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Abstract

Diffusion in solids, which requires the presence of crystal defects or disorder, has
both microscopic and macroscopic aspects. Nuclear magnetic resonance techniques
provide access to microscopic diffusion parameters like atomic jump rates and activation
energies as well as to the tracer diffusion coefficient for macroscopic transport.
Microscopic NMR methods include spin-lattice relaxation spectroscopy of stable and
beta-radioactive nuclei, spin-spin relaxation or linewidth and spin alignment decay
measurements, whereas macroscopic NMR methods are represented by the techniques of
static and pulsed field gradient NMR. We recall some basic principles of the mentioned
techniques and review case studies for their application to various solids like glassy and
crystalline aluminosilicates, nanocrystalline composites, an intercalation compound and a
simple bce metal. Taken together, jump rates in solids are covered over about 10 decades
by the microscopic, and diffusion coefficients over 3 decades by the macroscopic NMR
methods.

Keywords: Solid-state diffusion, NMR, spin-lattice relaxation, motional line narrowing,
spin alignment, SFG NMR, PFG NMR, nanocrystalline composites, aluminosilicates,
lithium

1. Introduction

Diffusion in solids, contrary to that in liquids and gases, is only possible if defects,
e.g. vacant lattice sites, are present. The site fraction of intrinsic defects in thermal
equilibrium increases with temperature and, in a normal crystal, amounts to about 10
near the melting point as a maximum. As a consequence, diffusion in solids is relatively
slow in general. Typically, diffusion coefficients in solids are at most some 10" m?s,
whereas in liquids and gases representative values are 10° m?%s and 10* m?s,
respectively [1]. Exceptionally, in so-called ‘solid electrolytes’ or ‘fast ion conductors’,
having a high degree of structural disorder, diffusion coefficients may reach values
normally found in liquids [2]. Atomic jump rates, representing the microscopic aspect of
solid-state diffusion, may range, depending on activation energy and temperature, from
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Table 1. Some microscopic and macroscopic methods for studying diffusion in solids, after [4,5].

Microscopic Macroscopic

Nuclear NMR relaxation, Field gradient NMR
NMR spin-alignment decay, (static/pulsed)
B-radiation detected NMR

Quasielastic neutron scattering | Tracer diffusion

MoBbauer spectroscopy

Non-Nuclear |Ionic conductivity (ac) Ionic conductivity (dc)

Mechanical relaxation Mechanical relaxation

about 10° s™' near the melting point down to less than 1 s in the ultraslow motion
regime. It is quite impressive to visualize that in a solid at room temperature, being fairly
rigid seen from outside, nevertheless each atom may perform 10° jumps per second on
average.

Solid-state diffusion can be studied by a large variety of experimental methods [3],
which may be subdivided into microscopic and macroscopic ones. Table 1 gives a brief
overview [4,5]. Microscopic methods probe diffusion parameters like jump rates of atoms
or ions and barrier heights for the jump processes, whereas macroscopic methods are
sensitive to long-range diffusion. Microscopic methods are, for example, NMR relaxation
spectroscopy, incorporating spin-lattice relaxation as well as spin—spin relaxation or
lineshape measurements, spin-alignment decay, P-radiation-detected NMR (f-NMR),
quasielastic neutron scattering, MoBbauer spectroscopy, and measurements of the
frequency dependent ionic conductivity (including impedance spectroscopy). Examples
of macroscopic methods are NMR measurements in a magnetic field gradient (FG-
NMR), which may be static or pulsed, tracer diffusion techniques, where concentration
profiles in solids are evaluated, dc conductivity measurements and mechanical relaxation
spectroscopy in the low-frequency limit. As implemented in Table 1, a further way to
classify these diffusion measurement techniques is to distinguish between nuclear and
non-nuclear methods. Nuclear methods are those which use radioactive or stable nuclei or
elementary particles as probes. Each of the microscopic and macroscopic techniques has
its characteristic range in which jump rates and diffusion coefficients, respectively, are
accessible (see Fig. 8 in [5]). NMR investigations in solids, to which this article is
confined, span the range of jump rates from 10" to 10°s™ in the case of the microscopic
methods. Macroscopic NMR techniques cover diffusion coefficients in the range
10"...10" m’s™".

In the following we first briefly recall some basics of solid-state diffusion (Sect. 2)
with emphasis on microscopic aspects. Then in Sect. 3 an outline of the various NMR
techniques for probing elementary diffusion jumps, including the B-NMR method, is
given. Furthermore, some notes on principles of field gradient NMR measuring
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macroscopic transport in solids are presented. Finally in Sect. 4 we review case studies
from our own laboratory where the above NMR methods have been employed.

2. Basics of Solid-State Diffusion

Diffusion is the process of particle movement driven by a concentration gradient [6].
Fick’s first law relates the particle flux j, to the gradient of concentration ¢ of these
particles:

Jjo=-D"Vc . (1)

D" is the tracer diffusion coefficient or diffusivity. Combining Eq. (1) with the continuity
equation

oc

—+Vj_ =0 2

5V )
results in Fick’s second law:

% = V(DTvc) . ?3)

This partial differential equation simplifies if D" is constant and can be solved for
particular initial and boundary conditions [7]. This allows one to determine D' from
measurements of concentration profiles c(r,f). The temperature dependence of the
diffusion coefficient is often described empirically by an Arrhenius relation

E
D' =Dy -exp| - —A- 4
0 " CXp kT (4)
where E, is the activation energy for the mass transport, D," is the pre-exponential factor,
kg 1s is the Boltzmann constant and 7' is the temperature.

From the microscopic point of view, the tracer diffusion coefficient D" can be defined
by the Einstein—Smoluchowski relation [8,9]

2
(@)
D' =1i

=lm-——-~= . 5
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Here (r*(f)) is the mean square displacement of the particles after the time 7 and d is the
dimensionality of the movement. An atom moving through a solid will perform jumps
between different minima in a potential landscape. In crystalline solids these minima are
represented by lattice sites or interstitial sites. In general, the potential landscape may be
time dependent [10,11]. Considering the case where the mean jump time is short
compared to the mean residence time 7 in such a minimum, the trajectory of a particle is
composed of a sequence of elementary jumps with average jump length /. From these
microscopic quantities a diffusion coefficient D™ for uncorrelated jumps can be defined

by

gz
D* =— 6
2dt ©)
The diffusion coefficients D' and D" are related by
D" =f.D*™ (7)
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where f is the correlation factor. f equals unity if the movement is purely random
hopping. For correlated motion of the atoms with enhanced backward hopping
probability after completed jumps one has 0 < f < 1. In favourable cases the
experimentally determined correlation factor can yield information about the diffusion
mechanism. In structurally ordered, i.e. single crystalline systems defects are required for
the movement of atoms or ions. The concentration of point defects in thermal equilibrium
is governed by statistical thermodynamics [12]. Starting from a single crystal, the
introduction of defects and thus disorder leads to increasingly defective systems, i.e. so-
called highly defective single crystals, micro/nanocrystalline materials and amorphous
systems, which cover the range from disorder on regular sites to structural or topological
disorder. The defects can be zero-dimensional (e.g. vacancies or interstitials), one-
dimensional (dislocations) or two-dimensional (grain boundaries) defects. The highest
degree of disorder can be found in amorphous materials. One point of interest is to
investigate whether there is a correlation between structural disorder and the appearance
of fast diffusion.

3. NMR Methods
3.1 Microscopic Methods

Spin-Lattice Relaxation

Diffusion can be probed by spin-lattice relaxation (SLR) caused by the temporal
fluctuations of local fields due to the motion of particles carrying a nuclear spin. The
principle can be understood from the simple picture of a probe spin precessing in an
external magnetic field B, with a Larmor precession frequency @ given by o = ¥B,
where the magnetogyric ratio y connects nuclear magnetic moment and angular
momentum. The nuclear spin will be reversed, i.e. the transition probability will be
maximum, when @ is in resonance with the frequency of a transverse alternating field
B;. This may be an external radio-frequency field or the internal fluctuating field due to
the motion of the atoms. In the following the latter case will be regarded more closely.

The fluctuating field which may be dipolar magnetic from neighbouring nuclei as
well as quadrupolar electric from local electric field gradients can be described by the
correlation function G(¢) which contains the temporal information on the atomic diffusion
process [13-15]. The correlation time 7, characterizing G() is within a factor of the order
of unity equal to the mean residence time 7 between successive atomic jumps. Relevant
for SLR is the spectral density function J(®) of the fluctuating local field which is the
Fourier transform of the correlation function G(¢) and extends up to frequencies of the
order of 7.'. Transitions between the energy levels of the spin system will be induced, i.e.
spin-lattice relaxation becomes effective, when J(®) has components at the transition
frequencies. The spin-lattice relaxation rate 7,", being a measure of the transition
probability, is given for a nucleus with spin quantum number / by

T =%y4h2[(1+1){J(1) (@) +J? oy ®)
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where 7 is the Planck constant divided by 27. J“(w) (¢ = 0,1,2) denote spectral densities
which result in transitions of spin pairs, where the combined angular momentum changes
by gh. The basic characteristics of 7, in a 3D system with random jump diffusion can be
derived from the simple exponential correlation function

G (t) =G (0) exp(— |t| Iz, ) 9)
assumed by Bloembergen, Purcell and Pound (BPP) [16]. The corresponding Lorentzian
shaped spectral density function is given by

JD(w)=GD(0)—2Te (10)

1+ (a)rC )2

The correlation time 7, like the mean residence time 7, will generally show Arrhenius
behaviour (cf. Eqs. (4) and (6)). 7,"'(7), measured at a certain Larmor frequency
passes through a maximum at a specific temperature which is determined by the
condition @, -z~1. In the usual representation of log 7, vs. 1/T the peak for each Larmor
frequency is symmetric. At temperatures above and below the maximum the slopes yield
the activation energy E,. The SLR rate shows no @ dependence in the high-7 limit and
follows the power law 7} oc @, * in the low-T limit.

In real solids, the standard behaviour of 7, for uncorrelated 3D diffusion, sketched
above, is rarely observed in detail. Mostly, log 7} vs. 1/T is asymmetric with a smaller
slope on the low-T side, which indicates correlated diffusion. This has been ascribed to
the influence of disorder and Coulomb interaction between the ions [10]. If diffusion is
low-dimensional, the slope of log 7, vs. 1/T in the high-T limit should be smaller than in
the BPP case and specific dependences of 7, on @, are expected for 2D and 1D
diffusion.

If spin-lattice relaxation is not probed with reference to the static external field By but
in a resonant alternating field B;, the SLR rate in the rotating frame, 7 lp'l, is measured.
Since B; « By, the condition for the maximum of the SLR rate entails that considerably

longer correlation times are probed than by 7;"' measurements. For details we refer to
[17].

[-Radiation Detected NMR

Besides stable nuclei, normally employed in NMR, beta-radioactive nuclei can also
be used as probes for NMR (B-NMR) [18], in particular for unconventional SLR
measurements. The principle of f-NMR relaxation is the use of the B-decay radiation
asymmetry of polarized, short-lived B-emitters embedded in the solid in order to monitor
the nuclear polarization and its decrease due to longitudinal, i.e. spin-lattice relaxation
[4]. It includes (i) on-line production of the short-lived polarized probe nuclei with
lifetimes 73 ranging from some 10 ms to some 100 s, and (ii) in-situ measurement of the
B-asymmetry during a subsequent time interval of a few lifetimes. The signal amplitude
resulting from step (i) is determined by the angular distribution of the emission
probability W(6) of B-particles from an ensemble of polarized B-active nuclei into a solid
angle element at angle &between polarization and emission direction:

W(0)=1+Pcos6 . (11)
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P is the nuclear polarization characterized by a linearly varying population of the Zeeman
levels. The B-decay radiation asymmetry ap, which is given by the 0°-180°-difference of
W(6), is a direct measure of P and reflects any changes of it.

The polarized B-emitters can be produced on-line by various nuclear reaction schemes
[17]. Here we mention only the f-NMR technique using the capture of polarized reactor
neutrons [19]. The sample abundantly containing the nuclei for the production reaction is
placed in the field B, of an electromagnet and irradiated with polarized cold neutrons. For
example, in the case of the probe nucleus °Li, the reaction is

n+ "Lio SLiT 2 L2 50q . (12)
Established probe nuclei available with the neutron capture technique are: °Li (tp=1.2'39),
B (29 ms), *°F (16 s), ®Ne (57 s), Al (3.2 min), '®Ag (3.5 min), '"’Ag (35 s), ''°In
(20 s).

The B-particles are detected by B-scintillators mounted on the pole faces ‘North’ and
‘South’ of the electromagnet. The corresponding counting rates Zy and Zs at €= 0° and
180°, respectively, yield the experimental B-asymmetry

In—Z2
gy =N "2
Zy+Zg
As pointed out above, ag is proportional to the nuclear polarization P. B-NMR relaxation

measurements are performed by monitoring transients ap(f) after neutron activation
pulses generated with a chopper. In simple cases monoexponential transients

aB(t)zaBO-exp(—t/Tl) (14)
with the SLR time T are observed.

Special features of the B-NMR method with respect to SLR measurements are as
follows. The polarization P is high and independent of a Boltzmann factor. Thus low
values of the magnetic field (which provides the quantization axis) and high temperatures
are accessible. The concentration of the probe nuclei is extremely small (typically 1 in
10'® other nuclei) and as a consequence spin diffusion, i.e. the polarization transfer by
resonant mutual spin flips of like nuclei, is suppressed due to their large distance. Thus
SLR by distant paramagnetic impurities, generally effective via spin diffusion in classical
NMR relaxation measurements, does not contribute to B-NMR relaxation. The highly
diluted probe nuclei relax individually and the B-asymmetry signal stems from an
inhomogeneous polarization average of the probe nuclei. A technical advantage of [3-
radiation detected SLR is that no radiofrequency irradiation is required. The field B,,
correspondingly the Larmor frequency of the measurement, is easily variable and skin
effect problems do not arise. Bulk metallic samples and/or metallic sample containers can
be used. The latter is often desirable when corrosive materials are to be studied. The
measurement of SLR times 7 is restricted to a time window of at most 0.0173 < 7} <
100 -

(13)

Line Narrowing

In addition to SLR measurements also measurements of the overall NMR linewidth of
the central transition (+1/2 <> -1/2) as a function of temperature can be used to explore
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microscopic diffusion parameters [17]. The NMR linewidth is related to the spin-spin
relaxation rate 75" which, in terms of the spectral densities J @ reads

T, = % YRt +1){J<°) 0)+10J Y (@ )+ P (Za)L)} . (15)

Eq. (15) accounts for homonuclear dipole-dipole interactions between the nuclear spins
only. Assuming, as in the case of T !, an exponential correlation function G9 [16] (cf.
Eq. (9)), the spectral densities are Lorentzian shaped functions again (Eq. (10)). If the
correlation rate 7' is much smaller than the Larmor precession frequency @, 75" is
approximately given by

' e JO0)cr, . (16)
Eq. (16) holds only for J”z<< 1, or G”7* << 1 (see below). This condition is violated at
low temperatures, when jump rates are much less than the transverse relaxation rate, i.e.
in the limit G 7> >> 1. In that case, the nuclear spins in an external magnetic field B, =
y/w experience slightly different dipolar interactions leading to a distribution of
resonance frequencies around the mean value @;. In the case of, e.g., an amorphous
homogeneous solid, the frequency distribution is Gaussian like and shows up in a
broadened central transition. In this temperature range one obtains for 75" the so-called
rigid-lattice result

Ty o (G(O))m: const. (17)
When the sample is heated the ions start moving through the solid and local magnetic
fields are averaged out. Thus, the transverse relaxation process is slowed down and as a
consequence the NMR line starts to narrow when jump rates are of the order of the rigid-
lattice linewidth. In this motional narrowing regime T>" is given by Eq. (16). Accessible
jump rates are in the range between 10° s and 10° s™', depending on the strength of
dipolar interactions between the spins.

At much higher temperatures, when 7' exceeds the Larmor frequency, J" (@) and
JPQw,) start to contribute significantly to transverse relaxation and the temperature
dependence of T; > follows that of T,™'. In this extreme motional narrowing regime, the
temperature independent residual linewidth is due to inhomogeneities of the external
magnetic field By.

Spin-Alignment NMR

Ionic motions on the ultraslow time-scale with jump rates in the kHz to sub-Hz range,
are hardly accessible by recording lineshapes or spin-spin relaxation times, because
ultraslow motions do not or only marginally affect the lineshape, as explained above.
However, the measurement of multiple-time correlation functions can be used to
investigate ultraslow translational ionic jumps in solid ion conductors [20]. Spin-
alignment echo (SAE) NMR spectroscopy, developed for deuterons [21] with spin
quantum number / = 1, was quite recently applied to study ion dynamics using spin-3/2
quadrupole nuclei like *Be [22,23] and "Li [23-26].

Spin-alignment echo NMR spectroscopy probes diffusion by labelling the ions via
their quadrupole frequency
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0y 127 =240/ 4h-(3c0s> @ —1-psin® O cos(2)) (18)

which is due to the interaction between the nuclear quadrupole moment and a non-
vanishing electric field gradient (EFG) at the nuclei site. Here e is the proton charge, O
the electric quadrupole moment of the nucleus, ¢ the EFG and 7 the EFG asymmetry
parameter. The polar angles ® and ® denote the orientation of the external magnetic field
in the principal axis system of the EFG tensor. The quadrupole interaction alters the
Zeeman frequency @;/2m according to @, + @q. Provided electrically inequivalent sites
are visited within a given diffusion pathway by the jumping ion, the information about
the dynamic process is coded in terms of a change in the quadrupole frequency wy,.

The spin-alignment technique allows one to measure directly a single-particle
correlation function yielding information about dynamic as well as geometric parameters
of the hopping process. The pulse sequence used to sample spin-alignment echos is based
on the three-pulse sequence of Jeener and Broekaert [27],

Brot—to—PBosz—tm—Bros—1t

with B; = 90° and B, = B; = 45°. ¢; denotes the phase of the respective pulse. Starting
from the magnetization in thermal equilibrium, the first two pulses generate, if |d; - ¢o| =
90°, the quadrupolar alignment state [28]. The reading pulse after a mixing period ¢,
transforms spin-alignment back into an observable transverse magnetization leading to an
echo at ¢ = t,. With the pulse lengths mentioned above the echo amplitude S, is maximal
and is given by [28]

Sy (tystmrt) = 210<sin[wQ (03¢, inloog (1 )e]) (19)

Angular brackets (...) denote powder average. Appropriate phase cycling [24,28] is
necessary in order to pick out the correct coherence pathway and to eliminate unwanted
coherences as well as to reduce the effects of pulse imperfections.

The decay of the alignment echo amplitude Sy(#,,t) at ¢ = ¢, and for fixed evolution
time #, and as a function of mixing time ¢, is in general due to two processes, i.e. (i)
individual jumps of the ions and (ii) longitudinal relaxation. The first one, characterized
by the decay constant zar being directly related to the motional correlation time, will
affect the echo formation when the ions are jumping between inequivalent sites.
Simultaneously, the second process gives rise to a decay of the longitudinal order and
thus to a decrease of the alignment echo amplitude, too. Therefore the experimental time
window to investigate ionic motions is limited by longitudinal relaxation, i.e. zsag < 77.

3.2 Macroscopic Methods

SFG NMR

In an SFG NMR experiment a spin echo experiment is performed in a time
independent magnetic field gradient of magnitude g. In the case of solids, strong
gradients of some tens T/m are needed. These can be found in the stray field of
conventional cryomagnets, as pointed out by Kimmich et al. [29]. The gradient direction
is defined to be the z-direction (B = By, + g z). After a m/2 pulse has turned the
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magnetization into the x-y-plane, the magnetization starts precessing around the B, field
direction (z-direction). Because of the presence of the spatially dependent magnetic field
the magnetization has a spatially dependent precession frequency. This results in a
continuously increasing phase difference @(f) depending on the spatial position of the
nuclei along the axis parallel to the gradient direction. At time 7., a m pulse inverts the
direction of the magnetization in the x-y-plane, whereas the direction of the gradient field
does not change and therefore the phase difference starts to decrease according to

T, 27,
#2r) =] ze@)dr—y[ ze)ar . (20)

The phase difference, having evolved during the time interval between the /2 and the &t
pulse, can be compensated in the time interval between the m pulse and the echo
appearance at time 2z if there is no diffusion. In this case the spin echo amplitude is only
damped due to 7, relaxation as it would occur in a usual spin echo experiment. If
translational diffusion, i.e. atomic transport, takes place, the echo is additionally damped
[30,31]. The damping is then governed by the magnitude of the field gradient g and the
duration 27, of the experiment. Since the gradient is not changed the only variable
parameter is the experiment duration 27.. Changing 27, gives a contribution to echo
damping from 7, relaxation which has to be corrected for. Possibilities are (i) the
determination of 7, in a separate measurement, (ii) fitting the magnetization decays due
to diffusion and T relaxation simultaneously or (iii) using more complex pulse sequences
[32].

In solids 7, can be very short. Since the experiment duration is limited by 75, it is
very often too short to get a noticeable echo damping caused by diffusion. Then the
stimulated spin echo (STE) pulse sequence is more appropriate than the simple Hahn spin
echo sequence often used for liquids [33]. In an STE pulse sequence the r pulse is split
into two /2 pulses. Between these /2 pulses the magnetization is stored parallel to the z-
axis. Because T, relaxation only affects the component of the magnetization in the x-y-
plane there is no 7, relaxation in the time between the split w pulse, there is only T
relaxation. In solids 7} is usually much longer than 7,. Therefore, the available time
window of an STE experiment for observing diffusion is enlarged. For the STE
experiment echo damping is given by [33]

Mz +7,) -7 20 1.2 22 7y
MEOIT) ol - 27020 pTy2g22( 0 B 21
M0)/2 p 7 ygT| Ty (21)

M(7+n) and M(0) are the values of the macroscopic magnetization at the echo
appearance time 7;+17, and at +=0. 7; and 7, are the delay times of the second and third 7/2
pulse, respectively, with respect to the first /2 pulse.

PFG NMR

In PFG NMR gradient pulses g(¢) are inserted between the radio frequency pulses of a
Hahn spin echo sequence. After application of a ©/2 pulse the magnetization precesses
perpendicular to the B, field. Then the first gradient pulse labels the nuclei within the
sample with respect to their spatial position along the z-axis parallel to the gradient
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direction. This means that the first gradient pulse causes a phase difference ¢ (z,2) of the
precessing magnetization. After a delay time 7z, a w pulse inverts the direction of the
magnetization in the x-y-plane. Then a second gradient pulse is applied which
compensates for the phase difference gained during the first gradient pulse. Disregarding
the 7, relaxation, the compensation can be complete only if there is no diffusion during
the time A between the two gradient pulses. A is denoted as observation time. If there is
diffusive transport of the nuclei during A, the echo amplitude is damped [34-36]. The
damping is governed by the tracer diffusion coefficient D', the observation time A, the
magnitude g of the gradient pulses and their duration 6. As mentioned before, in case of
small 75, i.e. in solids, it is more suitable to apply an STE pulse sequence. In an STE
pulse sequence the gradient is applied between the first and the second ©/2 pulse as well
as after the third n/2 pulse. The echo damping is then given by

M@nt+o) [ B-n 20 prooas(, )] 22)
M(0)/2 T 3

This equation holds if (i) the observation time A is long compared to the duration J of the
gradient pulses (short gradient pulse approximation, A >> ¢) and (ii) the diffusion process
is random (Gaussian probability density) [37].

4. Case Studies

4.1 Spin-Lattice Relaxation: "Li and ®Li in Glassy and Crystalline Spodumene

As an example for a comparative study of long-range and local ionic motion in a glass
as well in the corresponding crystalline material both by NMR and 3-NMR relaxation,
we present results on Li motions in the spodumene (LiAlISi,Og) system. In the crystal
structure of B-spodumene there are four pairs of closely neighboured Li sites per unit cell.
Their distance is 0.13 nm and only one site is occupied at a time. The distance between
different pairs of Li sites is about 0.45 nm. This suggests two types of possible Li jumps,

T [K]
1000 300 200 150 100 77
f T T T T T T ]
10° *& W crystal 3
[ O glass
— - mo 1
T 10'F WO - Fig.1: Temperature dependence of
- d '_% 3 7' of 'Li in glassy and
- > 3 . T
& . "o polycrystalline  LiAlSi,Os  (B-
10" ¢ " % E spodumene) at @ /2t = 38.9 MHz
i oy ] [17,38].
al pIC L =
107 £ I I 1 I I 1 3
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long-range jumps between different pairs and a localized motion by hops between the
sites of a pair.

In Fig.1, "Li T,"(7) data for the glassy and the crystalline sample at one frequency are
compared [17,38]. For both modifications a pronounced diffusion-induced peak shows up
which in the case of the glass occurs at roughly 700 K, i.e. some 250 K below the glass
transition temperature, and in the case of the crystal at about 820 K. These peaks are due
to the long-range Li jumps. The temperature values of the 7)"' maxima and the slopes of
the low-T flanks show that the jump rate of Li" is faster and the activation energy is
smaller in the glass than in the crystal. Similar behaviour was found in other Li
aluminosilicates [39].

Inspection of Fig. 1 further shows that a peak asymmetry, expected for the glass due
to the correlated motion in a disordered system, is also found for the crystal. The
deviation from standard SLR behaviour [16] is also reflected by a subquadratic frequency
dependence of 7, found on the low-T flank of the peak for both modifications [38].
Thus, in this regard the apparently ordered ion conductor shows nearly the same
‘anomalies’ as the disordered one.

Besides the main peak at about 820 K, in Fig. 1 a second, broad maximum can be
seen for the crystalline sample around roughly 100 K. This can be attributed to the short-
range hopping of the Li ions between the pair sites mentioned above. Fig. 2 shows the
corresponding data obtained by B-NMR on *Li at 3 MHz [17] covering the temperature
range from about 500 K down to 10 K. Whereas in the case of polycrystalline LiAlSi,0¢
transients P(f) of the *Li polarization could be fitted by a single exponential, in the glass

T [K]

400 80 50 30 20 15 12
] I T T T T

W crystal
O glass

Fig. 2: Temperature dependence
of the spin-lattice relaxation rate
of ®Li in glassy (O) and
polycrystalline (™) LiAlSi,Og
(B-spodumene) at a magnetic
field corresponding to @w/2mw =3
= MHz [17]. The lines are drawn to
' . L= guide the eye.

0 20 40 60 80

T 110° k"

SLR rate [s']
)

10

P(#) followed the v/¢ behaviour expected for the highly diluted probe nuclei due to
inhomogeneous polarization averaging [40]. The resulting values of the inhomogeneous
relaxation rate Ty, are displayed in Fig. 2. For temperatures above 200 K the low-
temperature flank of the long-range diffusion induced peak is visible again. The
maximum of the relaxation rate due to the localized jumps in crystalline LiAISi,O¢ occurs
at about 70 K. For the glassy material this maximum appears only as a slight shoulder.
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Using the temperature of the SLR rate maximum of "Li together with that of *Li (Figs. 1
and 2) one can estimate the activation energy or the jumps between the pair sites in the
crystalline material to be roughly 50 meV. This result is also consistent with 'Li-T; data
obtained at different frequencies [26].

In summary, glassy and crystalline spodumene provides a playground for the study of
the influence of disorder on ion transport properties by complementary NMR techniques.
Long-range and local motion showed up both in the crystal and in the glass. The local
hopping in the glass could only be detected with the help of B-NMR.

4.2 Line Narrowing: Nanocrystalline Li,O:Al,03; Composites

Nanocrystalline oxides with particle sizes in the nm range are characterized by a
heterogeneous structure consisting of nanosized crystalline grains with random
crystallographic orientations and a high volume fraction of interfacial regions [41,42]. In
single-phase nanocrystalline materials the charge carriers near or in the interfacial regions
often show markedly increased diffusivity [43,44]. In two-phase nanocrystalline
composites, such as Li,O:X;,0; (X = B, Al), the effect of increased Li diffusivity may be
additionally enhanced, which can be studied by "Li lineshape NMR spectroscopy [45,46].

Fig. 3: 'Li NMR spectra (/21 =
583 MHz) of nanocrystalline
(1-x)Li,0:xAL,O; recorded at T =
433 K. The Li content is x = 0.2, 0.5,
and 0.8, respectively (from top to
bottom). Spectra are scaled to the
same height. See text for further
explanation.

-40 20 0 20 40
frequency (kHz)

The Li,0:Al,05 composites were prepared by high-energy ball milling of the coarse
grained, i.e. microcrystalline, source materials [46]. According to x-ray diffraction line
broadening the average particle diameter was about 25 nm for Li,O and Al,O;.
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Fig. 4: NMR linewidths of the two signal
contributions to the overall 'Li NMR
resonance of mnanocrystalline (1-x)Li,O:
xAl,O3 with x = 0.5 in comparison with the
linewidth of the corresponding
microcrystalline composite, recorded at
w1/2n = 58.3 MHz (after [46]). FWHM: full
width at  half maximum. (O,0)
nanocrystalline, (@) microcrystalline. Lines
are guides to the eye.
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"Li NMR measurements on the composite system (1-x)Li,O:xAl,O; were carried out
at 58.3 MHz. In Li,O with its antifluorite crystal structure, Li ions occupy empty
tetrahedral sites formed by oxygen anions. The absence of any satellite peaks in 'Li (/ =
3/2) spectra of Li,O single crystals and coarse grained samples indicate a nearly perfect
tetrahedral symmetry. The following results will focus on the central transition. NMR
spectra of composites Li,0:Al,O; with different Li contents x are shown in Fig. 3 at a
temperature 7' = 433 K. All of them are composed of two contributions [46] with the
same resonance frequency. The broad Gaussian shaped NMR line represents slow Li
ions, whereas the motionally narrowed Lorentzian shaped contribution represents a sub-
ensemble of Li ions being highly mobile at this temperature. In the NMR spectra of the
corresponding microcrystalline composites as well as of pure microcrystalline Li,O the
narrow contribution is absent. These NMR spectra show a motional narrowing of the
central transition identical to those of the broad contribution to the NMR line of the nano-
composites. This is displayed in Fig. 4. Thus, it is concluded that the area fraction Ay of
the narrow NMR line represents a subset of fast Li ions with enhanced diffusivity located
in or near the interfacial regions. Furthermore, as A4¢ of the narrow NMR line increases
with insulator content x (cf. Fig. 5), fast Li ions obviously reside in the interfacial regions
between Li,O and Al,O; particles. In Fig. 3 the Li spectra have been compared with
schemes of composites with different insulator contents, where the interfacial regions
between unlike particles are represented by bold lines. Grey squares indicate insulator
and white squares Li,O particles. With increasing x the volume fraction of bold lines
relative to the Li,O content, and thus the fraction of mobile ions, increases with insulator
content. In other words, the homo-interfaces between adjacent Li,O particles are
continuously replaced by hetero-interfaces between neighbouring Li,O and AlO;
particles being faster diffusion pathways for the Li ions. Remarkably, impedance
spectroscopy measurements [47] show a maximum in dc conductivity at compositions
with x = 0.5. This can be ascribed to the formation of highly diffusive percolation
pathways by the hetero-interfaces at intermediate insulator contents (cf. Fig. 3). It should
be noted that the two methods probe diffusion on different length scales, see Table 1.
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As can be seen in Fig. 4, motional narrowing of the broad NMR component starts,
i.e. averaging of local magnetic fields sets in, at about 450 K whereas narrowing of the
contribution from the ions in the interfacial regions is already completed at this
temperature (extreme motional narrowing). At 433 K the broad component shows still its
rigid-lattice linewidth, indicating that the jump rates of Li ions in the grains are smaller
than about 10° s, while the ions in the interfacial regions are faster.

In Fig. 5 the area fraction of the narrow NMR line is plotted as a function of
temperature for composites with different insulator contents. 4¢ and thus the number
fraction of mobile ions increases continuously with increasing temperature and Al,Os
content x. At high temperatures Ay has attained about 18%, which appears to be a
saturation value. This value reflects the mass fraction of the interfacial regions. It agrees
with the value of about 15% which can be estimated assuming a thickness of 1 nm for the
interfacial regions [41].

In summary, studying the heterogeneous Li diffusion in nanocrystalline materials is
possible via NMR lineshape measurements. Due to their different transverse relaxation
times and thus, because of different linewidths at a given temperature, the Li diffusion of
the two different Li species can be studied separately [45,46].

4.3 Spin-Alignment Echo NMR: Extremely Slow Li Diffusion in LiTiS,

Extremely slow Li jumps in the rigid-lattice range can be studied by recording spin-
alignment echo amplitudes as a function of mixing time #,. For example, in fully Li

intercalated trigonal TiS, (space group P3ml), extremely slow Li motions in the van der
Waals gap between the TiS, layers can be detected in this way. At, e.g., 190 K the jump
rate is about 3 5™

In Fig. 6 the room-temperature spin-alignment echo amplitude Sy(#p,fm.t = t,) of
Li, cTiS,, taken at # = ¢, = 15 ps, is shown in a semi-logarithmic plot as a function of
mixing time varied over six decades. Between 293 K and 213 K the echo decay of
Sy(tp, tm) clearly proceeds in two steps. A sum of a stretched and a mono-exponential
function for the first and the second step, respectively, is used to parameterize the S,-
curve shown in Fig. 6:
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Fig. 6: SAE amplitude Sy(t,, tm, t = #,) of
Li; ¢TiS, vs mixing time ¢, 7 = 293 K
(after [25], t, = 15 ps.) Data were
recorded at a radio frequency of 155
MHz. The solid line corresponds to a fit
according to Eq. (23).
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The first step leads to a finite plateau value S, at intermediate mixing times and is
directly due to slow ionic jumps between inequivalent sites in the van der Waals gap, i.e.
most likely between octahedral (e’¢°Q/h = 30 kHz) and tetrahedral sites (¢"" # ¢°' [48]).
Between 293 K and 200 K, the stretching exponent £ varies from about 0.7 to 0.85 and
the plateau value S, turned out to be 0.22(1) at, e.g., #, = 15 ps [25]. In general the
plateau value S, (£, — o) is related to the inverse number of inequivalent sites visited by
the jumping ion. The relatively large value of S,, obtained here already at small evolution
times indicates that only a small number of inequivalent sites is involved. Regarding the
simple crystal structure of Lij(TiS,, the most favorable diffusion pathway from
octahedral to octahedral site entails the intermediate occupation of a tetrahedral site.
Quite recently, this diffusion pathway was predicted by quantum chemical calculations
[49] for Li migration in TiSe, which has the same crystal structure as TiS,. The second
step reflects the S>-decay simply induced by spin-lattice relaxation.

Decay rates zsag | obtained at 78 and 32 MHz as a function of inverse temperature 1/T
are shown in Fig. 7. They exhibit an Arrhenius behaviour with an activation energy of
0.26(1) eV for the aforementioned hopping process. zsag i, as expected for a motional
correlation time, frequency independent. For comparison spin-lattice relaxation rates 7}
and spin-spin relaxation rates 7, measured at 78 MHz are also displayed. Within the
rigid lattice regime (140 K — 300 K) two sections can be differentiated. From 185 K to
300 K, the two time constants zsap and 7' sag can be well separated, because longitudinal
relaxation proceeds on a much slower time scale than the spin-alignment decay. At lower
temperatures, however, the temperature dependence of the decay rates follows that of 7.
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Contrary to the spin-alignment data, the 7, as well as 7, relaxation rate data below
280 K do not reflect any diffusive ionic motion. Longitudinal relaxation is sensitive to
hopping motions with jump rates of the order of the Larmor frequency, i.e. on the
nanosecond time-scale. The 77" data between 140 K and 300 K represent the so-called
‘non-diffusive’ background on which the diffusion induced 7,'(1/7) peak is
superimposed at higher temperatures [S0]. We mention that in the case of Lig;TiS, the
high-temperature flank of the 7" peak shows the characteristic logarithmic frequency
dependence [51] as a result of diffusion being confined to two dimensions, namely
between the TiS, layers.

In summary, spin-alignment echo NMR spectroscopy has been used to detect
extremely slow ionic motions in LiTiS,, which are not accessible by conventional
lineshape or spin-spin relaxation measurements. This method thus complements the
dynamic range 10™ ... 10’ s covered by the microscopic NMR methods.

log (1/tg,p - 9)
T
1

log (1/T1(2) S)

4.4 SFG and PFG NMR: Self-Diffusion in Solid Lithium

As a simple test case for the application of both SFG and PFG NMR on an identical
solid sample, after upgrading a standard solid state NMR spectrometer to a low-cost
combined SFG and PFG NMR spectrometer, we have measured the tracer diffusion
coefficient of 'Li in solid lithium (bcc structure) [52]. Starting near the melting point
(454 K), the tracer diffusion coefficient was measured down to a temperature as low as
possible. With SFG NMR the measurement of tracer diffusion coefficients has been
possible in the range from 445 K down to 320 K. With PFG NMR the temperature range
from 445 K down to 334 K was covered. In Fig. 8 the D" data from SFG and PFG NMR
are plotted versus reciprocal temperature. The values obtained by the two methods show
good overall agreement. Deviations exist only in the low-temperature range. This can be
due to the fact that for PFG NMR small differences in the shape of the two gradient
pulses or insufficient mechanical decoupling may occur [52]. Disregarding the PFG
NMR data points at temperatures below 365 K, for both methods the temperature
dependence can be described by an Arrhenius relation (Eq. (4)) with an activation energy
of 0.57 eV and Dy" = 2.3-10° m%s. For temperatures below 334 K no PFG NMR
measurements are possible because 7, becomes too small.
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Comparison of our data with tracer diffusion data from the literature [54-56] shows good
agreement. In particular, our SFG NMR data confirm small deviations from Arrhenius
behaviour, i.e. a slightly increased slope at high temperatures [55]. This might hint at a
change of the predominant diffusion mechanism [57]. A point of interest is whether these
deviations exist for diffusion coefficients of uncorrelated diffusion D" as well. The ratio
of the tracer diffusion coefficient D' and D' is the correlation factor f'(cf Eq. (7)). In the
case of self-diffusion, which we are concerned with here, f'is a constant depending on the
crystal structure and the diffusion mechanism.

The coefficient of uncorrelated diffusion can be calculated with Eq. (6) from the jump
rate 7' obtained by spin-lattice relaxation (SLR) measurements. These were done for
solid lithium by "Li-NMR ([58] and references therein) and B-NMR on *Li [53,59].
Assuming a definite diffusion mechanism and adopting its characteristic correlation
factor, a calculation of D' from D" is possible. In case of Li self-diffusion in solid
lithium a combined process of monovacancy and divacancy diffusion has been assumed
[53,57-59]. Monovacancy (1V) diffusion in a bec lattice has a correlation factor of fy =
0.727 and divacany (2V) diffusion has a correlation factor of, e.g., fov = 0.347 (2N-4N-
2N configuration, i.e. hopping of the two vacancies via second nearest neighbour and
fourth nearest neighbour sites) [60]. The tracer diffusion coefficient may then be
expressed by

D" = fiy D + foy - D5y . (24)
In Fig. 8 calculated tracer diffusion coefficients resulting from our earlier *Li 7} data
[53] are shown together with our measured tracer diffusion coefficients. Isotope effects of
"Li/*Li diffusion are not relevant as shown in [54]. It is concluded that the assumed
monovacancy-divacancy diffusion mechanism is consistent with our field gradient NMR
results.
From the methodical point of view, both methods, SFG and PFG NMR, have their
own specific area of application [52]. PFG NMR is favourable for small magnetogyric
ratios y and long relaxation times 7, which is valid for many solids above room
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temperature. SFG NMR is preferred for large y and short relaxation times 7,, hence for
solids around and below room temperature. Therefore, SFG and PFG NMR are to be
regarded as complementary methods. For both methods holds that the smaller the
diffusion coefficients the larger the necessary gradients are.

5. Conclusion

In this review we have demonstrated that for the investigation of diffusion in solids
nuclear magnetic resonance provides an arsenal of various techniques. On the one hand
atomic jump rates have been studied over ten decades from 10° s down to 10" s by
microscopic NMR methods. On the other hand macroscopic tracer diffusion coefficients
in solids have been accessible down to about 10 m’” by field gradient NMR
techniques, which traditionally are applied to liquids. Both has been exemplified by
studies from our laboratory. These include comparative measurements on glassy and
crystalline LiAlSi;Os by NMR as well as B-NMR spin-lattice relaxation, a study of
heterogeneous spin-spin relaxation (or linewidths) in the nanocrystalline ionic
conductor/insulator composite Li,O:Al,O3;, spin alignment decay measurements of
ultraslow motion in the layered compound LiTiS,, and finally a comparative study by
static and pulsed field gradient NMR on solid lithium as a simple model system. In the
latter case, the temperature dependence of the obtained tracer diffusion coefficients has
also been used for a comparison with that of the uncorrelated diffusion coefficient
derived from B-NMR spin-lattice relaxation measurements in order to get information on
the underlying diffusion mechanism.
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