

78
60
48
42

18
15
9.5
4

7V_
(K)

4.5
6
9
12

3.5
6
11
14

7
11
14
16

2 and 3). A smaller isothermal compressibility in
phase IV may account for the less outspoken
pressure dependence of Tlmi„. In order to
measure the compressibility in CH4 (IV) an
experiment is currently in progress in which the
line shape second moment is measured as a
function of pressure [37]. Preliminary results at
12K show a decrease in M2 from 0-300 bar and
an increase at higher pressure. This unusual
decrease in M2 may be attributed to a not yet
understood pressure dependence of the equili-
brium compositions of the mixture of spin
isomers in phase IV. As far as the large absolute
T| minimum values are concerned, no quan-
titative explanation can be given. Similarly to the
situation in phase III, phase IV probably consists
of several inequivalent sublattices with low site
symmetries. Presumably, tunnelling plays an
essential role in explaining the large minimum
values observed.

In figs. 12 and 13, the hysteresis loops of the
I-IV transitions in CH2D2 and CD4 are shown.
The hysteresis is smaller than in CH4, where it
amounted to about 20 K [15, 17]. A remarkable
fact concerns the IV-III transition point at zero
pressure. Both for CH2D2 and CD4 it occurs at
14.5 K, the same temperature as the IV-II trans-
formation in CH4 [17]. However, at low pressure,
the high temperature side of the hysteresis line
of the transition in the P-T diagram becomes
more concave upon deuteration. At higher pres-
sures, the phase lines become parallel for all the
methane species. As was already the case in CH4,
the 1II-IV transition points of CH2D2 and CD4

could also not be obtained. This is in contrast
with the III—IV transitions observed by Raman
scattering in refs. 10 and 14. Even when mixtures
of III and IV were prepared in an area in the
P-T diagram where phase IV is stable, the
composition of the solid did not change. The
method of manipulating the sample in order to
obtain mixtures of III and IV has been described
in ref. 17. An explanation might be found in the
different techniques used for applying the pres-
sure. In our experiment, helium is used as the
pressurizing medium. In that way the sample is
subjected to an isotropic pressure. In the
experiments of Fab re et al. [10] and of Medina
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Fig. 12. The I-IV transition in CH2D2 at P = 7091 bar. V:
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Fig. 13. The 1-IV transition in CD4 at P = 7513 bar.
decreasing temperature; O: increasing temperature.

of ."> kbar. the I—111 transformations become
meta-stable and cannot be observed at still
higher pressure. In the present experiment, phase
IV could only be obtained at pressures above
5 kbar. The hysteresis of the 1-IV transitions
amounts to 12 K and 13 K for CH:D2 and CD4.
respectively. The high T, minimum values in the
phases III and IV indicate the existence of
several inequivalent sublattices with low site
symmetries.

Despite numerous experimental and theoreti-
cal efforts covering a long period of time, many
of the mysteries of the methane solids have not
yet been solved. For instance, it is surprising [38]
that the relatively simple model used by James
and Keenan resulted in the correct description of
the structure of CD4 (II) but, in contrast, the
precise orientational order of phase III still
remains obscure. The behaviour of methane un-
der pressure poses some more interesting prob-
lems. The phase diagram can, as it were, be
divided into two parts, superimposed on each
other. The high pressure part exhibits a single
phase transformation with a very large hys-
teresis. The low pressure part can be viewed in
two different manners, depending on the pres-
sure history of the sample.

[14], the solid is under isochoric conditions. The
volume jumps at the I—II and II—III transitions
might induce pressure gradients which could be
responsible for starting the transformation from
III to IV.

3. Concluding remarks

The phase diagrams of solid CH2D2 and CD4

have been determined up to 8 kbar. In this in-
vestigation, the well-known I—II and II—III phase
transformations have been measured as a func-
tion of pressure, anu the triple points have been
established. The existence of a high pressure
phase IV as reported in CH4 has now been
definitely proved for the two deuterated species.
Phase IV is stable at normal pressure for at least
several days. At elevated pressure, of the order
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CHAPTER 4 : EVIDENCE FOR SPIN CONVERSION IN SOLID CH4(IV) OBTAINED FROM NMR LINE

SHAPE SECOND MOMENT MEASUREMENTS

D. van der Putten, P.J. Kortbeek, K.O. Prins and N.J. Trappeniers

Van der Waals Laboratory, University of Amsterdam, The Netherlands

The line shape second moment M„ is measured as a function of temperature and

pressure in the phases III and IV of solid CH^. The expected increase of M„ with

increasing pressure is absent in CH.(IV). At normal pressure, M„ has a very large

temperature dependence in the range from 5 K to 12 K. This is interpreted as

evidence for rapid spin species conversion in CH.(IV). Tunnel energies of at

least 5 K are obtained.
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1 . INTRODUCTION

The phase diagram of solid CH, up to 10 kbar is shown in Fig. 1. At 20.4 K

and normal pressure, an orientational phase transition occurs. Thereby, the

orientationally disordered solid phase I transforms into phase II, in which one

fourth of the molecules occupy sites on an fee lattice and remain orientationally

disordered, while the rest of the molecules are ordered by an ordering potential

of nearly tetrahedral symmetry. A second phase transition occurs when the solid

is pressurized above 400 bar1'2'3, the transformation being to a tetragonally

distorted structure III. For the deuterated species of methane, phase III exists

already at normal pressure. During the last decade, numerous efforts l|~8, both

theoretical and experimental, have been made to unravel the precise orientational

order of phase III, but to the present moment no definitive description has been

given. It is clear, however, that potentials of different symmetry and size are

responsible for the ordering of the molecules, although evidence has been found

of "free rotor-like" behaviour of some of the molecules in CH,(III), substantia-

ted by the existence of tunnel splittings as large as 8 K 9. The triple point of

the I-II and II-III phase lines in the p-T diagram of Fig. 1 is situated at

3.9 kbar and 32.1 K 1 0. The existence of several inequivalent sites in the re-

cently discovered high pressure phase IV of CH,10 has been proved by a Raman ex-

periment by Fabre et al.9. Although phase IV was thought initially to exist only

at pressures above approximately 2 kbar, it has been demonstrated that, due to

the very large hysteresis of the I-IV transformation (Fig. 1), phase IV can be

maintained down to zero pressure10'12, where at 14.5 K the solid transforms to

phase II. Obviously, CH, remains in phase II down to T-»-0 K when the temperature

is lowered again. A similar transition to phase IV was found to exist in CH.D

and CD, 3. For a more complete description of the phase diagram, in particular

the peculiarities arising from the metastability of phase III and the preparation

of phase IV at normal pressure, we refer to reference 10.

Our original goal in carrying out a high pressure measurement of the NMR line

shape second moment M- was the determination of the isothermal compressibility

K T of CH^(IV). Provided that only the intermolecular dipole-dipole coupling con-

tributes to the experimentally observed second moment, one obtains from the r~3

dependence of the dipolar interaction

p

31nM

~3p~
3Pl _ • * (1)

45



THE PHASEDIAGRAM OF

SOLID CH,

80 K

Fig.l. The phase diagram of solid CH*.

In the temperature range considered in this experiment, the intramolecular

contribution to the second moment is averaged to zero by the relatively fast re-

orientations of the molecules. Moreover, as was already pointed out by Nijman11*,

the existence of a non-vanishing intramolecular second moment would lead to

energy restrictions on the spin-diffusion process and, as a consequence, to a

non-exponential relaxation of the macroscopic magnetization in CH^. Throughout

the phase diagram of solid CH, (Fig. 1), the spin lattice relaxation is purely

exponential, thus proving the absence of an intramolecular second moment.

By measuring 1^ as a function of pressure, Sprik et al. l s determined < T in

the phases I and II of CH». The resulting values were 3.1 x ̂ 0~2 kbar"1 and

3.2x 10~2 kbar"1 respectively, in reasonable agreement with data obtained by

Medina and Daniels16 for CH,(II). The same authors also determined M„ in phase

III of CH,D and CHD, and found a surprising insensitivity of M, to pressure. It
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is unlikely that this effect is due to a very small compressibility of phase III.

The compressibility is mainly determined by the isotropic forces. Therefore, the ;,|

isotope effect on the compressibility is small, and the results of Sprik et al. f-

may be compared to the value of 2.3 x 1O~2 kbar"1 of CH.(III), obtained by Medina17. r-

CH, consists of three types of spin isomers, labelled according to the irre- \-

ducible representation labels of the molecular group T,. A one-to-one correspon- jj-;

dence exists between the representations and the total spin I of the four protons, 3

i.e. A. (1=2), T, (1=1) and E (1 = 0). M. is proportional to the expectation

value <I(I+1)> of the neighbouring molecules (see eqs. 2 and 3 of the following r

section). Therefore, the value of M_ is sensitive to the relative populations of

the spin isomers. The weak pressure dependence of M2, as observed by Sprik et al., ,

may be accounted for by a change in spin isomer composition. The increase of M,

with increasing pressure, due to the compressibility of the lattice (see eq. 1) '

is opposed by a reduction of <I(I+1)>, which is caused by a change in spin isomer •

composition as the pressure is raised. r, -

2. EXPERIMENTAL PROCEPURES AND RESULTS

The high pressure-low temperature equipment used in this experiment was ;

briefly outlined in ref. 10, and will be published in detail elsewhere. For the '•

preparation of phase IV, and for maintaining it at low pressures, we also refer

to ref. 10. In order to measure the second moment M„, the zero time resolution

technique18 was employed. It consists of applying a 90° phase shifted "lock"

pulse of the order of several tenths of milliseconds after the initial 90° pulse.

This lock pulse is interrupted by a number of so-called windows with a width of .̂'

a few microseconds. By measuring the height of the free induction signal after

the lock pulse as a function of the width of the windows, the shape of the free :

induction decay near t = 0 is obtained. M_ is defined as the second derivative of 1-,.

the normalized free induction decay at t = 0. By this ir-ethod, the problems caused v

by the "dead" time of the spectrometer, consisting of the ringing of the rf coil iT

after the high voltage pulse, and the recovery of the receiver after an overload ?•
i~

is circumvented. Systematic errors may arise from several sources: the influence \-

of the fourth moment, the fact that our CH, samples consist of a distribution of

randomly oriented crystallites, the instability of the magnetic field and the de-

finition of the width of the windows. The influence of the fourth moment has been .-'

analyzed by Vollmers et al.la and is sufficiently suppressed by choosing windows .!_.
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smaller than 6 ps. The polycrystalline effect has been discussed by Sprik et al.15

for methane. The stability of the magnet is better than 0.1 Gauss, thus giving

rise to an uncertainty of about 1 %. The largest source of error is introduced by

the rise and fall of the 1 kW power amplifier, used in this experiment, making

the window definition somewhat uncertain. The nuclear spins are only effectively

'locked" by the locking field, if the latter is larger than the local magnetic

field due to dipolar interactions at the sites of the spins. We estimate the sys-

tematic error introduced by the uncertainty in the window definition to be about

4%. Summarizing, the inaccuracy in the absolute values of the measured second

moment is estimated at about 6%.

The second moment due to intermolecular dipole-dipole interaction for one

pair of molecules may be written as 1 9

3
Y ^ r _ _ _ _

a B

in which y is the proton gyromagnetic ratio, r the distance between the centres

of molecules labelled a and B, and <I(I+1)> is the expectation value of the

squared spin operator. Equation 2 is for a powder average where all orientations

of the intermolecular vector occur. If spin conversion is assumed to be fast, the

average value of the spin factor in eq. (2) may be replaced by the thermal average

over the three spin species, i.e. 6P +2P , where P- is the nonr.alis.3d population

of spin isomer r, obeying a Boltzmann distribution. A summation over all neigh-

bours in an fee lattice gives the following expression for the total intermole-

cular second moment20:

M 2 = 69.6 Y V d " 6 <I(I+1)> , (3)

in which d is the lattice constant and <I(I+1)> equals 6P + 2PT.
A i.

Throughout this experiment we did not encounter any time dependence of M_.

This fact suggests either the existence of rapid spin conversion or no conversion

at all. In Fig. 2, the M„ values for CH,(IV) at 12 K at pressures up to 800 bar

are presented. This figure does not exhibit the increase of M„ with increasing

pressure expected from the compressibility of the lattice. The observed insensi-

tivity to pressure provides strong evidence for a change in spin isomer composi-

tion, i.e. spin conversion.

A change in the equilibrium spin isomer composition should occur as a result
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200 /.00 600 800 bar

Fig.2. The second moment as a function of pressure for CH (IV) at T = 12 K.
The circles and squares represent points at increasing and decreasing
pressure respectively.

of changes in the tunnel splittings on applying pressure, provided a conversion

mechanism is present in CH^dV). The tunnel splittings decrease with increasing

pressure, due to the increasing strength of the ordering potential. In order to
p

maintain a Boltzmann distribution among the spin isomers, the ratio v£ of the
T

populations of the A and T tunnel levels decreases, resulting in a reduction of

the expectation value <I(I+1)>. Consequently, it may be inferred that the effect

of the compressibility of the lattice, which would lead to an increase of the

value of M2 at increasing pressure, is compensated by the reduction of <I(I+1)>.

Rapid spin conversion may also account for the large temperature dependence of

the second moment at normal pressure in CH, (IV) (Fig. 3).

From a simple analysis of the temperature dependence of M_, an estimate can

be made of the size of the tunnel splittings. We assume the presence of only one

type of molecular site with tetrahedral symmetry, tunnel splittings (E -E ) =

^(E-p-E^), and a constant value of the lattice parameter d. By comparing the

equilibrium value of <I(I+1)> as a function of Er,-E , between 5 K and 12 K,

with the observed decrease of M 2 in this temperature interval at zero pressure

(Fig. 3), we obtain a value of E - E = 5 + 1 K.

In a similar way, the apparent insensitivity of M- to pressure (Fig. 2) can

be understood. If we use a value9 of 2.3x 10~2 kbar"1 for the compressibility,

a reduction of the tunnel splitting E - E of 5 K at 0 bar to 3.5 K at 800 bar

suffices to reproduce the (relative) behaviour of M„.

The second moment in the phases I, II, III and IV as a function of tempera-

ture at p = 745 bar is shown in Fig. 4. From the decrease of M„ of CH,(IV), we

have deduced a value of about 3 K for the tunnel splitting E - E at this pres-
X A

sure, in agreement with the value at 800 bar, obtained from the analysis of the

pressure dependence.
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In contrast to the behaviour at a temperature of 12 K, the second moment shows

a definite pressure dependence at 5 K. M„ decreases from 5.6 G2 at p = 0 bar to

5-2 G2 at p = 745 bar. This was to be expected, because the 5% increase in M_,

due to the compressibility from 0 to 745 bar, i s opposed by a 12% decrease in

M_ due to the reduction of the equilibrium value of <I(I+1)>, which is caused by

the decrease of the tunnel sp l i t t ings .
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M- in phase III is appreciably smaller than in phase IV at 745 bar, and its

temperature dependence is less outspoken. An explanation may be found in the as-

sumption that only part of the molecules convert, while the rest remain in the

high temperature distribution. Tunnel splittings in phase III, smaller than in

phase IV, may also be responsible for the difference in the second moment.

3. DISCUSSION

The experimental results presented in the preceding section give evidence for

the existence of rapid spin conversion in CH,(IV). Tunnel splittings of about 5 K

were obtained on the basis of a one-site model. This is in reasonable agreement

with a level scheme derived by Fabre et al.9 for CH (IV). Three inequivalent

sites called W, S. and S_ were obtained by these authors. The molecules occupying

the W sites exhibit tunnel splittings of the order of 6 K at elevated pressures.

Inclusion of the much smaller splittings of the S. and S. molecules in our analy-

sis, would increase the value of the derived splitting to account for the observed

temperature dependence of M„ in Fig. 3. A detailed quantitative analysis of the

equilibrium properties of <I(I+1)> from the second moment is not possible because

of a lack of data concerning phase IV (e.g. thermal expansion, structure, orien-

tational order, etc.). However, we have good reason to believe that the experi-

mental results presented here can only be explained by assuming relatively large

tunnel splittings and rapid spin conversion. Conversion has been observed in

phase III in some of the isotopic methanes such as CH D and CD, on a time-scale

of the order of several hours20»22. (CH D, and CHD do not exhibit spin conver-

sion in phase III7»22.) With regard to CH,(II), Nijman and Trappeniers19 were

able to explain their second moment values satisfactorily by assuming spin con-

version of the disordered molecules while the ordered molecules retain their high

temperature equilibrium distribution in the temperature range considered23. The

pressure dependence of spin conversion in phase III is largely an unexplored

field. For instance, pressure-induced conversion may explain the insensitivity

of the second moment to pressure in phase III of CH,D and CHD , as observed by

Sprik et al.15. Consequently, the small values for the compressibility in phase

III as obtained by these authors may not be realistic due to the method of measur-

ing K T (eq.(1)), which inherently assumes that spin conversion does not occur.

Our data for CH,(III) at 745 bar suggest the existence of spin conversion of

molecules on at least one molecular site. Clearly, an experiment in which the

nuclear susceptibility is measured as a function of temperature and pressure in
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the phases III and IV of CH, would answer some of the questions regarding the

differences in tunnel splittings, spin conversion and orientational order of the

two phases.
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PART II : THEORETICAL

CHAPTER 5 : DEUTERON SPIN-LATTICE RELAXATION OF A TUNNELLING TETRAHEDRAL FOUR

SPIN I=1 SYSTEM

D. van der Putten and N.J. Trappeniers

Van der Waals Laboratory, university of Amsterdam, The Netherlands

In order to obtain an expression for the deuteron spin-lattice relaxation time of

tetrahedra such as CD, or ND,, which exhibit tunnel splittings large compared to

the Zeeman energy, the quadrupolar matrix elements are calculated employing group

theoretical methods. The coupling between Zeeman and tunnel system is ignored,

leading to a description of the populations of the orientational energy levels by

a common spin temperature. It is found that the absolute values of T, are much

larger than in the classical case. The theoretical expressions are compared with

experimental values of CD,.
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1 . INTRODUCTION

Nuclear spin lattice relaxation in solids such as CF or groups such as CH,

and NH is often caused by hindered rotation of the molecules. Thermal activated

jumps occur between orientations imposed by an ordering potential. A general de-

scription of the relaxation may then be given according to the semi-classical

model of Bloembergen, Purcell and Pound (BPP). The correlation time T , appearing

in the BPP model, is interpreted as the mean time between jumps from one orienta-

tion to another equivalent orientation. However, it has long been recognized that

the description of motion in classical terms fails to explain the spin lattice

relaxation at low temperatures in a number of solids with large rotational con-

stants B = ~2j ; I is the moment of inertia. The description of the rotational

motion of the molecules is complicated by the fact that the position of, for

instance, the protons in CH_ or NH, are not localized. The permutation degene-

racy results in a coupling between the spin and lattice coordinates in order to

obey the Pauli principle. This coupling is ignored in the BPP model, where the

lattice is treated classically as a continuum of eigenstates. The finite overlap

between the orientational wave functions, describing the equilibrium orientations

of the molecules imposed by the potential, partially lifts the degeneracy of the

torsional energy levels. The energy separations between these tunnel levels

depend on the shape of the ordering potential and on the rotational constant. Be-

cause the lattice and spin coordinates are coupled, relaxation of the magnetisa-

tion, i.e. the magnetic transitions, is only possible if the orientational energy

levels are broadened. As has been explained by Haupt1, for methyl groups at low

temperatures, where the librational ground state is predominantly occupied, exci-

tations from the librational ground state to the first excited state are respon-

sible for the life time broadening. If the tunnel splitting between the A and E

species of the methyl group is much larger than the Larraor frequency (u » id ) ,

a minimum in the Tj vs temperature curve occurs if u T -V 1. — is the width of

the orientational energy levels. This minimum does not depend on the Larmor fre-

quency and its absolute value is larger than was to be expected on classical

grounds. Further extensions on the theory of nuclear spin lattice relaxation of

tunnelling methyl groups have been made by Clough2 concerning, for instance, the

transition from the quantum mechanical regime of the motion to the classical be-

haviour at higher temperatures.

The intra-molecular spin lattice relaxation of tunnelling tetrahedral four

spin I=i systems has been analyzed by a number of authors3"5. Nijman et al.1*

discussed the case in which the Zeeman and tunnel systems are coupled, leading to

a non-exponentiality of the spin lattice relaxation. Decoupling results in two
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limiting cases. First, relaxation of the Zeeman system, which can be used for a

calculation of T. of the ordered molecules in CH,(phase II) and secondly, relaxa-

tion of the tunnel system, leading to an intra-molecular dipole-dipole induced

spin species conversion time. A more detailed calculation, extending the site

symmetry to trigonal and for arbitrary tunnel splitting has been performed by

Peternelj and Pintar5. Nijman et al. used a stochastic classical reorientational

process to obtain the spectral density functions. The effect of reorientations on
E -̂9

the E and T„ type dipolar matrix elements yielded correlation times T and T ,

both related to reorientations about the symmetry axes. Peternelj and Pintar did

not specify the orientational dynamics. Exponential correlation functions were as-

sumed. At low temperature, spatial reorientations of NH, tetrahedra occur at such

a low rate that they do not modulate the dipolar interactions. Instead, the aniso-

tropic interactions in solid CH, may still be responsible for molecular reorien-

tations at low temperature. Interesting in the case of solid CH, is that at tem-

peratures below 8 K, T. does not depend on temperature, suggesting a temperature

independent life-time broadening of the orientational energy levels. In order to

explain this behaviour, Sprik and Trappeniers6 proposed a model at low tempera-

tures. The broadening of the degenerate ortho manifold in absence of librational

excitations or molecular reorientations is caused by the off-diagonal matrix

elements of the anisotropic interaction. (The molecular field itself being the

diagonal part of the anisotropic interaction.) They obtained a temperature inde-

pendent broadening. The absolute value of T. was in reasonable agreement with the

experimental values, considering the difficulties in deriving accurate orienta-

tional wave functions for the molecules in the molecular field.

In this paper the intra-molecular spin lattice relaxation time for tunnelling

tetrahedral four spin I= 1 systems is calculated. The quadrupole interactions of

the deuterons with the electric field gradient is the dominant relaxation mecha-

nism. Exponential correlation functions are assumed. Furthermore, the tunnel

energies are supposed to be much larger than the Zeeman energy. The coupling be-

tween tunnel and Zeeman system is ignored, and a common spin temperature is assu-

med. The symmetry labelled orientational wave functions and spin functions, and

the combinations allowed by permutation symmetry are constructed in parts 2-4.

In part 5, the quadrupolar hamiltonian is adapted to the permutation symmetry and

to the site symmetry. The quadrupolar matrix elements are calculated by means of

the Wigner-Eckhart theorem in part 6, and expressions for the spin-lattice re-

laxation times in fields of T, and D , symmetry are given in part 7. As a test for

the correctness of the calculation of the matrix elements, the classical expres-

sion of T is reproduced. The calculations are compared with experimental results

on CD,.
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2. THE SYMMETRY LABELLED ORIENTATIONAL WAVE FUNCTIONS

In order to describe the equilibrium orientations of the wave functions in

the molecular field, a reference frame, fixed in the crystal or in a molecular

site, called SFF, the site fixed frame, is required. We also need a coordinate

system fixed in the molecule (MFF). A third frame of reference is called the

laboratory fixed frame (LFF), of which the z-axis coincides with the direction of

the main magnetic field. The standard position in which the MFF coincides with

the SFF is shown in Fig. 1. A tetrahedral symmetry for the molecular field is as-

sumed. Orientational wave functions in molecular fields of symmetry lower than T.

(e.g. C- or D-j) are easily obtained by reducing T, to C„ or to D„,. The 24 posi-

tions of the molecule in the molecular field are generated by operation of the

site fixed operators PD (R eT,), on the standard position
It S Ct
s

(2.1)

where ^ is the state describing the standard position. Molecule fixed operators,

Fig.l. The standard position



P (R eT_) do not produce states which are not already obtained by the site fixed
R m d
m

operators. These 24 wave functions i|i_, ReTj. are strongly localized functions

(pocket states) of the coordinates {u,s} in configuration space, where w={a,(5,Y}

are the Euler angles by which the SFF has to be rotated in order to let it coin-

cide with the MFF; s = -1 if an inversion is needed, or +1 if an inversion is

not necessary. If the overlap between the pocket states is sufficiently small, 6

distributions for the pocket states may be used. The normalization is such that

E j d«n|/*(w,s)f(u,s)*Rt(u,s) = f(">Rl
aR)5RRf ' (2'2)

in which o„ = 1, if R is a proper rotation and a =-1 if R is an improper rotation.

I t can be shown6 that the symmetry labelled basis functions are given by

s'm

s
E D(R) i|i , (2.3)

ReT, E £_

whe..e [Y] is the dimensionality of the irreducible representation y and h is the
Vs

order of the group T. (h=24) . D(R) are the elements of the representation matri-

ces D (R) of T.. By 5 »5 are denoted the partner indices belonging to si te sym-

metry and molecular symmetry labels respectively.

If the pocket states are not 6 dis t r ibut ions , and f ini te overlap is included

(2.3) i s not normalized. Normalization is accomplished6 by multiplying (2.3) by

N , where
Y '

N ^ = < * ( T « 8 . - T « J | # ( T e 8 ; T « t a ) > = 1 + 1 - p j y x l \ • ( 2 . 4 )

B_ = <i(<_|i!' > and B_ = -<=ip |Tp > are the overlap integrals for the classes of ro-

tation around the c. and c, axes respectively, n is the number of elements in

Y

class K and x is the character of y in that class. The non-zero overlap inte-

grals B 2 and B^ result in the tunnel splittings as treated by Nagamiya
7 for a

tetrahedron in a tetrahedral field. The tunnel energies were found to be:
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.71. "rLl̂ :."-. .". _LV

E. = a + 3B + 8Y
A

E T = a - B (2-5)

E„ = a + 3B - 4Y ,
Ei

where

a = U

6 = Ui ffiLdT (2.6)
c2 E

= K

3. THE SYMMETRY LABELLED SPIN FUNCTIONS

For the construction of the irreducible spin functions, we start from the 81

spin functions |m.m m m. > which are eigenfunctions of I , the z-components of
l L J 4 ^ z

the total spin vector I = E I1, where i labels the deuterons (Fig. 1). The eigen-
4 i=1

values are m = Em., m. has the values {0,1,-1}, denoted by {o,a,B}. The operators

I , I2 and P commute. (I2 is the squared spin vector and P is the four particle
Z TT TT

permutation operator.) Consequently, a set of basis functions can be obtained

which are common eigenfunctions of I , I2 and P . A classification of the permu-

tation behaviour is readily obtained by noticing that the permutation group S,

is isomorphic with T,. Elementary group theory gives:

i>s = 15A, + 6E + 3T1 + 15T2 . (3.1)

Ï

In our calculation of the quadrupolar matrix elements, relation 2.3 is used for

the symmetry adapted orientational wave function. Consequently, the absolute values

of the calculated matrix elements are slightly larger than when a finite overlap v

is included and thus the relaxation rate is somewhat over-estimated.



The relationship between the irreducible representation of T./S, and the total

spin quantum number I was derived by Yi et a l . B and is l isted in Table I .

Y

A 1

E

T 1

T 2

0

0

1

1

I

,2

,2

,2

,4

,3

TABLE I: The correspondence between the
irreducible representations y of
S^Tfi and the total spin quantum
number I

From the four spin operators with one par t ic le index, the following symmetry

labelled spin operators are obtained:

T z
I 2

I + I I }
Ji u u

4 l + I I I }
r w v u V

(3.2)

The notation S(Y €_;Im) is used for the irreducible spin functions. We start the

construction with the function |ctaaa>. This spin function can be classified ac-

cording to the A. representation of the group T./S,. The total spin I can be

proven to be 4.

S(At.;44) = |actact> . (3.3)

The dot indicates that the representation is one dimensional. The remaining
A

S(Aj .;4m) are generated by using the lowering operator I_ = y(l1+I2+I^+I1*) accor-
A.

ding to S(Ar;4in) = C ^ A ^ ;.. .)l_lS(A1 . ;4m+1) where
 c(y^2f3i^^2^3

i d e n o t e s

the Clebsch-Gordan coefficient of T. (see appendix A). For instance:

r
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S(A . ;43) = -=-{|aaao>+ |aaoa>+ |aoaa> + |oaaa>} • (3.4)

The S(T_x;I3) state is constructed by applying the operator I on S(A . ;43) **;_

f

S(T„x,I3) = E C(T„A T ;£'.x)I S(A .;«) = -A |aaao> - |aaoa> + |aoaa> -|oaaa>} • 3
Z _ i Z I Z Z 1 Z jt;

(3.5) •)-

I equals 3, as can be verified by calculating, the eigenvalue of I2. Again, the j
A i S*

lowering operator I_ is used for the construction of the remaining S(T £;3m) v

states. The states { Y = T „ ; 1=2} are obtained from ;

S(T,£;22) = Z C(T T T ;e'e"e)I S(T£";33) , (3.6) I?
2 e,e,, 2 2 2 - 2 f.

e-g- S(T x;22) is given by

i r {|aactS>- |aa6a> + [a6aa> - |gaaa>+ [oaoa>- |aoao>} . (3.7)

The {y = E; 1=2} states are obtained in an identical manner:

Ti1

S(Ea;22) = E C(T„T E;5'g' 'a)l S(T_5";32) , (3.8)
p i p i i ^ 2 z z \

and from S(Ea;21) the T. states are constructed according to

r

S(.T^;\-[) = E C(T2ETi;CaC)Iz
2 S(Ea;21) . (3.9) L

5' cr t-
l

The complete set of symmetry-labelled spin functions is listed in Table II. Ï'
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S(k}.-M) = |aaaa>

S(A. . ;22) =7Töt3{ |aaaB> + |aaga>+ |oBaa>+ |Baaa>}- | aoao>- |oaoa>- | aooa>- |oaao>

- |aaoo>- |ooao>]

S(A . ;00) =-TT?[ |ooaB> + |ooga> + | Booa> + |aooB> + |afSoo> + | Baoo> + |oaBo> + |oBao> +

+ | oaoB> + j oBoa> + J aoBo> + J Boao> - 2{ j aBaB> + | BaBa> + ) aBBa> +

+ |ccaBB>+ |BBaa>} - 3|oooo>]

S(T„x;33) =-=-[|aaao>- |actoa> + | a o a a > - |oaaa>]

S(T„y;33) =-j[ | aaao> - | aaoa>- |aoaa>+ |oaaa>]

S(T.z;33) =-j[[aaao>+ | aaoa>- | a o a a > - (oooct>]

S(T.x;22) =-T^[jaaaB>- | aaBa > + |aBact>- | Baaa> + | oaoa>- |aoao>]

S(T y;22) = -yrl \aaaB> - |oaBa>- |aBaa>+ | Baaa> + | aooa>- |oaao>]

S(T_z;22) --7A |aaaB> + laaBa1*- |aBaa>- |Baaa>+ |oooa>- |aaoo>]

S(T.x;11) =-T£jr[ |aaBo> + |aoBa > + | Bocto> + | Boaa> - |aaoB>- |aBoa>- |oaaB>-

+ 2{|oooB> + |aBao> - |oaBa>- | Baoa> + |oaoo>+ |oooa>- |aooo>- |ooao>}]

S(T„y;11) = - ^ [ | a a B o > + |oaBa>+ |aBao>+ |oBaa>- |aaoB>- | Baoa> - |oooB>- | Boao> +

+ 2{|oaoB> + | Baao> - |aoBa>- |aBoa>+ |oooo>+ |oooa>- | oaoo^- |ooao>}]

|aBoa>+ |Bctao>+ |Baoa>- |aoaB>- |aoBo>- |oaoB>~ |oaBa> +

2{|aaoB>+ |aaBo>- |oBaa>- | Booa> + |ooao>+ |oooa>- |oaoo>- |aooo>}]

|oBoa>+ |aoBo>+ |Baao>- |aBoa>- |ooaB>- |oaBo>- | Boaa>]

|goaa>+ [oa6a>+ |agao> - | 6aoa>- |aoa6>- | aaeo>- |o|Saa>]

S(T,z;1i) =-^Ty[ | aoaB> + |oaBa>+ |aBoa>+ |Boao>- |aoBa>- |oaoB>- |aBao>- |Baoa>]

S(E1;22) =-TT2[2{|aaoo> + | o o a a > } - |aoao>-- |oaoa>- |oaoo>- |aooo>]

S(E2;22) =-^[|aoao>+ |oaoo>- | ooao>- |aooa>]

S(E1;00) =-7-[|oaBo>+ |Booa>+ |aooB>+ |oBao>+ |aofïo>+ |oBoo>+ |oaoB>+

+ |aBaB>+ |fiaBa>+ |BaaB>+ |aBBo> - 2{ |ooBa> + |Baoo>+ |ctBoo>+ |ooaB>

+ |aaBB>+ |BBoa>}]

S(E2;00) =y- j [ |oaBo>+ | Booa> + |aooB>+ |oBao>- |aoBo>- |oBoa>- |oaoB>- |Boao> +

+ |BctaB>+ |aBBa>- JaBoB>- |BaBa>]

TABLE II: The symmetry labelled spin functions S(y£;Im). Spin functions with
lower m are obtained by applying the lowering operator (I1+I^_+ll+Il>).
normalization is such that <S(yZ.;Im)\S(y '% ';I'm')> = 6 ,5 ~ fl ,6 ~f

Y if Sjb I>1 W,W



4. THE COMBINATIONS OF SPIN STATES AND ORIENTATIONAL STATES, PERMITTED BY
PERMUTATION SYMMETRY

The permutation behaviour of the orientational states is described by their

molecular symmetry labels. The combinations of spin states and orientational

states have to be symmetric under exchange of one or more pairs of deuterons, i.e.

according to the A. representation of S,/T,. These 81 combinations are:

(4.1)

m p

We use the notation |y 5 ;Im> for the symmetric combinations. The results are

(Ar;A1.)S(Al.;Im)

|Ea;Im> i|i(Ea;E2)S(E2;Im)}

|T2C;Im> Z ^(T2C;T2?p)S(T2£:p;Im) . (4.2)

These wave functions are classified according to site symmetry labels, and the

DEG.

VT2

0.2

1.1.2.3

0.2.1,

12

15

Fig.2. The level scheme of a tetrahedral four spin 1=1 system in a tetrahedral
crystal field.
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spin quantum numbers I and m. The level scheme of a tetrahedral four spin 1=1

system in a tetrahedral environment is shown in Fig. 2. The degeneracy of the T

and E cianifolds is partially lifted if the site symmetry is lower than T,.

5. THE SYMMETRY LABELLED HAMILTONIAN FOR THE QUADRUPOLAR COUPLING.

In order to apply the Wigner-Eckhat s. theorem on the matrix elements, the quad-

rupolar hamiltonian has to be expressed in an irreducible form, for it has to be

invariant with respect to permutations and to the site symmetry.

The expression for the coupling between the nuclear electric quadrupole moment

and the intramolecular electric field gradient in cartesian coordinates is given

by9

v „ =
32V
3x„

x ( a = 1,2,3) = x,y,z . (5.2)
a

r=0

V is the electric potential at the site of the nucleus considered, V „ the elec-

trie field gradient tensor and Q is the electric quadrupole moment of the nucleus.

A set of principal axes is chosen, relative to which, for particle 1 V = 0 for

a^B (Fig. 3). As a consequence of the axial symmetry, V -V = 0 . eq is defined

xx yy

as V z z, the electric field gradient. For particle 1, the quadrupolar hamiltonian

reduces to

(1) _ e2qQ , 2 2.
*Q " 41(21-1) C 3 Iz X } • ( 5- 3 )

The orthogonal transformation from the set {x,y,z} to the MFF is given by the

matrix
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1
/2

-1
76

1

1
/I

1
/6

-1
73

o

2

1

(5.4)

and the hamiltonian in the MFF for particle 1 becomes:

.(1) _ -e2qQ
Q " 41(21-1)

(1)
x. x.,x.x.

(5.5)

The to ta l quadrupole hamiltonian is then given by

where

X

_ -e*qQ
" 41(21-1)

the matrices

. ,x.
i J

0

1

-1

z
s=1 X

Xi 'Xj

1 - i '
0 1

1 0

z i ( s > e
( s )

.,x. x i x i ' x j

are given by

(5.7a)

l ( s)
y

e
( 2 ) =
x i 'x j

0

1

1

1

0

-1

1'

-1

0

(5.6)

(5.7b)

Fig. 3. The set of principal axes {x,y,z} in which, for particle 1, V .= 0, a
{x ,x2,x3} is the MFF as defined in section 2.

 a' B
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E
( 3 )

X . , ï

0

-1

1

-1

0

1

1

1

0

(5.7c) . ( 4 )

O - 1 - 1

- 1 O - 1

- 1 - 1 O

(5.7d)

The operators in the quadrupolar hamiltonian are one particle index operators.

The transformation from one particle index operators 0 to symmetry labelled ope-

rators 0 is accomplished by (see 3.2),

= H
s

where the orthogonal matrix A
Y

is given by

(5.8)

YE

A.

V

The inverse:

1
2
1
2
1

~ 2
1
2

1
2
1

~ 2
1
2
1
2

1
2
1
2
1
2
1

" 2

1
2
1

~ 2
1

~ 2
1
2

(5.9)

E A
Y

(5.10)

Substitution of 5.10 in 5.6 leads to

-e2qQ -Y?
Ex.!x. Y 5 i

Y£The matrices e are given by
x i ' x j

x.,x.

X . , X .
1 J

fo o o]
0 0 01

^0 0 Oj

0 0 2]
0 0 0
2 0 0

(5.12a)

(5.12c)

0
0
0

0
2
0

0
0
2

2
0
0

0
2
0

0
0
0

(5.11)

(5.12b)

(5.12d)
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A transformation from cartesian coordinates to spherical coordinates leads to

- e 2e*qQ
41(21-1)

(-1) V V' T
e 1_ 1e W l .u2- i

in which

T2x

rH2

V"2

0 -i/2 0

-i/2 0 -i/2

0 -i/2 0

0 - / 2 0 "*

- /2 0 /2

0 / 2 0

(5.14b)

(5.13)

2i 0 0

0 0 0

0 0 -2 i

(5.14a)

(5.14c)

The next step i s the transformation of the spherical operators in eq. 5.13 into

irreducible operators. This i s accomplished by

E C(11u;i (5.15)
I ' ' 2

and the inverse

^ ( 5 . 1 6 )

The irreducible tensors e are given in Table H I .

In a similar manner the irreducible spin tensor operators are constructed.

[III.

"" E T
"2 2

and I I
T E

E

(5.17)

(5.18)

An expression for the symmetry labelled quadrupolar hamiltonian is obtained by

inserting 5.16 and 5.18 into 5.13:

-e'qQ
(5.19)Q 41(21-1) " " v " t2,-

This expression is a contraction of two second order irreducible tensor operators
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0,0 2,2 2,1 2,0 2,-1 2,-2

0

0

0

0

0

0

0

0

2i

- 2 i

-2

0

0

0

0

-2i 0

2 0

0 -2i

TABLE III: The values of the irreducible tensor operator e

containing space and spin variables respectively. It is invariant with respect to

the molecular symmetry group T,, the permutation group S, and the group of iso-

tropic space 0(3). The space tensor operator e_ (5.15) is given in the MFF,

while the orientational wave functions are given in the SFF. A transformation of

the e„ _ from the MFF to the SFF is readily obtained using the Wigner D-matrices

m

(5.20)

where u> = {a,B,Y} are the Euler angles by which the MFF has to be rotated in order

v
to obtain the SFF. To obtain an expression of JL., valid in the LFF, e„ has to

s
be transformed according to

T 5
Z e„ 2 Dz(w~1)2 \ °

(5.21)
-'Vl

- 1
ü) is the orientation of the LFF with respect to the SFF. u = {-Y ,-0 ,-o }.
o o o o o

By definition, the z-axis of the LFF coincides with the main magnetic field.

We have defined the symmetry adapted spin functions and the spin operators ap-

pearing in S_, in the LFF. The expression of H in the LFF is, therefore, given by

5 vs'vl

[II], (5.22)

Equation 5.22 may be used, for instance, for a calculation of the deuteron spin

lattice relaxation time of the free rotors in phase II of CD,,
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In order to make //_ invariant with respect to the site symmetry group T,, the

space part of H~, i.e. the tensor operator e„ which transforms as the 2g repre-
s

sentation of 0(3), has to be reduced to irreducible operators of the group T,.

This has been carried out by Nijman10 with the result:

Vv•«'-.• TV
c l i )v..-.v. •

s s

(5.23)

as given in Tablewhere the asterix denotes the complex conjugate of U(2g)

IV.

The final expression for the quadrupolar hamiltonian in a tetrahedral field

becomes

T2C

i l ' Y s s Ys s
(5.24)

- 1 ,

(5.25)

Equation 5.24 is suited for the derivation of selection rules for the spin quantum

numbers I and m, for the representation labels y and £ and for the permutation

labels Y and £ by means of the Wigner-Eckhart theorem.

E1 E2

2

1

0

-2

0

0

1

- 0

0

1//2

0

0

0

1//2

0

i//2

0

i//2

0

0

-1//2

0

1//2

0

-i//2

0

0

0

i//2

IV: The transformation matrix U(2g)
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6. THE QUADRUPOLAR MATRIX ELEMENTS

The wave functions and the quadrupolar hamiltonian are now suited to derive

matrix elements selection rules by the Wigner-Eckhart theorem. An arbitrary matrix

element is written as:

(6.1)

in which « Y ^ I M I I I I I I ^ I H Y J 0 ^
 and ^ Ï Y ^ I I I e ^ j l l l Y i 0 ^ 0 * "and for the

doubly reduced matrix elements and C(I2I';mu7m') and
 s C(y ( 1 )Y ( 2 )y ( 3 ) ;£;(i)e(2)5(3

Ir s S S S S S

are the Clebsch-Gordan coefficients of 0(3) and T, respectively.

m 2 p m (i) (D (3) (3)

The first two factors on the right hand side of eq. 6.2 express the permitted sym-

metric combinations of the spin functions and wave functions (see (4.1)). From the

second two factors selection r,ules are derived from the permutation behaviour of the

quadrupolar hamiltonian. Further selection rules are obtained from the site sym-

metry labels Y and from the spin quantum number 1 by C ( Y Y Y ;C 6 C )

s s s s s s s

and C(I2I';mP7m') respectively.

A straightforward calculation results in a classification of the non-zero

matrix elements according to the site symmetry labels:
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a) <T.£ ;l'm'|# | A .; Im> - A((

b) <T.£ ;l'm'|ff |E£ ;Im> = A(i

T
e) T ^ J I W I S Q I T ^ W = A(,o)C(T ]T2I2 ;4; '^ >^ 'X^-.V ||| [ I I ] 2 HIT,;]

T

(6.3)

where A(ui ) stands for
o

E Z (-1) ZR(u ) . ^ ( m ' W ) . (6.4)
f2) u ° -u T E t 2 )

Use has been made of the fact that the product of B(y Y Toy Y ) and the
p m Z p m

corresponding reduced space matrix element <Y ;Y III e T II|Y >Y > equals 2

for all matrix elements and <y ;y |||e ,_» |||Y ,Y > is identically zero for

s m -^^^ ^ ^
(2) ' sY = E. A calculation of a reduced spin matrix element and a reduced space mat-
s

rix element is performed in Appendix B. The quadrupolar matrix elements are now

expressed in terms of the R(io ) _ c(2)> which are a combination of second order
o Vj.T^

Wigner D-functions, determined by the matrix U(2g) _ t (Table III). The diagonal

matrix elements m = 0 , needed for a calculation of the second moment are expressed

in the R(a>o). (2) while, for a calculation of the spin-lattice relaxation time,

the off-diagonal elements m = 1 and 2, the terms R(u ) (2) and R(io ) , „ .(2)
0 —' i ̂ 2^ ° "I 1™'

are required. The reduced matrix elements are listed in Tables V and VI.

If we take the direction of the main magnetic field B. coincident with the z-

axis of the LFF, we obtain expressions of the matrix elements in terms of the

direction cosines of Bo with respect to the SFF

a = sin B cos a ; a = sin B sina ; a, = cos B . (6.5)
1 U O £. O O j O
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s ' m

T 2 ; T 2

T 2 ; T 2

VT1
T 2 ; T 2

T 2 ; T 2

s m

A1 ; A 1

E;E

E;E

T 1 ; T 1

T 1 ; T 1

VT2

T

H^IIIYJ1

4
76
4

7J
4

73
2/2

2 /2

2/2

m

TABLE 7: The reduced space matrix elements <y(3);y(3)
 H|E17,2 | | |Y[2 ' ';Y1 :Z '>>

S 777 X f* S m
a

N.B, The reduced matrix elements of operators with site symmetry
label E are all zero.

YP '

T2;2

T2;1

T2;2

T2;3

T2;2

T2;3

T2;2

T2;1

T2;2

T2;3

V°
A..2

Afï2

A.,2

A,;4

A,;4

E;2

E;0

E;2

E;2

E;2

^rllln^V
2

75Ö

T / 4 2

1
173
-2

742

y /30

1 / 5

i / 6

- 1
173

i/42

2
73

T ;1

T2;1

T2;2

T2;3

T2;i

T2;2

T2;3

T2;2

T2;3

T2;3

Y 0 )
YP

T , ;

T , ;

T •

V
V
T 2 ;

T2^

T 2 '

T 2 ;

T 2 =

T 2 ;

I <

1

1

1

1

1

1

1

2

2

3

i/30

-I/e

1
~ 2

- 1

- 1 / 5

1
75

0

0

3
75

2
TABLE VI: The reduced spin matrix elements <y(3};I' ||| Ui] Z\

P *»

(1) ;I>
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7. THE DEUTERON SPIN-LATTICE RELAXATION TIME

Ignoring the coupling between the Zeeman and tunnel system, the relevant ex-

pression for the spin-lattice relaxation time is given as1*

T. Z [ylE

where 8^ = — and T the lattice temperature in case the intermolecular spin dif-

fusion process establishes a common spin temperature. If, however, spin conversion

occurs at a rate much lower than the spin lattice relaxation time, the population

factors exp(-BjE ) have to be replaced by the appropriate population factors. E

is the energy of molecules labelled by y, E is the Zeeman energy, and

i m ^ I ' m V taYi;;I
ImV5'* Wa;b is the Éransition rate fron» state

to state |a>, and is given by

W , = — |<a|ff |b>|2J(üj ) . (7 2)
a;b «2 ' Q a;b v»-*/

The |<a|flQ |b>|2are the squared quadrupolar matrix elements as given in eq. 6.3 and

. E ~Eb
J(u . ) is the spectral density at frequency tu . = ——- .

» a»t> H
At this point we consider the effect of reorientations about the twofold and

threefold axes on the matrix elements. Following Nijman10, who employed a method
T

developed by Rigny11, a correlation function exp(-t/T ) for all matrix elements

is obtained, in which

(7"3)
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The expression for the speccral density is then given by

T
T 2

J 2M = 2T
 T - (7.4)

Finally, insertion of the squared matrix elements in 7.1 yields the following ex-

pression for the deuteron spin-lattice relaxation rate of a tunnelling tetrahed-

ron in a tetrahedral crystal field.

= Rttj+A^ + R C A ^ T ^ + R(T1 .T^+E) + R(E*Tt ,T2> + R(T1 . T ^ ,T2) , (7.5)

where

R(Ai">T2)

RCT, ,T2+T1 ,T2) = 28CexpH5IET){yJ((i3o) + (3-y)J(2(üo)} , (7.6)

in which y = a* + a* + a* w = mE - m , and C is given by

3 ( ^
C 16 {70+126 exp(-6LET) + 20 exp(-eE)} • ( 7 > 7 )

The symmetry label T 2 of the spectral densities has been omitted in 7.6. For clas-

sical molecules, i.e. E_ = E = 0, we obtain
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T1
(7.8)

The same expression has been derived by Pratt et al. for classical molecules un-

dergoing thermally activated hindered re-orientations, if for y the powder average

value -p is inserted.

The relaxation rate of a tunnelling molec--'1 . a tetrahedral crystal field is

given by

U-j
1 Td

= R(T1 ,T2-+Tt ,T2) = 28Cexp(-BTjET){yJ(uo) + (3-y)J(2(oo)} . (7.9)

Eq. 7.9 is valid with the following assumptions: the tunnel energies E and E £ are

much larger than the Zeeman energy and also much larger than the broadening —=—

of the energy levels. With these assumptions, the spectral densities containing

the tunnel frequencies u or io_ vanish, and only the T manifold contributes to

the relaxation. It should be noted that the validity of eq. 7.6 is restricted to

not too large tunnel energies. If the tunnel energies were large, the orientational

wive functions can no longer be expressed in terms of 6 functions. Instead, free

rotor-like wave functions should be used. A simplification of eq. 7.9 is obtained

if we restrict ourselves to temperatures large compared to the tunnel energies.

Then:

(7.10)

Similar expressions for the relaxation rate can be obtained in crystal fields

with symmetries lower than T,, provided that the lower site symmetry is a sub-

group of T,. For instance, reducing T, to D ,, the relaxation rate in a crystal

field of D_ , symmetry Is given by

281
2d
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(7.11)

where fun is the additional tunnel splitting produced by the D , crystal field.
z,xy zti

We have used the fact that the 1 x.,1^,1^,7 y representations belong to the two-

dimensional representation E of D„ d and T.jZ and T.z belong to the one-dimensional

A. and B. representations respectively.

If u » ( D and a) » —=— and taking the powder average, eq. 7.11 reduces
z.xy o z,xy T 2

to

2d

If, however, u is of the same order of magnitude as us , the spectral densities
' z,xy o' r

containing oi differ sufficiently from zero, resulting in an increased relaxa-
z,xy

tion efficiency.

At this point we should mention the possibility of level crossing, when the tun-

nel system is in resonance with the Zeeman bath. Many deuterated ammonium salts

such as ND.C10,13 exhibit tunnel splittings of the order of several MHz. At low

temperature, where the reorientational motion is sufficiently frozen in, additional

minima in T are observed if (u -oi ) *>» — and (u -2io ) T»— , where — is the broaden-

ing of the energy levels. The spin lattice relaxation is often non-exponential at

low temperatures, caused by the coupling between the tunnel and Zeeman systems.

Hence, a more general theory in which the coupling is taken into account is re-

quired to explain the spin-lattice relaxation in many deuterated ammonium salts

at low temperatures. However, a set of 81 coupled differential equations, which

describe the populations of the energy levels, has to be solved in order to ful-

fill this requirement.

The spin lattice relaxation time in CD. has been measured in several experi-

ments11*»16 . At 14 K, Tj exhibits a minimum of 9 is at a Lannor frequency of 6 MHz.

If the quadrupolar coupling constant is taken to be 158 KHz17, a classical value

of 0,36 ms of the T, minimum should be expected. However, as has been verified ex-
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perimentally, CD,(III) exhibits tunnel splittings of the order of 100 mK1B. The

site symmetry is definitely lower than T , and consists of several ir.equivalent

sites o£ low symmetry. The calculated minimum values of T. of a tunnelling CD,

molecule in a D_, site symmetry is 2.8 ms (eq. 7.12). This value is still conside-

rably lower than the experimental value of 9 ms. Two reasons may be responsible

for this discrepancy. First, the real orientational states are not 6-functions

but posses a finite extension in configuration space, leading :o smaller values of

the matrix elements. The second reason is the distribution of several inequivalent

sublattices in CD,(III), exhibiting different reorientational rates. In the recent-

ly discovered phase IV of CD,16, a T. minimum of 18 ms was found at 7 K. In our

view, this large value may be accounted for by the fact that the wave functions in

CD,(IV) have a more "free rotor-like" character. This is supported by a recent

experiment in CH,(IV)19 where, from the reduction of the second moment as a func-

tion of temperature, tunnel splittings of at least 5 K were derived.

8. SUMMARY AND DISCUSSION

The quadrupolar matrix elements for a tunnelling tetrahedral four spin 1= 1

system have been calculated. Expressions for the spin-lattice relaxation rate in

crystal fields of different symmetry have been given. It was assumed thereby that

the populations of the various energy levels could be described by a common spin

temperature, leading to an exponential relaxation. Contrary to the four spin I= i

system, where the E-type dipolar interaction connects states of A-symmetry with

states of E-symmetry, the quadrupolar matrix elements between A and E states

vanish. The reason is that the permutation symmetry of the quadrupolar hamiltonian

is of a T_ type only, whereas the dipolar hamiltonian for four spins I=J contains

both the T, and E representations of T./S, . Consequently, 'he tunnel frequency
E —F at

F A
(!)„ = does not appear in the expression for the spin lattice relaxation rate.

•fi
Connected with this is the fact that the reorientations abmt the twofold and/or
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threefold axes average the second moment to zero for a four spin I=1 system. In

the four spin I= i system, however, the three reorientation operators P commute
C2

with the part of the dipolar hamiltonian having E-type symmetry, and consequently

the secular part of the dipolar hamiltonian having E-type symmetry is not influen-

ced by the C„ reorientation. To conclude: the influence of tunnelling on the spin

lattice relaxation of a tetrahedral four spin 1=1 system is such that the relaxa-

tion efficiency is slowed down, as compared with the classical case. In a crystal

field of tetrahedral symmetry, the relaxation rate is T J of the relaxation rate

of classical molecules. A further reduction of one third is obtained if the site

symmetry is lowered to I>2d- Th
e use of S-functions for the orientational wave

functions is limited to molecules whose tunnel splittings are not too large. Con-

sequently, the spin lattice relaxation efficiency is over-estimated in the case

of solid CD,, where tunnel splittings of the order of 100 mK were observed15'18.
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APPENDIX A: The Clebsch-Gordan Coefficients of the group T,

The C-G coefficients of Tj are defined by

z z D(R) ,) =

6 , D(R) with Y € Y x y ;
Y3Y3 £'£

(A.l)

Y1
 x Y ~ *s t h e Kronecker product of 1^, and DY(R) are the irreducible representa-

tions of an element R of T ,.
d

From ref. 10 we obtain the following relations:

C(T2T2Y;eiC2e) are given by

xx

xy

xz

yx

yy

yz

zx

zy

zz

A1

1//3

0

0

0

1//3

0

0

0

1//3

E1

-1//6

0

0

0

-1//6

0

0

0

2//6

E 2

1//2

0

0

0

1//2

0

0

0

0

T,x

0

0

0

0

0

1//2

0

-1//2

0

V
0

0

-1//2

0

0

0

1//2

0

0

T 1 Z

0

1//2

0

-1//2

0

0

0

0

0

V
0

0

0

0

0

1//2

0

1//2

0

T2y

0

0

1//2

0

0

0

1//2

0

0

V
0

1//2

0

1//2

0

0

0

0

0

11

12

21

22

A1

1//2

0

0

1//2

A2

0

\in
-1//2

0

E i

-1//2

0

0

1//2

E2

0

1//2

1//2

0

(A.2)

(A.3)

(A. 4)
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xx

xy

xz

yx

yy

yz

zx

zy

zz

T,x V V
1//3

0

0

0

1//3

0

0

0

1//3

-1//2

0

0

0

1//2

0

0

0

0

-1//6

0

0

0

-1//6

0

0

0

2//6

0

0

0

0

0

1//2

0

1//2

0

0

0

1//2

0

0

0

1//2

0

0

0

1//2

0

1//2

0

0

0

0

0

0

0

0

0

0

1//2

0

-1//2

0

0

0

-1//2

0

0

0

1//2

0

0

0

1//2

0

-1//2

0

0

0

0

0

Further C-G coefficients are obtained by using the symmetry relations:

1/2

s s s
Y Y Y

1/2
[T3]

1/2

(A. 5)

(A.6)

is the dimension of Y and

SA = SE = ST = 1' SA = STA1 E T 2 A 2 T1
(A. 7)

t
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APPENDIX B: The calculation of doubly reduced spin and space matrix elements ;_.
11,

T
As an example, we calculate the reduced spin matrix element <T_;2||| [II] |||A];0>. \

A non-zero matrix element is given by j\ •

T x ' T i;'.'
<T2x;20|[H]2

2
0|A].;00> = C(022;000)C(A1T2T2; .xx) x <T2;21|| [il] £ M A , ;0>, (B.1) i

where £

i"
which is obtained from eq. 5.17. Using the spin functions obtained from Table II,

and inserting the values of the C-G coefficient, the doubly reduced spin matrix '•,

element is given by

T
2 + <oBoa| - «xoBo| - <Booo | }|

|aoBo>+ |oBoa>+ |oaoB>}> = ^ r , (B.3)

where we have used the fact that the eigenvalue of the operator (I1)Z-(I2)Z+

+(I3)2-(l'è)2 equals zero.

For the calculation of the reduced space matrix elements, the wave functions

as given in eq. 2.3 are used. The "space part" of the Hamiltonian is written as:

T £ T 5
e 2 = t U(2g) E e 2 D2* («) ; (B.4)
V s v "s'Vs V 2'Pm ys'Um

s m

T £
U(2g) „ is given in Table IV, and the values of e_ in Table III. D (u)

ys'Ys'is 2 > Wm Us'Um
are the complex conjugates of the second order Wigner matrices, and u = {a,B,Y)

are the Euler angles by which the MFF has to be rotated in order to obtain the

SFF. See e.g. ref. 20. We calculate the doubly reduced matrix element
T2

< T2' T2^ eT H^I'^I*" A non~zero matrix element is given by:

7*
c -
I •

1'
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T 2 y T2

2' * 2 T2y 1 1 1 2 2 1 2 2 2 2 T2 1' 1

in which

e 2 =-7=- [D2*,(u)-D2* ,(u)+D2* .(u)-D2* ,((o)]g(s) ; (B.6)

T2y
g(s) = 1 for s = ±1, expresses the fact that e is a gerade operator.

ld
1/2 A

x [D2* (u)-D2* .(ü))+D2* ,(ü))-D2* .(üj)]g(s) (̂ -) t D (R')<K,i
1,1 -1,1 -1,-1 1,-1 24 RI R

d

(B-7>

Use has been made of relation 2.2. A straightforward calculation and substitution

of the appropriate C-G coefficients yields:

T
<T2;T2||IeT

2|||A1;A1> = -^ . (B.8)
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CHAPTER 6 : PROTON SPIN-LATTICE RELAXATION OF A TUNNELLING CH D MOLECULE

D. van der Putten and N.J. Trappeniers

Van der Waals Laboratory, University of Amsterdam, The Netherlands

The proton spin-lattice relaxation time of a CH„D„ molecule is calculated. The

tunnel splittings are assumed to be much larger than the Zeeman energy. The depen-

dence of the relaxation efficiency on the site symmetry is examined. The results

are compared with experimental T values in the solid phases of CH_D_. Contrary

to CH, and CD,, the symmetry of the crystal field has no influence on the relaxa-

tion rate. The calculated relaxation rate is larger than experimentally observed,

which indicates that some of the energy levels coincide.
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1. INTRODUCTION

The effect of tunnelling on the proton spin lattice relaxation time of light

molecules such as CH, or groups like CH.,, has attracted considerable attention,

theoretical1"6 as well as experimental7"11. In general, the existence of a finite

overlap of the orientational wave functions, resulting in a splitting of the

librational energy levels, reduces the relaxation efficiency. In CH,, at low tem-

peratures, where most of the molecules are in their librational ground state, the

tunnel splittings between the A,T and E spin isomers are by far larger than the

Zeeman energy. Consequently, the spectral densities of dipolar matrix elements

connecting states with different symmetry labels, have to be taken at frequencies

large compared to the Larmor frequency. Thus, the spin-lattice relaxation occurs

only within the T manifold. (Dipolar matrix elements within the A and E manifolds

are zero by symmetry selection rules.) In many theories of tunnelling proton or

deuteron tetrahedrons, the orientational wave functions are approximated by 6

functions, describing the orientations of the molecule in the crystalline field.

This, however, leads to an over-estimation of the spin-lattice relaxation effi-

ciency in the case of the methane solids. This has been verified experimental-

ly12 »13 in the phases III and IV of CH, and CD,, where the application of pres-

sure results in a large increase of the relaxation rate. The overlap region of

the wave functions becomes smaller as the potentials are deepened with increasing

pressure. Consequently, at high pressures the orientational wave functions behave

more like 6 functions, and the experimentally obtained minimum values of the spin

lattice relaxation time in the phases III and IV of CH, and CD approach the theo-

retical values as they were calculated with 6 functions for the orientational

wave functions. Larger tunnel splittings in phase IV may account for the lower re-

laxation rate as compared to phase III.

The proton spin lattice relaxation time has recently been measured13 as a

function of pressure and temperature in solid CH-D-. Its behaviour is similar to

that of CH, and CD, , concerning the pressure dependence of the absolute values of

the T- minima in the phases III and IV. The relaxation was found to be purely ex-

ponential. The subject of this paper is a calculation of the proton spin lattice

relaxation time of a tunnelling CH„D„ molecule. A common spin temperature is as-

sumed. A classical stochastic reorientational model is employed leading to expo-

nential correlation functions. The orientational wave functions are approximated

by 5 functions. The dipolar coupling of the protons with the deuterons is ignored,

and only the intra-molecular dipole-dipole interactions of the protons are taken

into account.
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2. THE SYMMETRY LABELLED WAVE FUNCTIONS

Three frames of reference are used throughout the calculation. The molecule

fixed frame, MFF, xed in the molecule, the site fixed frame, SFF, fixed in a

particular site, and the laboratory frame, LFF, of which the z-axis coincides

«ith the direction of the main magnetic field. When the MFF and the SFF coincide,

the CH_D molecule is in the standard position (Fig. 1). The Euler angles

(j={o,g,Y} and the discrete coordinate s, describe the rotation for carrying the

SFF over to the MFF. The value for s is -1 if an inversion is needed and +1 if an

inversion is not necessary.

The symmetry labelled orientational wave functions of a molecule with C_

symmetry in a crystal field of T, symmetry are easily obtained from wave functions

of a tetrahedral molecule in a T, crystal field. These are given by6

1/2

I D(R)
ReT„

(2.1)

where the 24 wave functions i}>_ RE T , are obtained by letting the 24 site reorien-
K u

tational operators PD , R eT , operate on the standard position iji_. The i|i areK„ s a & A

approximated by 6 functions and are expressed in u and s. The symmetry indices of

the T, site symmetry group and the T, molecular symmetry group are given by Y g5 s

1S

Fig.l. The standard position. The protons and deuterons are represented by the
open and filled circles respectively.
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and y £ respectively. The dimensionality of the representation is denoted by [y]

and h is the order of the group T , (h = 24).

The irreducible representations of element R of the group T, are given by

D(RK, . Normalization is such that

E jdcoi|;*(üi,s)f(w,s)i|iR,(ui,s) = f(uR,aR)6RR, , (2.2)

in which aR » 1 if R is a proper rotation and aR = -1 if R is an improper rotation.

A reduction of the molecular symmetry group T, to C is needed for the re-label-

ling of the orientational wave functions in terras of irreducible representations

of the molecular group C_ (Table I).

The 36 irreducible spin functions are obtained by combining the spin functions

of a pair of protons and a pair of deuterons

m1'm2

(2.3)

and

|ID
mp> = E Cdiljj^m^nijj) |m^m > - (2.4)

where C(I.I.I;m.m.m) denotes the Clebsch-Gordan coefficient of the spins I. and1 J x J i

Ij. Im^ can be |+J> or |-J> for i = 1,2 and 11>, |o> or |-1> for i=3,4. The clas-

A1

A2

E1'

T,x

T2x

Td

E2

' V'
» T2y»

V
T2 Z

A1

A2

A,,

B2'

B1'

C2v

A2

B1'

B2,

A2

A1

TABLE I: The reduction of T, to Co
CL H
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sification of the permutation behaviour is easily carried out by noticing that

the permutation group is isomorphic with the molecular group C^v' A simple inspec-

tion yields the classification into irreducible representations of the 36 spin

functions: ij> = 18A + 3A„ + 9B. + 6B„. The symmetry labelled spin functions are

obtained by assigning to each combination of 2.3 and 2.4 a representation label

Y of the permutation group (= C„ ) . The notation S(y ;I„m ;I n O is used for the

symmetry labelled spin functions.

Next, we combine the 36 spin functions with the 24 orientational wave func-

tions. However, as a consequence of the ïndistinguishibility of identical partic-

les, the combinations must be anti-symmetric under permutations of the two protons

and symmetric under permutations of the two deuterons, i.e. according to the B_

representation of C. . Thus, only products y x y , which include the B_ represen-

tation of C- are allowed. The symmetry labelled combinations are listed in Table

II. The energy-level diagram, as obtained by Hopkins et al.1"1 based on Nagamiya's

theory15 is shown in Fig. 2. The representation labels of the site symmetry T, are

shown on the right side of the energy levels. The labels A., A- and Bj, B. appear-

Ys

A1

A2

E

E

T1

T2

T1

T2

T1

T2

Ym

A1

A2

A1

A2

A2

A1

B1

B2

B2

B1

Yp

B2

B1

B2

B1

B1

B2

A2

A1

A1

A2

0

1

0

1

1

0

0

1

1

0

h

0,2

1

0,2

1

1

0,2

1

0,2

0,2

1

Deg.

6

9

12

18

27

18

9

54

54

9

TABLE II: The combinations of y and y allowed by penw.tation symmetry.
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E

Tv

A1

T2

A2

DEG

(30)

(45)

(15)

VT2

VT2

DEG.

(63)

(63)

Fig.2. The level scheme of a tunnelling CH„D. molecule in a crystal field of Tj

symmetry. The symmetric and anti-symmetric molecular states are denoted

by A-,An and B^,BO respectively. The site symmetry labels are A^,AOJT.,T„

and E. The numbers in parenthesis are the degeneracies of the manifolds.

ing at the bottom of the diagram refer to the symmetric and anti-symmetric mole-

cular states respectively.

3. THE SYMMETRY-LABELLED DIPOLAR HAMILTONIAN

la the following, only dipolar interactions between the two protons are con-

sidered. The dipole-dipole coupling between the protons 1 and 2 (Fig. 1) is de-

scribed by the well-known expression

'a

"

[I1!2].
+ 1

'2,v

(3.1)

(3.2)

(3.3)j

r
fk

93



and d = ̂ —3— , where r is the distance botwoon the protons and y the proton gyro-

magnetic ratio. The Y2(8,cp) are the second order spherical harmonics. The permuta-

tion symmetry of both the space part and the spin part of tf is clearly A. .

A A
B„1 = B< 1 > 2 ) and [il],1 = [I 1! 2], . (3.4)
2,u 2,u 2,u 2,u

A1
The values of B_ , in the MFF, are given by

However, the orientational wave functions are given in the SFF; consequently, the

A1
values of B_ as given by eq. 3.5 must be transformed to the SFF.

where D 2 (u) , denote the complex conjugated second-order Wigner matrices, and

u{=a,6,Y} are the Euler angles for rotations carrying the SFF into the MFF. A

transformation to the LFF is given by

in which u are the Euler angles of rotations which carries the SFF into the LFF

and id = {-y ,"B ,-a }• The spin functions and the spin operators are defined in

the LFF. Consequently, the expression for the symmetry labelled dipolar Hamilto-

nian in the isotropic space 0(3) reads

M t\l-i S L S L.

In order to make H, , invariant with respect to a T, site symmetry, a reduction



A.
from 0(3) to T. for the tensor operators B_ is required:

d I- ,u

""«WB-. •
and the inverse

The j = 2 gerade representation of 0(3) is decomposed into irreducible represen-

tations of T, by the unitary matxi:-: U(2g). The explicit values of the matrix ele-

ments can be found in ref. 16. Finally, the expression for the symmetry labelled

dipolar Hamiltonian of a CH_D 2 molecule in a T, crystalline field is given by

in which

R(iu ) r =

Expression 3.11 is explicitly invariant with respect to both the molecular sym-

metry e, and to the site symmetry T,. It is a contraction of two second-order ir-

reducible tensor operators (a space operator and a spin operator respectively).

The quantum-mechanical states derived in section 2 are also products of space

states and spin states. Consequently, the dipolar matrix elements are products of

space matrix elements and spin matrix elements.

95



4. THE DIPOLAR MATRIX ELEMENTS

The notation |y ? 'IHmH'IDmD> ^S u s e d ^ o r t h e svmmel:ry labelled combinations

of the orientational wave functions and spin functions as derived in section 2.

We employ the Wigner-Eckhart theorem for the calculation of the matrix elements.

A matrix element is given by

-dD/6 E r (-1)%^) (2)

(2)(2) H ~Vl'ys 5s
s s

p tl D 2 p H D

in which <Y^);Y^3)|||BAi(2)|!!Ys
(1);Ym

1)> and <^ 3 );I ]

are the doubly reduced space matrix elements and spin matrix elements respectively.

C(Y Y Y ;C E 5 ) is a Clebsch-Gordan coefficient of T, (see appendix
s 's s s s s d

A). The extra quantum numbers I D and nu are expressed in the n_.

p"m' l'VIp 'm " 2 " \

xC^Vf;...)^^);...) , (4.2) f
f,

where the C(Y.Y 2 Y 3 ; • • •) are the C-G coefficients of the group C- . The dot indica- p

r
tes that the representation is one-dimensional. From the definition of the C-G co- ?'

efficients (Appendix A), C(Y1Y2Y35 • • •) = 1 £° r Y^eY, XY2- "^^ f i r s t two factors on '"-•;

the right hand side of eq. 4.2 express the combinations of the wave functions !{•

allowed by permutation symmetry. From the second two factors the selection rules (V

Y = Y and Y = Y are derived. The selection rule I„ = IÜ = 1 is obtained 'l /p p m m H n ] .-:
< • -"
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from the C-G coefficient of 0(3) and from C ( Y ^ 1 ) Y ^ 2 ) Y^3) i ^ ^ ̂  ) , Y ^ e{E,T,} ,

one finds that dipolar matrix elements vanish within the manifold exhibiting A2

site symmetry. A matrix element is now written as:

= -d n / 6 ï E (-1) R(CÜ ) , , , r .C(121; I ILU < ) x

Ys s t s s

x C ( Y s 1 ) Y
S

2 ) Y s 3 ) ; 5 r ) 5 s 2 ) c s 3 ) ) < Y s 3 ) : Y mll B ^ 1 (2 ) l l Y s O ; V X

A

X<Y O ^ H t H l ^ l l Y p ! i ; V Ys2)e{E'T2} * ( 4 ' 3 )

The only unknown factors in eq. 4.3 are the reduced matrix elements. As an ex-
A

ample, we calculate the reduced space matrix element <A_;A„||B [|E;A_>

A A
<A2.;A2.|BE'|E2;A2.> = C(EEA2;21.)<A2;A2||BE'||E;A2> . (4.4)

From eqs. 3.5, 3.6 and 3.9 one finds

where g(i) = g(-1) = 1, and eq. 4.4 reads

A I-

.;A2. |BE{|E2;A2.> = - \ E ]d"(^
1/2 A*2

R e T ,
d

r d
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- 1
I t follows from eq. 4.4 tha t • i

i
A .

<A2;A2||BE
1||E;A2> = j . (4.7)

The complete set of reduced space matrix elements is listed in Table III. f?y

In order to obtain the reduced spin matrix elements we calculate e.g. i,
!

72 27672 «01*l|-<10èll |4I^I*-Uil*+lil i) |- | i i01>+li*10» = ^ . (4.8)

; 2

s

A 2 ; A 2

A 2 ; A 2

E ;A2

E ;A2

T t ;A 2

T 1 ; A 2

T1 ; B2

V'B2

V B 2
T 2 5 B 2

T 2 ; B 2

T 2 ;B 2

E

T 2

E

T 2

E

T 2

E

T 2

E

T 2

E

T 2

E ;A2

T 1 : A 2

E ;A2

TrA2
T,;A2

T1 ;A2

T,;B2

T,;B2

T 2 ; B 2

T 2 : B 2

T 1 i B 2

T, ;B 2

2

- i / 3

2

O

4

O

4

O

O

TABLE III: The reduced space matrix elements <Y ;Y | | B L j |Y Y >
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The nota t ion |m.m m m > for the spin s t a t e s i s used, n^ ,m2 = { + i , - J } and

m,,m ={1 ,0 , -1} . The reduced matr ix element i s given by

<B 1 ; 1 ;n D | | [ l l ] 2
1 | l l i 1 ; 1 ;n D > = 1 / i 5 . (4.9)

The same value has been derived for the other reduced spin matrix element
A

<A.;1;n ||[II], ||A.;1;nD>. The matrix elements are now expressed in the

R(iii ) r (eq. 12), which are functions of the Wigner D-matrices. If we take0 W s
the direction of the static magnetic field B_ coincident with the z-axis of the

LFF, the matrix elements can be expressed in terms of the direction cosines of

B- with respect to the SFF.

a1 =

a2 "

a3 =

smB
0

sinBQ

cosS

cosao

sina
0

(4.10)

5. THE SPIN LATTICE RELAXATION TIME

For the calculation of the spin lattice relaxation time we assume that the

population of the various energy levels are described by a common spin temperature.

The relevant formula for the relaxation rate is then given by5

T. W T _, , ,(E -E ,)2exp(-E ,/kT)

Tp— --or > (.5.1;
*1 *• i-T..! / " T ^ /i.m\ -^ZZ [Y]exp(-E /kT)E2

Imy Y m

in which
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where W is Che transition rate from the state |b> to the state |a> and is
3. j D

given by

W . = r v |<a|tf,, |b>fJ(iD , ) . (5.3)
a; b *n ad a 5D

The energy of a y level (Fig. 2) is denoted by E . The matrix elements <a|#,, |b>

have been calculated in the previous section. Expressions for the spectral densi-

ties J((i)) have been obtained by Nijman5 on the basis ot a classical stochastic

reorientation model. Reorientations about the two and three-fold site axes lead

to two types of spectral densities.

Y
J Y(M> = 2 T , (5.4)

1+(urrY)2

in which - 1 - = J L + -A- and-L = -l^- , (5.5)
i.„ T T Ci T

T 2 c3 c 2 c3

where T , T denote the mean time between jumps about the two-fold and three-
2 C3

fold axes respectively. We further assume that the population factors exp(-E /kT)

are approximated by the value one. This is justified because in phase III of CH.D

spin conversion is either absent or very slow17, resulting in the fact that at all

temperatures considered in the experiment13 the population factors retain their

high temperature values. The relaxation rate of a tunnelling CH_D„ molecule in a

T, crystal field is written as:

= R (A *»T ) +R (A » E ) +R (E«T. ) +RA (E«E) +R.(T, **T.)
j T A 2 1 A 2 A 1 A A i r

(5.6)

The labels A and B refer to the symmetric and anti-symmetric molecular states re-

spectively. The following notation is used for the soectral densities:
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JSYMY(iü ,,(0 ) = i { J Y ( u _ ,+ID ) + JY(i>i , - u )} , (5.7)
fnnnpl o 2 tunnel o tunnel o

where fin) i s the Zeeman energy. Then:

T T
R »( A o*» T i ) = 8C{yJSYM *(w .w ) + (3-y)JSYH (u ,2w )}A i l i o io

RA ( A2** E ) = 4 c^ 1"y) J S Y M E( u
2.

u
0>

 + (1+y)JSYME(iü2,2üio)}

T T

R A(E«T 1) = 16C{yJSYM 2(u3,wo) + (3-y)JSYM
 2(ub ,2Ü)Q)}

R (E»E) = 2C{(1-y)JSYME(Q,uo) + (1+y)JSYM
E(0,2u )}

^ ( T ^ T ^ = 6C{(1-y)JSYME(0,üio) + (1+y)JSYM
E(0,2(^)1

T T
RgCT^Tj) = 24C{yJSYM 2 ( U H , U O ) + (3-y)JSYM

 2(m1( ,2^)}

T.) = 3C{(1-y)JSYME(0,u )
l O O

«T,,) = 3C{(1-y)JSYME(0,u ) + (1+y)JSYME(0,2uj )} (5.8)
L. 0 0

in which y = a* + a!t + al and E^ = fiu. (i = 1-4) are the tunnel energies between

the various manifolds (Fig. 2). The constant C is given by

, 2

c - m (f) • (5-9)

The classical expression for the spin lattice relaxation time of an ordered CH D

molecule, performing discrete jumps from one orientation to another, is easily

obtained by setting the tunnel energies E. equal to zero. For a powder average,

i.e. y = •=•, eq. 5.8 reduces to

-j (class) fd -,2 T T

j = W [ J [J (Ü )O } + 4J (2uio) + 4{J (üJo) + 4J (2u)
0
)}] • (5-'°>

E T7
In situations m which T = T , the spectral densities J (u ) and J (u ) be-

C7 C - O 0
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come equal, leading to:

-i (class) , fdn12

1 -fx — [J(IÜ ) + 4J(2u )] , (5.11)

T
where J(U)Q) = J

E(toQ) = J
 2 ( W Q ) . (5.12)

Two minima in the spin-lattice relaxation time as a function of temperature may be

expected if the reorientation rate abjut the two-fold axes is much larger than

about the three-fold axes. At low temperatures, when T » x > ID"1 , the re-

laxation rate is given by

, (class) , fd^ 2 T 2 T 2

and at higher temperatures, when ID"1 > T » T ,
0 * C3 C2

•> (class) -

f
In order to calculate the spin-lattice relaxation time of a tunnelling CH D mole-

cule in a T, crystal field, we assume that the tunnel energies are much larger

than the Zeeman energy, •hu. » -nai (i = 1-4). This is justified because the ex-

perimentally observed tunnel splittings are of the order of 1 K17, while the Lar-

mor frequency at which the experimental values were obtained13 was 24 MHz (=1.15

mK). Consequently, the spectral densities in eq. 5.8 containing non-zero io. may

be ignored, leading to the following expression for the relaxation rate of a tun-

nelling CH„D molecule in a crystal field of tetrahedral symmetry:

RACT1~V
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The E-type spectral densities only contain the three-fold reorientations. Conse-

quently, from eq. 5.15, two-fold reorientations do not modulate the dipolar inter-

actions. The reason for this is that the T.-type matrix elements within the T

manifolds (i.e. dipolar matrix elements connecting states with different site

symmetry partner labels) are zero. For instance, writing only the orientational

part of a T, type matrix element,

, (5.16)

in which D(uR) is a combination of second-order Wigner D-functions, a value equal

T2

zero is obtained because the representation matrices D(R) , are diagonal for two-

fold rotations and off-diagonal for three-fold rotations. Matrix elements within

the E-manifold, belonging to a T^-type operator, are zero by symmetry selection

rules.

A reduction of the T, site symmetry to a lower site symmetry, resulting in a

splitting of the degenerate manifolds, does not affect the spin-lattice relaxation

time of the T manifolds. This is also a consequence of the fact that only dipolar

matrix elements of states with the same site symmetry partner labels differ from

zero. Consequently, the relaxation rate of tunnelling molecules in a crystal field

of symmetry lower than T, is given by eq. 5.15, provided that the E-manifold is

not split by the reduced site symmetry. If, on the other hand, the E-manifold is

split, and the splitting is assumed to be larger than the Zeeman energy, the re-

laxation rate within the E-manifold is halved, leading to

(5.17)

which is only slightly smaller than eq. 5.15. We may conclude, therefore, that the

symmetry of the crystalline field is of no importance as regards to the spin lat-

tice relaxation. This is in contradistinction with the intramolecular spin-lattice
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relaxation time in CH 5 and CD,18, where the reduction of the site symmetry from

T. to e.g. D„, reduces the relaxation rate by a factor three,
d 2d

6. COMPARISON TO EXPERIMENT AND DISCUSSION

The proton s p i n - l a t t i c e r e l a x a t i o n time in the so l id phases I I I and IV of

CH-D- has been measured in a p ressure range up to 8 kbar and a t temperatures from

3 K up to 80 K13 . The Larmor frequency was ?4 MHz (= 1.15 mK). At normal p ressure ,

T. in the phases I I I and IV exh ib i t a minimum of 75 ms and 78 ms r e s p e c t i v e l y . The

temperatures a t which the minima occur are 10 K and 3.5 K r e s p e c t i v e l y . Inse r t ing

f VI 2

the value 17.75x 109 s~z for I — in eq. 5.11, a classical T. minimum value of

30 ms is obtained. This is more than a factor two lower than experimentally obser-

ved. Phase III of solid C H 2
D 2 exhibits tunnel splittings of the order of 1 K17.

Spin conversion is absent, i.e. the populations of the energy levels remain in

their high temperature distribution. Consequently, eq. 5.15 may be used to esti-

mate the relaxation rate, yielding a minimum value of T of 205 ms. This, again,

is larger by almost a factor three than experimentally observed. However, in ex-

plaining their heat capacity measurements, White et al.17 deduced a structure of

CH„D (III) consisting of two inequivalent sublattices. One sublattice, containing

25% of the molecules, exhibits a level-diagram in which the symmetric A and T

states coincide, i.e. E. = 0 (Fig. 2). This leads to an increased relaxation ef-

ficiency as ompared to the molecules in the remaining sublattices, whose relaxa-

tion rate is still described by eq. 5.15. From eq. 5.8 it is found that the total

relaxation is given by

m J E ( 2 Ü J O ) ] = vi_
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T
2 E

in which «e have used J (u> ) = J (ia ) = J(ui ) . (6.2)
o o o

From 6.1, a minimum value of 169 ms is obtained, which is still too large. How-

ever, the model used by White et al. is a simplified one. Most probably the num-

ber of sublattices is larger than two19"21. If on one or more sublattices the two

degenerate asymmetric T manifolds coincide, the relaxation efficiency is greatly

enlarged. For instance, a T.. minimum of 57 ms is obtained is we put ia = O in

eq. 5.8.

In summary, contrary to CH, and CD^, the symmetry of the crystalline field has

no influence on the spin lattice relaxation. Because of the large variation of the

theoretical T minimum values with the coincidence of certain energy levels, ex-

pression 5.8 provides a tool for the verification of proposed models of the orien-

tational order and energy levels of CH,D-(III). Unfortunately, an accurate model

which is capable to reproduce all the experimental results on phase III of solid

methane does not exist at the moment.
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APPENDIX A

The Clebsch-Gordan coefficients are defined by

Y Y
! D ( R ) ' 2 C ( Y Y Y ; ? C X )

' ' 2 2

Y3Y3

Y3

The permutation relations of the Clebsch-Gordan coefficients can be found in ref.

6, as well as C-G coefficients of T. «I. and T. « I . of the group T..
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The C-G coefficients

\

1 2

2 1

2 2

are given by:

E1 E2

1//2

0

0

1//2

0

1//2

-1//2

0

-1//2

0

0

1//2

0

1//2

1//2

0 (A. 2)
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SAMENVATTING.

Het proefschrift beschrijft een onderzoek naar de eigenschappen van vast

methaan bij hoge druk (tot 10 kbar) in een temperatuurgebied van 2 tot 100 Keivin.

De motivatie voor het experimentele onderzoek is dat vele merkwaardige eigen-

schappen van vast methaan bij lage temperatuur en hoge druk tot nu toe onvolledig

en soms verwarrend in kaart waren gebracht. Het grote inverse traagheidsmoment

van het methaan molecuul in combinatie met de relatief kleine ordeningspotentialen

levert een aantal eigenschappen op, waarbij quantumeffecten, zoals nulpunts-

beweging, een essentiële rol vervullen. Dit blijkt onder meer uit het feit dat de

temperatuur, waarbij de ongeordende fase I overgaat in de partieel geordende

fase II, een isotoop-effect van 35% vertoont, wanneer de protonen in CH,, door

deuteronen worden vervangen. In verband hiermee is het van belang om druk en

temperatuur, waarbij fase II van CH^ en de gedeutereerde modificaties hun stabi-

liteit verliezen, nauwkeurig te bepalen. Een tweede aanleiding tot het experimen-

tele onderzoek was de onzekerheid aangaande het optreden van een lage temperatuur

- hoge drukfase IV, waarvan nen het bestaan reeds in 1957 meende te hebben aange-

toond, maar die in latere jaren nimmer gereproduceerd kon worden.

Bij de interpretatie van NMR eigenschappen van vast methaan, zoals de spin-

roosterrelaxatietijd Tx en het tweede moment van de lijnvorm M2, blijken

quantumeffecten evenzeer een aanzienlijke rol te spelen. De absolute waarde van

het T1 minimum zoals gemeten in fase III van vast methaan is vele malen groter

dan op grond van een klassieke behandeling van het rooster berekend wordt. Dit

vormt het kader van de theoretische probleemstelling van het hier beschreven

onderzoek.

De eerste vier hoofdstukken bevatten het experimentele deel van het onderzoek.

Voor de realisering van de experimentele omstandigheden werd een helium cryostaat

ontwikkeld, waarin de temperatuur van een reeds bestaand 15 kilobar drukvat kan

worden geregeld in een gebied van 2 tot 100 Keivin. De constructie van drukvat en

cryostaat wordt beschreven in hoofdstuk 1. De hoofdstukken 2 en 3 bevatten

resultaten van NMR experimenten aan CH,,, CH2D2en CD,, waarin de spin-rooster-

relaxatietijd T1 wordt gemeten als functie van druk en temperatuur. Uit de

discontinuïteiten in T die optreden bij faseovergangen, wordt een fasediagram

van methaan geconstrueerd dat vrij exeptioneel genoemd mag worden. Een aantal,

vroeger vrijwel onbegrepen meetresultaten wordt ermee verklaard en het bestaan

van een fase IV, zelfs bij druk nul, is aangetoond. Hoofdstuk h beschrijft een

experiment waarin het tweede moment van de NMR lijnvorm in fase IV is gemeten

als functie van druk en temperatuur. Uit de resultaten van dit experiment kan

worden afgeleid dat min of meer vrije rotatie van moleculen optreedt op ten

minste één subrooster.
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In het tweede, theoretische gedeelte van dit proefschrift (hoofdstukken 5

en 6) wordt de invloed van het bestaan van discrete tunneltoestanden op de ;.j!

relaxatie onderzocht. Daarbij wordt een theorie voor de relaxatie van de deute- £

riumspins resp. protonspins in CD,, resp. CH2D2 moleculen opgesteld, waarin slechts

bepaalde combinaties van de spin- en orientationele toestanden zijn toegelaten op p.

grond van hun permutatiesyiranetrie. De voor de relaxatie verantwoordelijke inter- i;.

acties (quadrupolaire resp. dipolaire voor CD,, resp CH2D2) , worden op een ]

irreducible vorm gebracht en de matrixelementen worden uitgerekend. Toepassing -

van groepentheorie, en speciaal van het Wigner-Eckhart theorema, vereenvoudigt de *"

berekeningen aanzienlijk. Uit de verkregen uitdrukkingen voor de relaxatiesnelheid f

kunnen een aantal gevolgtrekkingen gemaakt worden. In de eerste plaats blijkt het ;

bestaan van discrete tunneltoestanden de relaxatiesnelhrid van de deuteriumspins

in CD,, resp. de protonspins in CH2D2 verkleint met een factor 3 resp. 7, verge-

leken met het klassieke geval, waarin het rooster beschreven wordt door een

continu energiespectrum. Een tweede gevolgtrekking betreft de omgevingssymmetrie. f,-

Het blijkt dat reductie van de omgevingssymmetrie van tetraëdrisch naar diëdrisch f"
K

tot gevolg heeft dat de relaxatie van de deuteronspins in CD,, met een factor drie j

wordt vertraagd. Voor CHZD2 heeft de omgevingssymmetrie geen invloed op de

protonspinrelaxatie. '.,,.

Elk van de zes hoofdstukken in dit proefschrift is gepubliceerd of zal gepubli- ji-

ceerd worden als een afzonderlijk artikel in de tijdschriften Physica A, Physica B j?

of Review of Scientific Instruments.
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