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Neutron tunnelling spectroscopy has been a very fntitful field for almost two decades and ·is still 
expanding into new areas, both experimentally and theoretically. The development of the topic is 
reviewed from the theoretical point of view, highlighting new approaches, and selected examples 
of more recent experimental work are presented. A brief discussion of instrument ped'onnance 
and experimental requirements is given. 

1 . Introduction 

The frrst measurements to be published on quantum molecular tunnelling using inelastic 
neutron spectroscopy1•2 were carried out at the Jtilich reactor and appeared in 1975 at a 
time when the high flux reactor at the Institut Laue-Langevin had just started its user 
programme. The ILL was furnished with a suite of high resolution neutron 
spectrometers3 of such advanced design that the preliminary pioneering work at Jillich was 
able to be amplified over the following decade into a subject in its own right which, from 
the quality and precision of its results, was able to rank beside phonon spectroscopy and 
magnetic diffraction as examples of the unique power of the neutron as a probe of 
condensed matter. 

In recent years the applicability and range of the method has been extended with the advent 
of pulsed neutron sources, notably ISIS in Britain and KENS in Japan, where high 
resolution spectrometers4•5 using white beam techniques have provided different insights 
into the subject. This development was all the more unexpected since pulsed sources have 
been until quite recently perceived as sources of high energy neutrons rather than the cold 
neutrons necessary to achieve the microelectronvolt resolutions required for tunnelling 
spectroscopy. 

The field was frrst reviewed in 1981 in a monograph6 which emphasised the isolated 
single-particle character of molecular rotation. The theory of neutron spectroscopy of 
tunnelling molecules was presented for one-dimensional rotors such as CH3 groups and 
NH3 , and three-dimensional rotors such as CH4 and NH4 +. 

At about that time a series of biennial conferences was started, one of which was 
published in 19867 which records the progress in the subject up to then. Whilst the 
experiments in the early years were aimed at a basic understanding of the phenomenon and 
towards determining rotational potentials in relatively simple molecular crystals, the 
second period was devoted to more complex problems including the direct coupling 
between two methyl groups,8 the coupling of the quantum rotor to phonons in the solid9 
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(which detennines the temperature dependence of the phenomenon) and the study of 
tunnelling as a function of pressure.1G-12 A tunnelling atlas compiled at that time13 gives 
an almost complete review of materials studied up to 1987. Reviews of the topics of 
vibrational dynamics of hydrogen molecules in unusual chemical environments, 14 matrix 
isolation spectroscopy of tunnelling entities, 15 and a general review covering all important 
aspects of tunnelling, 16 have been presented in a special edition of Spectrochimica Acta 
(1992). 

There has been a trend in the past few years towards the study of chemically more complex 
materials, matrix isolated molecules,17-21 mixed systems,22-29 clathrates and inclusion 
compounds,3°-31 molecules on surfaces32-35 and in intercalates,36-40 and those samples 
which exhibit coupling. This trend has been facilitated by the availability of high 
precision spectrometers and a concentration upon high resolution studies in the 
microelectronvolt energy transfer region which have often revealed unexpectedly complex 
structured spectra. The theories covering two coupled methane molecules,41 more than 
two coupled uniaxial rotors, and different fonns of coupling have been considered,24·41-49 
and corresponding experiments have been performed.24-27,47-49 Coupling effects are 
especially pronounced for systems with weak single particle potentials. The coupling to 
phonons appears to have found a final, generally valid description50-53 which allows a 
detailed understanding of the experimental findings.54-56 The influence ofvanous types of 
disorder has also been studied,lS-19·57-ss One of the original aims of tunnelling 
spectroscopy - the detennination of interaction potentials in molecular solids - has 
obtained a new quality by combining spectroscopy and high-precision diffraction studies59-

60 which allows an independent test of the reliability of pair interaction potentials to be 
carried out. The simultaneous observation of inelastic spectra and sections of the 
diffraction pattern on the IRIS spectrometer has proved to be very helpful in interpreting 
data from samples prepared uniquely in-beam.37,40 

Finally, neutron tunnelling spectroscopy yields detailed infonnation on spin conversion. 
For CH4, a theory had already been developed quite early on to explain NMR results,61 

whereas this was only achieved quite recently for CH3 groups.62-63 This topic has not 
been widely studied experimentally except for detailed measurements using transmission 
geometry. 64-65 

l • Theoretical Background 

l.l Singlt particlt rollltions 

The quantised rotational energy levels of a molecule, which has a rotational constant B 
given by 

;,2 
B=-

21 
(1) 

where I is the moment of inertia, are generally calculated under the assumption that the 

environment can be represented by a potential V ( w). This approximation is called The 
Single Particle Model. The rotor levels are then given by the solution of SclutMlinger's 
equation with the Hamiltonian 

H = BV2 +V( eo). (2) 
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In the case of rotation about a single axis (!-dimensional or uniaxial) there is only one 

characteristic angle m = rp and V2 = -ci I CJrp 2
• The symmetry of the rotational 

potential clearly cannot be lower than that of the rotor and so, in the case of methyl 
groups, the potential is expanded into the following Fourier series 

N V 
V((/)) = L --l!t(l- COS ( 3mp- (/)3n )) 

n=i 2 
(3) 

where qJ Jn is a constant angular offset. This series is often truncated at the second term. 
When a higher symmetry of the surroundings imposes itself on the rotor, the leading term 
in the potential could be of higher order.19•30•66 In the simplest case of a pure 3-fold 
potential we obtain 

()2 V 
H = -B-+ - 3 (1- cos 3rp). 

dqJ2 2 

Note that V3 is the peak to peak height of the potential as illustrated in figure 1. 

0 2rr{J 4rr/.1 2rr 

___ .,.. cp 

(4) 

Figure 1. A representation of the energy levels of a CH3 group in a 3-fold potential following Horsewill.16 

Note that the barrier height V 3 is expressed as the peak to peak amplitude. The activation energy E0 and the 
librational energies Eon are indicated, together with the tunnel splittings. 

This form of expressing the potential is a convention which unfortunately has not been 
adhered to consistently in the literature. Some papers, particularly those which treat the 
question of coupling rather than the single particle approach, express the potential as 
V3cos3 qJ, and consequently there is a phase difference of n/3, and a factor of two 
difference in the numerical value of V3 between these two conventions. In order to remain 
consistent with the majority of original papers we have decided in this review to present 
single particle models with the former convention and coupling models with the latter 
convention. 

The energy levels of the corresponding SchrOdinger equation can then be described as a 
sequence of librational levels (at meV energies) which are tunnel split (by j.leV), as 
indicated in figure 1. The tunnel splitting is extremely sensitive to weak changes of the 
potential. 6 For tetrahedral molecules the asymptotic behaviour at large potentials V> 30 
me V can be represented by an exponential decrease67 
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lim, = f3 exp( -a~V I B) (5) 

A similar relationship is valid for 1-dimensional rotors. The values of a. (normally -J) 
and ~ (normally -B)67 are characteristic of the type of rotor and the shape of the potential. 
It is this feature which makes tunnelling spectroscopy particularly attractive amongst all 
other methods of molecular spectroscopy. 

Eq. (5) clearly shows that there exists a uniquely strong isotope effect for tunnelling 
transitions compared to other lattice modes. For example, in the harmonic approximation 
a librational mode E01 is reduced by V2 on deuteration, two being the ratio of the 
rotational constants. In the case of tunnelling this factor of v 2 appears in the argument of 
the exponential function, which therefore amplifies the effect significantly, making the 
tunnelling frequency decrease disproportionately with increasing potential strength. For 
example at V= 15meV the tunnel splitting is reduced by an order of magnitude with 
deuteration. At V=40meV this factor has reached 30. Thus the manifestation of a strong 
isotope effect represents an unambiguous proof of tunnelling. 

The scattering function for neutrons from these rotors is most easily derived for protons, 
which are assumed to be located at points, and, for a polycrystalline materiru with equally 
populated tunnel states, reads as follows 

S(Q,m) = (~+ ~ io(Qd) }5(m) + (~- ~ io(Qd)){ o( m+ m,)+ o(m- m,)} 
Elastic term Inelastic term ....... (6) 

where Q is the momentum transferred to the neutron in the scattering process and d is the 

proton-proton distance. j 0 (Qd) is the spherical Bessel function and 1i rut is the tunnel 

splitting of the librational ground state. Since in general no other excitations are found in 
the region, excitations detected in the J.le V energy transfer range of a spectrometer are 
easily identified. Their character can be confmned by raising the sample temperature to -
50K when the spectral lines will normally disappear. Should the integrated intensity of 
all observed tunnelling lines be lower than required by eq. (6) there could well be 
unresolved lines in the elastic peak. The probability of occurrence of crystallographically 
distinct tunnel rotors can then be estimated, resulting in structurally relevant information. 
The structure factors which determine the intensity variation with Q are different from eq. 
(6) if the leading term in the rotational potential is of sixfold symmetry.68 

If a second rotational transition in figure 1 can be measured, for example the excitation E01 

to the flfSt librational state, then parameters of the rotational potential can be determined 
up to the second term in eq. (3). In general, a determination of any further terms is not 
worthwhile. Difficulties can arise if inequivalent methyl groups are present, making an 
unambiguous assignment of tunnelling and librational transitions to a particular rotor in 
the molecule or in the structure problematic.69·70 Nevertheless a general experimental 
conclusion that the higher order terms in the potential are weak can be very helpful. 11 A 
number of multiline spectra containing tunnelling excitations of rational intensity ratios 
have found a simple explanation in this way.69-70, 72 

The assumption that the protons are spatially localised at points in the strongly 
anharmonic rotational potentials can only be justified for small values of the momentum 

transfer Q < 1X1
. For larger Q the quantum mechanical proton density distribution p 
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= 'lf'l'* modifies the structure factors given by eq. (6). Consequently the intensity 
variation of tunnelling lines with Q can give access to the wave function 'I' itself. Such 
experiments have been perfonned for one-dimensional73 and three-dimensional rotors.20•74 

Molecules which contain methyl groups can be structurally rather complex and their 
crystallographic environment can be similarly complex. Accordingly the rotational 
potential can be decomposed into an intramolecular and an intennolecular tenn. 

V( (/J) = V intra( (/J) +V inter( (/J ). (7) 

The relative importance of the two contributions can be explored by investigating a 
molecule in various surroundings. In particular, results from the gas phase would yield 
the clearest answer by eliminating intennolecular contributions completely. Neutron 
spectroscopy however is presently only possible in dense phases for intensity reasons. 
Thus matrix isolation spectroscopy has proved to be very effective in determining the 
relative weights of the two interactions.75 

In samples with dominant intramolecular interactions the tunnel splitting can be 
characteristic of the chemical neighbourhood of the rotating unit 76 Therefore tunnelling 
spectroscopy can be used as a tool of chemical analysis. Certain materials do not show a 
significant intramolecular contribution to the rotational potential and are especially 
sensitive to the environment of the whole molecule. Some of these samples show 
interesting spectral effects due to intennolecular coupling.24-25 

In a mean field model the potential experienced by the rotor globally represents its 
surroundings. The inter-rotor interaction can be split phenomenologically into three 

different components all of which vary as r;/n• where rij represents the separation of the 
atoms i in the rotor from those j in the neighbouring molecules: 

(i) the attractive van der Waals' polarisation term, which varies relatively 
weakly with distance and where n=6, 

(ii) steric repulsive forces, which vary strongly with distance where n> 12, and 
(iii) other electrostatic multipole forces, with the exponent having a value 

n=l+l'+l, where land l' represent the order of the interacting multipoles. If 
interactions are calculated between atoms, which represent monopoles, this is 
just the Coulomb interaction (l=l'=O) with n=l. Often the molecule or the 
molecular rotor itself are treated as a unit. Then, depending upon the molecular 
symmetry, higher order terms become important, whilst for neutral units the 
Coulomb tenn of course vanishes. In the case of methane, for example, the first 
non-vanishing electrostatic moment is an octopole moment. 

In many experiments pressure variation 8 p has been used to explore the dominant 
intermolecular interaction.10•12•77-80 The reduction of intennolecular distances with 
pressure increases the rotational potential according to the relationship 

(8) 

The main contribution to the potential comes from nearest neighbours. Detailed 
calculations show that atoms outside a sphere of order 3A change V( fP) by less than 5%. 
Despite not being equal ton, the effective exponent n* is characteristic of the dominant 
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type of interatomic interaction. If we introduce the value of V from eq. (8) into eq. (5) we 
obtain, after some simple transformations 

~ • 8r 
ulim, = C.n - (9) 

r 

The constant C contains only known quantities such as a and p of eq. (5), and the 
strength of the potential at zero pressure. Thus the only unknown is &!r. Because there 
is commonly a lack of knowledge of crystallographic parameters with pressure, the 
variation of intermolecular distance with pressure is often derived from the isothermal 
compressibility 1C of the sample. 

8r 
-= IC8p 
r 

(10) 

In some cases12•78 very large values of the exponent n have been determined, which 
emphasises the importance of steric hindrance in determining the potential barriers. In 
other cases72•80 no shift of the tunnelling frequency, or even a shift to higher frequencies 
(implying a reduction in the strength of the potential barrier), is observed. This 
demonstrates that molecular solids often undergo more complex structural changes under 
pressure than would be concluded from the isothermal compressibility. Thus any deeper 
understanding requires an accurate knowledge of the variation of all structural parameters of 
the sample (lattice constants, all atomic positions etc.) for all experimental conditions. In 
principle this can be done on an instrument such as IRIS, which can carry out 
simultaneous diffraction scans, but this has yet to be attempted. Even a knowledge of the 
structure under standard conditions would allow direct access to the fundamentally 
important transferable pair potentials.60 

In a more detailed calculation, the rotational potential is determined from the pair 
interactions V ij and Coulomb interactions between the three protons ion the methyl group 

and their neighbours j 

(11) 

where e; and ej are the electrostatic charges. The pair potentials are often represented in 
the form of Born-Mayer potentials 

(12) 

where a;i Pij and 'Yij depend only upon the types of interacting atoms. 

V( qJ ), calculated according to eq. (11), is then parameterised according to eq. (3) and the 

calculated eigenvalues, obtained from the solution of the Schr<Xlinger equation (2), can be 
compared with experiment. Similar calculations as a function of pressure would 
significantly improve the value and clarity of the results. 
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2.2. Coupled rotors 

The single particle potential represents only those interactions which depend on the 
orientation of the rotor at the origin and the distances to the surrounding atoms. In this 
theory the quantum rotor is treated as an entity characterised by its centre of mass R; and 
its orientation (/) i· Other atoms have a centre of mass but are assumed to have no degree 
of orientation. 

For a more general framework, terms must be added to the potential which depend on both 
the orientation of the rotor at the origin and the orientation of the neighbouring 
molecules, as well as their separation. For the case of interactions between pairs of 
molecules one obtains a multipole expansion of the potential6 

N+M M 

V(qJ;) = L V;j,l(qJi'r;)+ L V;j,2((/);,(/)j,rij) (13) 
j=! j=! 

where M denotes the number of quantum rotors and N the remaining atoms. The distance 
between two constituents is r;j = jR;- Rjl. 

In the simplest case of two coupled methyl groups, which are coaxially aligned, a model 
Hamiltonian, consistent with eq. (13), is given by 

H=H1 +H2 +H,2 

a2 
H; =-B-a 2 +V3 cos3(/J;. i=1,2 

(/); 

H12 = W3 cos 3( qJ, - (/)2) 

(14) 

The convention defining the single particle and interaction potentials is not unique in the 
literature and often inconsistencies occur. In eq. (14) the convention is different from that 
used in eq. (3). 

Depending on the sign of W 3 the interaction potential favours a staggered or an eclipsed 
configuration of the two methyl groups. The coupling leads to a splitting of the 
librational ground state into a quartet with four allowed transitions, observable in an 
inelastic neutron scattering experiment.8 Lithium acetate is one of the most well-studied 
systems using neutron spectroscopy and a large amount of experimental data from this 
sample can be explained consistently is terms of isolated close-contact pairs of coupled 
methyl groups.25 The Hamiltonian given in eq. (14) is a particular case of a more general 
problem which considers two coupled tops with non-parallel rotational axes. 

The theory of coupled rotors has been extended to three interacting molecules,44 and to 
even larger clusters.45 However, only very recently, a theoretically clear and 
mathematically efficient method to treats up to four interacting molecules in a linear 
chain46 has been developed. The calculation suggests that such coupling would cause a 
splitting of the tunnelling line itself which is not resolvable with the resolution of present 
instruments. Thus spectra could look as if they were due to a single isolated CH 3 

group. The effect of coupling only rescales the tunnel splitting energy. The important 
conclusion of this work is, ironically, that even supposedly simple single-line tunnelling 
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spectra may be difficult to interpret. The observed tunnel frequency from a coupled 
system may be significantly different from that which would have been exhibited by the 
equivalent single rotor system and yet the line may remain identical in shape. In these 
cases interpreting the spectrum in terms of a single particle .explanation may well be 
completely wrong. 

The coupling of an infinite chain of rotors by nearest neighbour interactions has been 
developed using a novel approach.24 The Hamiltonian for an infmite chain is given by 

(15) 

It emerges that. after expanding the coupling term Vc to second order, this Hamiltonian is 
equivalent to that of the sine-Gordon potential. In addition to tunnelling excitations, the 
solution of the quantum sine-Gordon equation requires the existence of a further excitation, 
the quantised breather mode. A breather mode is represented as a bound pair of quasi
particles, a soliton and an anti-soliton, which propagates along an infinite one
dimensional chain of methyl groups without dissipation of energy. This theory has been 
applied successfully to the anomalous behaviour of the low energy excitational spectrum 
from 4-methyl pyridine, and also when it is diluted in its perdeuterated derivative, when 
the chain length is reduced by the presence of deuterated molecules. 

Spectra of hydrogenated 4-methyl pyridine can also be described by a model of two 
dynamically coupled methyl groups.47 In this case the sum of two single particle 
Hamiltonians, as given in eq. (2), is extended by a mixed derivative term 

The appearance of novel theories, not yet fully accepted by the majority, represents an 
exciting development in tunnelling spectroscopy which challenges accepted views and 
stimulates experimental investigations of more complex systems and reinvestigations of 
known samples with greater precision. 

2.3. Coupling to phonons 

The continuous transition from the discrete inelastic spectrum of quantum rotation at low 
temperature, to the manifestation of quasielastic broadening resulting from classical 
stochastic reorientation as the temperature increases, i.e. the transition from tunnelling to 
hopping known as the quantum-to-classical transition, has been one of the most enduring 
areas of study in rotational tunnelling. Experimentally it is found that the tunnelling 
lines broaden and shift with increasing temperature, usually towards the elastic line. The 
shift Mw, and width r, follow Arrhenius dependencies 

&1iw, = V0 exp{ -E5 I kT) 

r, = ro exp(-Er I kT) 
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The first comprehensive and consistent theory of the coupling of the quantum rotor to 
phonons, which was able to describe the observed shift and broadening of the tunnel lines, 
was given in 1982.9 The problem was separated into an isolated rotor in a potential 
(single particle model) and a phonon bath, which were coupled in second-order perturbation 
theory. The theory describes, in a qualitatively correct manner, the broadening by a 
resonant coupling to phonons of energy EoJ> thus Er-E01 • The shifting is represented by 
an interaction with the so-called coupled density of states for all phonons with energies 
below E01 , thus Es<E01 • Additionally it explains the appearance of a purely quasielastic 
component due to fluctuations of the Ea and Eb levels against each other. These levels are 
degenerate at low temperature. Despite the conditions of (i) weak coupling and (ii) low 
temperatures far below the transition to classical behaviour, the theory has found 
qualitatively valid applicability in many systems. Using a path integral method for 
phonon coupling at higher temperatures, consistency with the perturbation approach at 
low temperature has been demonstrated. 81 

Quite recently, by substituting the molecule and its surroundings by an array of harmonic 
oscillators, an exactly soluble formalism has been developed53 the results of which are in 
agreement with those from the perturbational approach and are particularly valid for 
strongly coupled systems. Because of the simplicity of this model certain experimental 
observations are not reproduced. Since the groundstate consists of two non-degenerate 
levels, in contrast to methyl groups where the higher E-level is a degenerate doublet, the 
calculated scattering function does not contain a quasielastic component 

The precise width of the quasielastic line 'Yqe is shown, both experimentally54-56 and by 
computer simulation, 52 to be less than the width of the inelastic line 'Yin· Calculations 
applying the Nakajima-Zwantzig theory51 have provided an explanation of this 
observation. These various approaches towards the coupling of quantum rotors and 
phonons have recently been presented together with the most accurate experimental studies 
of this phenomenon. 54-55 

Insights into the general physics of a problem are often furnished with simple models. 
One such is the model Hamiltonian used for the case of rotor-phonon coupling 

(18) 

Where H R• Hp and HRP represent the rotor, the phonon (described as a harmonic oscillator) 
and the rotor-phonon interaction Hamiltonians respectively, which are given analytically 
as 

a2 
HR= -B aqP + v3 cos3qJ 

2 

H =]!_+~molx2 

P 2m "" 

HRP = x(gs sin3qJ + gc cos3qJ) 

(19) 

The ftrst term in the equation for H RP is called a 'shaking' component and the second term 
is a 'breathing' component. If HR and H RP are combined into an effective single particle 
potential, the shaking term causes an angular shift whilst the breathing term affects the 
barrier height. (This explains the chosen names). Increasing the sample temperature in 
order to populate phonon states increases the amplitude of the shaking term and leads to a 
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decrease of the observed tunnel splitting, whilst the breathing term would lead to an 
increase. 

In methyl iodide82 both effects are dominant over different temperature ranges, allowing 
the two components to be separately quantified as illustrated in figure 2. In most 
experimental cases the tunnel frequency is observed to fall with rising temperature, 
indicating that the coupling to shaking modes is dominant in general. 

3-
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-; 
energy ~ransfe: [\.leVI 
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oo..._______.._ _ _.___....__, 
10 20 30 40 50 

TIKJ 
Figure 2. (a) The tunnelling spectrum of methyl iodide and its variation with pressure as measured on INlO at 
ILL with a resolution of 0.3J.1eV. (b) The shift of the lines at various pressures as a function of temperature, 
showing an initial increase followed by the more usual decrease. 82 

Very recently a theory to explain the quantum to classical transition which is radically 
different from previous conceptual approaches has been developed.83 This theory, which 
describes the coupling by gauge potentials and utilises the concept of trajectories and 
Berry's phase rather than energy levels, rests upon a unified theoretical treatment derived 
from other branches of physics rather than just condensed matter theory. It has been 
reviewed in some detail recently.l6 

2.4. Time-dependent phenomena - spin conversion 

The equilibration of a rotor with its environment as the temperature falls involves spin 
flip transitions of the tunnelling molecules between levels of different symmetry. In the 
case of protons such transitions are mediated by the dipole-dipole interaction, and for 
deuterons by the electric quadrupolar interaction. The energy released is dissipated to the 
lattice by coupling to phonons. Because of the weakness of the dipole-dipole interaction 
conversion times are long, typically being many hours. The presence of a small 
quantity of a paramagnetic impurity such as oxygen can lead to a dramatic increase in 
conversion rate by many orders of magnitude.63 

A theory of spin conversion in methane was satisfactorily developed a decade ago.61 

whereas a theory applicable to methyl groups was only obtained recently62-63 in a model 
of intramolecular dipolar coupling. The coupling to phonons has been represented by the 
breathing and shaking modes of eq. (19). For the case of breathing modes a finite 

conversion time tc oc: w: is predicted even at zero temperature. At the lowest 

temperatures the conversion rate proceeds linearly with temperature T, and at intermediate 

10 



temperatures as t' due to phonon scattering. Since the estimated conversion times in this 
model are very long (ca.IOO days) it is questionable whether the observed effects84-86 are 
due to this mechanism. 

Transmission experiments86 exploit the increase of total scattering with increasing total 
spin <1(1+1)> of the molecule associated with its conversion into the A groundstate.87 It 
works without energy analysis, and thus can only give reliable information provided that 
the system under study exhibits a single tunnelling line. Samples with inequivalent 
methyl groups or with complex sublevel structure need to be investigated by inelastic 
neutron scattering if complete and unambiguous results are required. Spin conversion 
spectroscopy is a relatively new topic which will certainly be explored more fully in the 
future. The transmission technique requires only low neutron fluxes and no advanced 
spectrometers and thus can be used on small reactors for the study of tunnelling 
phenomena. 

3. Scientific Examples and Experimental Methods 

3.1. Scientific examples 

3.1.1. Methyl tunnelling: nitromethane and tetramethyllead 

Nitromethane represents one of the most well-studied materials by tunnelling 
spectroscopy. It contains only one type of CH3 group in the orthorhombic unit cell, 
having space group P212121 and 4 molecules per unit cell. Thus the tunnel spectrum 
contains one single line as seen in figure 3. The profile is resolution limited, which is 
interpreted as meaning that direct methyl-methyl interactions are negligible. The isotope 
effect,80 the pressure dependence of the rotationallevels,12·80 and the influence of isotopic 
substitution,29 have been investigated in both the tunnelling and the librational regions, 
and a potential consistent with all the data has been able to be extracted. This potential 
contains an uncharacteristically strong sixfold term. A frrst-principles calculation, on the 
basis of pair potential interactions, 59 was able to explain this potential remarkably well, 
but only by making the unusual assumption that all methyl groups rotate in phase. The 
system has been reviewed recently ,16 
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Figure 3. The single line 1unncl spectrum of nitromethane at 35.4~eV at a temperature of 4.5K as measured on 
IRIS at !SIS wilh a resolution of l.3~eV.4 The spectrum was measured using mica analysers with a final 
energy of 208).leV (N=l 9.8A). 
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Tetramethyl-metal compounds represent the next most complex class of material, but they 
are nevertheless still simple. The molecule is a tetrahedron with a central metal atom and 
a methyl group at each apex. Tetramethyl tin is known to have a space group Pa3 with a 
threefold axis at the molecular site88• The resulting two inequivalent types of methyl 
group occur in the ratio 3: 1 and the corresponding tunnelling spectrum shows two 
tunnelling transitions with this intensity relationship.69 The ratio of the integrated 
inelastic and elastic intensities also indicate, in accordance with eq. (6), that no further 
undetected methyl group excitations are present. In the case of tetramethyl lead70 the 
crystal structure is unknown. From the qualitative similarity of the spectrum shown in 
figure 4 to that of tetramethyl tin, it can be confidently concluded that tetramethyllead has 
the same crystal structure. The tunnelling line with the lower intensity shows the larger 
tunnel splitting and hence has the weaker potential. This means that the molecule is 
elongated along the threefold axis. The opposite situation occurs for tetramethyl tin, 
where the compression of the molecule along the threefold axis postulated on the basis of 
the tunnel spectrum69 has been confmned by diffraction measurements. 88 Figure 4 further 
shows a typical temperature evolution of a tunnelling spectrum, the lines broadening as 
they shift towards the elastic line (see eq. (17)). In the present case, the regime of jump 
reorientation, manifested by a purely quasielastic line, is reached at quite a low temperature 
(-28K) due to the weakness of the rotational potential. 
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Figure 4. (a) The 1unnel spectrum of tetramethyl lead showing two lines with intensities in the ratio of 3:1 as 
measured on INS at ILL with a resolution of 18~eV. Not.e the rapid spectral change from discrete inelastic 
linea to a. q.uasielaslic feature at a relatively low temperature. (b) An AI'Thenius plot of the broadening of the 
30.7~eV !me with tempcruure gives an activation energy of 9.0 me V which is identified with a librational 
mode measured at 9.6 mev.70 

This example also illustrates some basic problems in deriving accurate rotational 
potentials in multirotor systems. A determination of the potential up to second order, 
according to eq. (3), requires that at least two transitions related with a particular rotor are 
experimentally observed. The E01 librational mode can often be determined, but, in the 
case of tetramethyllead (and many other compounds), the problem of relating specific 
tunnelling lines to specific librational modes originating from the inequivalent methyl 
groups, is encountered. The only experimental possibility of achieving this is by 
analysing the temperature dependent broadening of the tunnel lines which, according to eq. 
(17) shows an activation energy -E01•9 Spectroscopy can then often identify the librational 
line and refine its energy. In this manner it has been possible, in the case of tetramethyl 
lead, to obtain two well-characterised rotational potentials which were capable of 
estimating consistently the NMR spin-lattice relaxation in the material. 

In the present example of tetramethyllead the different types of methyl group can be 
identified crystallographically by their unequal occurrence probabilities. On the basis of 
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the differing intensities of the tunnel lines, the potentials can thus be ascribed to 
identifiable methyl groups in the crystal unit cell. This is not possible to do 
experimentally for materials in which no such unequal crystallographic distribution 
exists. The two inequivalent methyl groups in toluene for example have equal occurrence 
probabilities and, in this case, calculations on the basis of pair potentials are the only way 
to attempt an assignment. 

3.1.2. The hexach/oroammonium metallates 

Three-dimensional rotors have a more complex tunnel split librational groundstate than 
one-dimensional ones. The number of sublevels further depends upon the site symmetry 
as detailed in refs.6• 89 The simplest case is realised in systems where the symmetry of the 
environment is the same as that of the molecule. This situation exists in the case of the 
hexachloro-ammonium metallates (NH4hMeC/6, where Me is a tetravalent metal 
ionP·89-90 The crystal structure is of the CaF2 type with space group Fm3m and atomic 
positions other than that of the C 1- ion are determined by symmetry. The librational 
groundstate in this case is a triplet with two allowed transitions. The P d compound 
shows the weakest potential and the tunnel spectrum is reproduced in figure 5. The insert 
shows the lev~l scheme including the total nuclear spin of the states and the allowed 
transitions. 
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Figure 5. The tunnelling spectrum of the NH4+ ion in (NH4)2PdCI6 as measured on IN5 with a resolution of 
91J.eV at a temperature of 4.5K. The insert shows the level scheme of the split groundstate of the 3-
dimensional rotor. 12 

Applied pressure reduces the intermolecular distances and thus will increase the rotational 
potential and reduce the tunnel splitting as shown in figure 6(a). The exponential decrease 
is due to the increasing pair interaction with decrease in intermolecular distance. From the 
slope the exponent n* of the dominant interaction can be extracted as indicated in section 
2.1(iii). In materials where the atomic sites are fully determined by symmetry, the change 
of all interatomic distances can be described by the isothermal compressibility. From eq. 
(8) we then get an exponent of n*=ll. The high value emphasises the importance of 
steric forces in determining the rotational potential: at orientations between the 
equilibrium positions (i.e. near the maxima of the potential), the atoms approach each 
other rather closely and the repulsive part of the Born-Mayer potential dominates. 
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Figure 6. (a) The e.ffect on the B-T transition in (NH4)2PdCI6 of applied pressure showing the shift to lower 
energies.12 (b) The T-A runnel frequencies measured at 4.2K as a function of the RT unit cell dimension ao 
of the (NH4)2MeC/6 family where Me= Pd, Pt,/r, Re, Sn. Pb and Te. The shift is opposite to that shown in 
6(a). 

In contrast, a reduction of tunnel splitting occurs in this family of materials when the Pd 
ion is replaced by Pt, lr, Re, Sn, Pb and Te and the lattice parameter increases, as shown in 
figure 6(b). This behaviour is in contrast to the straightforward explanation of the results 
from the pressure experiment and has its cause in the influence of the chlorine ions on the 
ammonium rotational potential. With reducing lattice parameter the chlorine ion 
approaches a high symmetry position x=0.25. For this value the Cl sublattice becomes 
fee. The transition towards a rotational potential of higher symmetry with decreasing 
lattice parameter increases the tunnel splitting. 

3.1.3. Disorder 

The extraordinarily sensitive dependence of the tunnel splitting on the rotational potential 
makes tunnelling spectroscopy a unique probe for any type of disorder. There are a 
number of very different kinds of disorder, some of which lead to well-characterised new 
sites, and others which cause a broad distribution of potentials, and hence a broad (and 
continuous) distribution of tunnel splittings. Even in a chemically pure single
component system we can have disorder. 

As an example let us consider methane. At temperatures below 3K the material can be 
considered as an alloy of molecules in the real A groundstate and others in tunnel excited T 
and E states. The difference of the wave-functions makes the interaction of these two 
types of molecule different. The statistical occupation of sites with the two types of 
molecule, non-excited and excited ones, yields different surroundings with different 
potentials and explains the finite widths of the tunnel lines.91 Only at milliKelvin 
temperatures, and provided that the spin conversion has been accelerated by the addition of 
paramagnetic oxygen impurities, do the tunnelling lines narrow to match the instrumental 
resolution. In the case of mixed protonated/deuterated methane at concentrations where the 
system is close to the transition into phase Ill, the conversion into the groundstate of CH4 

drives this transition. A sample kept at 3K will take one day, a typical conversion time, 
to transform into phase Ill. 28 

Similar variations of the neighbourhood are observed for mixtures of chemically different 
species: mixed protonated and deuterated compounds,24.28•29·82 or methane in rare gases at 
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finite concentrations. 20·92 In the latter case molecular neighbours contribute to the 
potential, in addition to the crystal field, by their orientation-dependent molecular field. 
The physics of such mixtures, such as CH4tKr21,92 and Ar!N2 with CH493 at low 
temperatures, has been discussed by analogy with magnetic systems as an orientational 
glass state. A similar mechanism is active in the metal hexammines, for example 
Ca(NH3h.s8•94 It appears that this material is always prepared with small deviations E 

from stoichiometry. The empty sites modify the potential of the immediate neighbours 
and, via orientational relaxation, of the more distant ones also. The broad distribution of 
observed tunnel frequencies94 are certainly partly due to this type of disorder, frustration 
being another cause. 

A special type of disorder appears in rare gas solids prepared in non-equilibrium 
conditions. Due to the very small difference in energy between the equilibrium fee and 
hcp structures, stacking faults with local hexagonal symmetry are created at high 
concentrations. A molecular probe such as CH4 is distributed statistically in this matrix. 
Thus we observe molecules atfcc sites with their tunnelling transitions at 0.98 meV 
(known from samples prepared in thermodynamic equilibrium). Molecules at hcp sites are 
found to show smaller splittings of 0.7 me V for the krypton matrix,92 in agreement with 
theoretical models41 based on fundamental interactions. As seen in figure 7 the lines are 
strongly broadened due to other types of disorder. The relative intensities of the inelastic 
lines are a measure of the probability of occurrence of stacking faults in the material. In 
the case of an argon/methane matrix,18 the lower energy lines, and hence the hcp sites, are 
observed to disappear with sample annealing. 
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Figure 7. A spectrum of the rotational excitations of CH4 molecules in a disordered krypton matrix as 
measured at a temperature of 7K on IN5 with a resolution of 60J.leV.95 The methane concentration was 
1.5%. The solid line is a fit to the data. 

3.1.4. Fundamental interactions 

In only a few cases has an attempt been made to understand the rotational potentials on the 
basis of fundamental interactions. Examples are CH4,96·97 nitromethane,59 p-xylene,60 

and toluene. 60 The necessary calculations require a broader knowledge of the system than 
just the rotational excitations. Firstly, reliable intermolecular interactions, usually 
parameterised as transferable pair potentials (PP) according to eq. (11), must be known. 
Furthermore, the atomic positions at liquid helium temperature, where tunnelling is 
measured, are needed. Finally, the charges on the atoms enter because of the Coulomb 
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interaction. These electrostatic tenns are nowadays best detennined from first principles 
calculations by using, for example, the molecular orbital program GAUSSIAN90.98 PP 
are most well known for pure hydrocarbons and thus the majority of calculations have 
been done with such compoWlds. 

In the case of toluene the existence of two non-equivalent methyl groups in the low 
temperature a-phase yields an internal consistency check for the validity of the results. 
The work60 concentrates like others on a test of the various PP parameterisations existing 
in the literature. It shows that neglecting the Coulomb interaction, which used to be done 
when PP were originally established, yields inconsistent results. The PP of 
Kitaigorodskii99 were found to be especially good: calculated tunnel splittings agree with 
observations within a factor of two. For p-xylene60 the hydrogen-hydrogen interaction 
was found to detennine the dominant part of the rotational potential while the hydrogen
carbon interaction only contributes -10%. An improved agreement with experiment was 
found when the repulsive part of the PP was reduced. 

From today's point of view it appears that the early modelling of PP suffered from the 
problem that part of the electrostatic interaction was incorporated into the PP interaction 
itself because of an inadequate knowledge of the charge distribution. Today the 
availability of advanced programs and superior computational power allows much more 
improved calculations of electron densities in molecules from first principles to be done. 
Thus the possibility now exists of a new description of intennolecular interactions, pair 
potential parameters which simultaneously take into account the best calculated charge 
distributions, and high quality spectroscopic data. 

All the work discussed above has been done in the framework of the single particle model. 
The rotational potentials are obtained by summing up pair interactions of the static lattice, 
and the energies of the rotational modes in the potential are calculated from the single 
particle SchrMinger equation (2). It has been shown, however, that both the direct 
coupling to other rotors,46 and the coupling to the lattice phonons,9 rescales the tunnel 
splittings and librations with respect to the single particle model. Further progress 
requires the development of theories which go beyond the single particle model towards a 
unified description of lattice dynamics, molecular quantum rotation and the interaction 
with phonons. This represents a major field of future theoretical work in rotational 
tunnelling. 

3.1.5. Ammonia in intercalated graphite 

Small molecules such as hydrogen,38 methane39 and ammonia36-37·40•100-102 will absorb, 
in an apparently continuous and non-stoichiometric manner, into the large two
dimensional galleries in graphite intercalation compounds. Such galleried structures fonn 
a favourable environment in which to study with neutrons the phenomenon of adsorption 
and adsorption potentials, which are of great interest in the various fields of surface 
physics such as catalysis, by means of tunnelling spectroscopy. In particular the variation 
of tunnelling behaviour with adsorbate concentration in caesium graphite turns out to 
show a surprisingly diverse range of behaviours: hydrogen sits in interstitial sites and 
exhibits a rich and varying set of tunnel spectra; ammonia shows similar spectral 
behaviour but is chemically bound to the intercalate; and methane, isoelectronic to 
ammonia, shows no evidence of tunnelling within the neutron energy range observable, 
possibly due to a lack of symmetrical registry with the graphite lattice. 

Alkali metals Me will absorb into graphite, producing complex layered structures, the 
details of which depend upon the alkali metal concentration, its ionic radius and the 
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temperature. As the alkali metal concentration increases, the structure passes from dilute 
higher order stages to a second stage compound (so-called because there are two layers of 
graphite separating each layer of intercalated alkali metal) with a stoichiometry of C28Me 
and, at the highest concentration, a frrst stage compound (having one layer of graphite per 
alkali metal layer) which has a stoichiometry of C8Me. Absorption of small molecules 
into second stage intercalation compounds is thermodynamically most favourable, and 
provides a true two-dimensional space with little direct interlayer interaction between the 
intercalated alkali metal atoms. At low temperatures the alkali metal lattice registers 
with the graphite lattice as locally commensurate v7d by v7d islands of alkali metal 
atoms separated by domain walls or discommensurations, depending on the concentration 
of alkali metal, as shown in figure 8. The V7d by V7d structure of alkali metal atoms is 
a hexagonal lattice rotated through 19.1 o with respect to the underlying hexagonal graphite 
structure. ~ 

Figure 8. The second stage graphite intercalation compound C2sCs showing the decoration of the lattice with 
the caesium atoms. A side view gives a representation of a Cs(NH3)4 molecule following absorption of NH3 
by the intercalate to form C28Cs(NHJ)x.40 

In the second stage caesium compound methane sits isolated in the triangular sites 
between three caesium atoms. Ammonia, on the other hand, chemically binds to the 
caesium atom, in what is thought to be a tetrammine molecule, by analogy with the 
potassium intercalate100•102 where a planar and approximately four-fold co-ordination of 
the ammonias is found. Thermodynamic limits on gas uptake also point to a Cs(NH3)4 

molecule included into the structure and this is consistent with the evolution of the 
tunnelling spectra with ammonia concentration, and with high resolution neutron 
diffraction studies. The inelastic spectra out to an energy transfer of 2me V and the 
diffraction pattern in the region of the ( 003) interplanar reflections were studied 
simultaneously using the IRIS spectrometer. 37•40 The data are shown in figure 9 as a 
function of NH3 concentration up to 1.9 molecules of ammonia per caesium atom. The 
diffraction patterns show that the extreme range of the intercalate c-axis swelling is 0.44A 
but that the absorption process is not continuous as might be inferred from the 
thermodynamic data. Instead there exist at least two well-defined intermediate phases with 
distinct c-axis swellings and probably more, and these phases coexist over wide 
concentration ranges. 

The inelastic spectra show a similar variation of distinct features with ammonia 
concentration and these features can be directly linked to the changes in the structure 
indicated by the diffraction data. At low concentrations a 126 J..leV tunnel line and a 640 
J.LeV almost-free rotor line of equal intensities are observed, pointing to an equal number 
of free rotors and tunnelling rotors per caesium atom. The intensities of these lines have a 
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similar variation with concentration, disappearing at NH3!Cs> 1.25, the same 
concentration at which the 0.24A swollen (003) diffraction line disappears. At 
concentrations of 0.74 and higher, a second tunnel line at 89 J.leV becomes the dominant 
inelastic feature, again echoing similar changes in the diffraction pattern. The temperature 
dependence of the 89 J.le V and the 126 J.le V lines shows interestingly different behaviour 
indicating a distinctly opposing coupling mechanism to lattice phonons. The 89 J.leV line 
falls in energy with temperature, whereas the 126 J.leV line rises dramatically as shown in 
figure 10. 
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Figure 9. Simultaneous diffraction patterns around the (003) reflection, and tunnelling spectra from 
C2sCs(NH3)x as a function of NH3 concentration x showing the parallel evolution of structural and dynamic 
features.40 
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More recent measurements at higher concentrations and higher resolution103 show 
conclusively that a third tunnel line, suggested in the lower resolution data, does in fact 
appear for NH3/Cs = 1.90 at an energy of 26.3 J.LeV, initially together with the 89 J.LeV 
line and, as NH3/Cs rises above 2.0, it becomes dominant. As the thermodynamic 
concentration limit is approached (NHiCs - 2.3) a fourth tunnel line appears at -16 J.Le V. 
Intriguingly, at these higher concentrations, the diffraction lines, in contrast to the tunnel 
lines, appear to indicate a smooth shift to larger swellings, but this may be an artefact due 
to resolution limits and disorder effects in the sample. The conclusion that there is a 
direct link between the structural evolution of the absorption process and the dynamical 
behaviour of the NH3 groups is clear. These changes are partly due to step changes in the 
orientation of the assumed Cs(NH3)4 molecular unit within an intercalate layer, partly to 
the production of a concentration-modulated ternary intercalate, with some caesium layers 
filled and some empty and, at high concentrations, to the effect of intermolecular 
interactions. 

3.1.6. The Q-dependence of excitations in methane 

Solid methane has attracted considerable theoretical and experimental investigation because 
of its apparent simplicity. Below its freezing point CH4 remains in an orientationally 
disordered plastic phase down to 20.4K where it undergoes a phase transition to the 
partially ordered structure of CH4-11. Three of the four methane molecules in the fee unit 
cell are orientationally ordered, librating about the minima of a strongly anisotropic 
potential, whereas the fourth molecule is disordered and rotates freely. Direct evidence that 
the structure of solid CH4 is the same as that of CD4 does not exist, because the strong 
incoherent scattering from the protons precludes accurate neutron diffraction 
measurements, although this has been intuitively assumed in spectroscopic investigations. 
Since the dynamical behaviour of methane is strongly related to the structure of its solid 
phases, important structural information can be deduced from incoherent inelastic neutron 
scattering. 

The original model of James & Keenan, 104 which treated the methane molecules as pure 
octopoles, was extended by including higher order multipole moments together with a 
Lennard-Jones contribution to the interaction potential.97 The orientational potential can 
be expressed according to eq. (13) as the sum of a weak crystalline field of cubic symmetry 
V c and a strong molecular field W, where ro represents the Euler angles of the molecules 

(20) 

The crystalline field V c is a single particle potential, depending only on the orientation of 
the molecule i. It is present at all molecular sites. The molecular field is essentially 
determined by the octopole-octopole interaction. Such interactions acting on a methane 
molecule surrounded by 12 orientationally ordered neighbours cancel for symmetry 
reasons, leading to a vanishing molecular field related to the free rotor transitions. The 
ordered methane molecules show a tunnel splitlibrational groundstate similar to that 
shown in figure 5 for (NH4hPdCI6• The first excited librational multiplet occurs above 
6meV. The energy level schemes have been calculated on the basis of empirical atom
atom potentials. 

In figure 11 the spectra from CH4-ll very clearly reflect the two different kinds of 
rotational excitations.105 The mode at 1.07meV represents the 0-1 transition of the 
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disordered molecules. The energy of this transition is 18% lower than that expected from 
a completely free methane molecule. The two peaks at lower energy transfers, 75J,te V and 
1451J.eV, represent the tunnelling transitions T-E and A-T. A-E is not allowed for reasons 
of nuclear spin conservation. At higher momentum transfers, the 0-2 and 0-3 transitions 
of the disordered molecules are observed at 2.9meV and 3.2meV, considerably closer than 
would be expected from the theoretical level scheme. 
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Figure 11. The two tunnelling transitions at 75).leV (f-E) and 145).leV (A-T), together with the free rotor line 
at 1.07meV, in phase-11 of solid methane as measured at5K on IRIS at momentum transfers Q from 0.3 to 1.7 
kl_IOS The instrumental resolution was 15).leV. 
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Figure 12. The integmted intensities of the excitations in _phase-11 of solid methane shown in figure 11 as a 
function of Q.r, the reduced momentum transfer, where r 1s the radius of gymtion of the molecule. (n) refers 
to the free rotor line and (b) refers to the T-E (circles) and the A-T (squares) tunnelling transitions 
respectively.105 The lines are a fit of the Extended James-Keenan model for CH4-II. 

Additional information is contained in the scattered intensities which are closely related to 
the wave-function of the scatterer. A comparison of the Q-dependence of the intensities 
with theoretical predictions by Ozaki96 is shown in figure 12 for the almost-free rotor line 
and the two tunnelling lines.105 The extended wavefunctions lead to a strong decrease of 
intensity with Q. The effect is similar to that of a Debye-Waller factor multiplying the 
structure factor of 8-localised protons.74 The only free parameters in the fit were the 

20 



intensities of the free rotor line and the tunnelling transitions. The ratio of the two 
intensities was detennined to be 3.04 ± 0.05, thus providing the frrst direct experimental 
evidence for the 3:1 ratio of the number of orientationally ordered and orientationally 
disordered molecules in CH4-II. 

3.1.7. Excitations in 4-methyl pyridine 

The ftrst sample in which quantum excitations of methyl groups were observed with 
neutron spectroscopy was 4-methyl pyridine, C5NH4.CH3, in 1975.1 Since then it has 
been examined regularly with increasingly high resolution,24•47•106-110 often being the 
source of surprising new results which have challenged the accepted views of the 
interpretation of quantum motions. Since the methyl group in 4-methyl pyridine is linked 
to an aromatic pyridine ring, the potential barrier for internal rotation is extremely low for 
the isolated molecule, and remains so even in the solid. The compound has been 
investigated by numerous different techniques and yet the potential function governing the 
methyl torsion remains a subject of discussion. 
The fust study using neutrons1 revealed an intense line at 520J!e V and two weaker lines at 
higher energies. From the relationship between the energies of the lines, the spectrum 
was interpreted as being due to hindered rotation or tunnelling of the CH3 group in a 
sixfold potential. A frequency ratio of -5 of the hindered rotations in the protonated and 
deuterated compounds106 is consistent with tunnelling in either a threefold or a sixfold 
potential. Later results107 claimed that the potential was in fact threefold and observe<I47 

that the line at 520 J.!eV was in fact a triplet, comprising two weaker lines at 468 J.!eV and 
535 J,leV, on either side of a strong line at 510 J.leV as shown in figure 13(a). 
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Figure 13. (a) The excitation observed in 4-methyl pyridine on IRJS as a function of temperature showing, in 
the 2.3K spectrum, the triplet structure of the band.47 (b) A cut through the e-a and c-b crystallographic 
planes showing the !-dimensional zig-zag chains of CH3 groups along the a and b axes, and the closeness of 
the CH 3 pain along the c axis.24 

The crystal structure of 4-methyl pyridine at4 K is tetragonal, 141/a, with four equivalent 
molecules in the unit cell.111 The dominant dipole-dipole interaction leads to an 
antiparallel ordering of the molecules along the c-axis with methyl groups facing each 
other. Each methyl group is part of a linear chain zig-zagging along the crystallographic 
a and b axes at different heights up the long tetragonal axis as shown in ftgure 13(b). 
Suggesting that the opposing CH3 groups were dynamically coupled, an extension to the 
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Hamiltonian, given in eq. (16), was proposed47 which was able to explain the frequencies 
of the triplet line. 

In an attempt to detennine whether the three components in the spectrum are due to 
intennolecular or intramolecular effects, a series of measurements were made at 2K of a 
range of dilutions of fully protonated material with the perdeuterated compound24•104 

which showed a continuous shift of the main peak to lower energies with increasing 
dilution, indicating the existence of collective motions of the methyl groups. At the 
lowest dilution the main peak appears at -360j.leV, a shift of one-third, and as the 
temperature is raised to l5K the peak position also rises to regain the -520j.leV value of 
the pure hydrogenated compound, as shown in figure 14. A totally new interpretation,24 

expressed in tenns of breather modes within the framework of the quantum sine-Gordon 
theory as given in eq. (15), and applied to the two sets of one-dimensional chains of 
methyl groups in the crystal structure, has been proposed to explain these data. Since the 
change of CH3 group orientation from neighbour to neighbour is small, the coupling tenn 
in eq. (15) has been linearised and the resulting expression is equivalent to that of the sine
Gordon theory. The solutions of the equation include solitons, phonons and breathers 
(bound soliton-antisoliton pairs), which propagate along the infinite chains. The triplet 
excitation is then explained as two weak coherent tunnelling lines, at 468 j.leV and 535 
j.leV centred on the breather mode at 510 j.leV. 
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Figure 14. The experimental frequencies of the breather mode in isotopic molecular mixtures of h7 and d7 4-
methyl pyridine at a series of h7 concentrations from 5% to 100%. The lines are the calculated values from 
the quantum sine-Gonion theory.24 
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As the protonated material is diluted by deuterated material, the infinite chains of CH3 
groups are reduced in length by the presence of CD3 groups, which act as reflective walls 
for the breather which becomes trapped in a finite length chain and its energy falls 
progressively with dilution. The quantum sine-Gordon theory is able to explain all the 
features of the unusual dynamics of 4-methyl pyridine, including later measurements from 
samples with partially deuterated methyl groups,109 and very high resolution 
measurements from the purely hydrogenous compound, 110 where the excitations of 
different chain lengths are able to be partially resolved, as shown in figure 15. 

The application of the pocket state formalism45 to a coupled linear chain of four methyl 
groups would require a different interpretation of the spectra but it yields only a single 
tunnelling line. 

3.2. Experimental techniques 

3.2.1. Selective deuteration 

Because the neutron carries a spin of 1/2, when it scatters from a hydrogen nucleus, also 
spin 1/2, the interaction can be either in the parallel or antiparallel configuration. The 
scattering lengths of these two interactions differ greatly and it is this difference which 
generates the unusually high 80 barns incoherent cross-section of hydrogen. The neutron 
is therefore extremely sensitive to hydrogen atoms in a material. For a sample containing 
a single isotope with non-zero nuclear spin two-thirds of the incoherent scattering is spin
flip and one-third is non-spin-flip. Coherent scattering is totally non-spin-flip. 
Transitions between tunnelling states necessarily involve a spin flip of the tunnelling 
atomic nucleus and consequently it can only be detected by incoherent scattering. 
Deuterium, whose nucleus carries a spin of one, has a low incoherent cross section (2.05 
barns) and a relatively high coherent cross section (5.59 barns). The neutron is therefore 
40 times less sensitive to deuterium tunnelling than to hydrogen tunnelling. 

Deuteration of a proportion of the protonated molecules in a sample, or of a number of the 
hydrogen atoms on the tunnelling rotor itself, or of the non-tunnelling hydrogen atoms on 
the molecule under study can therefore serve a number of useful purposes in enabling the 
dynamics of the rotor under investigation to be understood. In the first case, direct 
coupling between rotors can be investigated as has been done for lithium acetate25 and 4-
methyl pyridine. 24 In the second case the change of dynamics of the rotor when its 
symmetry is changed by the substitution of a mass 2 atom for a mass 1 atom can be 
exploited to advantage as in the case of methane on the surface of graphite33 and again 4-
methyl pyridine.109 Partial deuteration of one-dimensional rotors suppresses the tunnel 
motion due to the symmetry reduction of the rotor. Only in the limit of free rotation is 
quantum motion still observed. In the third case, if the hydrogen atoms on a tunnelling 
rotor represent only a small proportion of the total hydrogen atoms in the sample itself, 
the background scattering can be significantly reduced by deuterating these non-tunnelling 
protons, particularly when the tunnelling line is very close to the elastic line. 

Deuteration in this manner is of course a specialised and expensive chemical preparation 
process. However, when included in with the cost of generation of the neutron beam and 
provision of other ancillary equipment such as liquid helium cryostats, it can be a 
relatively minor contribution to the overall resources consumed by an experiment and yet 
can enhance the outcome greatly. 
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3.2.2. Sample preparation and sample environments 

Samples must not be so thick that multiple scattering becomes a problem. This depends 
upon the application. If the position of tunnelling peaks is all that is required, a sample 
which scatters 30% of the beam can be tolerated. If relative intensities of lines in a multi
line spectrum are required, or if the variation of intensity with momentum transfer Q is 
needed the sample should not scatter more than 10% of the incident beam. In practice, for 
a standard organic material, this means a sample thickness around 2mm for 30% scattering 
and about 0.5 mm for 10% scattering. The sample is normally slab-shaped, but if Q
variation is being investigated, a hollow cylindrical sample-holder has many advantages. 

Samples can be studied under pressures ranging from ambient to around 25 kbars, in 
practice. Pressure cells up to 4 kbars using helium as the pressure transmitting medium 
have sample volumes of 2 to 3 cm3. The sample should preferably be diluted with 
aluminium powder, since it would otherwise be too thick. The pressure in these cells can 
be varied in situ which make it convenient as a thermodynamic variable. For higher 
pressures more massive cells must be used in which the sample volume is significantly 
smaller (ea. 350mm3) and the cell must be removed from the cryostat each time that the 
pressure has to be changed. Run times can often be up to 24 hours in these cases. The 
pressure is applied to the sample by mechanical means - pistons or anvils - and if the 
pressure is to be applied hydrostatically a pressure transmitting medium, often carbon 
disulphide, must be mixed with the sample. 

Gases such as methane and ammonia can be applied in situ to samples such as 
intercalates36•40·100-l03 and onto surfaces such as Grafoi1112-114 via capillaries in the 
cryostat in order to study these materials, which can only be prepared uniquely. In these 
cases it is advantageous to have a measure of the diffraction pattern simultaneously, to 
follow any structural evolution and check the lattice parameters. When a study of 
condensed gases and their mixtures is required, such as that carried out very effectively and 
systematically for of the methane/rare gas systems,20-2t, 9t-9z. 95 it is often necessary to 
solidify the pure or mixed gases inside the sample holder directly. In these cases the 
sample holder is kept cold in the cryostat whilst the capillary leading to it is heated to 
avoid solidification prior to the gases entering the sample holder. This technique has been 
used successfully for the matrix isolation of small molecular materials such as tetramethyl 
tin in an argon matrix. This field has been surveyed quite recently by Langel.15 

Tunnelling is a quantum mechanical process which requires low temperatures for its 
observation. Normally the temperatures attainable with a pumped helium cryostat 
(-1.2K) are quite acceptable, but in certain cases advantage can be obtained by the use of 
dilution fridges which take the sample temperature down to around 30mK. This is not 
routinely necessary since phonons only induce transitions to excited librational levels 
consisting of the same symmetry. Transitions within the tunnel-split ground-state hoot, 
because they involve a change of spin, cannot be mediated by phonons. Thus the sample 
temperature must fulfil the condition that T«EoJ but not that T «hoot. This latter 
condition is, however, required in translational tunnelling where spin and space 
wavefunctions are not correlated. 

3.2.3. Spectrometers 

We can define a rule of thumb for the dynamical range required of a spectrometer for 
tunnelling spectroscopy by considering the range of excitations exhibited by typical 
samples. 
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The lowest energy free-rotor transition in one-dimensional rotors occurs at an energy 
transfer of B as defmed in eq. (1). Any non-zero potential will reduce the energy of this 
transition. In the case of methyl groups B=655J,leV and for ammonia B=782J,leV. 
Potentials of amplitude -50meV will reduce the tunnel splitting to -1J.1eV, which 
represents the lower experimental limit for detection at present. The lowest free-rotor 
transition of three-dimensional spherical tops is 28. Thus for methane the free rotor limit 
is about 1.31 meV. Hydrogen is the molecule with the largest value of B, being 7.3 
meV. Tunnelling transitions of H2 in restricted environments such as intercalates, 
however, appear at energy transfers which are much lower.l4•38•114 This then determines 
the dynamic range of spectrometers required for experimental investigations: an energy 
transfer range from O.SJ!eV to a few me V. 

Tunnelling lines at the lowest temperatures are very narrow, indeed they are one of the 
only ways which can be used to determine the inelastic resolution of a spectrometer. Line 
broadenings of the order of the tunnel splitting occur as the temperature of the sample is 
raised from the base temperature to a temperature somewhere between 15 and SOK. The 
lines will be strongly broadened and shifted such that they merge into either the 
background or the elastic line, depending on the sample. Therefore we require 
spectrometers which have resolutions in the J!eV range: less than 0.3J.1eV is presently not 
attainable and greater than 250J,le V is too broad for these purposes. 

In order to attain these kinds of absolute energy resolutions we must utilise the slowest 
neutrons, always bearing in mind that as Q becomes small the intensity of tunnelling 
transitions becomes quite weak, following the structure factors given in eq. (6) and 
therefore the neutron energy must not be too small. Accordingly the majority of 
instruments which are used for tunnelling spectroscopy have been built on beamlines 
which view cold moderators where the flux of low energy, long wavelength neutrons is 
considerably enhanced. There are two distinct kinds of spectrometer which are used in 
these studies, both of which utilise neutron time-of-flight as an energy selector. These are 
the direct geometry spectrometers (such as INS at ILL and MIBEMOL at LLB, Saclay, 
which utilise a monochromatic incident beam) and the indirect, or inverse, geometry 
spectrometers (such as INlO and IN13 at ILL, IRIS at ISIS, LAM80 at KENS, Tsukuba 
and the new backscattering spectrometer at Hilich) all of which utilise large area crystal 
analysers after the sample. 
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Figure 16. A schematic diagram of the INS direct geometry 4 chopper time of flight spectrometer at ILL. 
showing the amy d. detectors at 4 metres from the sample position.3 
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Looking at the direct geometry spectrometer ftrSt, let us examine the design of INS3 at the 
ILL High Flux Reactor. The instrument is illustrated in figure 16. Four phased disc 
choppers monochromate and pulse the neutron beam which is incident upon the sample, 
and the spectrum of scattered neutrons is measured by time of flight analysis over a 4-
metre flight path to a large array of helium-3 detectors set on the arc of a circle. 

Scattering angles from so to 130° can be covered simultaneously and the total detected 
solid angle subtended is -o.6S steradians. The elastic peak to flat background ratio exceeds 
2S00:1. Each chopper has an aperture which is equal to the width of the incident neutron 
guide. The transmission function of each chopper is therefore triangular, which gives INS 
one of its most powerful properties - a triangular resolution function, unique amongst 
neutron spectrometers. The incident monochromatic neutron energy can be varied 
continuously between 0.3meV and SmeV by a computer-controlled rephasing of the 
choppers, providing energy resolutions at the elastic line of between 3.2J,le V and 200J,te V. 
The highest resolution is achieved using 16.SA wavelength neutrons. The energy transfer 
range can therefore be matched to the problem under investigation. MIBEMOL at LLB 
Saclay is an INS-type machine but has six phased choppers instead of four, two pairs of 
which are counter-rotating. At least three machines of similar design are under 
construction world-wide, at HMI Berlin, PSI Zurich, and NIST Washington. 

Following on to indirect geometry instruments, let us examine the design of IR.IS4 at the 
ISIS pulsed source. The spectrometer is illustrated in figure 17. It consists of a long 
incident flight path from the liquid hydrogen moderator which delivers a white pulsed 
neutron beam through a neutron guide to the sample sitting at 36.S metres from the 
source. This flight path serves to time-sort the neutron beam such that the incident 
neutron energy can be measured with microelectronvolt precision by time-of-flight. The 
neutrons scattered from the sample are analysed by a large array of single crystals which 
serves to reflect a single scattered neutron energy back to an array of scintillator detectors 
situated close to backscattering geometry (9a=87.S0

) in order to match the resolution of 
the primary spectrometer. Detector angles from 1S0 to 16S0 are continuously covered. 
The analysers subtend -Q.7 steradians. IRIS has two sets of analysers, pyrolytic graphite, 
and muscovite mica. The graphite analysers have been cooled to 2SK which reduces the 
thermal diffuse scattering background from the analyser by a factor of 12 and provides an 
elastic peak to flat background ratio of- 12SO: 1. The energy range and resolution oE can 
be changed in steps by choosing the appropriate diffraction order of the analyser crystals: 
one obtains oE =SOJ.1eV for PG 004, lSJ.1eV for PG 002, 4.SJ.1eV for mica 004 and 
l.lJ,leV for mica 002. This latter option utilises 19.8A neutrons, and a spectrum from 
nitromethane has been shown in figure 3. An advantage of inverted geometry instruments 
on pulsed sources is the wide energy transfer range which can be accessed in neutron 
energy loss with good resolution. Equally important is the ability to measure diffraction 
patterns simultaneously, thanks to the white incident beam. IRIS has such a diffraction 
detector array situated at 29a= 170° which gives a resolution of l1d/d=2.S 1Q-3 over the d
spacing range from 2A to 13A. 

The INlO spectrometer at ILL is also an inverted geometry instrument which uses very 
large silicon analysers (several square metres) covering -4 steradians in exact 
backscattering geometry, and provides resolutions of 0.3 to lJ!eV. In the standard set-up 
of the instrument, the energy variation in the incident beam is provided by a Doppler 
shifting monochromator. This provides a total energy transfer range of 30J.1eV normally 
centred on the elastic line. A recent innovation uses a temperature scanning NaCI 200 
monochromator to generate an energy transfer window 6SJ,te V wide offset from the elastic 
line by -SOOJ.leV with a resolution of -2J.1eV.115 A spectrum of the breather mode in 4-
methyl pyridine110 measured with this new set-up is shown in figure lS. 
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Figure 17. An isometric view of the IRIS time of flight inverted geometry crystal analyser srarometer at 
ISIS, showing the two sets of analysers and detectors and the diffraction detector at high angles. 

4. Conclusions 

Tunnelling rotors show fundamental quantum-mechanical properties in a uniquely simple 
manner. As such they represent a textbook example of quantum mechanics. The 
following topics illustrate these properties: 

(i) The evolution of the free rotor spectrum from spherical top, to symmetric top, to 
asymmetric top (e.g. CHiAr). 

(ii) The transition from quantum-mechanical motion to classical motion as the 
temperature rises. In the case of CH3 groups the quantum mechanical side of the 
problem has just one degree of freedom and could, in an exemplary manner, 
document the validity of the correspondence principle. 

(iii) Systems can be chosen with an increasing number of interacting quantum 
particles. This has already stimulated a related evolution of methods in theoretical 
solid state physics and promises further progress towards solving the problem of 
large arrays of coupled quantum rotors. 

In the field of applications, tunnelling spectroscopy is becoming a standard method like 
other spectroscopic techniques, for the following reasons. 

(i) The specba contain important structural information. 
(ii) The exponential dependence of the quantum rotor transitions on the potential make 

tunnelling spectroscopy more sensitive to changes in the environment than other 
methods. 

(iii) It provides a new method of access to intermolecular potentials. 
(iv) Tunnelling spectroscopy has found, and is continuing to find. application to a wide 

range of materials, both simple and complex, which are contained in an equally 
wide range of molecular and crystal environments. 

At the time of writing, a number of good quality spectrometers are newly operational or 
on the point of becoming operational at medium flux neutron sources in Europe and 
overseas, and the ll.L is mid-way through a four-year major refurbishment. The quest for 
higher instrumental resolutions, the search for new theoretical approaches driven by recent 
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findings, the expanding range of materials under study, and the promise of future pulsed 
source developments, will all combine to take the subject of tunnelling spectroscopy 
through to the 21st century with renewed vigour. 
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