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Nuclear magnetic resonance techniques for
the study of mechanisms of diffusion in solids

by A. V. CHADWICK

University Chemical Laboratory, University of Kent, Canterbury,
Kent CT2 7NH, UK.

The identification of mechanisms of diffusion in solids by NMR methods has
been used increasingly in recent years. We demonstrate the role of NMR methods in
this general area by the consideration of a few selected examples. Particular
attention is given to the work on crystals that have the fluorite structure, as these
have been used to test the various available NMR procedures which now provide a
sophisticated approach to the study of diffusion mechanisms. Other examples which
we consider show how more general information on diffusion can also be obtained
by NMR methods.

1. Introduction

The most common application of nuclear magnetic resonance (NMR) spectroscopy
in chemistry is to probe molecular structure via the local magnetic environment of the
nuclei. The equipment is usually a commercially manufactured high-resolution
spectrometer and the sample is in the liquid phase. Modern spectrometers with high-
field magnets, Fourier transform facilities and computer-averaging techniques make
possible the study of detailed chemical structure in hitherto difficult systems, i.e. nuclei
with small magnetic moments (e.g. 1°’Ag and ‘°°Ag) or dilute spin systems (e.g. 13C),
and NMR spectroscopy is now an indispensable tool for the organic and inorganic
research chemist (see, for example, Akitt (1982) and Harris (1983)). The recent advent
(Andrew 1981, Lippmaa et al. 1981) of cross-polarization and magic-angle spinning has
further widened the scope of NMR and allows high-resolution spectra to be recorded
for solid samples. An important example of this development is the key role that 2°Si
and 27Al NMR now play in the investigation of zeolite structures (Fyfe et al. 1983,
Klinowski 1984, Thomas and Klinowski 1985). In addition to providing structural
information NMR is a powerful probe of molecular motion and it is this facet of NMR
that has a long-standing role in physics and physical chemistry. For this application the
spectrometers are often home-built or modified commercial equipment and are often
specially designed for a particular type of experiment. NMR techniques have been
highly successful in providing information on reorientational and translational motion
in a wide range of materials, including liquids (Powles 1959, Noack 1971), solids (Ailion
1971, Allen 1972) and liquid crystals (Luckhurst and Gray 1979). This information can
be of a general nature (e.g. detecting phase transitions, identifying mobile species,
eslimating activation energies, etc.) or very specific (e.g. providing accurate diffusion
coefficients, yielding the anisotropy of motions, etc.). It is the specific application of
NMR techniques in the study of the mechanisms of translational diffusion in solids that
is treated in this article. This has been an area of growing interest and steady progress
has been achieved over the last twenty years, often involving the combination of NMR
with other techniques, with significant developments in both theory and
experimentation. The gencral aims are to review some of these developments, to show
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Figure 1. The range of diffusion coefficients that can be studied in solids using NMR methods.
The boxes with full lines indicate the specific case where the techniques have been
employed to study F~ ion diffusion in crystals with the fluorite structure (Gordon and
Strange 1979). Boxes in dashed lines indicate the limits that could be available in other
systems.

the principles involved in the studies, to outline the methods of data interpretation and
to indicate the potential of currently available methods from the viewpoint of an
experimental solid state chemist. A detailed discussion of the NMR experiments and
theory is not given (but see Slichter (1973) and Harris (1983)). Much of the work
discussed is taken from the research of the author.

There are a variety of NMR methods which, taken together, can be regarded as an
excellent general tool for the investigation of self-diffusion in solids. An outstanding
feature is the enormous range of self-diffusion coefficients, from 1076 to 10™*cm?s ™%,
that can be explored by NMR methods. The limits of individual methods are indicated
in figure 1. In comparison to the conventional radiotracer diffusion techniques
(Shewmon 1963, Adda and Philibert 1966), NMR methods have the advantages of
being rapid and non-destructive. There are no major restrictions on the types of material
that can be studied by NMR—molecular, ionic and metallic solids all being amenable,
and the samples can be amorphous, single crystals or powders. Although the majority
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of diffusion studies have been concerned with the more easily accessible nuclei (e.g. 'H,
"Li, '°F, 23Na) it should be possible, with the advent of modern equipment (e.g. high-
field magnets, multi-nuclear probes etc.) to study diffusion of materials containing one
or more of a large number of other elements in the Periodic Table. An advantage of
NMR over some types of diffusion experiment, for example those employing
measurement of conductivity and creep, in multi-component systems is that the mobile
species is readily identified and it is often possible by distinguish between local and
long-range motion. However, despite these numerous advantages, there are some
limitations, disadvantages and pitfalls with NMR methods. One limitation is that
NMR experiments do not have the sensitivity of the radiotracer methods and could not
be used to study impurity diffusion in dilute systems. It is also difficult to study diffusion
by NMR methods in paramagnetic systems; it is just about manageable using low
magnetic fields. A related pitfall is that in some systems, as will be explained later, the
presence of traces of paramagnetic impurities at p.p.m. levels can give misleading
results by masking the true effects of diffusion. A major problem with the bulk of the
NMR methods is the difficulty in translating the raw experimental data (e.g. spectral
line-widths or relaxation times) into diffusion coefficients. In essence, this is due to the
difficulty in obtaining an adequate theoretical model which can relate the microscopic
motions of an ensemble of magnetic spins to a macrosopic diffusion coefficient of
atoms. If only an order of magnitude estimate of the diffusion coefficient is required or if
a screening of a group of materials for relative diffusion parameters is to be undertaken
then simple models are available which can be used for such purposes. However, more
sophisticated models are necessary if accurate diffusion coefficients are required. These
models have only recently become available and are still restricted to systems with
relatively simple crystal structures.

From the considerations outlined above the examples given here of the role NMR
can play in the investigation of diffusion mechanisms are necessarily restricted to
materials of rather simple structures. The identification of diffusion mechanisms in
solids is no mean task, irrespective of the technique employed, and has been
successfully achieved only in materials with simple structures. Some of the work quoted
here is intentionally devoted to model materials to test the viability of the techniques.
The examples will reflect the current state of the art, show the potential of these NMR
methods and point to future developments.

These examples cover the various approaches that have been employed to use
NMR methods in mechanistic studies of diffusion. They include methods:

(a) which rely solely on NMR measurements of diffusion i.e. the dependence of
diffusion on a thermodynamic variable (e.g. temperature T or pressure P);

(b) where essentially structural information from NMR studies is employed to
gain an insight into diffusion processes; and

(¢) which combine NMR diffusion measurements with diffusion data obtained via
other techniques.

The last method is very powerful but does rely on accurate diffusion data from both
sources. Examples have been taken from studies of molecular and ionic crystals. Both
these classes of material contain systems with easily accessible NMR nuclei (for the
molecular crystals 'H, !°F, *'P and for ionic crystals °F, "Li, 23Na and 2°5TI) and,
equally important, can be prepared as well-characterized samples. The NMR diffusion
studies in molecular crystals have been reviewed (Chezeau and Strange 1979) and here
some of the work on the so-called ‘plastic crystals’ will be discussed. In this group of
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materials the molecules are globular, undergo endospherical reorientation, form cubic
or hexagonal structures and exhibit relatively rapid diffusion (Sherwood 1979 a) and
have been widely studied by NMR methods (Boden 1979). NMR methods have been
used to study ‘normal’ ionic crystals and the data were reviewed by Corish and Jacobs
(1973) over a decade ago. However, it is for the materials referred to as ‘fast-ion
conductors’ (sometimes referred to as ‘solid electrolytes’ or ‘superionic conductors’)
that NMR methods are proving particularly fruitful (Whittingham and Silbernagel
1977, Richards 1979, Brinkmann 1983). Here, the ionic conductivity is unusually high,
comparable to a molten salt, and the interest lies in the potential applications in
devices, particularly in solid state batteries. The fluorides with the fluorite structure
exhibit both normal and fast-ion conductivity, depending on the temperature regime,
and provide excellent examples of NMR studies of diffusion processes.

2. The basic principles of the NMR experiments
The basic theories and techniques of NMR can be found in standard texts
(Abragam 1961, Goldman 1970, Slichter 1973) and the pulsed experiments have been
the subject of books (Farrar and Becker 1971, Harris 1983). The object here is to recall
the principles and then to indicate how the measured parameters are related to
diffusion coefficients.

2.1. Line-width experiments

Consider a simple NMR experiment involving a solid containing nuclei with spin I
equal to 1 ({H or °F) and magnetic moment x. The magnetogyric ratio y is defined as
u/p, where p is the nuclear angular momentum I#, and is characteristic for each
magnetic isotope. When a sample of the solid is placed in the field B, of the
spectrometer magnet there are two quantum levels, the Zeeman levels, for the spins,
parallel and anti-parallel to B,, and the energy separation between these states 1s y4B,,.
In a continuous-wave (c.w.) experiment the sample is subjected to an oscillating
magnetic field B, applied perpendicular to the B, field. As the frequency w of the B,
field is swept, absorption will occur at the resonance condition hw,=yhB,, and there
will be excitation from the lower to upper spin states. This resonance frequency is the
Larmor precession frequency wg, equal to yB,. For practical magnets the values of y
define w, in the radiofrequency (r.f.) region of the electromagnetic spectrum. In a liquid
the absorption line will be sharp, provided the magnetic field B, is homogeneous. This
simple experiment is shown schematically in figure 2(a).

In a rigid solid, i.e. where there is no relative motion of the atoms, the absorption
line is not sharp. This is because the randomly aligned nuclear magnetic dipoles create
magnetic fields which add vectorially to B,,. Thus the effective (local) magnetic field B,
will be the sum of B, and the local field By, and will vary from site to site within the
lattice, giving a distribution of resonance frequencies and a finite line-width Aw. The
effects are shown schematically in figure 2 (b). The effect of isotropic diffusional motion
will be to average out the local fields and cause the line to narrow. Thus the diffusion
coefficient D is proportional to 1/Aw and line-width measurements from c.w.
experiments can be used to estimate D. For diffusion involving a single mechanism D
will follow a simple Arrhenius behaviour, i.e.

D=D,exp(—Q*/kT), (1)

where Dy is the pre-exponential factor and Q* is the activation energy. Thus relatively
accurate values of 0* can be obtained from line-width measurements by plotting
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Figure 2. A schematic representation of the continuous wave (c.w.) experiment for a spin 3
nucleus. In liquids a sharp, narrow absorption line is seen at the Larmor frequency w, (on
the left). In a solid the local dipolar fields from neighbouring nuclei split the quantum levels
and the absorption line is still centred on w, but broadened (on the right).

log (Aw) versus 1/T. Usually the experiment would be performed on a broad-line
spectrometer. However, for organic plastic crystals, the lines are sufficiently narrow to
be observed on a high-resolution instrument, i.e. Aw<1kHz (Boden 1979), but care
must be taken to ensure that inhomogenous broadening does not inadvertently occur
due either to the magnet or to the susceptibility and shape of the sample (Chadwick
et al. 1976).

2.2. Relaxation time measurements
The basis of most of the modern NMR measurements is the use of pulsed
experiments (Farrar and Becker 1971, Akitt 1982, Harris 1983), i.e. subjecting the
sample to short bursts of pulses of high intensity r.f. power and following the resulting
time dependence of the magnetization of the sample along particular directions. The
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pulse can be varied in terms of frequency, angle with respect to the B, field, phase and
length (duration of the pulse) and often the experiments involve a complex sequence of
pulses. The effect of these pulses is best visualized in terms of a classical picture of the
motion of spinning magnets of moment g in an applied magnetic field. Thus a single
spinning magnet precesses around the applied B, ficld with frequency @, and describes
acone at an angle 0 to the B, field. For an assembly of magnets they can be regarded as
spread evenly over this cone giving a net, small magnetization along the B, direction
but no magnetization perpendicular to the B, direction. The effect of pulsed r.f. power
applied at frequency w, and perpendicular to the By, field is to tip the precession cone
and change the direction of the magnetization.

A basic pulse experiment is to apply an intense B, field at resonance to tip the
magnetization by 90° to the B, direction, usually defined as the z direction. Thus there
will be an observable oscillating magnetization in the x or y direction. However, since
there is a spread of Larmor frequencies in a solid this magnetization will decay as the
precessing spins dephase. This is termed the free induction decay (FID) which is the
Fourier transform of the c.w. signal. The time constant for this decay (i.e. the time for
the magnetization in the transverse direction to fall to 1/e of its original value) is termed
the transverse or spin—spin relaxation time T, and is approximately equal to 1/Aw. In
terms of the thermodynamics of the system T, is the relaxation time for the spins to
come to an internal equilibrium following a perturbation.

In the above experiment after a sufficient time the spins will return to a precession
about the B, field and the original magnetization along the z direction will be
recovered. The characteristic relaxation time for this process is termed the longitudinal
or spin—lattice relaxation time T;. For this relaxation the spins must exchange energy
with the surrounding lattice and it will be a resonance process involving quanta equal
to the energy separation between the Zeeman levels.

There are two other relaxation times that can be measured in pulse experiments and
are used in diffusion studies. These involve the use of pulse sequences which can ‘lock’
the spins along certain directions and effectively remove the B, field. Thus spin-lattice
relaxation processes can be studied in much smaller fields than B,,. The first of these
times is the spin—lattice relaxation time in the rotating frame, T;,, where spin-lattice
relaxation in the B, field is observed. Since B, is ~ 10~ 3 x B, the smaller separation of
the Zeeman levels, yhB,, means that smaller quanta are required to cause relaxation.
Relaxation in the local dipolar field B, is characterized by the relaxation time Ty
and, since B, _,; < B, <B,, involves even smaller quanta.

2.3. Relation between relaxation times and diffusion coefficients

Let us now consider what are the effects of molecular motion on the relaxation
times in a simple system where only the interactions between the magnetic dipoles are
important (i.c. quadrupolar and paramagnetic interactions are neglected). The thermal
motion of a single nuclear magnetic dipole by a series of random diffusive jumps will
create an oscillating magnetic field. This will be like a ‘noise spectrum’ and will contain
components at all frequencies. Components of this spectrum will correspond to the
separation between the spin levels and these will cause relaxation by stimulated
emission. Therefore, in order to determine the relaxation rate the intensity dependence
on frequency of the oscillating field, the spectral density J(w), has to be known.
Qualitatively, the spectral density will spread out as the temperature is increased, and
this is shown schematically in figure 3. If we remain with the qualitative picture then the
effect of temperature on T, can be very informative.
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Figure 3. A schematic representation of the spectral density, i.e. the intensity of the fluctuating
magnetic field due to motion of the nuclei, as a function of frequency. The curves ‘spread’
out with increasing temperature (T(c) > T(b) > T(a)), the intensity at w, first increasing the
then decreasing.

T, will be affected by the components of the spectral density at the Larmor
frequency, w,. At low temperatures the diffusion is slow and the intensity at w, will be
small, hence T; will be long. As the temperature increases the motion speeds up, the
intensity of components at w,, increase, and T, decrecases. However, a stage will be
reached where the effect of spreading of the spectral density will start to reduce the
intensity at w, and T, will start to increase. Thus 7T, will show a minimum in its
temperature dependence, as indicated schematically in figure 4. In a similar manner the
temperature dependence of the other relaxation times can be rationalized. T, is
dominated by components at w =0, T , by components at the Larmor frequency in the
B, field, w,, and T,;, by components at the Larmor frequency in the B, field, wp.
Thus qualitatively it can be seen that moving from T to T; , to T, there is anincrease in
the sensitivity to the slower motions.

The precise relationship between diffusion and the relaxation times requires a
model to relate the molecular motion of the assembly of magnetic dipoles to the
spectral density. The difficulty lies in obtaining a physically realistic model. The earliest
model, due to Bloembergen, Purcell and Pound (1948), referred to as the BPP model,
which was later revised and generalized (Kubo and Tomita 1954, Look and Lowe 1966)
assumes an exponential time correlation function G(z). This is defined in terms of the
correlation of the local field at time ¢, B(z), with this field at a time t later, B(t + 1) and
can be written as

(B(1)- B(t+1)> = G(r) B0)’

where the average is taken over time and over the ensembile of spins. This describes the
persistence of the fluctuations in the oscillating field caused by diffusive motion, and the
assumption of an exponential correlation function gives

G(r)=G(r=0)exp(—|rl/z.) @
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Figure 4. A schematic representation of the temperature dependence of the relaxation times.

where 7 is time and 7, is the correlation time. For translation diffusion t, may be
interpreted in terms of the mean residence time of an atom on a lattice site. This allows
expressions for the relaxation times to be developed. These can be formulated precisely.
However, here only the general results are required, and these are of the form

1 T

—e— 3
T, 1+wit’ ©)
! s when wy7,> 1 and 1 when wyt, <1 4)
T, l+4wit? ore T, T, ore

1

—CT, provided yB, ., T, < 1. %)
L

Once the value of 7, has been determined then the diffusion coefficient is evaluated from
the Einstein equation (Adda and Philibert 1966)

D=— 6)
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where a is the jump distance. Combining equation (1)} with equation (6) leads to
1,=10exp Q*/kT 7

and the resulting temperature dependence of the relaxation times is shown in figure 4. It
is interesting to note the importance of the minima in T; and T, , as these provide good
estimates of 7, i.e. at the T; minimum 7.~ 1/w, and at the T;, minimum 7.~ 1/w,.
Experimental data are much easier to interpret if these minima are observed.

The BPP model was developed to treat molecular motion in liquids and the spectral
density used is not appropriate to diffusion in crystalline solids. Calculations of the
spectral densities for a solid were carried out by Torrey (1953, 1954) and Resing and
Torrey (1963). The model assumed that the magnetic dipoles perform a random walk
on an ‘isotropic’ lattice by allowing jumps to any point on the surface of a sphere with a
radius equal to the nearest-neighbour distance. This is a reasonable approximation for
polycrystalline samples of b.c.c. and f.c.c. materials (Scholl 1974, 1975). However, the
model ignores the correlation between successive jumps which would be expected in
diffusion mechanisms involving point defects. In addition, the model, since it assumes
isotropic diffusion, is applicable only to polycrystalline samples. The anisotropy or
relaxation times was first treated by Eisenstadt and Redfield (1963). In their model a
random walk treatment was used for atomic jumps between lattice sites and then an
estimate was made to correct for correlation effects. This model is referred to as the
‘encounter model’ as it considers the effect of a defect moving into the vicinity of a
nucleus, the encounter, and the sequence of jumps that will result.

In NMR it is necessary to consider two contributions to the correlation effect in
point-defect-assisted diffusion. The first is the spatial part which arises because not all
encounters of a nucleus result in a net displacement of the nucleus. This effect is well-
known for radiotracer diffusion and will be mentioned later. The second part is
temporal and arises because jumps within an encounter are too fast to cause relaxation
and many encounters are required to cause appreciable relaxation. Recently Wolf
(1974 a,b, 1975a,b, 1979) has developed the encounter model to give a thorough
treatment of correlation effects for defect diffusion in polycrystalline and single crystals
samples of b.c.c. and f.c.c. materials. Thus accurate diffusion coeflicients can be
evaluated from the relaxation times and the sample orientation dependence of the
relaxation time predicted for single crystals. This was a crucial development in
mechanistic studies.

2.4. Pulsed field gradient NMR

The pulsed field gradient (p.f.g.) NMR technique has been used mainly to study self-
diffusion in liquids (Stejskal and Tanner 1965, Gross and Kosfield 1969). In this
experiment the nuclear spin state is used as a label for the atoms and the effect of
translational diffusion on the spin-echo amplitude allows a direct measurement of the
self-diffusion coefficient. Unlike the situation for relaxation time measurements, the
time-scale of the experiment is long and therefore the atoms undergo very many
diffusive jumps and will traverse relatively long distances. The results obtained in this
way are, therefore, comparable to those obtained in radiotracer studies. The technique
can be applied to relatively fast diffusion in solids, D> 10"°cm?s~ !, and an apparatus
has been described (Gordon et al. 1978) which is capable of these measurements at
temperatures up to 1300 K. One advantage of p.f.g. measurements is that they are less
susceptible to interference from paramagnetic impurities than relaxation time
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measurements. It should be noted that D from p.f.g. measurements is equivalent to the
radiotracer diffusion coefficient.

3. Strategies used to identify diffusion mechanisms
Except for the anomaly of grain-boundary migration, in a crystalline solid the
diffusion occurs via the point defects, the simplest being the vacancy and the interstitial
atom. Thus the operative mechanisms are:

(a) the vacancy mechanism—the exchange of an atom with a vacancy on an
adjacent lattice site;

(b) the intersitial mechanisms—the migration of the interstitial from interstitial
site to interstitial site through the lattice;

(c) the interstitialcy mechanisms—the migration of an interstitial onto a normal
site with the simultaneous movement of normal atom onto an interstitial site
(the motion of the two atoms may be collinear or non-collinear).

It is also possibie that two atoms on adjacent sites may change position. This is termed
the direct exchange mechanism, and does not involve defects. These four mechanisms
are illustrated for the anion sub-lattice of CaF, in figure 5. We will now consider in
general terms how NMR methods could be used to identify which mechanism might be
operative in a particular system.

3.1. The effect of temperature or pressure on diffusion
In a pure, one-component solid, the self-diffusion coefficient can be written as
(Howard and Lidiard 1964)

D=ya’vexp{—(g;+gn)/kT} 8)

Here y is a geometric factor (depending on the lattice structure), a is the jump distance, v
is the lattice vibrational frequency, g; (= h;— Ts,) is the free energy of defect formation
and g, (=h,—Ts,) is the free energy of defect migration. Thus the temperature
dependence of D yields the observed activation energy Q% equal to (h+h,). The
pressure dependence is given by

d(nD)\ _(d(nya*v) (e +v) 9
oP ). \ oP ), kT ’ ©)

where v; +v,, are volumes of defect migration and formation. Since the first term on the
right-hand side of equation (9) is usually negligible the observed pressure dependence
V*is equal to (v; + v,,). Absolute magnitudes of D are not required to extract Q* or V*,
Thus NMR methods provide a good experimental route to these parameters.

Information on the operative mechanism is obtained by using theoretical
calculations to predict @* or V* for the various possible mechanisms. Clearly, the
reliability of this approach rests on the calculations. However, for some systems like
ionic crystals these are at a very sophisticated level of development for Q* (Catlow
and Mackrodt 1982).

3.2. Determination of the correlation factor
This approach was originally used for ionic crystals and combined the results of
radiotracer and ionic conductivity measurements (Corish and Jacobs 1973). However,
it is possible to replace the radiotracer experiment by NMR methods.
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Figure 5. The four possible mechanisms for F~ ion diffusion in CaF, (@, cation; O, anion; [,
vacancy). (a) Vacancy mechanism, (b) interstitialcy mechanism, (c¢) non-collinear
interstitialcy mechanism, (d) direct exchange. (The collinear interstitialcy mechanism is not
allowed as the “in-line” site is occupied by a cation.)

In the measurement of diffusion the motion of labelled atoms, radiotracers or
nuclear spin is monitored, and this motion, depending on the operative mechanism,
may be correlated, i.e. successive jumps of the atom may not be random. For the
radiotracer this is a spatial correlation and is best visualized for a vacancy mechanism.
If a labelled atom exchanges places with a vacancy the next most likely jump of the
atom is to return to its original site as there is a vacancy on that site. Thus after a given
number of jumps of the atom its displacement will be less than it would have been if the
jumps had been random. Therefore we can write the tracer diffusion coefficient as

Dtracer =f;racer Drandoma (10)

where D,, 4. 15 the diffusion coefficient for random jumps and f,.,... is the correlation
factor. Values of f, ... can be accurately calculated for the different mechanisms
outlined above (see figure 5) (Compaan and Haven 1958, LeClaire, 1970). The motion
of the defect is truly random and the ionic conductivity o is due to the motion of the
defects. The Nernst—Einstein equation (Corish and Jacobs 1973) can be used to
calculate a diffusion coefficient from the ionic conductivity D,, i.e.

kTo

0=W’ (11)
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where ¢ is the effective charge of the defect and N is the number of molecules per unit
volume. We can equate D, with D,, 4. and therefore evaluate f,,.., from

D racer
ﬁracer zt—_, (12)

D,

compare this with the calculated values, and hence identify the mechanism. The
situation, in reality, is not quite so simple as there may be more than one operative
mechanism, or a particular mechanism may contribute to D,,,.., and not D, (Corish and
Jacobs 1973). In the more recent literature the ratio D,,.../D, is termed the Haven
ratio, Hy.

Clearly, the same approach can be adopted for the combination of NMR relaxation
time and measurements of ionic conductivity. Thus a new Haven ratio can be defined as

’ {\IMR
R™ D H (13)

a

where Dy the diffusion coefficient calculated from the NMR measurements using a
model which neglects correlation effects. If only one mechanism were operative then the
NMR correlation factor fyug, Which includes the temporal and spatial parts, would be
equal to Hg. However, the recent development of the Wolf model, referred to in section
2, includes the correlation effects in the analysis of the NMR relaxation times and
therefore the diffusion coefficient from such an analysis will be designated Dyyg. Thus
for the appropriate mechanism of diffusion Dy, will be equal to D,.

The importance of combining NMR and conductivity measurements as a
mechanistic probe was demonstrated by Hoodless et al. (1971, 1973) in Nal and KF.
However, it was later work on fluorites that was able to take full advantage of the
theoretical developments. This will be discussed in section 4.2.

As a final point in this section it should be noted that neither £, ., nor fyug is very
different from unity. For example, for vacancy diffusion in f.c.c. lattices f,, ., = 0-78 and
famr =0-69 (for a T, experiment), and so a high accuracy in both NMR and conductivity
measurements is required. This means that ideally both measurements should be
performed on the same samples.

3.3. Orientation dependence of relaxation times in single crystals

In single crystals T}, depends strongly on the orientation of the crystal axes with
respect to the direction of the field B, and also depends on the diffusion mechanism
(Ailion and Ho 1968). Wolf et al. (1977) have given a comprehensive analysis of this
effect, and the diffusion induced anisotropies of T; and T, using the encounter model to
treat correlation effects. Although the analysis predicts different anisotropies for
different diffusion mechanisms these differences are small compared to the available
experimental precision. Thus this elegant approach has yet to find successful
application.

In addition to the three specific strategies outlined above it is also possible that
NMR methods may yield more general information which can be useful in mechanistic
studies. For example, a measured relaxation time may show two components
suggesting that two mechanisms are operative. In other situations the structural
information from an NMR study may help identify the sites on which the diffusion is
occurring when the atoms occupy a number of inequivalent sites.
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4. Examples of NMR studies of diffusion mechanisms

4.1. Plastic crystals

Molecular crystals in which the molecules are approximately globular (e.g. CH,,
CCl,, adamantane) undergo a phase transition prior to melting and enter what is
termed the plastic, or orientationally-disordered phase (Sherwood 1979a). In this
phase the molecules undergo rapid, endospherical reorientation, form a cubic or
hexagonal structure and exhibit reiatively high translational mobility (in some cases
the crystals will undergo plastic flow under gravity, hence their designation). This
feature has attracted considerable attention and several mechanisms of diffusion have
been proposed to explain the high mobility of plastic crystals. Since many of these
systems are organic solids containing protons NMR has been extensively used in the
investigations of diffusion. We shall focus here on one of these materials,
hexamethylethane ((CH,);C.C(CH;),) which has a b.c.c. plastic phase, and thereby
demonstrate the value of NMR measurements.

There have been a number of NMR studies of hexamethylethane (Chezeau et al.
1971, Albert et al. 1972, Ross and Strange 1978, Britcher and Strange 1979), and the
proton T, and T, p data of Chezeau et al. (1971) for polycrystalline samples are shown in
figure 6. The effects in the low temperature phase are due to molecular reorientation
and are not of interest here. The effect of self-diffusion on T; can be seen just below the
melting point where T starts to decrease rapidly. Self-diffusion is more evident in the
T, p data where there is a clearly defined minimum. The analyses of the T p, T, and line-
width data for hexamethylethane using the Wolf model (Britcher and Strange 1979)
produces the diffusion coefficients used to construct the Arrhenius plot shown in
figure 7. Fitting these data to a single Arrhenius law yielded Q* = 68-4+0-4kJ mol~*
and, in contrast, the analysis of using a Torrey lattice diffusion model yielded 0* =813
+0-6kJmol~!. The radiotracer data (figure 7) show clear evidence of curvature
(Lockhart and Sherwood 1972) with a higher apparent activation energy at the higher
temperatures. The value of Q* from all the radiotracer points is 86 kJ mol . Curvature
in the NMR diffusion coeflicients is less obvious.

Since the plastic crystals have close-packed structures the dominant point defects
are expected to be monovacancies which are responsible for the self-diffusion. Simple
theoretical estimates (Jost 1960, Sherwood 1973, Chadwick and Glyde 1977) for h; and
hy for molecular solids lead to the prediction that

hy=h,=latent heat of sublimation, L. (14)

Thus the predicted value of Q* is 2L,. For hexamethylethane L, is 39 k) moi ™! therefore
the NMR data, yielding Q*/L,=1-7, provide very strong evidence for the monovacancy
being operative. The curvature in the Arrhenius plot for the radiotracer data would
suggest another mechanism is also contributing at temperatures close to the melting
point. By analogy with metals (Mehrer and Seeger 1972) this other mechanism is
probably diffusion via divacancies.

The effect of pressure on the proton T; and T;p for hexamethylethane was
determined by Ross and Strange (1978) and the results analysed with the Torrey model.
Their data, logt, versus P, are shown in figure 8 for several temperatures. At low
temperatures the plots were found to be linear, but at the higher temperatures there are
clearly two linear regions. Except for the extreme low pressure, high temperature
region, the apparent activation volume V* is 1544 7cm3 mol ™ 1.



17:55 21 January 2011

Downl oaded At:

264 A. V. Chadwick

B.P. M.P.
ll)‘\/ T.P.
/ PLASTIC l
— ll PHASE
| |
| 1
o | ] O/
|
- © Q
e
e
o
S Lk
_4
i i | ]
2 6 10

1000 K/T

Figure 6. The proton relaxation times as a function of reciprocal temperature for
polycrystalline hexamethylethane (taken from Chezeau et al. (1971)). T.P., M.P. and B.P.
are the transition temperature to the plastic phase, the melting point and boiling point,
respectively.

Calculations for close-packed molecular solids (Burton and Jura 1967) predict that,
for a monovacancy diffusion mechanism, V* = 1-2Q, where Q is the molecular volume.
For the divacancy mechanism the same calculations yielded V* =1-8Q. The value of Q
at 20°C for hexamethylethane is 137cm®mol ™!, and therefore the NMR data are
consistent with the monovacancy mechanism at low temperatures (V* =1-12Q) with an
increasing contribution from divacancies at higher temperatures (V* 2 1-6Q). Thus the
pressure data have helped to construct the model of self-diffusion in hexamethylethane.

In terms of the diffusion behaviour hexamethylethane is a well-behaved material
and the NMR data are consistent with the results of radiotracer and creep
measurements (Sherwood 1979b). Unfortunately the picture is less clear for other
plastic crystals. Briefly, the plastic crystals can be classified in terms of their entropy of
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Figure 7. The diffusion coefficients for hexamethylethane plotted as a function of reciprocal
temperature. The points marked are obtained from the NMR relaxation measurements
using a Wolf analysis (Britcher and Strange 1979) and the points marked X are radiotracer
measurements {Lockhart and Sherwood 1972).

fusion S;. For high S; materials (S; > 2k) all the diffusion techniques are in agreement
with each other and the simple theoretical predictions for a dominant monovacancy
mechanism holds, as in hexamethylethane (S; = 2-4k). However, for low S; materials
(S; ~ 1k), like cyclohexane (S; = 1k), whilst radiotracer and creep experiments still yield
Q*~2L, the NMR experiments yield typically Q* ~1L,. This discrepancy and the
implications in terms of mechanisms and the interpretation of the NMR measurements
has still to be fully resolved (Boden 1979).
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Figure 8. Isotherms for logt, as a function of pressure in polycrystalline hexamethylethane.
The data points were obtained by analysing 7, measurements on the basis of a Torrey
model (after Ross and Strange (1978)) (O, 2950K; @,3147K; A,329-3K; X, 3469K; +,
368-0K.

4.2. Ionic crystals with the fluorite structure

There has been considerable interest in the materials with the fluorite structure
(Hayes 1974) and attention has recently been focused on the high temperature point
defect and transport behaviour (Chadwick 1983, Hutchings et al. 1984, Gillan 1985,
1986 a, b, Allnatt et al. 1987). It is appropriate to outline some of the properties prior to
a consideration of the NMR experiments. This will be restricted to the halides (CaF,,
SrF,, BaF,, f—~PbF, and SrCl,), although similar effects have been predicted in other
materials possessing the fluorite structure.
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In CaF, the anions form a simple cubic sub-lattice and alternate cubes are occupied
by the divalent cations. At low to moderate temperatures the fluorites are normal ionic
crystals (Lidiard 1974). The point defects are anion Frenkel pairs, i.e. anion vacancies
and anions on the cube-centre interstitial sites, and all the experimental evidence points
to the fact that atomic transport involves only these defects. Disorder and transport on
the cation sub-lattice is negligible. An excess of interstitial anions can be introduced by
doping with M3* cations (e.g. La®*) and excess anion vacancies by M ™ (e.g. Na™ or
K™*) or O%~ doping. At approximately 0-8 of the melting temperature (T ), usually
termed T, the fluorite structures exhibit a broad thermal anomaly in the specific heat
curve which has the appearance of a A-type order—disorder transition (Dworkin and
Bredig 1968). In the same temperature regime as the onset of the thermal anomaly the
ionic conductivity rises rapidly to values around 1 ohm ™! cm ™! and then shows only a
small increase beyond T,. A typical conductivity plot is shown in figure 9. In the high
temperature region the magnitude of the conductivity classes the fluorites as fast-ion

Log {0 T/ohm™' ecm™1 K}

(2)

(3)

15 25 35

1000 K/T

Figure 9. The plot of log o Tas a function of reciprocal temperature for 8-PbF, single crystals.
Nominal dopant levels (1) 1000 p.p.m. Na*; (2) 100 p.p.m. Na*; (3) 100 p.p.m. La**; (4)
pure (after Azimi et al. (1964). These plots are typical of the halides with the fluorite
structure. The dashed line is an extrapolation of the low temperature behaviour to
emphasize the transition to the fast-ion region.
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conductors, solid electrolytes or superionic conductors (Salamon 1979, Kleitz et al.
1983).

Since the fluorites are structurally the simplest of all fast-ion conductors they have
been extensively studied as model systems. The earliest theoretical model of the
fluorites proposed that the thermal anomaly represented the generation of massive
concentrations of Frenkel defects to the extent that the anions randomly occupied the
normal anion sites and the interstitial sites. This concept of a molten sub-lattice is
clearly attractive as it would predict liquid-like diffusion of the anions and would
explain the conductivity. We will see later that this model is not confirmed in
mechanistic studies.

Ionic transport in the low temperature region of the fluorites, i.e. before the onset of
fast-ion conductivity, has been extensively studied by NMR methods. Here we will
concentrate on the work of Strange and his collaborators (which is summarized in
Gordon and Strange (1979)) as their original approach was specifically to use these
materials as test-beds of NMR methods of identifying diffusion mechanisms. In
addition, these studies have made full use of the theoretical developments outlined in
section 2.3. It will be recalled that the possible mechanisms that can give rise to
transport in the fluorites are shown in figure 5. But which of these mechanisms is
dominanti and how do the interstitial anions migrate in deliberately M** doped
crystals? These questions were answered by the combined measurements of NMR
relaxation times and ionic conductivity on the same single crystal samples (Figueroa
et al. 1978, Kirkwood 1980).

Consider first the data for pure BaF, crystals (Figueroa et al. 1978). The *°F
relaxation times T, T,, T, and T;p, were measured for these crystals and the results
(some of which are shown in figure 10}1ed to diffusion coefficients being evaluated using
the Wolf encounter model which takes account of the correlation effects (see §3.2).
By a coincidence the assumption of either a vacancy or an interstitialcy mechanism
leads to virtually the same value of Dyyg, the difference being only 4%,. However, the
value of D, depends strongly on whether vacancy, D,,, or interstitialcy, D, is assumed
since for anion diffusion in fluorites D,;=3 D,,. This difference arises because of the
differences in the scalar displacement caused by a vacancy and interstitialcy jump
(Figueroa et al. 1978). Thus the Haven ratio type of approach is possible to distinguish
between the two mechanisms. In figure 11 the values of Dy and D, are plotted and
should coincide if the vacancy mechanism is operative. The differences, though very
small and not easily distinguished (figure 11), are 189 at low temperatures and 8%, at
high temperatures, D, being smaller than Dyyg. Given the experimental error these
results are support for a vacancy mechanism, as D,; would be smalier than D,,. This is
in agreement with theoretical predictions for the low temperature region. There is a
distinct curvature in both D,, and Dyyr at T~830K, which indicates the onset of
another mechanism. In the analysis of conductivity data this is usually assumed to be
the interstitialcy mechanism starting to make a significant contribution at the higher
temperatures in fluorites (Azimi et al. 1984). Thus the high temperature region would be
expected to be better fitted by assuming an interstitialcy process in analysing the NMR
measurements, but this is not the case.

The general agreement between Dyyg and D, in figure 11 is impressive as it covers
diffusion coefficients ranging over nine orders of magnitude. Thus the comparative test
of the two techniques is very severe and is rather unique in transport studies.

The above experiments on pure BaF, crystals were also performed on O?~,K * and
La3* doped single crystals of BaF, (Figueroa et al. 1978). The results for the two
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Figure 10. The temperature dependence of the '°F relaxation times in pure BaF, single
crystals: (@) Ty (Bo//<110>) (b) Ty, at B;=12G (B,//{110}); (¢c) Tip (Bo//<110});
(d) T, (B,//<100) (After Figueroa et al. (1978)).

cation-doped crystals are shown in figure 12, where Dy is compared with D,,. For the
low temperature (extrinsic) region of the K* doped crystal the agreement between
Dyur and D, is excellent, differences being only a few per cent. This is to be expected
since in this temperature regime the only mobile defects are the anion vacancies. The
experiment on O?~ doped crystal also confirmed the expected vacancy mechanism.
There is a departure between Dyy and D,, for the K* doped crystal at the lowest
temperatures which is due to the effects of association (Lidiard 1974). There is an
attraction between the K* ion and the anion vacancy due to their opposite virtual
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Figure 11. The temperature dependence of the fluorine self-diffusion coefficients in pure BaF,
single crystals evaluated from: (a) conductivity (D,,) (-——-); (b)) NMR; @ T, O T; ., [1 Ty,
(after Figueroa et al. (1968)).

charges and this will result in the two forming nearest-neighbour complexes at low
temperatures. These ‘bound’ vacancies will not be able to contribute to the ionic
conductivity and this results in the downward curvature of logD,, as 1000K/T
increases (T decreases) seen in figure 12. However, the bound vacancies will undergo
local motion around the K * ion and this motion will contribute to the NMR relaxation
processes.
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Figure 12. The temperature dependence of the fluorine self-diffusion coefficients in BaF,
crystals containing cation impurities: (@) 0-050%, LaF; doped BaF,;(—~—--)D,,; NMR; @
T;, O T, A Typ. (b)0-040% KF doped BaF,;(———-) D,; NMR; A T}, Dand X T}, B
Tip (after Figueroa et al. (1968)).

In the extrinsic region of La**-doped BaF, there are excess interstitial anions and
the diffusion is expected to proceed via the interstitialcy mechanism. However, a better
fit to the data was obtained by assuming a vacancy mechanism. The difference between
D,, and Dy is about 16% and it is D,, that is drawn in figure 12. If interstitialcy
diffusion is assumed then the difference between D, and Dy is about 40%, Thus the
expected interstitialcy mechanism was not confirmed in the extrinsic region of this
crystal.

The lack of any evidence from this work for interstitialcy diffusion in BaF , crystals,
particularly in the La*”* doped crystals, was the cause of some concern (Figueroa et al.
1978). It was not due to any obvious factor in the theoretical interpretation and the
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authors suggested that the experiments be repeated for another system. This was
pursued with La** doped SrF, (Kirkwood 1980) and the expected interstitialcy
mechanism was verified in this system, Thus the La®* doped BaF , experiments should
be repeated.

It is worth noting that the activation energies obtained from NMR methods for the
fluorites are in good agreement with the activation energies from conductivity
(Chadwick 1983), and that the NMR values agree well with calculated energies of
defects based on the static lattice model (Catlow et al. 1977). This provides useful, but
indirect confirmation of the mechanisms.

Attempts (Wolf et al. 1977, Figueroa et al. 1979) to use solely the NMR relaxation-
time measurements for BaF, crystals to identify the diffusion mechanisms have not
been successful. In principle, identification should be possible from the temperature
dependence (Figueroa et al. 1979) and the orientation dependence (Wolf et al. 1977) of
the relaxation times. However, in all the crystals investigated, and at all temperatures,
the predicted differences between vacancy and interstitialcy diffusion were too small to
be detected with the available experimental precision. Nevertheless, this work was
significant as the results supported the Wolf model and showed the inappropriateness
of the random-walk models in detailed interpretations of NMR measurements in
solids.

In the fast-ion conduction region of the fluorites it has been possible to employ
NMR methods to test the concept of the molten sub-lattice. If the motion of the anions
is indeed liquid-like, then the diffusion would be highly-correlated and solid-state
models would be inappropriate in the evaluation of Dyyg- The prediction would be that
Davr < D, and the combination of NMR and conductivity experiments described
above for BaF, would provide the test-bed.

The most appropriate system for this test is f-PbF,, for which T, is only 711 K. The
'9F relaxation times Ty, Ty, and T, were measured by Boyce et al. (177) and the
evaluated diffusion parameters compared with literature conductivity data. They
found that at low temperatures Dyygr/D, Was approximately unity but decreased in the
fast-ion region to about 0-1, suggesting highly correlated anion motion. However, their
relaxation times in the fast-ion region showed unusual behaviour; T, was not equal to
T, (cf. figure 4). Later work (Hogg et al. 1977) demonstrated that, in the fast-ion region,
small amounts of paramagnetic impurity (as low as 1 p.p.m.) could give rise to the
effects observed by Boyce et al., and that these were not necessarily due to highly
correlated diffusion. Gordon and Strange (1978) repeated the NMR measurements and
found results similar to those of Boyce et al. in the fast-ion region. However, they found
that the results were not reproducible on thermal cycling and that heating f-PbF, ina
silica tube gave rise to an appreciable ESR signal. This was believed to result from
reaction between the sample and silica, oxygen or water vapour. All the fluorides are
highly reactive at high temperatures; hence relaxation time measurements are
inappropriate for studying diffusion in the fast-ion region.

Gordon and Strange (1978) used the p.fg. method to measure °F diffusion in
B-PbF, single crystals. These measurements, being less susceptible to the effect of
paramagnetic impurities, gave reliable values of D, which is effectively D,.,..,. However,
when combined with literature conductivity data this gave D/D,= Hg ~0-3 in the fast-
ion region. The conductivity was re-measured (Carr et al. 1978) using the same source
of single crystals as Gordon and Strange (see figure 13). The value of Hy was now
between 0-7 and 1-0, which is consistent with the values found in lowly defective, normal
ionic crystals. These results therefore demonstrate the failure of the molten sub-lattice
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Figure 13. The temperature dependence of the conductivity of f-PbF, in the fast-ion regime:
@, conductivity measurements; +, conductivity calculated from the p.fg.-NMR data
assuming a vacancy mechanism (after Carr et al. (1978)).

concept and indicate the conduction involves the migration of a small number (~2%,)
of mobile defects.

The determination of the exact nature of the structure and transport in the fast-ion
region of fluorites is extremely difficult. Neutron scattering data, reviewed by
Hutchings et al. (1984), suggests that a large fraction (around 45%) of the anions have
moved off their normal lattice sites, although the number of true defects was much
smaller. Coherent diffuse quasi-elastic neutron scattering (QES) provided evidence for
short-lived defect clusters and several cluster models were proposed to explain the
neutron data. Computer simulations (Allnatt es al. 1987) showed that certain cluster
structures were particularly stable and defect clustering would explain the onset of the
fast-ion region. This would be consistent with the NMR data as the clusters would not
be mobile and the concentration of ‘free’ defects would be small. However, it should be
mentioned that Gillan (1985, 1986 a, b) has offered an alternative explanation of the
QES data and ascribed it to defect motion without the need to invoke clusters. This was
based on molecular dynamics simulations which quantitatively reproduced the
neutron experiments.

4.3. Polyether electrolytes
The complexes formed by alkali metal salts (MX) and high molecular weight
polyethylene oxide (PEO) are good ionic conductors at elevated temperatures (Wright
1975, Armand et al. 1979), as can be seen from a typical conductivity plot shown in
figure 14. These materials can be formed as thin, flexible films and became the focus of
intense interest following their proposed application as the electrolytes in solid state
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Figure 14. The plot of log g as a function of reciprocal temperature for NaSCN.PEOyg (after
Chadwick et al. (1983)).

batteries (Armand et al. 1979). Recent work has shown that a wide range of polymers
containing ethoxy units, either in the backbone or side-chain, will form conducting
films when doped with salts (Cowie 1987, Vincent 1987, Ratner and Shriver 1988). This
general class of ionically conducting materials is referred to as polymer electrolytes and
they are still a centre of research activity, particularly for lithium batteries. The most
extensively investigated materials remain those based on PEO and they are model
systems. NMR techniques have played a major role in understanding both the
structure and transport in polyether electrolytes, and some of the work is described
below.

As expected the cations in these electrolytes are coordinated to the oxygen atoms of
the polyether chain and this has been demonstrated by EXAFS (Catlow et al. 1983).
From simple analogies with crown ether complexes of salts it was generally assumed
there were four ether oxygens coordinated to the cation and the fully stoichiometric
compound was designated MX.PEO,. However, materials are known with three-fold
ether oxygen coordination and the composition of the stoichiometric material depends
on the nature of the salt. Optimum conductivity is found in materials containing excess
PEOQ, i.e. compositions around MX.PEO,,. These materials have complex phase
diagrams and a problem was to relate the morphology to the conductivity. At low
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Figure 15. The fraction of protons, C(*H), and fluorine, C('°F), in the crystalline phase of
LiCF;S0;.PEOg. The solid line represents calorimetric data (after Minier et al. (1984)).

temperatures, below the melting point of pure PEO (~ 338 K), there are two dominant
phases, crystalline stoichiometric complex and crystalline PEO plus a small fraction of
amorphous PEO. Above the melting point of PEO the system contains elastomeric or
liquid PEO and crystalline complex. As the temperature increases the complex
dissolves into the elastomeric phase until, at some temperature, complete dissolution
occurs. This picture was confirmed in an elegant study of LiCF;SO;. PEO4 by Minier
et al. (1984) who combined *H and '°F NMR measurements (FID determined by spin-
echo) with calorimetric measurements. Nuclei in crystalline and elastomeric phases
have very different values of T,. Thus it was possible to monitor the fractions of protons
and fluorine atoms (the CF;SO;3 ions) in the crystalline phase as a function of
temperature. The data are shown in figure 15. The NMR data correlated well with the
calorimetric data and proved that the conductivity was due to ions moving in the
elastomeric phase. As a result the synthetic goal of an ambient temperature polymer
electrolyte must meet the criterion that the material is elastomeric.

There have been many attempts to use NMR methods to monitor the diffusion of
ions in polyether electrolytes (Chadwick and Worboys 1987). There are often problems
in relating the measured line-width and relaxation time in polyether electrolytes with
the ionic motion for a variety of reasons; the complexity of the morphology, the use of
nuclei with quadrupole moments, etc. It is also important to study both ions of the salt
as radiotracer work has shown that Na™ and SCN~ have comparable mobilities in
NaSCN.PEOQOy, the anion being the more mobile (Chadwick et al. 1983). The diffusion
in the elastometer phase is fast enough to employ the p.f.g.-NMR technique and this is
proving a very powerful tool in these systems, particularly as Li* diffusion coefficients
can be measured, which is important for battery technology. Some of the available
p.f.g-NMR diffusion data in PEO electrolytes are shown in figure 16. These show that
in LiCF3SO;PEQg the anions are the more mobile species. In principle, the diffusion



17:55 21 January 2011

Downl oaded At:

276 A. V. Chadwick

“\ts

1000 K/T

Log (D/m? s~ 1)

Figure 16. The p.fg.-NMR diffusion data for LiX.PEO, polyether electrolytes, ®, "Li and M,
"F in LiCF,SO,;PEQ;, (after Battacharja et “al. (1986)); ©, 7Li and O, '°F in
LiCF;S0, PEO8 (after Mah et al. (1984)); x, ® and +, "Liin LiClO,.PEO,, wherex:6,
8 and 20 (after Gorecki et al. (1986)). ©, 19F in LiC10,.PEOyg (after Mali et al. (1984)).

coefficients obtained from p.f.g.-NMR could be compared with the conductivity and
the Haven ratio used to provide information on the migration processes. However,
great care is necessary as the samples may not be fully amorphous and a good phase
diagram is required to calculate the precise fraction of elastomeric phase and the
concentration of mobile ions. There is some debate concerning the value of Hy (Ratner
and Shriver 1988). Qualitatively, the ions migrate via the segmental motion of the
polymer; however, the role of ion—ion interactions and ion aggregation on the
transport has to be resolved. Accurate p.f.g.-NMR diffusion coefficients have a part to
play in attacking these problems.
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5. Summary

NMR methods serve as powerful probes for the elucidation of mechanisms of
diffusion within solids. A rather restricted number of systems was included and
particular attention was deliberately given to the work on the fluorites as it was
important in setting a firm foundation to the procedures, both experimental and
theoretical, especially the verification of the Wolf model. Other particularly
noteworthy examples not discussed here are some of the studies of fast-ion conductors
{e.g. LizN, where NMR has shown the existence of interlayer diffusion (Brinkmann
1983)). There are still some details that have to be resolved and the discrepancies
between the NMR and radiotracer diffusion activation energies in some of the plastic
solids remain contentious. These may be a feature of the materials under investigation
and be related to the rotational disorder or the dislocation structure (Sherwood
1979b). NMR methods also have their limitations. Problems associated with
paramagnetic impurities, sensitivity to dilute spin concentrations, and sample
inhomogeneity are but a few that are discussed here. Other problems arise in studies of
solids at elevated temperatures—the intensity of the resonance signal decreases
exponentially with increasing temperature, and special furnace designs are required to
heat samples in the confined space between the magnet poles. In addition, detailed
studies, like those described for the fluorites, require large (~ 1 cm?) single crystals.
Similarly, Wolf has fully developed his encounter modet only for the b.c.c. and fc.c.
lattices, although, in principle, it could be extended to other structures. However, this
level of information is not always required and the usefulness of the NMR techniques
depends on the particular material and the problem under consideration. For example,
activation energies are quickly and reliably obtained and this may be sufficient to give a
strong indication of the mechanism. Similarly, mechanisms can often be deduced from
the structural information provided by NMR spectroscopy.

Finally, a few comments on future developments are appropriate. Specifically, some
of the procedures used in the work described in this review could be improved in future
investigations. A major problem in the work on the fluorites and polyether electrolytes
is maintaining a high degree of precision in both the conductivity and NMR
experiments. Difficulties such as the regular but tedious cross-calibration of
thermocouples arise due to the two experiments being performed separately. A novel
approach is to conduct the conductivity measurement, or another type of transport
measurement, simultaneously with the NMR measurement leading to a greater
reliability and precision. Such work is currently in progress in our laboratory. On the
general level some of the techniques described here will find a wider application, and the
increasing availability of spectrometers with high-field magnets will inevitably widen
the range of materials that can be investigated. Recently, the self-diffusion of 7O in
doped ceria was measured by NMR methods (Fuda et al. 1984), showing their exciting
potential for the study of transport in oxides. The p.f.g.-NMR method of measuring
diffusion coeflicients directly, initially so successfully applied to the study of f-PbF,,
and latterly with polyether electrolytes, seems an ideal probe for the investigation of
fast-ion conductors. The high-resolution spectra for solids that can be obtained by
using cross-polarization and magic-angle spinning techniques will provide very
valuable structural information on which to build diffusion models. An obvious
example where this would be useful is with the polyether electrolytes. Overall there
seems to be a bright future for NMR in probing the mechanisms of solid-state diffusion.
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