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ABSTRACT

NMR echo techniques have proven to be important to study dynamics in ion conductors and other solid
materials. Using the spin-3/2 nucleus ’Li as a probe, both the quadrupolar and the often neglected
homonuclear dipolar interactions modulate the NMR frequency as the ion performs jump processes.
Retaining only the local-field term of the many-body Hamiltonian, the impact of the dipolar interaction
on various echo experiments was studied using spin dynamics calculations yielding products of dipolar
and quadrupolar correlation functions. Using a simple stochastic model these functions were simulated
with particular emphasis on the impact of ionic motions and on the conditions under which the dipolar
and quadrupolar contributions factorize. The results of the computations and of the random-walk
simulations are compared with experimental data obtained for various lithium borate and lithium
borophosphate glasses. It is concluded that the local-field approximation is a useful means of treating the
Li-Li dipole interactions and that the simple model that we introduce is capable of describing many
experimentally observed features. Furthermore, because the dipolar and quadrupolar contributions

essentially factorize, a selective determination of the corresponding correlation functions becomes possible.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

In recent years there has been much interest in developing and
optimizing Li ion conductors and there still is a major effort
directed at achieving further technological progress in maximizing
the conductivity. To monitor the charge transport dynamics in
amorphous and crystalline Li electrolytes a host of experimental
and theoretical techniques are used [1]. When paving the way to
improved material performance, it is important to understand in
detail the factors that govern the conductivity in modern solid
electrolytes, see, e.g., Ref. [2]. One of the fundamental questions in
this context is whether the motion of the ions can be described in
an effective single-particle picture or whether the interaction and
correlation effects among the charged mobile species have to be
taken into account from the outset [3-6].

Among other methods, various nuclear magnetic resonance
(NMR) relaxation and echo techniques have been extensively
exploited to probe ion dynamics on a local scale. The quadrupolar,
the dipolar, and other interactions can modulate the NMR frequency

* Corresponding author. Fax: +49 231 755 3516.
E-mail address: michael.storek@tu-dortmund.de (M. Storek).

http://dx.doi.org/10.1016/j.ssnmr.2014.01.002
0926-2040 © 2014 Elsevier Inc. All rights reserved.

as an ion performs various jump processes. Thus, by tracking the
evolution of the NMR frequency of such nuclear probes as °Li or
“Li, it is possible to gain information about the ionic motion. The
NMR frequency of these probes predominantly reflects the cou-
pling of the Li nuclear electrical quadrupole moment to the
distribution of charges in their environment. To the extent to
which this so called quadrupolar frequency wq reflects solely the
properties of a single mobile ion, a relatively straightforward
single-particle treatment in the derivation of the associated NMR
correlation functions is allowed.

This situation changes when contributions to the NMR frequency
are to be taken into account which depend on the coupling of the
probe nucleus to other mobile ions. Here, the nuclear dipole-dipole
interactions, in particular those among the “Li nuclei which exhibit a
large nuclear dipole moment (expressed in terms of the gyromag-
netic ratio y;), come to mind. Nevertheless, since the dipolar
contributions to the hopping induced modulation of the overall
NMR frequency are typically at least one order of magnitude smaller
than the quadrupolar one, many previous investigations focused
solely on the quadrupolar interaction [7-10].

Furthermore, an exhaustive treatment of the dipolar interac-
tions is demanding for at least two reasons: On the one hand, the
many-bodied nature of the nuclear dipole-dipole interaction is
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complex and therefore various approximations have been sug-
gested and tested in the past. One of these approaches, which we
will dwell upon in the present work, just considers the local
dipolar field that the environmental nuclei generate at the probe
site [11]. This simplification has turned out to be most useful in the
context of the NMR of SLi with its relatively small gyromagnetic
ratio ys (where yg/y7 ~ 0.379). However, the results obtained for
the spin I=1 nucleus °Li cannot be applied directly to the other
isotope since ’Li has a different spin, I=3/2. This circumstance
requires the explicit calculation of the spin dynamics for “Li that
will be outlined in Section 2.

Even more challenging, on the other hand, is the many-body
aspect of the dipolar interaction and the resulting phenomena. In
general, this situation cannot be treated analytically although
results may be accessible, e.g., via molecular dynamics simulat-
ions [12]. To grasp some of the basic features and consequences of
the multi-particle character of the transport processes in question,
in Section 3 we introduce a simple stochastic model of ionic
hopping on a spherical shell from which motional correlation
functions (CFs) can profitably be computed via random-walk
simulations. The simple model that we have developed allows us
to compare the dipolar multiple-particle CFs with the quadrupolar
single-particle CFs. Anticipating that in general the spin dynamics
calculations in Section 2.3 yield products of dipolar and quad-
rupolar CFs, it is also important to explore whether and to which
extent these two contributions can be separated. If a factorization
can be achieved it should be possible to obtain separate dipolar
and quadrupolar CFs.

To test many of the theoretical considerations we have per-
formed “Li NMR echo experiments on glasses containing either
mobile or essentially immobile Li ions. Furthermore, the strength
of the homonuclear dipole interactions was varied experimentally
by using samples with °Li:’Li ratios either equal to 7.4:92.6
(natural abundances) or 95:5 (isotopically enriched).

2. Density matrix calculations

For ’Li with I=3/2 the secular part of the first-order quad-
rupolar Hamiltonian for a spin « is given by

1
HY = ol BIPIY ~10+1)) (1a)
Here
wo = %§Q(3c0520Q—1 11 Sin*0gc0s2¢) (1b)

and 5 and 75 denote the anisotropy and the asymmetry parameter,
respectively. The angles 6, and ¢q determine the orientation of the
electric field gradient (EFG) tensor at a specific spin site in the usual
fashion. Typically, the quadrupolar splitting is about 5 ~ 27 x 100 kHz
or less, thus second-order effects can safely be neglected. The resulting
NMR spectrum consists of quadrupolarly perturbed satellite transi-
tions, ie, m=+32<m=+1/2 and m=-1/2<—m=-3/2, with
m denoting the magnetic quantum number, and a non-perturbed
central transition, m=—1/2—m=+1/2.

Although the quadrupolar interaction dominates the spin
evolution in the rotating frame, dipolar contributions, giving rise
to an additional broadening of the NMR spectrum, cannot in
general be neglected. In particular, a significant broadening of
the central line provides an estimate of the magnitude of the
dipolar interaction. For “Li the dipolar line width, full width at half
maximum (FWHM), is typically about Avp ~ 27 x 5 kHz and, thus,
only about one order of magnitude smaller than the quadrupolar
interaction. Discussing the dipolar interactions is rather compli-
cated since flip-flop mechanisms couple the entire spin system
and any analysis of the time evolution becomes a many-body

problem [13]. The secular part of the homonuclear dipolar inter-
action among all N pairs of spins « and g can be written as
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Here, 0,5 denotes the angle between the internuclear vector and
the external magnetic field, y is the gyromagnetic ratio of the
spins, and r,; is the distance between them. The spin part of
Eq. (2) consists of a local-field term I?1¥ and a flip-flop term
described by (I +1“1?). Qi et al. [14] have provided an
analytical description for dipolarly coupled pairs of ’Li-spins
systematically evolving under a stronger secular quadrupolar
Hamiltonian. When diagonalizing the corresponding Hamilton
operator, only elements involving the central transition were
retained. This simplification was motivated by the recognition
that in a crystal of complex structure or in an amorphous solid, the
energy levels of the satellite transitions are expected to be
mismatched for adjacent “Li nuclei thus rendering flip-flop transi-
tions ineffective. Neither the heteronuclear dipole nor the chemi-
cal shift interactions were considered in these computations.
Calculations of the NMR signal for I=3/2 including a local Zeeman
term were provided by Tang and Wu [15] for the application of the
usually applied Jeener-Broekaert pulse-sequence [16]. However,
the authors argued that for °Be (I=3/2) contributions from local-
field terms can effectively be suppressed if the spin-labeling
evolution time ¢, is chosen to be shorter than the inverse dipolar
line width, t,<(Avp)~".

In a different approach the flip-flop terms were entirely
neglected for I=1 systems, e.g., 2H and °Li, which do not exhibit
a central line [11]. Under this assumption the multi-spin problem
is reduced to a sum of single-spin Hamiltonians

Hp = Zaa)g)l(za) (33)
with
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where the brackets ¢ > denote the expectation value for the
operator. Within this approach, i.e., Eq. (3a), Hp defines a site-
specific resonance offset corresponding to the local-field wg‘) /y at
the Li ion site. Such a treatment of the dipolar interaction as a local
field has been investigated before in the framework of deuteron
(I=1) [17-19] and °Li NMR [11]. Here, the effect of the local-field
terms of the dipolar interaction was calculated and explicit
expressions for the solid echo and for the dephasing of the
double-quantum coherence were derived. Considering a stochastic
spin evolution it was also shown that the transverse relaxation
due to the dipolar interaction in spin I=1 systems can be
adequately treated.

For °Li in lithium borate glasses it was ascertained [11] that the
quadrupolar and the dipolar interactions are of the same order of
magnitude. Nevertheless, it was possible, at least for a lithium
borate glass in which ionic motions are effectively frozen, to
understand the spin dynamics using a single-spin approximation
because the °Li-°Li dipolar interaction turned out to be negligible.
Its contribution to the total dipolar interaction amounts to less
than 1% in a sample with natural abundance (7.4%) of °Li. In these
glasses the °Li-’Li heteronuclear interactions were found to be
approximately 5 times stronger but still the majority of the dipolar
coupling stems from the neighboring boron atoms.

For a typical Li-Li distance of r,, ;=3 A the ratio of dipole-dipole
to quadrupolar interaction strength (oc y2/Q) for “Li is by a factor
of about 7.1 times smaller than for °Li. Nevertheless, the large
natural “Li abundance of 92.6% renders the homonuclear dipole-
dipole Li-’Li interactions relatively strong [7]. To analyze their
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