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Science’s models are not true, and that’s exactly what makes them useful. �ey tell simple
stories that our minds can grasp.�ey are lies-to-children, simpli�ed teaching stories, and
none the worse for that.�e progress of science consists of telling ever more convincing lies
to ever more sophisticated children.

Terry Pratchett, Ian Steward, and Jack Cohen
�e Science of Discworld II –�e Globe





Abstract
Problems associated with human-induced climate change seem to grow in frequency and
severity.�e fact that the impact of climate change is largely irreversible is by now established
in the scienti�c community and slowly taking hold in the general population. Mitigation of
its e�ects can only be achieved by a signi�cant reduction in the output of greenhouse gases,
which certainly will involve a shi� from fossil fuels to green, renewable energy sources. As
these new energy sources are mostly intermittent, e�cient and safe energy storage systems are
required — a rôle expected to be �lled by Li-ion batteries, in the medium run. Here, the �eld
of materials sciences plays a major part in the research for new and better solid ion conductors
as components in future battery systems. Not only does it supply the much-needed materials,
it also provides a wide range of methods for their thorough characterization.
�e present work tries to approach this problem from the perspective of two such methods.

Nuclear magnetic resonance (nmr) and impedance spectroscopy are used to characterize
Li-ion conductors, providing a means to identify potential candidates to be used as solid
electrolytes in safe all-solid-state batteries.�e advantage of the methods applied lies in their
wide dynamic window and temperature range.�e results are presented cumulatively in the
form published and peer-reviewed papers.
�e materials investigated can be subdivided into three main categories of Li-ion con-

ductors, viz. (i) fast, structurally complex compounds (Li argyrodites, garnet-type oxides),
(ii) layer-structured compounds (hexagonal LiBH4, Li-intercalated 3R-NbS2, LiC6), and (iii)
structurally disordered compounds (nanoengineered LiBH4 and LiBH4:Al2O3, amorphous
Li-Al-Si oxides). Here, twomembers of the �rst group can be regarded as promising candidates
for solid electrolytes.�e lithium argyrodite Li6PS5Br exhibits an extremely high Li-ion mo-
bility, showing in jump rates in the order of 109 s−1 at ambient temperature and an activation
energy of 0.2 eV.�is corresponds to dc-conductivity values of 10−3 S/cm to 10−2 S/cm.�e
garnet “Li6.5La2.5Ba0.5ZrTaO12” also shows highdc-conductivity values of 10−4 S/cm at room
temperature, which nmrmeasurements indicate to be due to purely ionic motion. As a fur-
ther prerequisite for the use as a solid electrolyte, the garnet additionally exhibits a very good
chemical compatibility with the cathode material Li2FeMn3O8. Of the layered compounds,
LiBH4 and Li0.7NbS2 turned out to be particularly interesting. Using frequency-dependent
and temperature-variable nmr it was possible to measure spin-lattice relaxation (slr) rate
maxima showing a logarithmic frequency dependence on their high-temperature side.�is
characteristic unequivocally points to a two-dimensional di�usion process, thought to be
responsible for the high Li di�usivity observed. Finally, in the nanoengineered two-phase
composite LiBH4:Al2O3 a further model system was found, showing how high-energy ball
milling can be used to modify the Li-ion mobility in otherwise poor conductors. Here, the
introduction of a large volume fraction of hetero-interfaces has signi�cantly enhanced the Li
di�usivity, observed in increased slr rates and a second, motionally narrowed contribution
to the nmr line.

Keywords: NMR, relaxation, impedance spectroscopy, Li di�usion, fast ion conducting materials,

solid electrolytes, 2D di�usion, nanostructured materials
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1 Introduction

�e overwhelming consensus of the scienti�c community today is that the phenomenon of
human-induced climate change is not only undeniable but that its impact is largely irreversible.
It seems that our best hope is its mitigation by reducing the output of greenhouse gases and an
adaptation to the changes already in e�ect.[1,2] Challenged with this problem, we as a society
cannot help but change our habits vis-à-vis over-reliance on and overuse of fossil fuels.�is is
hoped to be achieved by a shi� towards green, renewable energy sources. However, considering
e. g. solar energy, wind power, or hydropower, these sources are largely intermittent, i. e. they
are not equally readily available at all times.�is calls for a means to store the energy generated
in such a way as to allow a steady supply.[3] Moreover, a massive-scale introduction of hybrid
vehicles and plug-in electric cars is expected to signi�cantly curb world-wide emission of
greenhouse gases (as well as reduce local air pollution levels).[3,4]�is requires e�cient and
above all safe energy storage systems. Additionally, improved battery technology is certainly
in high demand due to the enormous growth portable consumer electronics and electric tools
have seen in the last two decades.
Currently, the rôle of such energy storage systems is �lled by secondary Li-ion batteries, and

this is expected to continue in the medium run.�e two key aspects to consider in this regard
are performance and safety.[5–7] One strategy of enhancing the latter is the development of
all-solid-state batteries, replacing the volatile and �ammable liquid electrolyte by a fast ion
conducting solid. As for the performance, this relies on the research on new energy materials,
or on the improvement of already known ones. Here, the last point is not to be underrated, as
it can be as e�ective as the synthesis of wholly new materials. Particularly, the introduction
of structural disorder as well as di�erent kinds of interfaces via high-energy ball milling can
lead to a dramatic enhancement of the transport properties of a given compound.[8–11] In
this regard, layer-structured materials into which Li can be reversibly inserted are not only
interesting as electrode materials in rechargeable batteries. Considering the relative scarcity
of experimental studies from an atomic-scale point of view, many examples can be found also
showing enhanced transport properties in such compounds.[12–18]
�e �eld of materials science is of signi�cant importance in the research on highly conduc-

tive solids suitable for the employment in Li-ion batteries, either as electrolytes or as electrodes.
For whatever the route of preparation, in order to understand the origins of fast ion mobility,
a thorough characterization of the materials is indispensable. Illuminating structure–property
relationships is hoped to allow for a knowledge-based manipulation of ion dynamics in future
battery materials.�is can only be realized by thorough, reliable and detailed investigations
of di�usion parameters, ideally probed on complementary time and length scales, as well as
over a wide temperature range.



2 1 Introduction

An appropriate tool for such fundamental studies is certainly found in solid-state nuclear
magnetic resonance (nmr), which o�ers a great variety of techniques covering awide dynamic
window from an atomic-scale point of view.�is enables access to di�usion parameters
recorded on quite di�erent time and length scales. In favorable cases, i. e. when so-called
nmr spin-lattice relaxation (slr) rate peak maxima can be recorded, di�usion coe�cients
can be calculated in a relatively model-independent way. What is more, recording the rates
as a function of temperature and resonance frequency allows one to study the in�uence of
correlation e�ects and dimensionality of the di�usion process, respectively. In some cases, the
jump rate of a single particle can be directly measured by spin-alignment echo (sae) nmr.
As a complementary technique impedance spectroscopy (is) was employed to gain access to
long range Li ion dynamics form a macroscopic point of view in a fairly straightforward way.*
�is dissertation will begin with an introductory theoretical chapter, where the reader is

familiarized with the concept of di�usion (Sect. 2.1). It is followed by a brief overview of
some methods available to the �eld of solid state ionics for the measurement of di�usion
coe�cients (Sect. 2.2).�e techniques used to acquire the data presented here will be covered
in some more detail in sections 2.3 (nmr) and 2.4 (is). In chapter 3 the results obtained in
the course of this dissertation will be presented cumulatively in the form of published (and
peer-reviewed) papers.�is thesis will conclude with a short summary and an outlook on
possible future work. Additionally, in the appendices the supplemental material to two of the
papers and experimental information will be found.

* Provided that Li+ is the only mobile charge carrier. Otherwise, the very simple experimental setup is compli-
cated by the necessity to exclude contributions from other charge carriers.



2 Di�usion in solids

2.1 �e concept of di�usion

2.1.1 Introduction

�e ubiquity and importance of solid state di�usion in the natural sciences are highlighted
in many of the texts on this topic, cf. e. g. Refs. [19–22]. To use the words of Mehrer[22] as an
important representative in this �eld:

“Diffusion is the transport of matter from one point to another by thermal motion of atoms

or molecules. It is relatively fast in gases, slow in liquids, and very slow in solids. Diffusion plays

a key rôle in many processes as diverse as intermixing of gases and liquids, permeation of

atoms or molecules through membranes, evaporation of liquids, drying of timber, doping

silicon wafers to make semiconductor devices, and transport of thermal neutrons in nuclear

power reactors. Rates of important chemical reactions are limited by how fast diffusion can

bring reactants together or deliver them to reaction sites on enzymes or other catalysts.”
Di�usion, viz. the transport of particles against a concentration gradient driven by their
thermal motion, was �rst given a mathematical framework by the then very young physi-
ologist Adolf Fick[23] in 1855 in the form of what are now known as Fick’s laws of di�usion.
[24,25]�ese laws were derived phenomenologically in analogy to the conduction of heat and
electricity, regarding di�usion in a continuous medium (initially for liquid di�usion). In
the publication introducing his “fundamental law”[25], Fick also developed the concept of
the di�usion coe�cient, now a very important characteristic parameter in materials science,
particularly in the �eld of solid state ionics.
While Fick’s phenomenological approach provides an appropriate description of di�usion

in a continuous medium under a chemical potential gradient, it is somewhat unsatisfactory
in light of the microscopic structure of real matter. With the ever increasing acceptance of the
physical reality of the atomistic picture of solid state matter towards the end of the 19th and the
beginning of the 20th century—i. e., in the context of an ordered, crystalline structure—the
dependence of the ionic movement on the existence of atomic defects became obvious and an
atomistic description of di�usion necessary.�is was provided 50 years a�er Fick’s work with
several publications on Brownian motion by Albert Einstein starting in 1905 and—working
independently of him—by Marian von Smoluchowski in 1906.[26–29]
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�e history of scienti�c discoveries is certainly very interesting in and of itself, and this is
no less true for the historical development of di�usion and the �eld of solid state ionics, so
closely associated with it. However, a complete (or, for that matter, even a cursory) account is
clearly beyond the scope of this thesis and the interested reader is referred to suitable sources
covering more of the historical background and illuminating the rôle of many of the key
�gures active in the development of our understanding of di�usion processes. Just to name a
few: Jean Philiberts article “One and a Half Century of Di�usion: Fick, Einstein, before and
beyond”[23] covers the very beginnings of the conceptualization of di�usion with its most
prominent protagonists at the center.�e article was published in the otherwise also very
interesting second volume of the online journal diffusion-fundamentals.org, containing the
electronic contributions to the �rst Di�usion-Fundamentals Conference in Leipzig, Germany
in 2005. Later, these contributions were edited by Jörg Kärger in the form of the very nice
book “Leipzig, Einstein, Di�usion”.[30] Also of great interest is Helmut Mehrers “Di�usion in
Solids”;[22] not only does it contain a fair amount of the history of di�usion in its �rst chapter,
it is also a very detailed introduction to the principles of di�usion and is recommended to
anyone interested in familiarizing themselves with solid state di�usion.�e emergence and
development of the �eld of solid state ionics itself is discussed in a very recent review by Klaus
Funke, placing a focus on its history from a European perspective.[31]

2.1.2 �e continuum approach to di�usion

First, let us consider the di�usion of particles in an isotropic medium in an arbitrary direction
x. Drawing parallels to the theory of heat transport and the conduction of electricity, Fick
postulated what is now known as Fick’s �rst law. Here, the particle �ux in x-direction jx is
related to the concentration of the particles c—or, to be more precise, to the gradient of the
concentration in x-direction ∂c/∂x—in such a way that

jx = −D
∂c

∂x
. (2.1)

�e minus sign signi�es the fact that a concentration gradient will always result in a particle
�ux leading to the equalization of the concentration.�e constant of proportionality D is the
di�usion coe�cient (also known as the di�usivity).�e generalization to three dimensions is
straightforward and achieved by a shi� to vector quantities:

j = −D∇c . (2.2)

Here, the symbol nabla ∇ ≡ (∂/∂x,∂/∂y,∂/∂z) represents the vector di�erential operator and
j ≡ ( jx , jy , jz) the three-dimensional particle �ux. In an isotropic medium the di�usion
coe�cient in Eqs. (2.1) and (2.2) is indeed the same.�is is a special case; generally, D is
dependent on the direction of the concentration gradient and denoted by a tensorD. However,
in the context of the present work the equations for isotropic di�usion still hold. Here, the
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experiments were performed on polycrystalline powders, which per se have no macroscopic
crystalline orientation, and thus an average di�usion coe�cient D ≡ ⟨D⟩ is measured.
Since it is extremely di�cult to measure the particle �ux in solid state matter directly,[20]

Eq. (2.2) is combined with the equation of continuity

∂c

∂t
= −∇ j . (2.3)

�e premise of the validity of this equation is the assumption that the number of the di�using
particles is conserved.�e combination of both equations results in Fick’s second law*

∂c

∂t
= ∇(D∇c) , (2.4)

a second-order partial di�erential equation. It is non-linear if D is a function of concentration,
as in the case of the interdi�usion coe�cient (i. e., for di�usion in a chemical composition
gradient; see below), and can usually be only solved numerically. If, however, the di�usivity
is independent of concentration (i. e., di�usion in a chemically homogeneous meterial) Eq.
(2.4) can be simpli�ed to

∂c

∂t
= D∇2c ≡ D∆c , (2.5)

where ∆ ≡ ∇2 ≡ ∂2/∂x2 + ∂2/∂y2 + ∂2/∂z2 signi�es the Laplace operator.�is expression can be
solved analytically for a number of initial and boundary conditions.�e conditions are chosen
according to the problem under investigation.�e resulting solution c(x ,t) can be used as a
�tting function with the di�usivity D as a parameter. D is then obtained by simply �tting the
analytical solution to the experimental concentration pro�le cexp(x ,t). Various solutions of
the di�usion equation can be found in the works of, e. g., Murch[20] and Mehrer[22] and the
references given therein.

2.1.3 �e atomistic approach to di�usion

Einstein and Smoluchowski derived an atomistic description for di�usion by trying to �nd
an explanation for one of the unsolved questions of their time, viz. the Brownian motion of
microscopic particles (i. e. particles with diameters in the µm range) suspended in a liquid.
�is erratic, random motion was described by the botanist Robert Brown in 1828[32] and
lacked a satisfying explanation up to the publications of Einstein and Smoluchowski.[26,28]
Both realized the signi�cance of themean square displacement of the particles as the basic
quantity of di�usion.�ey related the motion of the comparatively large particles to the
motion of the molecules of the liquid and thus made a compelling case for the real existence
of atoms—which was still a hotly debated subject at that time.[23] Below, an expression for the

* Which is sometimes also known as the di�usion equation.
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di�usion coe�cient will be deduced, following the derivation shown by Mehrer,[22] who in
turn follows that of Einstein.[26]�is derivation is based on the premise that the observed
macroscopic displacement of particles is the sum of their successive microscopic jumps.
Let us consider the most simple case of particles di�using on a cubic lattice.* �e total

displacement R = (X ,Y, Z) of a particle is the sum of its individual jumps ri = (xi , yi , zi)
and is given as

R =∑
i

ri . (2.6)

For the sake of simplicity, we regard the projection of R onto the x-axis and keep in mind
that the following steps are equally valid for the other components.�en, the probability
that a particle will be found at position X a�er a period of time ∆t can be encoded with the
distribution function W(X , ∆t). Its exact form does not need to be known; we assume that
W(X , ∆t) is independent of the particle’s origin and that it is normalized:

∑
X

W(X , ∆t) = 1 . (2.7)

Additionally, it can be used to de�ne moments of n-th order:

⟨Xn⟩ =∑
X

XnW(X , ∆t) . (2.8)

Here, as well as below, the sum is performed over all lattice planes X. Further assuming that
the total number of di�using particles is conserved, the concentration c(x , t + ∆t) in the
plane x at the time t + ∆t can be related to their concentration at x − X and t by

c(x , t + ∆t) =∑
X

c(x − X , t)W(X , ∆t) . (2.9)

A Taylor series expansion around ∆t = 0 and X = 0 results in

c(x , t) +
∂c

∂t
∆t + ... =∑

X

(c(x , t) −
∂c

∂x
X +

1
2
∂2c

∂x2
X2 + ...)W(X , ∆t) . (2.10)

For small values of ∆t the higher order terms on the le�-hand side can be discarded; also, in
this case the distribution function will be localized around X = 0.�us the terms of the third
order and higher can be also neglected on the right-hand side. Given that the concentration

* As we shall see in Sect. 2.1.7, this is the case for the migration of interstitials on the interstice sub-lattice of a
simple cubic crystal.
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terms no longer depend on X they can be written outside the summation operator and Eq.
(2.10) simpli�es to

c(x , t)+
∂c

∂t
∆t = c(x , t)∑

X

W(X , ∆t)−
∂c

∂x
∑
X

XW(X , ∆t)+
1
2
∂2c

∂x2
∑
X

X2W(X , ∆t) . (2.11)

Taking Eqs. (2.7) and (2.8) into account, Eq. (2.11) can be rewritten as

∂c

∂t
= −

⟨X⟩

∆t

∂c

∂x
+

⟨X2⟩

2∆t
∂2c

∂x2
. (2.12)

Here, the �rst moment term corresponds to a dri� term and vanishes if no external driving
force (e. g. an electric �eld) is present.We are le� with the secondmoment term corresponding
to the di�usion term. Now, Eq. (2.12) formally resembles the di�usion equation (2.5) in x-
direction and an expression for the corresponding di�usion coe�cient can be derived:

Dx =
⟨X2⟩

2∆t
. (2.13)

�e same derivation holds for the components Y and Z, so that

Dy = ⟨Y
2⟩/2∆t (2.14a)

Dz = ⟨Z
2⟩/2∆t . (2.14b)

For an isotropic medium the di�usion coe�cients along directions x, y, and z will be equal:

Dx = Dy = Dz ≡ D . (2.15)

�us, the same will be true for the second moments, and using ⟨R2⟩ = ⟨X2⟩ + ⟨Y2⟩ + ⟨Z2⟩ (cf.
equation (2.8)),

⟨X2⟩ = ⟨Y2⟩ = ⟨Z2⟩ =
1
3
⟨R2⟩ (2.16)

can be arrived at. Here, ⟨R2⟩ is themean square displacement of a given particle. Combining
Eqs. (2.13), (2.15), and (2.16) and introducing the dimensionality of the di�usion process d,
the isotropic di�usion coe�cient is expressed by

D =
⟨R2⟩

2d∆t
. (2.17)

�is equation is now known as the Einstein-Smoluchowski relation.
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Now, let us consider the mean square displacement ⟨R2⟩ in Eq. (2.17). Taking the total
displacementR as a sumof n elementary jumps ri (cp. equation (2.6)), the square displacement
R2 can be then written

R2 = (
n

∑
i=1
ri)

2

=
n

∑
i=1
r2i + 2

n−1
∑
i=1

n

∑
j=i+1

rir j . (2.18)

Using ⟨...⟩ to denote the average over the particle ensemble, the mean square displacement is
then given as

⟨R2⟩ =
n

∑
i=1

⟨r2i ⟩ + 2
n−1
∑
i=1

n

∑
j=i+1

⟨rir j⟩ . (2.19)

�e grouping into the two terms becomes apparent, if we �rst consider uncorrelated
movement of the particles, i. e., if their individual jumps are not in�uenced by their previous
positions.�en, the double sum vanishes because in an ensemble average for every product
rir j there will be another one with an equal absolute value ∣rir j∣ but the opposite sign.�us,
for a truly random, uncorrelated di�usion process we can de�ne

⟨R2⟩uc =
n

∑
i=1

⟨r2i ⟩ . (2.20)

Assuming the simple case of a cubic lattice, the individual jumps will be all of the same length
∣ri ∣ = ℓ and the sum in Eq. (2.20) can be expressed as

n

∑
i=1

⟨r2i ⟩ = nℓ
2 . (2.21)

�is can now be combined with Eq. (2.17) to arrive at an expression for the uncorrelated
di�usion coe�cient

Duc =
nℓ2

2d∆t
=

ℓ2

2dτ–
, (2.22)

where τ– = ∆t/n is the mean residence time of a particle on a lattice site, and τ–−1 its mean
jump rate.
However, generally correlation e�ects will be present; in a crystal, this is always the case

if di�usion is not caused solely by the interstitial mechanism (cf. e. g. Refs. [20, 22]).�ey
can then be formally accounted for by a correlation factor f de�ned as the ratio between Eqs.
(2.19) and (2.20)

f = lim
n→∞

⟨R2⟩
⟨R2⟩uc

= 1 + 2 lim
n→∞

∑
n−1
i=1 ∑

n
j=i+1 ⟨rir j⟩

∑
n
i=1 ⟨r2i ⟩

. (2.23)
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�e limit n →∞ is applied in order to consider all possible correlations.[20] A comparison of
Eqs. (2.17), (2.22), and (2.23) shows that a di�usion coe�cient Dtr accounting for correlation
e�ects is expressed by

Dtr = f Duc = f
ℓ2

2dτ–
. (2.24)

Dtr is known as the tracer di�usion coe�cient and refers to microscopic (tracer) di�usion in a
chemically homogeneous lattice.

2.1.4 �e various types of di�usion coe�cients

Depending on the conditions in which di�usion takes place, various di�usion coe�cients can
be di�erentiated. Here, the discussion will be limited to the common cases of bulk di�usion
in binary systems, since complications such as ternary systems or di�usion along grain
boundaries introduce additional complexities, which are beyond the scope of the present
work and are dealt with in the appropriate literature; see e. g. Ref. [22].

Tracer di�usion coe�cients

�e di�usion coe�cient most pertinent to this work is the tracer di�usion coe�cient. Here,
two cases are distinguished, depending on whether the di�using tracer is chemically the same
as the host material or a di�erent species. In the �rst case the di�usion coe�cient is called the
self-di�usion coe�cient, in the second case it is known as the impurity di�usion coe�cient.
�e most basic example for self-di�usion is the migration of atoms in a pure metal. In

order to measure the self-di�usion coe�cient a concentration gradient of tracer atoms is
introduced by depositing a thin layer of the tracer on one side of the sample. Suitable tracer
atoms are distinguished from the host metal by either their radioactivity or their isotopic
mass; methods for the determination of concentration pro�les exist for both cases (cf. Sect.
2.2). All these methods have in common that the sample is held at a constant temperature T
for a certain duration t. Subsequently, the distribution of the tracer atoms is probed along
their concentration gradient.�e resulting concentration pro�le is compared to the solution
of the di�usion equation (2.5) applicable to the initial and boundary conditions at hand and
the di�usion coe�cient Dtr is derived as a �tting parameter.
�e above also applies to systems of a more complex composition such as ionic crystals, if

only one species shows signi�cant mobility and the rest can be considered as an immobile
matrix.�e overall tracer concentration is kept low so as to exclude interactions between the
tracer atoms, but also in order to preclude a chemical composition gradient in the sample. As
such, tracer di�usion takes place in chemical equilibrium.
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In the case of impurity di�usion similar considerations apply as for self-di�usion, with the
di�erence that here the tracer atoms are chemically di�erent from the host material.* From
this follows that the impurity di�usion coe�cient is dependent on the tracer as well as the
host material.

Chemical di�usion coe�cient

Generally, a concentration gradient is not the sole driving force for the migration of particles.
In a situation where a chemical composition gradient is present—thus, in distinction from
tracer di�usion—a chemical di�usion coe�cient (also know as interdi�usion coe�cient) D~

is measured. Here, the particle �ux is proportional to a gradient of the chemical potential
resulting from a non-ideal mixture of the components involved.�is means that the di�usion
coe�cient is no longer independent of the concentration c and that the non-simpli�ed form
of the di�usion equation (2.4) has to be used to determine D~(c). For a constant volume, this is
usually achieved by the Boltzmann-Motano method; related methods accounting for volume
changes where derived by Sauer and Freise and den Broeder (see Ref. [22] and the references
therein for a description of the methods).

Intrinsic di�usion coe�cients

Closely related to the chemical di�usion coe�cient are the intrinsic di�usion coe�cients (also
known as compound di�usion coe�cients). Given a binary alloy of the form A-B the di�usion
coe�cients DIA and DIB characterize the di�usion of the individual components A and B
relative to the lattice planes of the sample. DIA and DIB are usually not equal, thus a net �ux
of atoms across the lattice planes exists. Consequently, this leads to a phenomenon known
as Kirkendall e�ect, whereby the lattice planes themselves shi� relative to a �xed coordinate
system outside the sample (or rather, outside the di�usion zone).�e velocity of this shi�,
the Kirkendall velocity vK, can be measured by the incorporation of inert markers and the
observation of their movement over time.�e intrinsic di�usion coe�cients can then be
deduced from the chemical di�usion coe�cient D~ and the Kirkendall velocity using the
Darken relations or the more complete Darken-Manning relations.[20–22]

2.1.5 �e temperature dependence of the di�usion coe�cient

�e temperature dependence of the di�usion coe�cient is o�en found to follow Arrhenius
behavior

D = D0 exp(−
∆H
kBT

) , (2.25)

* Again, the concentration of the tracer has to be kept so low that the composition of the sample can be assumed
as nearly constant.
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where D0 is the pre-exponential factor, ∆H the activation enthalpy, kB Boltzmann’s constant,
and T the temperature. At a constant pressure p, ∆H ca be expressed as ∆H = ∆E + p∆V .
Here, ∆E denotes the activation energy (o�en given as EA) and ∆V the activation volume.
For solid state matter, the activation volume term can be neglected at ambient pressure and
Eq. (2.25) simpli�es to

D = D0 exp(−
EA

kBT
) . (2.26)

However, it should be noted that this Arrhenius behavior is derived empirically and can
by no means be regarded as a universal feature of the di�usion coe�cient over the whole
temperature range.[21,22]

2.1.6 Di�usion and defects

It should be again brought to mind that defects in a crystalline lattice are a prerequisite for
the migration of atoms; in an ideal crystal, i. e. in a crystal without atomic imperfections, no
di�usion would be possible.�e various di�usion mechanisms by which atomic motion is
facilitated require a vacant spot as a neighbor of the di�using atoms, either on a regular lattice
site or on an interstitial site.�ese vacancies are generated by crystallographic defects and
their interactions with each other. Classically, these defects are categorized according to their
dimensionality:

Zero-dimensional defects. Point defects are present in a crystal at thermal equilibrium
and include Frenkel disorder and Schottky disorder, both of which are thermally activated.
[22,33,34] Since point defect are able to move through the crystal they o�en play a key rôle in
the mediation of atomic di�usion.�is means that above 0 K they—and thus di�usion—are
present even in “perfect” single crystals. Frenkel disorder describes a defect pair where an
atom occupying a regular site on the crystal lattice is moved to a interstitial site forming
an interstitial and leaving behind a vacancy on the regular site. In ionic crystals, Schottky
disorder applies to a situation in which vacancies are formed on both the anion and the cation
sub-lattice in stoichiometric amounts so as to preserve charge neutrality. If cation sites are
occupied by anions (and vice versa) this is known as anti-site defects. Obviously, if the number
of such sites on both sub-lattices is not equal then the stoichiometry of the compoundwill shi�.
[34] Further point defects involve impurity atoms, which may be homovalent or heterovalent
and occupy interstitial or regular lattice sites. In the case of heterovalent doping, charge
neutrality dictates the formation of additional vacancies on the sub-lattice of opposite valency.
Homovalent doping will usually result in a distortion in the crystal lattice, thus exerting an
in�uence on the di�usion of atoms in the vicinity of the dopant.* For more information on
point defects, cf. e. g. Refs. [33] and [35].

* Of course, the same also holds true for heterovalent doping.
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One-dimensional defects. Dislocations are line defects and belong to the class of non-
equilibrium defects. Here, two limiting cases are distinguished, the �rst being edge dislocations
and the second screw dislocations; o�en both occur in combination as mixed (or general)
dislocations.[33,36]�ey move easily and are responsible for plastic deformation of the crystal
lattice. Pertaining to di�usion, moving dislocations can create (or annihilate) vacancies and
interstitials. For an extensive discussion on dislocations see e. g. Refs. [33] and [37].

Two-dimensional defects. �ese are planar defects and include stacking faults, extensively
discussed in Ref. [36], and grain boundaries, which are interfaces between either crystallites
of the same phase but di�erent orientations or between crystallites of di�erent phases, see
e. g. Refs. [33] and [36]. In polycrystalline solids, grain boundaries o�en exhibit enhanced
di�usion parameters as compared to the bulk material, providing the mobile ions with fast
di�usion pathways. [21,22,38]

�ree-dimensional defects. Voids (also known as pores) and precipitates belong to the
class of bulk (or volume) defects.�e former can be thought of as clusters of a large number
vacancies, while the latter corresponds to clusters of impurities forming inclusions of a di�erent
phase inside a crystal structure. Both can greatly impact the di�usional properties of a given
material. For more on bulk defects see e. g. Ref. [39].

2.1.7 Mechanisms of di�usion

Depending on the nature of the defects present in a solid, the motion of the atomic particles
can be facilitated by variousmechanisms, themost common of which shall be brie�y presented
below. For a more detailed consideration see, e. g., Refs. [20] and [22].

Interstitialmechanism. Conceptually the simplest mechanism of di�usion, the interstitial
mechanism is also known as the direct interstitial mechanism. It is a di�usion mechanism
that works without the help of defects and, as a consequence of this, results in high di�usion
coe�cients when compared to other mechanisms. It involves solute atoms considerably
smaller than the solvent atoms forming a solid solution with the host lattice by occupying
interstitial sites. An interstitial solute atom then migrates through the lattice by jumping to
one of its neighboring (unoccupied) interstices. See Fig. 2.1a.

Interstitialcy mechanism. If the interstitial atom is of about the same size as the lattice
atoms (of if self-interstitials are considered) a direct jump to an interstice is energetically
unfavorable and di�usion is more likely to be mediated by the interstitialcy mechanism (also
denoted as the indirect interstitial mechanism). Here, the interstitial atom jumps to a neigh-
boring regular site while the atom presently occupying this site jumps to another available
interstitial site. Cp. Fig. 2.1b.

Vacancy mechanism. Considered the most important di�usion mechanism, the vacancy
mechanism is the dominant one in metals and alloys for the di�usion of both the matrix atoms
and the solute atoms. Here, the atoms move by simply exchanging places with a vacancy; cf.
Fig. 2.1c.�e di�usivity thus strongly depends on the availability and the mobility of vacancies.
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Furthermore, in the case of substitutional solutes attractive or repulsive interactions with the
vacancy can be the source of correlations e�ects.[20]

Divacancy mechanism. Closely related to the vacancy mechanism, and very similar to
it, is the divacancy mechanism; see Fig. 2.1d. Provided an existing binding energy, vacancy
pairs (or divacancies) can form from simple vacancies (monovacancies).�e generation of
both monovacancies and divacancies is thermally induced. However, at higher temperatures
divacancies may gain in signi�cance since their concentration increases at a higher rate than
that of monovacancies. Indeed, the divacancy mechanism becomes important in fcc metals
because of the higher mobility of divacancies; this is exempli�ed by the curvature in the
Arrhenius plot of the di�usion coe�cient vs. inverse temperature.[20,22] Furthermore, in alkali
halides bound vacancies were found to contribute signi�cantly to the di�usivity.[20]

Interstitial-substitutional mechanisms. �is is a collective term for two related mecha-
nisms. Provided that solute atoms can occupy both interstitial and substitutional sites in the
host matrix, they then may di�use by means of the dissociative mechanism or the kick-out
mechanism. In both cases an interstitial solute �rst migrates via the interstitial mechanism.
If it combines with a vacancy the mechanism is known as dissociative mechanism. If on the
other hand it interacts with a matrix atom via the interstitialcy mechanism the mechanism is
denoted as kick-out mechanism. See Fig. 2.1e.

Figure 2.1: Schematic representations of the various mechanisms of di�usion: a)�e intersti-
tial mechanism. b)�e interstitialcy mechanism. c)�e vacancy mechanism. d)�e divacancy
mechanism. e)�e interstitial-substitutional mechanisms. Top: dissociative mechanism; bot-
tom: kick-out mechanism. Adapted from Refs. [20] and [22].
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2.2 �e measurement of di�usion coe�cients

2.2.1 Direct methods

Direct methods are based directly on Fick’s laws of di�usion and are as such almost exclusively
macroscopic methods. With the exception of �eld gradient nmrmeasurements (see below),
direct methods entail the recording of concentration pro�les and are chosen according to
their suitability with regard to the di�using nucleus and its di�usion length.

Tracer method

Since the tracer di�usion coe�cient is the most pertinent one to the present work, a short
description of the tracer method will be given (see also Sect. 2.1.4). Performed with care, this
method is able to yield very accurate values for di�usion coe�cients in solids.
�e tracer is deposited on the surface of the sample as a thin �lm and since only relatively

small amounts of tracer atoms are necessary, the in�uence on the chemical composition of
the sample is negligible—even in the case of impurity tracers. Several techniques are available
for deposition, e. g. evaporation, dripping (in case of a liquid solution), or electrodeposition.
Subsequently, the prepared sample is annealed at a constant temperature T in vacuum or an
inert atmosphere for a di�usion time t.�e resulting concentration pro�le of the tracer in the
sample can then be recorded by a variety of techniques.�ese includemechanical sectioning,
ion-beam sputter sectioning (ibs), secondary ionmass spectrometry (sims), electronmicroprobe
analysis (empa), Auger electron spectroscopy (aes), Rutherford backscattering spectrometry
(rbs), and nuclear reaction analysis (nra). Informative reviews of the techniques are given
in Refs. [22, 40], for brief descriptions [20, 21] can be referred to.
If the thickness of the tracer layer is small compared to the di�usion length

√
Dt, then the

di�usion equation (2.5) is solved by a Gaussian distribution

c(x ,t) =
M

√
πDt

exp(−
x2

4Dt
) , (2.27)

where M is the number of tracer atoms per unit area and x the coordinate normal to the
layer (see e. g. Ref. [22]).�us, plotting ln c(x ,t) as a function of x2 results in a linear relation
with the slope −1/4Dt, from which the di�usion coe�cient D can be determined at a given
temperature T .
With the appropriate sample preparation the measurement of the chemical di�usion coef-

�cient and the intrinsic di�usion coe�cients is performed analogously; examples of corre-
sponding experiments are presented in Ref. [22].

Field gradient nmrmethod

As the name suggests, �eld gradient nmr experiments are nuclear magnetic resonance
measurements performed in a magnetic �eld gradient G.�e gradient is usually linear along
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the direction of the external magnetic �eld B0 and causes the nuclei at di�erent locations
in the sample to experience di�erent magnetic �elds.�is e�ectively labels the spins by
their di�erent Larmor (precession) frequencies.�eir di�usivity is then probed by spin-echo
experiments[41] with an appropriate pulse sequence, e. g., π/2X − tp − πX − tp− echo (cp. also
Sect. B.3.2 in the appendices).�e di�usion of spins in a �eld gradient results in a random (i. e.
irreversible) phase shi� of the individual spin vectors, leading to a decrease in the transverse
component of the magnetization.�e decrease stemming from di�usional motion, however,
is in competition to a decrease induced by transverse relaxation processes.�e echo amplitude
A is expressed by

A(2tp) = A(0) exp(−
2tp
T2

) exp(−
2
3

γ2DG2t3p) , (2.28)

where T2 is the transverse (or spin–spin) relaxation time (see Sect. 2.3.3), D the self-di�usion
coe�cient, and γ the gyromagnetic ratio. If T2 is known and its value is su�ciently high, the
�rst term in the exponential can be subtracted out (or ignored), thus giving direct access to
the di�usion coe�cient D.�e measurements can be performed in a static �eld gradient
(sfg) or a pulsed �eld gradient (pfg); here, the reader may be referred to a review by Stilbs.
[42] Of further interest may also be Refs. [21, 22, 43].

2.2.2 Indirect methods

In contrast to direct methods, indirect methods do not depend on solutions of the di�usion
equation.�ese methods involve the study of phenomena that are in�uenced by di�usional
processes, hence the term ‘indirect’. Also, the methods rely on microscopic models to obtain a
di�usion coe�cient, and as such these di�usion coe�cients are necessarily approximations to
those measured by direct means. Usually relaxation times or linewidths are measured, from
which mean residence times can be calculated.�ese are then used to determine di�usion
coe�cients via the Einstein-Smoluchowski relation in the form of Eq. (2.24). Indirect methods
can be classi�ed into two main categories, viz. relaxation methods and nuclear methods.[20,21]
In this context, impedance spectroscopy takes a special status and will be discussed in Sect.
2.4.

Relaxation methods

Relaxation methods have in common that they are based on e�ects which cause an anelastic
relaxation in a system a�er it has been subject to mechanical stress. As such, anelastic mea-
surements are summarily also known as mechanical spectroscopy. A short overview of the
e�ects involved is presented below. More details can be found in Refs. [22, 44].

Gorsky relaxation. �e Gorsky e�ect was �rst theoretically predicted by its namesake in
1935.[45] In a bending experiment a mechanical stress gradient is produced from the com-
pressed to the dilated side of the sample.�is results in a gradient of chemical potential of
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present interstitials, inducing long-range di�usion of these interstitial atoms, which leads
to an additional curvature of the sample. Once the initial gradient in chemical potential is
compensated, the structure relaxes again with a characteristic time constant.�is relaxation
time τG can be used to calculate a di�usion coe�cient according to

D =
d2

π2ΦτG
. (2.29)

Here, d is the thickness of sample and Φ signi�es the thermodynamic factor (cf. Ref. [22]).
Gorsky relaxation has been mainly used to determine the di�usion coe�cient of hydrogen in
metals. Discussions of the e�ect and examples can be found in Refs. [19, 46–49].

Snoek relaxation. �e Snoek e�ect originally describes anelastic relaxation due to heavy
interstitial impurity atoms (e. g. O, N, C) in bcc metals.[50,51] Here, the interstitials occupying
octahedral interstitial sites will cause directed lattice distortions with a lower symmetry than
the matrix.�is corresponds to elastic dipoles associated with the three lattice directions.
Without external stress, the occupation probabilities for the three di�erent sites is equal.
Introducing (tensile) mechanical stress along one direction will cause the occupation of the
corresponding site to be energetically more favorable than the other two; reversing the stress
then leads to the reverse process.�e result is a periodic oscillation of occupation numbers.
�e relaxation time τS associated with the Snoek e�ect can be used to calculate the di�usion
coe�cient of the impurity atoms according to

D =
a2

36τS
, (2.30)

where a is the lattice parameter of the pure metal. For more information the reader is referred
to Refs. [19, 52]; the e�ect is also covered extensively by Blanter et al. in [44].

Zener relaxation. �e Zener e�ect is similar to the Snoek e�ect in that it involves a
reorientation of elastic dipoles caused by mechanical stress. In this case, the dipoles can be
formed by pairs of solute atoms on substitutional or interstitial sites or by pairs of vacancies.
�e initally isotropic distribution of dipoles can be disturbed by external stress and relaxes
when stress is removed. However, since the nature of the atomic jumps involved in the re-
orientation is not well known, there is no straightforward relation to the di�usion parameters
of the solute atoms. More can be found in Refs. [53–55]. Also, the interested reader is again
referred to Blanter et al.[44] and the references therein.

Nuclear methods

Nuclear methods allow the study of di�usional processes on a microscopic level. Below,
Mössbauer spectroscopy (ms) and quasielastic neutron scattering (qens) are brie�y touched
upon. More information can be found in the indicated literature. Methods based on nuclear
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magnetic resonance (nmr)—being most relevant for the present work—will be covered
separately and in more detail in Sect. 2.3.

Mössbauer spectroscopy. ms is based on an e�ect discovered by Rudolf L. Mößbauer in
1957[56] for which he received the Nobel Prize in Physics four years later.[57,58]�e Mössbauer
e�ect describes recoil-free emission and absorption of γ-radiation by atoms incorporated in a
crystalline lattice. Information about the motion of a few select nuclei can be extracted from
the broadening of the absorption line, provided a suitable Mössbauer isotope exists.�ese
are 57Fe, 119Sn, 151Eu, and 161Dy. Normally, the natural linewidth Γ0 is very small; however, if
the motion of the investigated nuclei at higher temperatures is fast enough, an additional
broadening contribution ∆Γ to the experimental linewidth Γ = Γ0 + ∆Γ is introduced.�e
broadening can then be used to calculate an approximated value for the di�usion coe�cient.
For example, assuming jump di�usion on a lattice with a jump length ℓ and also ignoring
correlation e�ects, the di�usion coe�cient is expressed by[22]

D ≈
ℓ2∆Γ
12ħ

. (2.31)

Additional information and more details can be found in Refs. [22, 59, 60] and the references
therein.

Quasielastic neutron scattering. As in the case of Mössbauer spectroscopy, here the motion
of the investigated nuclei results in a line broadening ∆Γ, which allows an inference on the
di�usion coe�cient. In qens experiments, slow neutrons are used as probes.�e prerequi-
sites are a high-intensity neutron source and a high-resolution neutron spectrometer. Since
neutrons exhibit only weak interaction with matter, bulk properties are accessible by qens.
Besides structural properties, this method also allows to gain information about dynamics on
a microscopic level. However, the nuclei available for study are determined by their scattering
cross section for neutrons. Also, dynamical studies via qens are again only applicable to
relatively fast di�using particles. For small scattering angles the di�usion coe�cient is given
by

D ≈
∆Γ
2Q2

, (2.32)

where Q the modulus of the scattering vector.[22] Further information can be found in Refs.
[22, 59–64].
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2.3 Solid-state nuclear magnetic resonance

2.3.1 Introduction

Since its experimental observation in 1945 by Purcell, Torrey and Pound and, independently
of them, by Bloch, Hansen and Packard, the �eld of nuclear magnetic resonance (nmr) has
developed various techniques for the study of bulk properties of matter. Bloch and Purcell
received the Nobel Prize in Physics in 1952 for their discovery and it is, indeed, very interesting
to read as they describe their �ndings and report on the very beginnings of the study ofmaterial
properties in their Nobel Lectures[65]—already anticipating the impact nmr would have on
the natural sciences in the years to come. Its usefulness and vast range of application is aptly
emphasized by Levitt in the introduction to his exhaustive textbook on the subject:[66]

“ [...] NMR has become an incredible physical tool for investigating matter. Its range is stag-

gering, encompassing such diverse areas as brains, bones, cells, ceramics, inorganic chemistry,

chocolate, liquid crystals, laser-polarized gases, protein folding, surfaces, superconductors, ze-

olites, blood flow, quantum geometric phases, drug development, polymers, natural products,

electrophoresis, geology, colloids, catalysis, food processing, metals, gyroscopic navigation,

cement, paint, wood, quantum exchange, phase transitions, ionic conductors, membranes,

plants, micelles, grains, antiferromagnets, soil, quantum dots, explosives detection, coal,

quantum computing, rubber, glasses, oil wells and Antarctic ice. ”
In the following, a short introduction to the theoretical basis of nuclear magnetic resonance

is given. Here, basic quantum mechanical concepts will be followed by a brief treatment of
the most important interactions (as they pertain to the present work) the studied nuclei are
subject to. Finally, the most relevant nmr techniques, such as relaxometry and spin-echo
alignment, are presented and the extraction of di�usion-related parameters from these is
outlined.�e speci�c experiments used to acquire nmr data are given in the appendices
(Sect. B.3).

2.3.2 Basics of nmr
Nuclear magnetic resonance is a phenomenon observed for nuclei with a non-vanishing spin
angular momentum I (also known as nuclear spin).*�ey then also possess a dipolar magnetic
moment µ, which is collinear to the nuclear spin and connected to it by the gyromagnetic
ratio γ, following the relation

µ = γI . (2.33)

* In the literature dealing with nmr such nuclei are usually referred to as spins.
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�e gyromagnetic ratio (also known as themagnetogyric ratio) is an experimentally determined,
nucleus-dependent constant and can be both, positive and negative.*
As we are dealing with a quantummechanical concept such as the spin, a certain familiarity

with this subject is required in the following discussion. Since a thorough introduction is
clearly beyond the scope of this work, the reader is referred to one of many text books available.
[67–70]�ere are also very informative works speci�cally dealing with quantum mechanics in
the context of nmr.[66,71,72]
In this framework, the vectors µ and I are treated as vector operators and will be marked

with a “hat” in order to distinguish them from other vectorial quantities. From Î = (Îx , Îy , Îz)
a set of convenient spin operators can be de�ned, viz. the spin angular momentum operator
squared Î2, its z component Îz , and the raising and lowering operators† Î± = Îx ± i Îy, where
Îx and Îy are the x and y component of Î, respectively. Î2 is characterized by the spin quantum
number I, Îz by the magnetic quantum numberm, and the lowering and raising operators are
characterized by both quantum numbers.�e spin quantum number takes values of integers
or half integers (or zero) I = 0, 1/2, 1, 3/2, ..., while the magnetic quantum number takes the
2I + 1 values m = I, I − 1, ..., − I. Further, the state of the nuclear spin can be described
using a set of orthonormal eigenstates ψI,m.�e eigenvalues of the spin operators Î2 and Îz
corresponding to ψI,m are de�ned by

Î2 ∣I,m⟩ = ħ2I(I + 1) ∣I,m⟩ (2.34a)
Îz ∣I,m⟩ = ħm ∣I,m⟩ , (2.34b)

where ħ is the reduced Planck constant and ∣I,m⟩ represents ψI,m in the bra-ket notation.
�e name of the raising and lowering operators Î± becomes apparent when their e�ect on a
wavefunction ψI,m = ∣I,m⟩ is considered. It can be shown that

Î+ ∣I,m⟩ = ħ
√
I(I + 1) −m(m + 1) ∣I,m + 1⟩ (2.35a)

Î− ∣I,m⟩ = ħ
√
I(I + 1) −m(m − 1) ∣I,m − 1⟩ , (2.35b)

i. e. the shi� operators generate new wavefunctions increasing (+) or decreasing (−) the
quantum number m by 1, while leaving I unchanged. Applying Î+ on a wavefunction with a
maximum value of m results in the destruction of this state: Î+ ∣I, I⟩ = 0.�e same applies to
the application of Î− to ∣I, −I⟩.
�e spins are subject to interactions with various external and internal �elds, which can

be expressed by a Hamiltonian Ĥ = ∑i Ĥi , written as a sum of the individual interaction
Hamiltonians.�e �eldsmost important to the presentwork are (1) the external staticmagnetic
�eld B0, resulting in a splitting of normally degenerate energy states; (2) the oscillating external

* Strictly speaking, the gyromagnetic ratio also depends on the state of the nucleus in question. However, in
nmr usually only the ground state is observed.

† Which are also known as shi� operators.
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radio-frequency �eld B1(t), used to induce transitions between the energy levels split by B0;
(3) local �elds generated by neighboring dipolar magnetic moments, resulting in homonuclear
or heteronuclear dipole–dipole interactions; and (4) electric �eld gradients generated by the
local electronic distribution, which can interact with an electric quadrupole moment of a
nucleus, if existent.�ese interactions will be brie�y discussed below.

Zeeman splitting

�e interaction of a magnetic moment µ with a static magnetic �eld B0 is described by the
simple Hamiltonian

ĤZ = −µ̂B0 = −γÎB0 . (2.36)

Taking B0 to point along an arbitrarily chosen direction z, the Zeeman Hamiltonian has the
form

ĤZ = −γÎezB0 = −γÎzB0 , (2.37)

where ez is the unit vector codirectional with the z axis. Seeing that ĤZ is proportional to Îz ,
the eigenstates ∣I,m⟩ of Îz are also the eigenstates of ĤZ.�e eigenvalues of ĤZ are then the
energy levels EZ,m the given spin system can take. Using the time-independent Schrödinger
equation and Eqs. (2.37) and (2.34b) these are expressed as

ĤZ ∣I,m⟩ = −γB0 Îz ∣I,m⟩ = −γB0ħm ∣I,m⟩ = EZ,m ∣I,m⟩ (2.38a)
⇒ EZ,m = −γħmB0 . (2.38b)

�e levels are equally spaced and the di�erence between them can be calculated as ∆EZ =
−γħB0.�is is the energy necessary for transitions between adjacent levels, fromwhich follows
the resonance condition

ħω0 = ∆EZ = −γħB0 (2.39a)
⇔ ω0 = −γB0 , (2.39b)

with ω0 being the resonance frequency. As can be seen, the frequency ν0 = ω0/2π of the
alternating �eld used to induce the energy transitions is proportional to the strength of the
static magnetic �eld. For the relevant nuclei and for magnetic �elds of the order of 10 T this
corresponds to frequencies ranging from some tens to some hundreds of megahertz.
At equilibrium—assuming no interaction between spins—the eigenstates are occupied

according to a Boltzmann distribution. For nuclei with I > 0, we �nd that any given spin can
exist in one of 2I + 1 states ψI,m with a corresponding energy EZ,m.�e population pm of a
state with the quantum number m is then expressed by

pm =
1
Z
exp (−EZ,m/kBT) , (2.40)
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with Z = ∑m′ exp (−EZ,m′/kBT) being the canonical partition function.*
�e transition of a spin system from one state to another is subject to speci�c selection

rules, of which the one relevant to the present problem is ∆m = ±1, e. g. the only transitions
allowed are those which either raise or reduce the quantum number m by 1.�us, the relative
population of two eigenstates which allow such transitions is

pm(1)

pm(2)
= exp(−

EZ,m(1) − EZ,m(2)

kBT
) . (2.41)

�e di�erence in the occupation numbers is very low.�is point can be well illustrated by
using hydrogen—a spin-1/2 nucleus—as a simple example. Its gyromagnetic ratio is γ1H ≈

2.68×108 radT−1 s−1. Placing a 1Hcontaining sample in amagnetic �eld of 10 T at a temperature
of 300 K, Eqs. (2.41) and (2.39) can be used to calculate

p+1/2

p−1/2
= exp (−γħB0/kBT) ≈ 0.999932 . (2.42)

�us the di�erence in the population of the two states is about 70 ppm.
In terms of a spin ensemble, the spin system can occupy each of the eigenstates ψI,m, with

the probability of �nding the system in that state being pm. Since only an ensemble average
can be observed, a mathematically equivalent approach is to describe the spin system by a
superposition state

Ψ =∑
m

√
pmψI,m . (2.43)

External radio-frequency �eld

In the presence of an additional �eld B1 oscillating with an angular frequency ωrf assumed to
lie perpendicular to B0, e. g. along the x-axis, the total magnetic �eld is given by

Btot = B0 + B1 = ezB0 + ex2B1 cos(ωrft) . (2.44)

In analogy to Eqs. (2.36) and (2.37), the Hamiltonian for the interaction with the total �eld is
then written as

Ĥ = −µ̂Btot = −γÎzB0 − 2γÎxB1 cos(ωrft) . (2.45)

Here, it is convenient to express the linearly oscillating rf-term as a superposition of two
circularly polarized �elds, one rotating with ωrf about the z-axis, the other in the opposite

* For I = 1/2 the partition function is Z ≈ 2.
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direction with −ωrf. Further, employing the resonance condition (2.39) and accordingly using
ω1 = −γB1, the Hamiltonian (2.45) assumes the mathematically equivalent form

Ĥ = ω0 Îz +ω1 [(Îx cos(ωrft) + Îy sin(ωrft)) + (Îx cos(ωrft) − Îy sin(ωrft))] . (2.46)

As the �eld B1 is weak compared to B0, the non-resonant contribution, i. e. that rotating with
−ωrf, has no signi�cant e�ect and the last term in Eq. (2.46) can be neglected.[66] Further,
using the identity Îx cos(ωrft) + Îy sin(ωrft) = e−

i
ħ

ωrf tÎz Îxe
i
ħ

ωrf tÎz derived in any of the
textbooks on quantum mechanics referenced above (see e. g. Ref. [71]) the Hamiltonian takes
the form

Ĥ = ω0 Îz + ω1e
− i
ħ

ωrf tÎz Îxe
i
ħ

ωrf tÎz . (2.47)

Since the Hamiltonian Ĥ is a function of time, the time-dependent Schrödinger equation
iħ ∂

∂t
Ψ = ĤΨ has to be solved in order to �nd the corresponding wavefunctions Ψ.�is

problem can be simpli�ed by switching into a rotating frame of reference using the rotation
operator R̂z(ωrft) = e

− i
ħ

ωrf tÎz .�e Hamiltonian and the wavefunctions in the new frame
(marked by a subscript circle) can then be calculated as

Ψ○ = R̂−1z (ωrft)Ψ = e iωrf tÎzΨ (2.48a)
Ĥ○ = R̂

−1
z (ωrft)ĤR̂z(ωrft) − ωrf Îz = (ω0 − ωrf)Îz + ω1 Îx . (2.48b)

Finally, the Hamiltonian simpli�es in the case of a resonant rf-�eld, i. e. if ωrf = ω0. Now,
the Schrödinger equation

iħ
∂

∂t
Ψ○ = Ĥ○Ψ○ = ω1 ÎxΨ○ (2.49)

can be easily solved in the rotating frame of reference.�e e�ect of the operator Îx = 1
2(Î++ Î−)

on Ψ○ can be evaluated using the de�nition of the shi� operators (2.35).�e wavefunctions
in the laboratory frame are obtained by reversing the transformation seen in Eq. (2.48a); thus
Ψ = R̂z(ωrft)Ψ○.
Using a superposition state as in Eq. (2.43), it can be shown that in the presence of B1

the populations of the Zeeman states oscillate with the frequency ω1/2π. Considering that the
macroscopic net-magnetization in the sample is generated by the di�erence in the populations
of the Zeeman states, this means that depending on the pulse length tpulse the magnetization
can be rotated about the x axis by an arbitrary angle ω1tpulse.
Assuming a spin-1/2 system in equilibrium as an example, the populations p±1/2 of the

two states can be manipulated in such a way that an rf-pulse which satis�es the condition
ω1tpulse = π/2 results in p+1/2(tpulse) = p−1/2(tpulse). Here, both states are equally populated
and the net-magnetization along the z-axis is zero; this is known as a π/2-pulse. A pulse of the
duration tpulse = π/ω1 results in p+1/2(tpulse) = p−1/2(0) and p−1/2(tpulse) = p+1/2(0), where
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p±1/2(0) are the populations at equilibrium.�is means that the initial magnetization has
been inverted by a so-called π-pulse.

Dipolar interactions

A nuclear spin—having a magnetic moment µ̂ = γÎ—generates a magnetic �eld according
to its orientation in space. A neighboring spin is thus able to interact with this �eld.�e
interaction is mutual since the second spin also generates a magnetic �eld at the location of the
�rst one.�is interaction is known as direct dipole–dipole coupling and will be the subject of
the brief discussion below. It is di�erentiated from the indirect dipole–dipole coupling mediated
by local electrons. A thorough discussion of the later can be found in, e. g., Ref. [66].
�e Hamiltonian describing the interaction between two nuclear spins j and k takes the

form

ĤD =
µ0

4π
γ jγk

r3
jk

(Î j Îk − 3[(Î je jk)(Îke jk)]) , (2.50)

where r jk = ∣r jk ∣ is the distance between both spins and e jk = r jk/r jk a unit vector parallel to the
line joining them. No assumptions have been made yet as to whether the coupling is between
like spins or unlike spins.
Employing shi� operators and spherical coordinates Eq. (2.50) can be rewritten as

ĤD =
µ0

4π
γ jγk

r3
jk

(A+ B + C + D + E + F) , (2.51)

with the terms A to F being

A = Îzj Î
z
k(1 − 3 cos

2θ jk) ,

B = −
1
4
(Î+j Î

−
k + Î

−
j Î
+
k )(1 − 3 cos

2θ jk) ,

C = −
3
2
(Î+j Î

z
k + Î

z
j Î
+
k ) sinθ jk cosθ jke−iϕ jk ,

D = −
3
2
(Î−j Î

z
k + Î

z
j Î
−
k ) sinθ jk cosθ jke+iϕ jk ,

E = −
3
4
Î+j Î

+
k sin

2θ jke
−i2ϕ jk ,

F = −
3
4
Î−j Î

−
k sin

2θ jke
+i2ϕ jk .

(2.52)
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It can be shown that the net-e�ect of the terms C to F is negligible so that they can be
dropped from Eq. (2.51).[71,73]�e resulting secular part of ĤD commutes with the Zeeman
Hamiltonian and in the case of homonuclear interactions is expressed by

ĤhomoD, sec = −
1
2
µ0

4π
γ2I
r3
jk

(Î j Îk − 3Îzj Î
z
k))(1 − 3 cos

2θ jk) . (2.53)

Here the identities Î+j Î
−
k + Î

−
j Î
+
k = 2(Î j Îk − Î

z
j Î
z
k
) and γ j = γk = γI have been used. In the case

of heteronuclear interactions only the term A retains signi�cance and the secular part of the
dipole–dipole Hamiltonian is given by[71]

ĤheteroD, sec =
µ0

4π
γ jγk

r3
jk

Îzj Î
z
k(1 − 3 cos

2θ jk) . (2.54)

�e direct dipole–dipole coupling is a short-range coupling (ĤD ∝ r−3) and as such
usually only direct neighbors will interact with each other. Also, it is usually several orders
of magnitude weaker than the Zeeman interaction (∥ĤD∥ ≪ ∥ĤZ∥) and can be considered
in terms of a perturbation to the Zeeman Hamiltonian. In solids, it is one of the major
contributions to line broadening and relaxation processes.

Quadrupolar interactions

nmr active nuclei with a spin I ≥ 1 possess an additional nuclear quadrupole moment due
to the non-spherical distribution of the charge carrying protons.�is electric quadrupole
moment is able to interact with an electric �eld gradient (efg) present at the nuclear site. An
efg is generated by the local electronic structure and is always present at sites of non-cubic
symmetry.�e quadrupole Hamiltonian describing this interaction has the basic form[66]

ĤQ =
eQ

2I(2I − 1)ħ
Î ⋅V ⋅ Î , (2.55)

where V is the symmetric and traceless efg tensor at the nuclear site and eQ is generally
known as the electric quadrupole moment of the nucleus, with e being the proton charge.
In its principal axis frame (paf) V can be represented by a diagonal 3 × 3 matrix with its
principal values VXX , VYY , and VZZ as the diagonal entries.* Given that the electric �eld
gradient tensor is traceless, i. e. VXX + VYY + VZZ = 0, two parameters are enough to specify
the electric �eld gradient at the nucleus site.�ese are usually eq, the anisotropy of the efg

* Here, the convention is adopted to use lower case coordinates (x, y, z) to refer to the laboratory frame of
reference while upper case coordinates (X, Y , Z) to the principal axis frame of the efg tensor.
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tensor (its largest principal value), and ηQ, the biaxiality of the efg tensor, o�en also referred
to as the asymmetry parameter, but cf. Ref. [66] on this terminology.�eir values are given as

eq = VZZ and ηQ =
VXX − VYY

VZZ
, (2.56)

where e again denotes the proton charge. Alternatively the quadrupole-coupling constant

CQ =
VZZeQ

ħ
=
e2qQ

ħ
(2.57)

can be use as a parameter instead of eq. Here, ħ is as usual the reduced Planck constant and
CQ is given in angular frequency units.
Expanding the tensor product Î ⋅V ⋅ Î in Eq. (2.55) and expressing it in the principal axis

frame of the efg tensor, the quadrupolar Hamiltonian takes the form[71,74]

ĤQ =
CQ

4I(2I − 1)
[3Î2Z − Î

2
+ ηQ(Î

2
X − Î

2
Y)] , (2.58)

where the de�nitions of Eqs. (2.56) and (2.57) have been used. However, since the Zeeman
interaction dominates over the quadrupolar one, ĤQ has to be expressed in the laboratory
frame of the Zeeman Hamiltonian in order to be useful.�is can be relatively easily done by
rotating the principle axis frame (X ,Y, Z) into the laboratory frame (x , y, z). Further, since
usually ∥ĤQ∥ ≪ ∥ĤZ∥, the quadrupolar Hamiltonian can again be expressed in terms of the
secular approximation. Expressing the orientation of the paf with respect to the external
�eld B0 in polar coordinates (θ, ϕ), the secular part of ĤQ is given by

ĤsecQ =
CQ

8ħI(2I − 1)
(3Î2z − Î

2
)(3 cos2 θ − 1 + ηQ sin2θ cos 2ϕ) . (2.59)

Using the time-independent Schrödinger equation ĤsecQ ∣I,m⟩ = EmQ ∣I,m⟩ with the eigen-
states of the Zeeman Hamiltonian, the energy by which the Zeeman states for a given I are
shi�ed can be calculated as

EmQ =
ħCQ

8I(2I − 1)
(3m2 − I(I + 1)) f (θ , ϕ) , (2.60)

where the part representing the orientation of the electric �eld gradient is abbreviated by

f (θ , ϕ) = 3 cos2 θ − 1 + ηQ sin2θ cos 2ϕ . (2.61)

�us, for an I = 3/2 nucleus, the Zeeman states are shi�ed by E±3/2Q = ħCQ f (θ , ϕ)/8 and
E
±1/2
Q = −ħCQ f (θ , ϕ)/8.�ismeans that the transition frequency for the transitionm = +1/2→

m = −1/2 (central transition) does not change, while the transition frequencies for +3/2→ +1/2

and −1/2→ −3/2 (satellite transitions) are raised or lowered by CQ f (θ , ϕ)/4, depending on the
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sign of CQ.�is value can be de�ned as the (orientation dependent) quadrupole angular
frequency (cf. Fig. 2.2)

ωQ(θ , ϕ) =
1
4
CQ f (θ , ϕ) . (2.62)

It follows that the spectrum of a 3/2-spin nucleus features additional intensities le� and
right of the central line (see Fig. 2.3). For a single crystal, two satellite lines are observed at
the position ω0 ± ωQ when the assumption of a non-zero quadrupole frequency is made
(i. e., if f (θ , ϕ) ≠ 0, cf. Fig. 2.3a). In the case of a solid powder, the crystallites are randomly
oriented, leading to a distribution of efg orientations.�is results in a so-called powder
pattern, an example of which is shown in Fig. 2.3b for a uniaxial efg tensor (ηQ = 0). In this
representation, the quadrupole coupling constant CQ can be easily determined as the distance
between the outermost shoulders of the spectrum. On the calculation of such powder patterns
see e. g. Ref. [73].
Depending on the value of the electric quadrupole moment eQ of the nucleus, quadrupolar

interactions can signi�cantly contribute to nuclear relaxation processes. Indeed, dipolar
interaction can o�en be ignored in favor of quadrupolar interactions on similar length scales.

2.3.3 nmr relaxation

As seen in the previous section (see p. 21�.), the population of energy states can bemanipulated
by resonant rf pulses. Let us assume a spin system in an external magnetic �eld B0 initially
in thermal equilibrium with its surroundings (also denoted as the lattice).*�e populations
are then given by the Boltzmann distribution and can be disturbed by an appropriate rf
signal, which can simultaneously create single-quantum coherences. A�er switching o� the
disturbance, the system will gradually return to equilibrium by processes known as nuclear
spin (or nmr) relaxation caused by interactions with temporal �uctuations of local �elds.
Given the right frequency contributions, these �uctuations can induce transitions between
the energy states leading the system back to a Boltzmann distribution of the populations.�is

* �e term ‘lattice’ is used irrespective of the nature of the surroundings, i. e. it is equally applied to solid matter,
liquids and gases.

Figure 2.2: Schematic representation of the
e�ect of the quadrupole Hamiltonian ĤsecQ
on the Zeeman states of spin-3/2 nuclei in
the case of a positive quadrupole-coupling
constant CQ > 0.
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Figure 2.3: Typical spin-3/2 quadrupole spectra for a) a single crystalline sample with the efg
oriented so that f (θ , ϕ) ≠ 0, and b) a powder sample assuming a uniaxial efg tensor (i. e.
ηQ = 0), in both cases taking into account dipolar broadening.�e powder pattern allows
to directly read out the quadrupole coupling constant CQ as the distance between the outer
shoulders (θ = 0°) of the spectrum.

type of relaxation is known as the spin–lattice relaxation (slr) or the longitudinal relaxation
and occurs with the characteristic time constant T1. Another type of relaxation—the spin–spin
relaxation (ssr) or transverse relaxation—is concerned with the decay of said single-quantum
coherences and is associated with the time constant T2.
In solids, the �uctuating �elds are for the most part due to the motion of the spin-carrying

nuclei themselves in an otherwise static lattice. As such, the study of nmr relaxation can
yield valuable information on di�usion processes in a given system.

Spectral density and relaxation rates

Most pertinent to the cases presented in this work are interactions with �uctuating magnetic
�elds (direct dipole–dipole coupling) and—for nuclei with spins I ≥ 1—electric �eld gradi-
ents (electric quadrupole coupling), generally described by the interaction Hamiltonian Ĥ1.
Using the matrix elements of Ĥ1 for transitions between the states ∣ j⟩ and ∣k⟩, the temporal
�uctuations can then be described by a correlation function[73]

G jk(τ) = ⟨ j∣ Ĥ1(t − τ) ∣k⟩ ⟨k∣ Ĥ1(t) ∣ j⟩ , (2.63)

where the bar denotes an ensemble average. As the name suggest, G jk(τ) correlates the value
of Ĥ1 at the time t − τ to its value at a later time t, i. e. the smaller τ is as compared to the
�uctuation time scale the more similar the values of Ĥ1 will be.�e �uctuation time scale
characterizing the correlation function is quanti�ed by the correlation time τc, which is the
mean time period between transition inducing �uctuations.
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�e spectral density function J jk(ω) of the �uctuating �eld is given as the Fourier transform
of the correlation function G jk(τ)

J jk(ω) =

∞

∫
−∞

G jk(τ) exp(−iωτ) dτ . (2.64)

nmr relaxation processes will be induced when J jk(ω) has contributions at the transition
frequency ω0.�e spectral density is approximately related to the spin–lattice relaxation rate
via the proportionality T−11 ∝ J(ω0).
Taking into account the respective interactions in the form of their Hamiltonians (see

previous section), more detailed expressions for the nmr relaxation rates can be derived.
[74,75] In the case of homonuclear dipolar relaxation this results in

T−11,D ≡ R1,D =
3
2

γ4ħ2I(I + 1)[J(1)D (ω0) + J
(2)
D (2ω0)] , (2.65a)

T−12,D ≡ R2,D =
3
8

γ4ħ2I(I + 1)[J(0)D (0) + 10J(1)D (ω0) + J
(2)
D (2ω0)] , (2.65b)

where I signi�es the spin of the relaxing nuclei, γ their gyromagnetic ratio and ħ the reduced
Planck constant. J(q)D (ω) are the spectral densities, which facilitate transitions of spin pairs
resulting in ∆m = ±q; that is, q = 0, 1, 2 denotes the change in the total angular momentum
caused by the corresponding spectral density.[76]
Analogously, the relaxation rates in the case of quadrupolar interactions are given as[74,75]

T−11,Q ≡ R1,Q =
9
160

(
eQ

ħI
)
2 2I + 3
2I − 1

[J
(1)
Q (ω0) + J

(2)
Q (2ω0)] , (2.66a)

T−12,Q ≡ R2,Q =
9
128

(
eQ

ħ
)
2
[J
(0)
Q (0) + 10J(1)Q (ω0) + J

(2)
Q (2ω0)] , (2.66b)

where eQ is the electric quadrupole moment of the nuclei and R2,Q is expressed for the special
case I = 1.[75]
�e results for R2 given above are only applicable when the nmr lines are su�ciently

narrowed by molecular motion (motional-narrowing regime), i. e. when J(0)(0)τc ≪ 1 holds.
At low temperatures, in the so-called “rigid-lattice regime” (J(0)(0)τc ≫ 1), the spin–spin
relaxation rate is constant and given by

R2 = R20 ≡
√

⟨∆ω2⟩ , (2.67)

where ⟨∆ω2⟩ is the second moment; see e. g. Refs. [73, 74, 77–79].
Equations (2.65) and (2.66) give the nuclear spin relaxation rates in the laboratory frame

of reference. Kelly and Sholl have developed a relatively simple method to deduce the corre-
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sponding rates in the rotating frame (slrρ).[75] Here, the spin–lattice relaxation rates take
the form

T−11ρ,D ≡ R1ρ,D =
3
8

γ4ħ2I(I + 1)[J(0)D (2ω1) + 10J
(1)
D (ω0) + J

(2)
D (2ω0)] , (2.68a)

T−11ρ,Q ≡ R1ρ,Q =
9
640

(
eQ

ħI
)
2 2I + 3
2I − 1

[J
(0)
Q (2ω1) + 10J

(1)
Q (ω0) + J

(2)
Q (2ω0)] . (2.68b)

A comparison with the spin–lattice relaxation rates in the laboratory frame (Eqs. (2.65a) and
(2.66a)) shows that that the expressions in the rotating frame have a similar form, though
additionally containing a spectral density term J(0)(2ω1) at two times the frequency of the
rf signal. As will be seen below, this term dominates the relaxation rate in the limit ω0τc ≳ 1.

3D di�usion: bppmodel

�e well-established bppmodel is based on a simpli�ed assumption about the form of the
correlation function G(τ) proposed by Bloembergen, Purcell and Pound.[77] Although being
a purely phenomenological approach, it reproduces very well the general characteristics of
three-dimensional di�usion via uncorrelated atomic jumps on a regular lattice, as well as
experimental data in many cases. What is more, the bppmodel can be modi�ed in such a
way, that it also accommodates cases of correlated jump di�usion.*
�e correlation function is assumed to be a simple exponential

G(q)(τ) = G(q)(0) exp (−∣τ∣/τc) , (2.69)

where τc is the correlation time. Fourier transformation according to Eq. (2.64) results in the
Lorentzian-shaped spectral density function

J(q)(ω) = G(q)(0)
2τc

1 + (ωτc)2
. (2.70)

For an isotropic distribution of the spins and short correlation times, it can be shown that
G(0)(0) ∶ G(1)(0) ∶ G(2)(0) = 6 ∶ 1 ∶ 4.[74,77] �us, the relaxation rates (Eqs. (2.65), (2.66),
(2.68)) can be expressed as

R1 = C
′
1 [J
(1)

(ω0) + 4J
(1)
Q (2ω0)] , (2.71a)

R2 = C
′
2 [6J

(1)
(0) + 10J(1)(ω0) + 4J(1)(2ω0)] , (2.71b)

R1ρ = C
′
1ρ [6J

(1)
(2ω1) + 10J(1)(ω0) + 4J(1)(2ω0)] . (2.71c)

* An overview of more sophisticated models can be found in Ref. [80].
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Here, due to their formal similarity, the representation of the equations for dipolar and
quadrupolar interactions has been con�ated and the respective constants combined into C′n
(n = 1, 2, 1ρ).�e combination of Eqs. (2.70) and (2.71) results in the expressions

R1 = C1 [
τc

1 + (ω0τc)2
+

4τc
1 + (2ω0τc)2

] , (2.72a)

R2 = C2 [6τc +
10τc

1 + (ω0τc)2
+

4τc
1 + (2ω0τc)2

] , (2.72b)

R1ρ = C1ρ [
6τc

1 + (2ω1τc)2
+

10τc
1 + (ω0τc)2

+
4τc

1 + (2ω0τc)2
] , (2.72c)

where the constants have again been simpli�ed to Cn = 2G(1)(0)C′n.�e temperature depen-
dence of the expressions is determined by the correlation time τc, which is described by an
Arrhenius law. Its inverse, the correlation rate

τ−1c = τ−1c0 exp(
−EA

kBT
) , (2.73)

is of the order of the jump rate τ−1 ≈ τ−1c governing the di�usion process. EA is the activation
energy and kB the Boltzmann constant. Taking this into account, Eqs. (2.72) (and (2.67))
can be used as �tting functions to deduce di�usion parameters (i. e. the attempt frequency
τ−10 ≈ τ−1c0 and the activation energy EA) from experimental R1, R1ρ and R2 data.
�e temperature dependence of the relaxation rates in the case of dipolar interactions

is shown schematically in Fig. 2.4a. Here, the constants Cn are related in such a way, that
C2 = C1ρ = 1/4C1, cp. Eqs. (2.65) and (2.68). Plotting the logarithm of R1 as a function of
inverse temperature results in a relaxation peak maximum, for which the condition ω0τc ≈ 1
holds.*�e �anks on either side of the maximum exhibit the following proportionality:

R1 ∝ τc for ω0τc ≪ 1 , (2.74a)
R1 ∝ τ−1c ω−2

0 for ω0τc ≫ 1 , (2.74b)

from which can be seen that the peaks are symmetrical with respect to the position of their
maximum.�e slope of the �anks ± EA

kB
in the Arrhenius representation gives direct access

to the activation energy.�e �rst limit ω0τc ≪ 1 is also known as the high-temperature limit
and ω0τc ≫ 1 as the low-temperature limit (or low-frequency limit and high-frequency limit,
respectively). Further, we see that the slr rates in the lt limit exhibit a quadratic frequency
dependence absent in the ht limit.�is dependence is also demonstrated in Fig. 2.4a, where
slr rate peaks are shown for three di�erent resonance frequencies ωI0 > ωII0 > ωIII0 . Here, the

* �e maximum condition is exactly ω0τc = 1 if only the �rst term in the brackets of Eq. (2.72a) is considered.
Taking the complete expression, the condition is ω0τc ≈ 0.62.
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lowering of ω0 results in a raising of the rates on the lt �ank, and a corresponding shi� of
the maximum to lower temperatures.
�e solid lines in Fig. 2.4a represent relaxation rates belonging to the same resonance

frequency ωII0 . In the limit ω0τc ≳ 1 the slrρ rates R1ρ behave essentially the same as in
the laboratory frame, with the di�erence that here the resonance frequency ω1 (known as
the locking frequency) is several orders of magnitude lower than ω0,* and thus di�usion
processes are probed on much longer time (and length) scales. As mentioned above, the linear
progression of the ssr rates R2 is only valid in the regime of motional narrowing. At lower
temperatures the rates are limited by the nmr line width to the value of the second moment
R20, cf. Eq. (2.67).
O�en, experimental data does not show symmetrical slr rate peaks, but lt �anks with

lower slopes than those in the ht limit, as well as a sub-quadratic frequency dependence.
�is is particularly the case in structurally disordered systems (such as glases), where the
assumption of a purely isotropic di�usion processes can no longer be assumed to be valid.
Instead, a complex interplay between structural disorder and Coulomb forces is expected;
see e. g. Bunde et al.[81] and the references given therein. But this behavior is also found in
structurally ordered materials, where the e�ect is generally associated with correlated motion
of the mobile spins.[82]

* From Eq. (2.72c) the maximum condition is derived as ω1τc = 0.5, which can be still assumed as ω1τc ≈ 1 if
only order-of-magnitude approximations are considered.

Figure 2.4: a) Schematic representation of the temperature dependence of the relaxation rates
R1, R1ρ and R2 resulting from dipol–dipole interactions via uncorrelated three-dimensional
jump di�usion processes. See text for further details. b) Depiction of the in�uence of correla-
tion e�ects on the nmr slr rates R1.�e solid line represents a relaxation rate peak according
to the bppmodel for isotropic 3D-di�usion (β = 2), while the dashed line accounts for corre-
lated di�usion (β = 1.7) due to structural disorder and Coulomb interactions.
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In this case, a spectral density function modifying the bpp approach is available as[82,83]

J(ω) = G(0)
2τc

1 + (ωτc)β
, (2.75)

where 1 < β < 2 accommodates correlation e�ects.�us, the expression for the slr rate in
the laboratory frame (Eq. (2.72a)) simply changes to

R1 = C1 [
τc

1 + (ω0τc)β
+

4τc
1 + (2ω0τc)β

] . (2.76)

�e impact of this modi�cation on the slr rate is demonstrated in Fig. 2.4b for a value of
β = 1.7. As can be seen, the slope of the ht �ank (ω0τc ≪ 1) does not change for correlated
di�usion, while it is reduced on the lt side (ω0τc ≫ 1). Evaluating both temperature limits,
we get

R1 ∝ τc for ω0τc ≪ 1 , (2.77a)

R1 ∝ τ
1−β
c ω

−β
0 for ω0τc ≫ 1 . (2.77b)

From Eqs. (2.77b) and (2.73) it can be derived that the reduction of the slope corresponds to
a reduction of the activation energy EltA = (β − 1)EA in the lt limit.�is limit (ω0τc ≫ 1) is
generally connected to di�usional motion on short time scales and length scales, while the
ht limit (ω0τc ≪ 1) represents long-range di�usion.[84]

2D di�usion: Richards’ model

Part of the present work is concerned with structurally con�ned ionic motion. It will come as
no surprise that this con�nement should be re�ected in nmr experiments. Indeed, given the
right conditions, frequency-dependent slr nmrmeasurements provide a relatively simple
way to unequivocally determine the dimensionality of a di�usion process.
Since the di�usivity of the mobile spins is thermally activated (see Eq. (2.26)), it follows

that in the lt limit the spins will perform only few jumps. Con�ning the motion, for example,
to a plane (2D di�usion) will thus have little e�ect in this limit as compared to motion in three
dimensions. However, in the ht limit, where they will perform many jumps and long-range
movement is probed, the con�nement should be visible in experimental data.
From appropriate models, the temperature limits of the spectral density function for uncor-

related 2D-di�usion can be derived as[82,85,86]

J2D(ω,τc)∝ τc ln(1/ωτc) for ωτc ≪ 1 , (2.78a)
J2D(ω,τc)∝ τ−1c ω−2 for ωτc ≫ 1 . (2.78b)

As expected, the expression in the high-frequency limit (ωτc ≫ 1) is the same as that given
by the bpp model for isotropic di�usion on a three dimensional lattice, cf. Eq. (2.74b). In
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the low-frequency limit, however, a logarithmic frequency dependence is arrived at.�e
temperature (and frequency) limits (2.78) are neatly combined by the empirical spectral
density function

J2D(ω,τc)∝ τc ln(1 +
1

(ωτc)2
) , (2.79)

proposed by Richards.[87] Consequently, the two-dimensional slr rate (see Eq. (2.71a)) can
be expressed as

R2D1 = C2D1 [τc ln(1 +
1

(ω0τc)β
) + 4τc ln(1 +

1
(2ω0τc)β

)] , (2.80)

where the exponent β ≤ 2 is again accounting for potential correlation e�ects.[82,88]
�e slr rates calculated using Eq. (2.80) are depicted in Fig. 2.5 (solid lines), where

they are compared to those derived from the bpp model (dashed lines). While the rates
coincide on their corresponding lt �anks, showing the same temperature and frequency
dependence, there is a marked di�erence in theht limit. Here, not only are the slopes reduced
in comparison to the three-dimensional case,* but there is also a frequency dependence
characteristic of lower-dimensional di�usion processes.�us, measuring the nmr slr rate
R1 at a constant temperature in the ht limit as a function of ω0 provides an elegant method
to distinguish a two-dimensional di�usion process from a three-dimensional one.

* It should be noted that strictly speaking the slope in the high-temperature limit cannot any longer be described
by an Arrhenius law (cf. Eq. (2.78a)). However, due to the, in most cases, limited temperature range in which
experimental data can be acquired, the slope—and accordingly the activation energy—appear to be simply
reduced by a factor of about 3/4.

Figure 2.5: Comparison between the slr
rates derived using Richards’ spectral density
(solid lines, Eq. (2.80), 2D) with those of
the bppmodel (dashed lines, Eq. (2.76),
3D) at three di�erent resonance frequencies
ωI0 > ωII0 > ωIII0 .�e ionic motion was
assumed to be uncorrelated (β = 2) and the
proportionality constants were chosen such
that C1 = C2D1 . See text for further details.
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Di�usion coe�cient

As mentioned above, the correlation rate (2.73) can be identi�ed with the jump rate τ−1.
Recalling the maximum condition ω0τ ≈ 1 for measurements in the laboratory frame of
reference (see above), the jump rate of a given nucleus at the temperature of the slrmax-
imum can be assumed (in a relatively model-independent way)[84] as τ−1 ≈ ω0.�en, the
Einstein-Smoluchowski equation (2.22) can be used to calculate the corresponding di�usion
coe�cients. Analogously, di�usion coe�cients are derived frommeasurements in the rotating
frame using the condition ω1τ = 0.5.

2.3.4 Spin-alignment echo nmr
A clear and easy to follow treatment of the spin-alignment echo (sae) technique—particularly
referring to 7Li nuclei—can be found in the dissertations of Qi[89] and Wilkening.[79]�e
main points shall be brie�y summarized below.
As discussed in the previous section, the most straight-forward method to obtain di�usion

parameters via nmr relaxation experiments is the recording of slr rate maxima. Here, the
jump rate of the di�using particles probed is in the order of the resonance frequency.�us,
typical jump rates accessible are in the order of 108 s−1 and 104 s−1 when the measurements
are performed in the laboratory frame and in the rotating frame, respectively.�e attainable
temperatures are prespeci�ed by the experimental set-up and, using standard probe heads,
typically range between about 450K and 150K.�ese limits can be pushed employing spe-
cialized equipment, such as cryoprobes (down to ~ 10K) and high-temperature probes (up
to ~600K).* In solids, di�usion-induced slrmaxima are usually found well above room
temperature, even when measurements are preformed in the rotating frame of reference.
Also, for slower di�usion processes the maxima are shi�ed to higher temperatures, which
means that here the investigated sample material itself becomes the limiting factor insofar as
decomposition, phase transitions or even crystallite growth have to be considered.
An appropriate tool in the study of slow dynamics is found in sae nmr.[17,79,89,91–94] Here,

the interaction between the electric quadrupole moment of the probed nucleus and the efg
at its site is utilized to correlate the quadrupole frequencies at two di�erent points of time. By
increasing the interval between these points a decaying correlation function can be recorded.
Ideally, this gives direct (i. e.model-free) access to the jump rate of the di�using nucleus.�e
prerequisite is that the nucleus follows a path of electrically inequivalent sites.
sae nmr experiments are performed using the Jeener–Broekaert pulse sequence [95]

β1,ϕ1 − tp − β2,ϕ2 − tm − β3,ϕ3 − t − echo , (2.81)

* Home-built ht probes can be constructed to reach temperatures up to 1200K (see e. g. Ref. [90]). However,
such probes require an intricate cooling system and are generally characterized by a reduced operational life
span and/or extensive maintenance.
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where the βi denote the angle of the pulses and ϕi their respective phases.�e time intervals
tp and tm between the pulses are the preparation time and the mixing (or evolution) time,
respectively. Choosing the phases of β1 and β2 such that ∣ϕ1 − ϕ2∣ = π/2, the �rst two pulses in
the sequence generate a quadrupolar alignment state from an initial equilibrium longitudinal
magnetization, which can be used to store the phase information ωQ(tm = 0)tp, where ωQ is
the quadrupole angular frequency de�ned in Eq. (2.62). During the mixing time, the nucleus
di�uses and has the opportunity to visit sites where it is subject to di�erent efgs.�e third
pulse is then used to transfer the state into an observable magnetization, multiplying it with
a second phase information ωQ(tm)t at the end of tm.�e spin echo is then acquired some
time t a�er the third pulse, having its maximum at t = tp. With the pulse lengths set so that
β1 = π/2 and β2 = β3 = π/4, the amplitude of the echo signal is the two-time correlation
function[79,89,93,96,97]

S2(tp, tm, t) =
9
20
sin[ωQ(0)tp] sin[ωQ(tm)t] . (2.82)

Accounting for the fact that powder samples can be mathematically described by an ensemble
average (here denoted by ⟨...⟩) and also factoring in relaxation processes taking place between
the pulses, the echo amplitude then takes the form

S2(tp, tm, t) =
9
20

⟨sin[ωQ(0)tp] sin[ωQ(tm)t]⟩ exp(−
2tp
T2

) exp(−
tm

T1
) . (2.83)

Here, echo damping via nmr relaxation is described by simple exponentials, though o�en
stretched exponentials are observed experimentally. Equation (2.83) exempli�es nicely, that
the correlation time τsae accessible by sae experiments is limited by T2 ≤ τsae ≤ T1. At
su�ciently low temperatures, the echo amplitude can be additionally damped by spin-di�usion
e�ects, see e. g. Refs. [98, 99] (pages 47�. and 65�. of this work).
Appropriate phase cycling helps to compensate for deviations of the real pulse lengths and

phases from the ideal ones. Even more, in the case of sae nmr experiments the right phase
cycling is essential to the generation of pure quadrupolar spin-alignment states in that it is
used to suppress unwanted signal contributions (e. g.multiple quantum coherences).[89,96,100]
�e phase cycling employed in the experiments presented here can be found in the literature
[89,90,96,101] but is also given in Appendix B.3, for the sake of convenience.
�e correlation times obtained are independent of the strength of the quadrupole cou-

pling.�is means they are independent of the �eld the experiment is performed in and
are also una�ected by changes in the quadrupole coupling constant due to temperature.[102]
As mentioned above, the correlation rates can be identi�ed with the jump rates of the dif-
fusing nuclei. [17,79,93,94,103,104] Using the Einstein-Smoluchowski relation in the form of Eq.
(2.22), these correlation times can be easily converted into di�usion coe�cients. Interestingly,
these are o�en found to have similar values as those deduced either from nmr relaxometry,
[17,79,92,93,103,105] using the maximum condition (see above) or from impedance-spectroscopy
measurements,[93,94,103,105,106] using the Nernst-Einstein equation (cf. the following section).
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2.4 Basics of impedance spectroscopy

2.4.1 Introduction

In a short introductory text,[107] J. Ross Macdonald, one of the pioneers of modern impedance
spectroscopy, gives a very succinct description of this method, which is well worth quoting
verbatim:

“ Impedance spectroscopy (IS) is a general term that subsumes the small-signal measure-

ment of the linear electrical response of a material of interest (including electrode effects) and

the subsequent analysis of the response to yield useful information about the physicochemical

properties of the system. Analysis is generally carried out in the frequency domain, although

measurements are sometimes made in the time domain and then Fourier transformed to the

frequency domain. IS is by no means limited to the measurement and analysis of data at

the impedance level (e.g., impedance vs. frequency) but may involve any of the four basic

immittance levels: thus, most generally, IS stands for immittance spectroscopy. ”
Compared to other methods, the experimental set-up for ismeasurements is relatively simple:
all that is needed is an ac-voltage source, an ammeter, and a means to establish the phase
di�erence ϕ between the input voltage V(ω) and output current I(ω). Modern impedance
spectrometers combine these functions into a single device giving access to a wide frequency
range of 10−5 ... 107 Hz* and able to measure impedances as high as 1014 Ω.
�e principle of impedance spectroscopy is based on the application of a (usually sinusoidal)

alternating voltage V(ω) with frequency ν = ω/2π to the system under investigation and
the measurement of the resulting current I(ω), cf. Fig. 2.6 for a basic experimental setup.
Provided a small enough voltage amplitude V0, the response of the system will be linear

* �rough careful design of the impedance cell, frequencies in the gigahertz range are accessible by high-
frequency rf impedance analyzers; see Sect. B.1.2 for an example.

Figure 2.6: Schematic representation
of the most basic is experiment for ion
conducting solids. An ac-voltage gen-
erator (∼) is contacted to the electrodes
of the sample and the induced current
is measured by means of an ammeter
(A).�e area of the electrodes A and
their distance d to each other are used
to normalize the resistivity ρ̃ and the
conductivity σ̃ to the sample geometry
(see text for further explanations).
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and the current will have the same shape and frequency, generally exhibiting an additional,
frequency dependent phase o�set ϕ(ω) when compared to the voltage:

V(ω) = V0 sin(ωt), (2.84a)
I(ω) = I0 sin(ωt − ϕ(ω)). (2.84b)

In the case of purely resistive elements the phase di�erence ϕ is zero and the resistance R is
given as the ratio of voltage and current R = V0/I0, a principle commonly known as Ohm’s
law. Taking a non-vanishing phase o�set into account, a more general concept is found in
the impedance, which can be de�ned as a complex resistance. Here, it is convenient to switch
to complex quantities, which will be indicated by a tilde in the following discussion.�us,
equations (2.84) are expressed as

Ṽ(ω) = V0 exp(iωt), (2.85a)
Ĩ(ω) = I0 exp(iωt − iϕ(ω)), (2.85b)

and the impedance is given by the Ohm’s law-like relation Z̃(ω) = Ṽ(ω)/Ĩ(ω) = ∣Z̃(ω)∣ exp(iϕ),
with the absolute value of Z̃ being ∣Z̃(ω)∣ = V0/I0.* Using Euler’s formula this can be written as

Z̃ = ∣Z̃∣(cos(ϕ) + i sin(ϕ))
≡ Z′ + iZ′′,

(2.86)

where the real part Z′ = ∣Z̃∣ cos(ϕ) and imaginary part Z′′ = ∣Z̃∣ sin(ϕ) are marked by primes.
As indicated in Fig. 2.7, the impedance can be thought of as a vector in the complex plane,
with Z′ and Z′′ being the rectangular coordinates and ∣Z̃∣ and ϕ the polar coordinates. From
the �gure and Eq. (2.86) it is easy to see that ∣Z̃∣ =

√
Z′2 + Z′′2 and ϕ = arctan(Z′′/Z′).

* Provided that the voltage amplitude V0 is constant, it should be noted that in the case of non-resistive
contributions to the impedance, the current amplitude I0 also will generally be a function of frequency. For
the sake of conciseness the explicit dependence on ω will be le� implicit in the notation from hereon, unless
clarity requires otherwise.

Figure 2.7: Complex plane plot of
the impedance Z̃ illustrating the
use of rectangular (Z′, Z′′) and
polar (∣Z̃∣, ϕ) coordinates.
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Again, in analogy to the electrical conductance G = R−1, the admittance Ỹ = Z̃−1 is de�ned
as the inverse of the impedance, thus giving

Ỹ = ∣Ỹ ∣ exp(−iϕ)
= ∣Ỹ ∣(cos(ϕ) − i sin(ϕ))

(2.87)

in polar coordinates (the absolute value being ∣Ỹ ∣ = ∣Z̃∣−1) and

Ỹ =
Z′

∣Z̃∣2
− i
Z′′

∣Z̃∣2

≡ Y ′ + iY ′′
(2.88)

in rectangular coordinates.
�e impedance and the admittance are two of the four more commonly used quantities

pertaining to is, the other two being the modulus function M̃ ≡ M′ + iM′′ = iωC0Z̃ and
the dielectric permittivity є̃ ≡ є′ − iє′′ ≡ M̃−1 = Ỹ/iωC0. Here, C0 ≡ є0A/d is the capacitance of
the empty cell with electrode area A and electrode distance d* (cf. Fig. 2.6). See Ref. [108] for
more information on these functions, generally known as immittances.
As far as information on di�usivity is concerned, arguably, one of the most important

quantities accessible by is is the dc-conductivity σdc, provided the conductivity is governed
solely (or nearly so) by the motion of ions.�is quantity is derived from conductivity spectra,
i.e., from plots where the real part of the conductivity σ̃ is given as a function of frequency
ω, or from complex impedance plots.�e conductivity σ̃ ≡ σ ′ + iσ ′′ is a material speci�c
quantity and as such independent of the geometry of the investigated sample. It is calculated
by means of a normalizing geometry constant κ ≡ A/d and the admittance Ỹ . For obvious
reasons, similar considerations apply to the resistivity ρ̃ ≡ ρ′ + iρ′′ = 1/σ̃ .�us, σ̃ and ρ̃ are
given by

σ̃ = Ỹ/κ and (2.89a)
ρ̃ = Z̃ ⋅ κ, (2.89b)

respectively.�e normalizing constant κ is de�ned by the parameters of the cell geometry as
they are given in the description of the dielectric permittivity (see above).
�e interpretation of is data of real systems was greatly advanced with the adaptation of

complex-plane analyses to the four basic immittance functions Z̃, Ỹ , є̃, and M̃ in the forties
[109–112] and the employment of complex nonlinear least square �tting in the late seventies.
[113–115] �e �rst had to that point already been successfully used in the �eld of electrical
engineering,[112,116] the latter had become readily available with the advent of powerful and
increasingly cheap computer technology.[108,117,118] Equivalent circuits have played an impor-

* �e quantity є0 = 8.854187817 × 10−12 F/m is the vacuum permittivity, de�ned as the inverse of the product of
the vacuum permeability and speed of light squared, i. e., є0 ≡ 1/µ0c2 .
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tant role since the very beginnings.[110,112]�ey provide an approximation, an idealized model
concept for the processes in the system under investigation by arranging various (ideal)
electric circuit elements in such a way as to reproduce the experimental impedance of the
system. A resistor in such an electrical network could represent a certain conductive pathway,
i. e. the conductivity inside the bulk material or along grain boundaries, whereas a capacitor
could account for a space charge polarization region as it may form across a grain boundary.
However, further discussion is beyond the scope of the analysis presented in this work and
the interested reader is referred to the appropriate literature. For example, Ref. [108] provides
an extensive overview of the subject matter at hand.

2.4.2 Conductivity spectra and di�usion

As referred to at the beginning of this section, conductivity measurements can be carried out
over a very wide range of frequencies (10−5 ... 107 Hz) and temperatures (113 ... 623 K).�e
data gathered can be processed in various ways, one of them being in the form of conductivity
spectra.�ese are double logarithmic plots of the real part of the conductivity σ ′ as a function
of frequency ν measured at various temperatures. An example of a solid with negligible
electronic contributions is show in Fig. 2.8, demonstrating the most important properties of
conductivity spectra at frequencies up to the MHz range:

(i.) At low frequencies (and intermediate temperatures) the spectra feature a frequency
independent plateau with the value σ ′ = σdc, known as the dc-conductivity. In solids
with predominantly ionic conductivity σdcT is usually Arrhenius activated: σdcT ∝
exp(−EdcA /kBT), with the activation energy EdcA and Boltzmann’s constant kB.

(ii.) At higher frequencies the conductivity σ ′(ν) increases monotonically with ν up to the
order of phonon frequencies.�is dispersive regime originates from non-ideal behavior
of real solids.�us, various correlation e�ects introduced by interactions between the
di�using ions, lattice defects, the motion of a large number of charge carriers, and the
response of the rigid lattice to ion jumps can contribute to the frequency dependence
of the conductivity.[120]

(iii.) Taking both previous points together, the initial part of the spectra can be reasonably
well described by the Jonscher power law σ ′ = σdc+Aνp. In the log-log plot, the exponent
p—usually being between 0.6 and 0.7—corresponds to the slope of the dispersive part.
�is behavior is observed in a wide range of solids and is known as the “universal
dielectric response”.[121]

(iv.) With decreasing temperatures the onset of the dispersive regime is shi�ed to lower
frequencies and its slope approaches the value of 1. Also, the temperature dependence of
the conductivity decreases, which amounts to σ ′ ∝ ν.�is corresponds to a frequency
independent dielectric loss є′′ ≠ f (ν), a phenomenon commonly known as nearly
constant loss (ncl). Althoughncl behavior is found for a wide range of ion conducting
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Figure 2.8: Selected conductivity spectra of microcrystalline LiBH4 exemplifying common
features found nearly universally in is. Data is excerpted from Ref. [119] (see also p. 110).

solids[122–128] it is yet not fully understood. However, it is o�en associated with strictly
localized motions and should not be mixed up with “real” translational jumps of the
conducting ions.[129–131]

(v.) At elevated temperatures, themobility of themigrating ions becomes signi�cant enough
to be observed in the form of polarization e�ects at the ion blocking electrodes.�is is
re�ected by a reduction of σ ′ for decreasing frequencies.

(vi.) While not displayed in Fig. 2.8, at very high frequencies—typically in the GHz range—
the conductivity of ionic solids is governed by vibrational contributions, showing a ν2

frequency dependence on their low-frequency �ank.[129,130,132] See for example Fig. 2b
on page 110.

It should be noted that σdc = ∑i σ
i
dc is generally a sum of conductivities of the ionic species i

involved. In thematerials presented in this thesis however, Li is the only species with signi�cant
di�usivity, so that σdc is assumed to have only one contribution.
�us, given the points above, the most easily accessible quantity of is driven by di�usion

processes in the investigated system—and indeed the most closely related to the di�usion of
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ions—is the ionic dc-conductivity σdc.�e relation to the charge di�usion coe�cient Dσ is
given by the Nernst–Einstein equation[26,133–135]

Dσ
=

σdckBT

nq2
, (2.90)

where n signi�es the charge-carrier density and q the charge of the ions. Since Dσ is strictly
speaking not de�ned in the sense of Fick’s �rst law but through Eq. (2.90), it should formally
not be regarded as a “real” di�usion coe�cient.[20,136] However, it has the dimensions of a
di�usion coe�cient and can be thought of as “the di�usion coe�cient of the assembly of ions
as if the assembly itself acts like a single (hypothetical) particle.”[20]�e conventional relation
to the tracer di�usion coe�cient Dtr introduced in section 2.1.3 is given by the Haven ratio
HR ≡ D

tr
/Dσ , which allows for the access to useful information about the di�usion mechanism

in a given system. HR represents correlation e�ects present in ion di�usion[20,136–139] and
is usually of the order of 1, having a slightly smaller value, though HR > 1 is also observed.
[63,136,140,141] In some cases, however, values of one or several orders of magnitude larger than
1 are also known.[142,143] For uncorrelated motion of the ions, the Haven ratio—just as the
tracer correlation factor f (cf. Eq. (2.23))—takes on the value of one, HR = f = 1,[20] and the
measurement of the dc-conductivity σdc gives direct access to the mean jump rate τ–−1 via
the microscopic di�usion coe�cient Dtr (see Eq. (2.24)):

τ–−1 =
HR

f
⋅
2dkBT
nq2ℓ2

⋅ σdc . (2.91)

Here, d and ℓ are the dimension of the di�usion process and the mean jump length, respec-
tively, as de�ned in section 2.1.3. Interestingly, in the special case of di�usion via a vacancy
mechanism the factor HR/f in Eq. (2.91) is roughly 1 even in the case of correlated motion.[136]
Indeed, in the limit of an almost full or an almost empty lattice of charge carriers the Haven
ratio is equal to the tracer correlation factor HR = f .[20,138,139]





3 Results

3.1 Introduction
Below, the results of this dissertation are presented cumulatively in the form of papers pub-
lished in peer-reviewed journals.�e articles have been arranged into four sections de�ned
by common attributes of the studied materials, viz. argyrodite-type Li-ion conductors (Sect.
3.2), garnet-type Li-ion conductors (Sect. 3.3), layer-structured Li-ion conductors (Sect. 3.4),
and structurally disordered Li-ion conductors (Sect. 3.5).
�us, a start is made by two articles on lithium argyrodites, representing a new class of Li+

containing solids.�e work was done in collaboration with the group of Prof. Dr. Deiseroth
(Siegen, Germany), where the sample material was synthesized.�e �rst paper covers the
compound Li7PSe6 (“Long-range Li+ dynamics in the lithium argyrodite Li7PSe6 as probed by
rotating-frame spin–lattice relaxationNMR”,[99] pp. 47–56) while the second one discusses the
chalcogenated compounds Li6PSe5Cl and Li6PS5Br (“Highly Mobile Ions: Low-Temperature
NMR Directly Probes Extremly Fast Li+ Hopping in Argyrodite-Type Li6PS5Br”,[144] pp. 58–
63). It turned out that lithium argyrodites exhibit a Li-ion di�usivity su�ciently high to be
considered as solid electrolytes in all-solid-state batteries. Particularly, with a jump rate in
the order of 109 s−1 at room temperature, Li6PS5Br has been found to have the highest Li+
mobility of the three samples. Indeed, the results point to it being one of the fastest solid
Li-ion conductors to have been investigated by 7Li nmr, so far. Probing Li-ion dynamics by
nmr slrmeasurements in the rotating frame of reference, it was possible to record complete
di�usion-induced R1ρ rate peaks for all three samples. A systematic comparison of the results
certainly brought us one step closer to an understanding of how cation di�usivity may be
improved by anion substitution.
�e next set of articles involves representatives of another family of Li-ion conductors,

interesting because of the potential application as solid electrolytes in current batteries, viz.
garnet-type oxides.�e work presented originated from a collaboration between our work-
group and that of Prof. Dr.�angadurai (Calgary, Canada). In “Spin-alignment echo NMR:
probing Li+ hopping motion in the solid electrolyte Li7La3Zr2O12 with garnet-type tetragonal
structure” (pp. 65–72) the tetragonal modi�cation of Li7La3Zr2O12 was studied by 7Li sae
nmr, a method sensitive to relatively slow di�usion processes.�e results obtained here from
an atomic-scale point of view are in line with those deduced from impedance spectroscopy
re�ecting macroscopic Li migration, indicating that both methods probe basically the same
correlation function. In the second paper (“Macroscopic and microscopic Li+ transport pa-
rameters in cubic garnet-type ‘Li6.5La2.5Ba0.5ZrTaO12’ as probed by impedance spectroscopy
and NMR”, pp. 74–82), results from complementary impedance spectroscopy and 7Li nmr
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measurements on cubic “Li6.5La2.5Ba0.5ZrTaO12” are presented. It was found that the high
conductivity of the compound (σdc ≈ 10−4 S/cm at rt) is due to long-range Li-ion transport.
Further, examinations in�angadurai’s group showed good chemical stability with the cath-
ode material Li2FeMn3O8 underlining its potential use as a solid electrolyte in all-solid-state
batteries.
�is section is then followed by three publications on layer-structured materials. In “Fast Li

di�usion in crystalline LiBH4 due to reduced dimensionality” (pp. 84–87) lithiumborohydride
was studied by temperature-variable as well as frequency-dependent 6,7Li nmr slr. LiBH4
exists in two structurally distinct modi�cations, undergoing a reversible phase transition
at about 381 K, which is tellingly re�ected in the nmr data obtained.�e low-temperature
modi�cation exhibits an orthorhombic symmetry, while the high-temperature modi�cation
is hexagonal. Hexagonal lithium borohydride has been found to display a rather high Li-ion
di�usivity, giving it the potential to be employed as a solid electrolyte if its layer structure could
be stabilized down to ambient temperature.�e high Li+ mobility is attributable to di�usion
in reduced dimensions, which is unequivocally demonstrated by a characteristic frequency
dependence on the high-temperature side of the di�usion induced slr ratemaximum. Further
layer-structured materials investigated were lithiated 3R-NbS2 and LiC6 presented in the
articles “Two-dimensional di�usion in Li0.7NbS2 as directly probed by frequency-dependent
7Li NMR” (pp. 89–95) and “Lithium motion in the anode material LiC6 as seen via time-
domain 7Li NMR” (pp. 97–105), respectively.�e �rst of these resulted from a collaboration
with the group of Prof. Dr. Lerch (Berlin, Germany), where the lithiated NbS2 was prepared.
�e measurements on LiC6 were performed by my colleague DI Julia Langer (Graz, Austria).
Both solids are of great interest in that layer-structured materials which allow the reversible
insertion of Li ions are well-suited to be used as electrodes in current secondary batteries.
In both cases, slr nmr experiments in the rotating frame, particularly, were found to be
the method of choice to probe Li di�usion parameters. And while a logarithmic frequency
dependence of the slrρ rates characteristic of two-dimensional di�usion has been indeed
measured in Li0.7NbS2, the experimental realization of corresponding measurements for
LiC6 proved to be di�cult. Particularly, the magnitude of the locking pulses was found to
be too high to be handled correctly by the spectrometer, prohibiting a frequency-dependent
nmr study. However, it was possible to record a complete, di�usion-inducednmr slrρ rate
maximum and to compare the results with appropriate di�usion models. Considering that
previous β-nmr results point towards low-dimensional Li-ion migration,[145,146] our results
seem to indicate a non-negligible inter-layer hopping process.
�e last section covers the articles on disordered Li-ion conductors, viz. “Motion of Li+ in

Nanoengineered LiBH4 and LiBH4:Al2O3 − Comparison with theMicrocrystalline Form” (pp.
107–114) and “Studying Li Dynamics in a Gas-Phase Synthesized Amorphous Oxide by NMR
and Impedance Spectroscopy” (pp. 116–127).�e �rst of these, constitutes the continuation
of the work done on microcrystalline LiBH4 (see above).[147] An attempt has been made to
preserve the high ionic conductivity of the hexagonal (high-temperature) modi�cation down
to lower temperatures by the introduction of structural disorder via high-energy ball milling.
�is approach is concomitant with a signi�cant reduction of crystallite size. Indeed, the genera-
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tion of a large volume fraction of hetero-interfaces in the nano-composite LiBH4:Al2O3 results
in improved Li dynamics as probed by 7Li nmr line-shape measurements and slr nmr
experiments. A comparison is made to the single-phase nanocrystalline LiBH4. Here, slr
rate data also points to improved di�usivity, re�ected in a metastable behavior slightly below
the phase-transition temperature. In the second papernmr and impedance spectroscopy was
used to comprehensibly investigate a gas-phase synthesized non-stoichiometric amorphous
Li-Al-Si-oxide, prepared in the group of Prof. Dr. Binnewies (Hannover, Germany).�is sys-
tem served as a model for materials exhibiting high structural disorder. While the compound
was found to display only moderate Li di�usivity, the work itself shows how complementary
methods—being sensitive to di�usion processes on di�erent time and length scales—can be
used to thoroughly characterize structurally disordered materials intended for use in Li-ion
batteries.
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3.2 Argyrodite-type Li-ion conductors

3.2.1 Long-range Li+ dynamics in the lithium argyrodite Li7PSe6 as probed by
rotating-frame spin-lattice relaxation nmr (pp. 47–56)

Epp, V., Gün,Ö., Deiseroth, H.-J., andWilkening,M. Physical Chemistry Chemical
Physics 15, 7123–7132 (2013).—�is article is reproduced by permission of�e
PCCP Owner Societies.�e original article can be found online at http://pubs.
rsc.org/en/Content/ArticleLanding/2013/CP/c3cp44379e#!divAbstract. ©2013�e PCCP
Owner Societies.
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Long-range Li+ dynamics in the lithium argyrodite
Li7PSe6 as probed by rotating-frame spin–lattice
relaxation NMR†

V. Epp,*a Ö. Gün,b H.-J. Deiserothb and M. Wilkening*a

Lithium-rich argyrodites belong to a relatively new group of fast ion conducting solids. They might

serve as powerful electrolytes in all-solid-state lithium-ion batteries being, from a medium-term point of

view, the key technology when safe energy storage systems have to be developed. Spin–lattice

relaxation (SLR) nuclear magnetic resonance (NMR) measurements carried out in the rotating frame of

reference turned out to be the method of choice to study Li dynamics in argyrodites. When plotted as a

function of the inverse temperature, the SLR rates log10(R1r) reveal an asymmetric diffusion-induced

rate peak. The rate peak contains information on the Li jump rate, the activation energy of the hopping

process as well as correlation effects. In particular, considering the high-temperature flank of the SLR

NMR rate peak recorded in the rotating frame of reference, an activation energy of approximately

0.49 eV is found. This value represents long-range lithium jump diffusion in crystalline Li7PSe6. As an

example, at 325 K the Li jump rate determined from SLR NMR is in the order of 1.4 � 105 s�1.

The pronounced asymmetry of the rate peak R1r(1/T) points to correlated Li motion. It is comparable

to that which is typically found for structurally disordered materials showing a broad range of

correlation times.

I. Introduction

The development of powerful lithium-ion batteries, which are
expected to be the intermediate-term devices to store electrical
energy, requires the availability and provision of lithium-ion
conductors with a very high Li+ mobility.1–7 In particular,
compared to liquid electrolytes, the use of solid ion conductors
meets the challenges to design more powerful and highly safe
lithium-ion batteries.7,8 These are expected to show a long
lifetime which is, in particular, necessary for large-scale, decen-
tralised stationary energy storage. Thus, research on materials
for lithium-ion batteries is in line with the imperative goal to
reduce our dependence on fossil fuels if we are to store
electrical energy from renewable sources and, hence, to combat
climate change. Finding suitable solid electrolytes will certainly
provide a leap forward towards the development of safe

all-solid-state lithium-ion batteries being useful for diverse
applications of energy storage systems such as portable electronic
devices or even (hybrid) electric vehicles.

During the last few years many Li containing solid electro-
lytes have been screened and also modified for such purposes.
However, the number of suitable candidates turns out to be
rather rare, see, e.g., ref. 8–14. Essentially, besides chemical
inertness, which oxide materials usually show, they have
to fulfill the necessary requirement to exhibit an ionic con-
ductivity exceeding, in the ideal case, 10�3 S cm�1 at room
temperature.

Quite recently, a new class of Li-rich materials has been
investigated, viz. crystalline lithium argyrodites, which exhibit
such a sufficiently high Li+ mobility.9,15 So far, Li dynamics of
the compounds belonging to the class of Li7PX6 (X = S, Se) and
Li6PX5X0 (X0 = Cl, Br, I), which are from a structural point of
view closely related to the mineral Ag8GeS6, have mainly been
investigated by impedance spectroscopy.9,15–19 Apart from first
line shape analyses,9,15 an in-depth Li nuclear magnetic reso-
nance (NMR) spin–lattice relaxation (SLR) study is still missing.
It turned out that the highest conductivity was found for the
halides rather than for the pure sulfides or selenides.15 Apart
from impedance spectroscopy, Li jump rates and thus Li
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diffusion coefficients can be studied by time-domain Li NMR
spectroscopy.20–26 Compared to conductivity measurements,
diffusion-induced Li NMR SLR rates solely reflect Li+ diffusivity
rather than e� dynamics which might also contribute to the
total conductivity probed. In the latter case, contributions
arising from other charge carriers have to be carefully elimi-
nated which in some cases might be fraught with great experi-
mental difficulties. By using NMR spectroscopy instead, no
special post-preparation of the material to be investigated is
necessary and a powdered sample is sufficient to study Li
dynamics in detail. Usually the powder is sealed in a small
glass ampoule in an inert gas atmosphere to protect it from
moisture. Therefore, NMR spectroscopy offers a rather direct
and non-destructive access to Li self-diffusion parameters
which can easily be converted into (solid-state) Li diffusion
coefficients.27–29

In the present case, the low-temperature modification of
Li7PSe6, whose structure has been well characterized by both
X-ray powder diffraction and high-resolution NMR recently,15

was chosen to study dynamic properties by temperature-
variable 7Li NMR spectroscopy. The material served as a first
model substance to enlighten Li ion transport properties of
lithium-rich argyrodites by NMR SLR methods. Here, NMR SLR
rate measurements performed in the so-called rotating frame of
reference turned out to be the best choice to study Li self-
diffusion processes. The method takes advantage of an oscillat-
ing magnetic field B1 (rather than the ordinary external mag-
netic field B0), which is used to perturb the 7Li spin system in
the frame of an SLR NMR experiment.30,31 The associated radio
(or locking) frequency o1 is related to B1 via gB1 = o1 where g is
the magnetogyric ratio of the nucleus under investigation.
Since o1 is in the order of some tens of kHz and o0 is in the
upper MHz range, NMR SLR measurements performed in the
rotating frame of reference are sensitive to Li jump rates with
values in the order of 104 to 105 s�1, thus, considerable longer
correlation times can be probed than it is possible with SLR
NMR measurements performed in the laboratory frame of
reference being the more common technique to probe ion
dynamics by NMR.25,28

In general, monitoring the complete diffusion-induced SLR
NMR rate peak, which is obtained when the SLR rate R1r is
plotted vs. the inverse temperature 1/T, gives access to both the
activation energy Ea and the pre-exponential factor t0

�1 deter-
mining the underlying Arrhenius relation (see below). Further-
more, it contains information about correlation effects such as
structural disorder and Coulomb interactions.32 Therefore,
it might be useful to roughly evaluate to what extent short-
range Li motions influence the R1r rates measured and, thus,
ion transport parameters.

II. Experiment

Synthesis and characterization of polycrystalline Li7PSe6 with
mm-sized crystallites (as well as the closely related Li7PS6)
are described in great detail by Kong et al.15 Both Li7PS6

and Li7PSe6 exhibit two structural modifications with a fully

reversible phase transition at 483 K and 437 K, respectively.
While the high-temperature modification shows the typical
argyrodite-type structure (space group F%43m), the crystal struc-
ture of the low-temperature modification is closely related to
that of the low-temperature form of a-Cu7PSe6 crystallizing with
orthorhombic symmetry.15

7Li NMR measurements were conducted on a high perfor-
mance digital Bruker Avance III spectrometer in connection
with a shimmed cryomagnet of a nominal magnetic field of
ca. 7 T. This corresponds to a Larmor frequency of o0/2p =
116 MHz. A commercial high-temperature probe head (Bruker
Biospin) was employed allowing p/2 pulse lengths of about
2.9 ms. The measurements were performed at temperatures
ranging from 216 K to 416 K, which were monitored using a
Eurotherm temperature controller in combination with a type T
thermocouple. Measurements at temperatures down to 112 K
were carried out using a cryo probe (Bruker) which was
operated by evaporating liquid nitrogen. As compared to the
standard probe, the p/2 pulse length of the cryo probe was
ca. 5.2 ms. Prior to the measurements the sample was vacuum
dried and fire sealed in a glass NMR tube of 5 mm in diameter
and 3 cm in length.

7Li NMR SLR rates 1/T1 = R1 were acquired by means of the
saturation recovery pulse sequence 10 � p/2 � td � p/2 which is
depicted in Fig. 1(A).20,33 Here, the initial ten p/2 pulses in rapid
succession are used to destroy any longitudinal magnetization
Mz before its recovery is recorded as a function of the delay
times td. 7Li NMR SLR rates 1/T1r = R1r were recorded in the
rotating frame of reference (SLRr). To this end the spin-locking
technique30–36 was employed (see Fig. 1(B)) where the relaxa-
tion of the equilibrium magnetization is probed at rather low
magnetic field strengths B1. The corresponding locking frequency

Fig. 1 (A) The saturation recovery pulse sequence used to probe the SLR NMR
rates R1: a comb of closely spaced rf-pulses (p/2)x0 (n E 10) destroys the (initial)
longitudinal magnetization (Mz = Meq) so that Mz = 0 at t = 0. The subsequent
recovery of Mz(t) is probed with a single p/2-pulse which is sent after a variable
relaxation delay t = td. (B) The pulse sequence of the spin-lock technique to record
the rotating-frame NMR rates R1r: immediately after the p/2-pulse the magne-
tization M pointing along the (�y0) is locked by the field B1. The decay of Mr(�y0 )is
then probed by plotting the height (or area) of the free induction decay (FID) as a
function of the locking pulse length tlock. See also ref. 37. In a simplified manner
(C) and (D) depict the pulse sequences to record SSR NMR rates and stimulated
echo decay curves. See the text for further explanation.
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was chosen to be o1/2p E 45 kHz with the duration of
the locking pulse tlock varying between 10 ms and 100 ms.
The recycle delay for the SLRr experiments was set to at least
5 � 1/R1. Both R1 and R1r were obtained by parameterizing
the magnetic transients Mz(td) and Mr(tlock), respectively, by
stretched exponentials. In the case of R1r the exponent g in
Mr(tlock) p exp(�(tlock/T1r)g) ranges from 0.4 to 0.9 (210 K r
T r 430 K). For the sake of completeness, temperature-variable
7Li NMR spin–spin relaxation (SSR) rates 1/T2 = R2 were
monitored, which were recorded using a solid-echo pulse
sequence33 optimized for spin-3/2 nuclei (see Fig. 1(C)). techo

denotes the variable interpulse delay. The corresponding NMR
spectra were either obtained after irradiation with a single
p/2 pulse or using the solid-echo pulse sequence. In the latter
case, echoes were recorded at fixed techo of 20 ms; spectra
were obtained by Fourier transformation beginning from the
echo top.

In addition to the SLR and SSR NMR measurements, first
7Li NMR stimulated echoes have been recorded by utilizing the
Jeener–Broekaert38 pulse sequence which is in simplified
terms shown in Fig. 1(D).21,39–41 Usually, such stimulated echo
measurements are sensitive to slow Li dynamics.21,42–48

The technique gives access to single-spin two-time correla-
tion functions21,22,39 and takes advantage of the different
electrical environments the Li spins sense during hopping
from site to site. Here, so-called 7Li sin–sin hopping corre-
lation functions,21,39 i.e., spin-alignment echo (SAE) decay
curves,24,25,43 were monitored at a fixed preparation time tp of
12 ms and a variable mixing time tm ranging from 10 ms to 100 s.
Appropriate phase cycling is necessary to eliminate unwanted
coherences.39

III. Results and discussion

Temperature-variable 7Li NMR spectra of crystalline Li7PSe6

yield first insights into the Li dynamics of the argyrodite.
In Fig. 2 various NMR spectra are shown which were recorded
at temperatures ranging from 216 to 417 K. They were acquired
using a single pulse sequence, thus, quadrupole intensities (see
below) are largely suppressed. Typically, at low temperatures,
i.e. in the so-called rigid-lattice regime, a dipolar broadened
NMR (central) line is observed which can be approximated with
a Gaussian. Due to the increasing motion of the Li spins at
elevated temperatures dipole–dipole interactions are conti-
nuously averaged. Hence, the central NMR line width obeys a
motional narrowing (MN) from which the Li jump rate can be
roughly estimated. In the present case, even at temperatures as
low as 200 K MN has already set in. This can be clearly seen
when Fig. 3 is considered where the NMR line width (full width
at half maximum), directly read out from the NMR spectra
recorded, is plotted vs. T. The dashed line is simply drawn to
guide the eye; the rigid-lattice regime is reached at tempera-
tures lower than 150 K.

Whereas at the highest temperatures (T > 350 K, that is, the
regime of extreme narrowing) the NMR central line, corre-
sponding to the spin-quantum transition I = �1/2 $ I = 81/2,

can be well approximated with a Lorentzian, the NMR line in
the intermediate temperature range can be represented by
the sum of a Lorentzian line and a Gaussian line. However,
a strongly heterogeneous narrowing of the NMR central line,
which in many cases is reflected by a pronounced difference in
line width of the two components,50,51 seems to be absent in
the present case. Thus, the lack of clearly recognizable two-
phase spectra hampers a quantitative analysis according to
that, e.g., presented in ref. 52. Nevertheless, the shape of the
central transitions shown in Fig. 2(a) points to a distribution of
Li jump rates and, therefore, also to a distribution of Li
migration pathways in the Li-argyrodite studied.

Since the MN curve shown in Fig. 3 is obtained by plotting
the overall line widths of the spectra recorded, it is only of
limited use for the extraction of dynamic jump parameters.
Significant MN is expected when the jump rate t�1 reaches the
order of the rigid lattice line width. For example, one might
take use of the inflexion point of the curve (Tinfl E 235 K) to
estimate t�1. Using nrl E 6.8 kHz for the NMR line width
measured in the rigid lattice regime, the corresponding Li jump
rate t�1 is approximately given by tMN

�1 E 2p� nrl E 4� 104 s�1.
Moreover, from the so-called onset temperature (Tonset E 180 K)
an activation energy Ea,MN can be roughly estimated according to
the expression of Waugh and Fedin,53 Ea,MN/meV = 1.62� Tonset/K.
In the present case this yields Ea,MN E 0.3 eV. However,
considering the analysis of Faske et al.,51 in the case of a
distribution of lithium jump rates, this approach is at risk to
underestimate the activation energy obtained and to over-
estimate the jump rate deduced from MN, respectively.
In particular, this is the case when motion-induced line
narrowing spans a broad temperature range, here this is more
than 100 K, and Tonset is mainly governed by the fraction of
fast ions which are presumably subject to, e.g., short-range
(or spatially localized) jump processes.52

In the present case, a more precise access to Li jump rates is
given by SLR NMR. Before discussing the corresponding
results, it is useful to have a closer look on the features of the
NMR spectra recorded in the rigid-lattice regime and in the
limit of extreme narrowing, i.e., at the highest temperatures
where the line width is mainly governed by inhomogeneities of
the external magnetic field. Interestingly, in the latter regime
a well-defined quadrupole powder pattern shows up. Such
electric quadrupole intensities are due to the interaction of
the quadrupole moment of the 3/2-spin nucleus, which is a
result of the non-spherical charge distribution of the nucleus,
being immersed in an electronic environment characterized by
a non-vanishing electric field gradient (EFG). The latter is
produced by the electric charge distribution in the direct
neighbourhood of the nucleus under observation. This addi-
tional interaction alters the Zeeman levels and thus the asso-
ciated (angular) Zeeman frequency o0 towards o0 � oQ.54 The
corresponding quadrupole frequency is given by

oQ = �dp/2(3cos2Y � 1 � ZQ sin2Y cos(2F)) (1)

with the quadrupole coupling constant d = e2qQ/h. Here, e and
eq are the proton charge and the principle component of the
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electric field gradient tensor, respectively. Q is the electric
quadrupole moment of the 7Li nucleus and h denotes Planck’s
constant. The angles Y and F specify the orientation of the
external field B0 in the principle axis system of the EFG tensor
at the site of the 7Li spin. The parameter ZQ reflects any
asymmetries of the EFG tensor. Here, the 7Li NMR line
recorded at 417 K can be well represented by a quadrupole
powder pattern with d = 14.6 kHz and ZQ = 0.6. Certainly, the
values should be regarded as mean values characterizing the
EFG tensor the Li spins are exposed to due to rapid hopping at

elevated temperatures. In the low-temperature modification of
Li7PSe6 the Li ions occupy electrically (and magnetically)
inequivalent crystallographic sites. In general, the absence of
a complete averaging of electric quadrupole interactions at
high T has been found for many Li ion conductors and might
be regarded as a universal feature.47,55,56 It is referred to as
anisotropic (or inhomogeneous) diffusion which is certainly
traced back to the complex crystal structure of the lithium-
containing argyrodite under investigation, cf. also Fig. 7 in
ref. 16.

In the absence of lithium motions on the kHz scale, quadru-
pole intensities in the rigid-lattice regime can be made visible
by recording NMR solid echoes. Owing to receiver dead-time
effects, fast decaying components of an FID are difficult to
detect. In Fig. 4 an NMR spectrum recorded in the rigid-lattice
regime is shown which has been acquired at 190 K with the
help of a two-pulse solid-echo sequence. Besides the Gaussian
shaped central line, whose area fraction is about 36% of the
total area, a broad quadrupole foot (64%) becomes apparent.
The width (fwhm) of the latter component is about 54 kHz and
points to a mean rigid-lattice quadrupole coupling constant in
the order of 100 kHz. This value is comparable with those of
other Li ion conductors studied. With increasing temperature,
the rigid-lattice quadrupole interactions are partly averaged
due to Li motions with rates as high as 105 s�1. Finally, the
well-defined powder pattern, as characterized above, shows up
at higher T.

As mentioned above, straightforward insights into the Li
dynamics in the ternary argyrodite are provided by analyzing
diffusion-induced 7Li NMR SLR rates.20,21,23–28,37,57,58 In Fig. 5
the R1r rates measured in both the laboratory and rotating frames
of reference are shown in an Arrhenius plot. The R1 rates reveal a

Fig. 2 (a) and (b) 7Li NMR spectra of ternary Li7PSe6 recorded at the temperatures indicated. The line width steadily decreases reflecting a pronounced motional
narrowing which indicates rapid Li exchange on the NMR time scale defined by the rigid lattice line width of Li7PSe6. Pronounced and well-defined quadrupole
powder patterns emerge at temperatures chosen to be higher than 300 K. It is fully developed at 417 K. (c) Magnification of the quadrupole powder pattern of the
7Li NMR recorded at 417 K. The spectrum shown at the bottom displays a simulation of the measured one with the help of WinSolids software49 using a single set of
fitting parameters describing the NMR line shape. See the text for further details.

Fig. 3 Motional narrowing of the 7Li NMR linewidth of polycrystalline Li7PSe6.
While filled symbols (K) represent data points recorded using a standard probe,
boxes display the line widths (fwhm) of NMR spectra recorded using a cryo probe.
The rigid lattice value, nrl E 6.8 kHz, is reached at temperatures below 150 K. The
onset of MN is expected when the Li jump rate reaches values in the order of
103 s�1. See the text for further explanation.
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diffusion-induced low-temperature flank pointing to a relatively
small activation energy of only 0.28(1) eV. The so-called low-T
regime of NMR SLR is sensitive to short-range rather than to
long-range lithium diffusion.20 Interestingly, the SLR rates

probed in the laboratory frame of reference do not exhibit a
R1(1/T) rate peak; above 300 K the rates are independent
of temperature and amount to be about 10 s�1. Note that at
T o 235 K the rates are increasingly governed by non-diffusive
and weakly temperature-dependent background effects which,
most likely, can be ascribed to coupling of the Li spins
with paramagnetic impurities. However, in the case of NMR
SLR measurements in the rotating frame of reference per-
formed at a locking frequency in the order of 45 kHz the
R1r rates pass through a well-defined maximum showing up
at Tmax = 325 K. This allows the direct determination of the Li
jump rate t�1 which can be estimated using the maximum
condition o1t E 0.5. Note that this estimation is based on an
exponential correlation function G(t) leading to symmetric
NMR rate peaks (see below). Here, at Tmax the rate t�1 is in
the order of 1.4 � 105 s�1. Compared to the result from NMR
motional narrowing it becomes evident that the rate tMN

�1

seems to overestimate the jump process because of the reasons
discussed above.

A more detailed analysis is achieved by using an appropriate
relaxation model20,59 to evaluate the SLR NMR rates R1r(1/T)
measured. The dashed line shown in Fig. 5 represents a
complete relaxation fit according to

R1r(o1, T) p J3D(o1, T) p tc/(1 + (2o1tc)b). (2)

Note that the correlation rate tc
�1 is in the order of the jump

rate t�1. In general, J3D denotes the spectral density function
characterizing electric and magnetic field fluctuations due to
three-dimensional ion hopping. Here, the expression of the
spectral density function, to which R1r(o1, T) is proportional,
is based on the relaxation model of Bloembergen, Purcell
and Pound (BPP) introduced for 3D, isotropic diffusion.60

Originally, the exponent b is given by b = 2, which originates
from the assumption of an underlying single exponential
motional correlation function G(t). J3D is obtained from G(t)
by Fourier transformation. In the case of b = 2 this results in a
symmetric (Lorentzian shaped) spectral density function J3D.20

Values smaller than two (for b the range 1 o b r 2 is valid) as
introduced by Küchler et al.61 lead to asymmetric NMR SLR rate
peaks whereby the slope of the low-temperature flank, that
is the regime where o1t c 1 holds, is smaller than that of
the corresponding high-temperature side characterized by the
limit o1t { 1. In particular, asymmetric NMR SLR rate
peaks have been observed for structurally disordered ion con-
ductors. Theoretical investigations show that Coulomb inter-
actions of the moving ions and/or structural disorder seem
to be responsible for the asymmetries observed in NMR
relaxometry.62–64 A pronounced heterogeneous dynamics,
being closely related to structural disorder which can be
represented by an irregular formed potential landscape, is
expected to include both long-range dynamics as well as
localized hopping processes.

In the present case, the R1r(o1,T) data can be best repre-
sented by a fit with b = 1.41(2). This result certainly points to a
non-exponential motional correlation function. It might directly

Fig. 4 7Li solid-echo (first-order quadrupolar) NMR spectrum recorded using a
two-pulse sequence at 116 MHz and 190 K. The area fractions of the dipolar
broadened central and quadrupole contribution are in agreement with the
theoretical ratio of 4 : 6. Upon increasing temperature, the central line and the
broad quadrupole signal narrow due to rapid Li exchange.

Fig. 5 Arrhenius plot of the 7Li NMR SLR rates measured at a Larmor frequency
o0/2p of 116 MHz (R1) and a locking frequency o1/2p of 45(2) kHz (R1r). The
dashed line represents a modified BPP fit taking into account a sub-quadratic
frequency dependence of the R1r rates (R1r p o1

�b, b o 2) in the limit o1t c 1.
The upper figure shows the temperature dependence of g used to parameterize
the corresponding magnetization transients. For comparison, the temperature
behaviour of the R2 SSR NMR rates and the decay rates deduced from stimulated
echo NMR (see the inset of Fig. 7) are also shown. See the text for further
explanation.
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reflect a heterogeneous potential landscape the Li ions are
exposed to. In Li7PSe6 the Li ions occupy multiple, distinctly
connected sites as revealed by high-resolution 6Li NMR spectro-
scopy.15 A relatively low b value, as found here, is comparable to
that recently reported for Li ion hopping in Li7La3Zr2O12 (LLZ);
LLZ also exhibits a highly complex crystallographic structure
where the Li ions are distributed among various inequivalent
positions. Let us mention that b o 2 minimally influences the
maximum condition used above to estimate the jump rate at
the temperature where the rate peak shows up. Taking into
account b = 1.41(2), the exact maximum condition is given by

o1t = 0.5(b � 1)�1/b E 0.94 (3)

provided J3D is restricted to a single term as done in eqn (2),
which turns out be a very good approximation.

With Ea (0.49(2) eV) and tc,0
�1 E t0

�1 (1.6(9) � 1013 s�1)
available from the relaxation fit,65 the jump rate following the
Arrhenius relation t�1 = t0

�1exp(�Ea/(kBT)) can be determined.
Here, kB denotes Boltzmann’s constant. At ambient temperature,
this yields t�1 E 9.5� 104 s�1. Using the Einstein–Smoluchowski
equation, which relates t�1 with the self-diffusion coefficient
Dsd via

Dsd = a2/(6t) (4)

it turned out that Dsd is 1.3(8) � 10�15 m2 s�1 at T = 300 K. Here,
the jump distance a was estimated to be a E 2.9 Å which is
based on the structural data given in ref. 15. With Dsd the
corresponding ion conductivity can also be determined via
the Nernst–Einstein equation. According to this relation the
so-called solid-state diffusion coefficient DNE is obtained which
is given by

DNE ¼
sdckBT
Nq2

(5)

N denotes the charge carrier density and q represents the
charge of the Li ions. sdc is the ionic dc conductivity. Note that
DNE is directly linked with Dsd according to DNE = f/HR Dsd. Here,
HR is the Haven ratio and f denotes the so-called correlation
factor. In the present case we assumed f/HR E 1 to estimate the
ionic conductivity sdc. Once again, N has been estimated based
on the crystallographic data recently obtained for Li7PSe6.15

With Dsd given above, the ionic conductivity turns out to be in
the order of 2 � 10�6 S cm�1 at 300 K. This is in reasonably
good agreement with preliminary conductivity measurements
on similar samples.16 It should be noted that even higher ion
conductivities have been probed for some halide-containing
Li-argyrodites.9,16,17

Identifying Ea = 0.49(2) eV (see above) with the activation
energy reflecting long-range Li diffusion in Li7PSe6, the slope of
the low-T flank of the rate peak of Fig. 5 might be related to Li
jump processes taking place on a much shorter length scale.
This is expressed by o1t c 1 being valid in this temperature
range. In the present case, the low-T flank is characterized by
Ea,low = 0.21(1) eV, thus, fulfilling the relation Ea,low = (b � 1)Ea.
It directly links the frequency dependence of R1r p o1

�b to the
asymmetry of the diffusion-induced relaxation rate peak R1r(1/T).

Indeed, the crystallographic structure of Li-containing argyrodites
contains structural motifs, viz. Li ions residing in close-by
tetrahedral voids, which might help explain the differences
between localized, i.e., short-range Li dynamics on the one
hand and long-range Li diffusion on the other hand.15 This is
also supported by recent theoretical investigations on halide-
containing Li-argyrodites.16,17

For comparison with the SLR NMR rates, the g exponents
describing the deviation of the magnetization transients
Mr(tlock), see Fig. 6, from single-exponential time behaviour
are also included in Fig. 5. Whereas a straightforward inter-
pretation of g is generally not available, one might read out two
features showing up in the present case. At very low tempera-
tures the exponent is approximately 0.5 which might point to
(diffusion-induced) spin–lattice relaxation due to coupling of
the 7Li spins primarily to paramagnetic impurities. At even
lower temperatures homonuclear spin-diffusion might play an
additional role. With increasing diffusivity, g initially increases
before a minimum value is attained at Tmax where the corre-
sponding maximum peak R1r(1/T) shows up. Interestingly,
when T is further increased and Li diffusion becomes rapid
the exponent g steadily increases towards g = 1, i.e., single-
exponential time behaviour. Note that at very high tempera-
tures the various electrical interactions the Li spins are exposed
to are greatly averaged resulting in a quadrupole powder
pattern which can be simulated with a single set of (mean)
parameters. Thus, when considering the underlying motional
correlation function, being at least partly reflected by the
exponent g, it might also change as a function of temperature
and seems to tend to become a single exponential in the limit
o1t { 1. Such an observation is in agreement with the predic-
tions of Ngai and co-workers,66 who have analyzed the shape of
motional correlation functions from both NMR and impedance
spectroscopy measurements.

Fig. 6 7Li NMR magnetization transients Mr(tlock) of Li7PSe6 recorded at the
temperatures indicated and at o0/2p = 116 MHz and o1/2p = n1 = 45(2) kHz.
Dashed and solid lines represent fits according to Mr(tlock) p exp(�(tlock/T1)g). At
high temperatures, i.e. in the limit o1t c 1, the stretching exponent g increases
towards single exponential time behaviour. The decay curves recorded above
360 K represent magnetization transients of the high-temperature flank of the
R1r(1/T) peak shown in Fig. 5.
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For the sake of completeness, R2 SSR NMR rates were
recorded at temperatures down to 190 K. In the rigid-lattice
regime, T2 is approximately 70 ms. This is in good agreement
with the second moment, i.e., the line width of the central
transition in this temperature range (6.8 kHz), see above. It is
worth mentioning that, as expected, the 7Li NMR solid echoes
are composed of a fast and slowly decaying contribution which
mirror quadrupolar and dipolar contributions. Irrespective of
what is analyzed in detail, i.e., (i) the complete area under the
echo, (ii) the amplitude of the quadrupole part or (iii) the area
of the slowly decaying dipolar part, at very low T the corre-
sponding transients follow single-exponential time behaviour
(see Fig. S1 and S2, ESI†). However, the situation changes upon
increasing T. Then, a fast decaying and temperature indepen-
dent contribution with R20 = 30 ms shows up (see Fig. S2, ESI†).
These rates might reflect a very slow dynamic process. Inter-
estingly, the stimulated echoes, which are presented below,
also seem to point to a subset of lithium ions with a very low
diffusivity.

For comparison, in Fig. 5 the temperature-dependent R2

rates of the slowly decaying part of the transients are included.
The rates start to decrease at T = 260 K. At this temperature the
associated jump rate is in the order of 104 s�1, which is in good
agreement with the Arrhenius parameters deduced from the
R1r(1/T) peak. However, the corresponding activation energy,
which can be estimated from the linearly decaying part of the
R2 curve, turns out to be only 0.4 eV (see also Fig. S2, ESI†).
Moreover, the maximum R1r rate exceeds R2. Similarly, this has
been observed by, e.g., Bertermann et al.56 who recorded R2

rates using a Hahn echo pulse sequence. In doing so, Hahn
echo decay seems to be determined by dipolar rather than by
quadrupolar interactions as expected.

The present difference between R1r and R2 also indicates
that the two rates probed are not necessarily influenced by
exactly the same relaxation mechanism and/or the same subset
of (differently coupled) Li spins. Considering the pre-factor
obtained from the R1r(1/T) fit (R1r = C0 � J3D(2o1)), which
amounts to C0 = 2.95(9) � 109 s�2, thus, being in the order of
the square of the rigid-lattice quadrupole coupling constant
(see above), we suppose that, besides dipolar ones, fluctuating
quadrupolar interactions also play a large role in influencing
R1r. However, a conclusive answer to what extent dipolar
interactions affect the SLR NMR rates probed might only be
possible by future 6Li NMR experiments carried out at reso-
nance frequencies comparable to those used for the 7Li NMR
measurements.

In addition to NMR SLR measurements in the rotating frame
of reference, we have recorded 7Li spin-alignment echo NMR
decay curves which are sensitive to slow Li exchange processes
between electrically inequivalent Li sites in the argyrodite.
Thus, the method takes advantage of the distinct quadrupolar
interactions of the jumping Li ions. The decay curves shown in
Fig. 7 were obtained by plotting the intensity of the spin-
alignment echo (read out at the echo maximum, i.e., at t = tp)
as a function of mixing time. The S2 curves reflect the prob-
ability to find an Li nuclear spin, which initially (tm = 0) resides

on a specific site, on an electrically equivalent site at a later
time (t = tm).

Interestingly, echo damping proceeds in two steps.22,26,67

Most likely, the first decay step directly reflects Li hopping; the
second step, however, might be induced by (quadrupolar) spin–
lattice relaxation and/or spin-diffusion effects. The latter are
expected to be characterized by a decay rate t00 being in the
order of seconds. The full decay curves were parameterized with
a combination of two stretched exponentials according to

S2 tp; tm; t ¼ tp
� �

¼ Ae� tm=tSAEð ÞgSAE þ B
� �

e� tm=t00ð Þg
00

(6)

Below 270 K, the stretching parameter gSAE is approximately 0.5.
It decreases with increasing T reaching gSAE E 0.25 at ambient
temperature. The fits yield the decay rates tSAE

�1 shown in the
inset of Fig. 7. Obviously, the first decay step points to Li jumps
which are thermally activated similar to those being res-
ponsible for motion-induced SLR NMR in the limit o0t c 1
(see above). Note that in other cases SAE NMR has been proven
to be very successful in characterizing long-range ion transport
properties.25,51,68–70 In the examples studied so far, the corre-
sponding activation energy Ea,SAE turned out to be very similar
to the value Ea,dc deduced from dc-conductivity measurements.
However, in the present case, low-temperature echo damping
seems to be mainly influenced by a diffusion process with a
much lower thermal activation. This behaviour might change
when 6Li (spin-1 nucleus) stimulated echoes are recorded
instead of 7Li (spin-3/2 nucleus) echoes. This is because the
latter are exposed to rather large homonuclear dipole–dipole
interactions which might strongly influence the generation of a
pure spin-alignment state.

Irrespective of this possible influence on the 7Li NMR S2

curves, even at temperatures as low as 220 K the two-step decay
behaviour remains. For example, the (normalized) correlation

Fig. 7 7Li NMR (sin–sin) two-time correlation functions recorded using the
Jeener–Broekaert38,39 pulse sequence (116 MHz, tp = 12 ms). While the first decay
step of the S2 decay curve reflects Li hopping between electrically inequivalent Li
sites in crystalline Li7PSe6, the second one is induced by (quadrupolar) spin–lattice
relaxation. Solid lines represent fits with a combination of two stretched
exponentials.
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function recorded at 241 K is characterized by a so-called
plateau value SN = B/(A + B) (see eqn (6)) which is approximately
0.12. In general, 1/SN is related to the number of electrically
inequivalent Li sites the ion visits during self diffusion.39 The
inverse, 1/SN, equals the number of available Li sites provided
these are equally populated and visited by the spins with the
same probability. SN = 0.12 leads, at first glance, to approxi-
mately eight different Li sites. In fact, there are at least seven
electrically inequivalent Li sites occupied in Li7PSe6. It is worth
mentioning that, once again, 7Li–7Li dipole–dipole interactions
might influence 1/SN which usually point to a larger number of
sites than actually present in the crystal structure. Such a
situation has also been found for SAE NMR measurements
on b-eucryptite, LiAlSiO4, single crystals.71 With increasing
temperature T, the value SN decreases which might be attri-
buted to the increasing averaging of electric quadrupolar as
well as magnetic dipolar interactions due to sufficiently fast
Li hopping.

Alternatively, the emergence of a distinct plateau might also
be interpreted in terms of a small and decoupled sub-ensemble
of very slow Li ions that show up at large mixing times and low
temperature. However, since the corresponding decay rates
associated with the second step (1/t00) do not reveal a significant
temperature dependence, the above-given explanation, pointing
to the averaging of quadrupole interactions, seems to be more
suitable to understand the NMR response. Moreover, at higher
temperatures the jump process occurring during the evolution
period determined by tp might also affect the correlation
functions probed. This phenomenon is called motional phase
averaging, see ref. 21 for further details.

In contrast to the diffusion process being responsible for the
maximum of R1r(1/T), the first decay step of the SAE NMR decay
curves reflects Li spins diffusing on a rather long time scale.
In this context it is worth mentioning once again that, in
general, SAE NMR is insensitive to Li+ jumps between electri-
cally inequivalent sites. This also holds for sufficiently fast
exchange processes for which echo formation is not possible
or for hopping processes leading to elimination of fluctuating
EFGs. The latter means fast jump processes involving a small
number of preferred but electrically inequivalent sites. Such a
process would lead to an averaged but mixing-time indepen-
dent EFG and is expected to contribute to SLR NMR but it
would be invisible for SAE NMR. This view might help under-
stand the difference found between t�1 from R1r(1/T) and
tSAE

�1. Such a scenario of fast and slowly diffusing spins,16

which allow exchange between each other, is also in agreement
with a relatively large final state amplitude for the slow process
most likely involving the majority of the Li sites available. As
mentioned above, exchange between closely adjacent voids in
Li7PSe6, see ref. 15 and 16, might represent such a preferred
(spatially localized and fast) hopping process to which SAE
NMR is not sensitive, cf. also the illustration of Fig. 7 in ref. 16.
The relatively low activation energy deduced from SAE NMR
might point to the conclusion that at higher T further hopping
processes come into play which are finally detected by R1r(1/T)
in the high-temperature limit.

For comparison with a recent study on Li4SnS4, let us note
that Dehnen and co-workers72 reported on SAE data which
reveal low-temperature echo decay damping pointing to an
extremely slow Li motional process. This process is reported
to be thermally activated by 0.05 eV only. Very recently, by our
own group a similar motion process with an activation energy
of 0.09 eV was observed for a structurally disordered ion
conductor. In contrast to the SAE NMR response probed here,
but in analogy to the well-known nearly constant loss (NCL)
phenomenon in conductivity spectroscopy, in ref. 73 we inter-
preted this feature as a result from strictly localized (or caged)
motions, see also ref. 74.

Finally, instead of a single (Arrhenius-type) diffusion process
we found indications for various motional mechanisms present
in Li7PSe6. This also includes the possibility that diffusion
mechanisms change as a function of temperature and domi-
nate others in certain ranges. It also helps understand why it is
hardly possible to perform a so-called joint fit, see, e.g., ref. 28,
of the temperature-variable and frequency-dependent SLR NMR
rates R1r and R1. Here, the rates R1 might be interpreted as the
result of a superposition of different processes leading to
0.28 eV (Fig. 5) in the end. In contrast, long-range Li+ ion
dynamics at higher T seem to be determined by an activation
energy of 0.49 eV which can be deduced from the R1r(1/T) peak
in the relaxation limit o1tc { 1.

IV. Conclusion and outlook

In summary, local electric structures and Li self-diffusion in a
polycrystalline sample of Li7PSe6 have been examined by tem-
perature-variable 7Li NMR spectroscopy. Line shape as well as
SLR measurements have been used to get insights into transla-
tional Li dynamics present. While the first seem to be mainly
governed by local exchange processes, with the help of SLR
measurements short- as well as long-range diffusion para-
meters are accessible. In particular, it turned out that SLR
measurements performed in the rotating frame of reference are
highly suited to characterize Li hopping motions taking place
on different length scales in the Li-containing argyrodite. From
the diffusion-induced R1r SLR rate peak probed, both the
activation energy (0.49(2) eV) as well as the pre-exponential
factor (1.6(9) � 1013 s�1) of the underlying Arrhenius relation
characterizing long-range dynamics (at higher T) could be
probed. At ambient temperature, the Li self-diffusion coeffi-
cient is approximately 1.3(8) � 10�15 m2 s�1. This points to an
Li ion conductivity in the order of 2 � 10�6 S cm�1 at 300 K.
In contrast, at lower T Li dynamics seem to be characterized by
activation energies ranging from 0.21 eV (R1r) to 0.28 eV (R1).
Most likely, the relevant diffusion processes being valid in this
T range also entail short-range dynamics.

The measurements carried out so far build a helpful basis to be
used for the comparison with halide containing Li-argyrodites such
as Li6PSe5Cl revealing even higher Li conductivities.9,15,17–19,75

Currently, chlorine-containing and bromine-containing argyrodites
are investigated in our laboratory. In addition to the first
7Li SAE NMR measurements presented here, the analysis of
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6Li NMR hopping correlation functions might be very useful
to shed more light on the dynamic processes probed via the
generation of stimulated echoes.
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6 A. S. Aricó, P. Bruce, B. Scrosati, J.-M. Tarascon and

W. V. Schalkwijc, Nat. Mater., 2005, 4, 366.
7 J. B. Goodenough and Y. Kim, Chem. Mater., 2010, 22, 587.
8 P. Knauth, Solid State Ionics, 2009, 180, 911.
9 H.-J. Deiseroth, S.-T. Kong, H. Eckert, J. Vannahme,

C. Reiner, T. Zaiss and M. Schlosser, Angew. Chem.,
Int. Ed., 2008, 47, 755.

10 Y. Zhao and L. L. Daemen, J. Am. Chem. Soc., 2012,
134, 15042.

11 A. Hayashi and M. Tatsumisago, Electron. Mater. Lett., 2012,
8, 199.

12 N. Kamaya, K. Homma, Y. Yamakawa, M. Hirayama,
R. Kanno, M. Yonemura, T. Kamiyama, Y. Kato, S. Hama
and K. Kawamoto, et al., Nat. Mater., 2011, 10, 682.

13 H. Buschmann, J. Dölle, S. Berendts, A. Kuhn, P. Bottke,
M. Wilkening, P. Heitjans, A. Senyshyn, H. Ehrenberg and
A. Lotnyk, et al., Phys. Chem. Chem. Phys., 2011, 13, 19378.

14 S. Narayanan, V. Epp, M. Wilkening and V. Thangadurai,
RSC Adv., 2012, 2, 2553.

15 S. T. Kong, O. Gün, B. Koch, H. J. Deiseroth, H. Eckert and
C. Reiner, Chem.–Eur. J., 2010, 16, 5138.

16 O. Pecher, S.-T. Kong, T. Goebel, V. Nickel, K. Weichert,
C. Reiner, H.-J. Deiseroth, J. Maier, F. Haarmann and
D. Zahn, Chem.–Eur. J., 2010, 16, 8347.

17 R. P. Rao and S. Adams, Phys. Status Solidi A, 2011,
208, 1804.

18 P. R. Rayavarapu, N. Sharma, V. K. Peterson and S. Adams,
J. Solid State Electrochem., 2012, 16, 1807.

19 S. Boulineau, M. Courty, J.-M. Tarascon and V. Viallet, Solid
State Ionics, 2012, 221, 1.

20 P. Heitjans, A. Schirmer and S. Indris, in Diffusion in
Condensed Matter, ed. P. Heitjans and J. Kräger, Springer,
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ABSTRACT: The development of safe and long-lasting all-solid-state lithium-ion
batteries needs electrolytes with exceptionally good transport properties. Here, we
report on the combination of several solid-state nuclear magnetic resonance
(NMR) techniques which have been used to precisely probe short-range as well as
long-range Li+ dynamics in Li6PS5Br from an atomic-scale point of view. NMR
data clearly reveal an extraordinary high Li diffusivity. This manifests in so-called
diffusion-induced spin−lattice relaxation NMR rate peaks showing up at
temperatures as low as 260 K. From a quantitative point of view, at ambient
temperature the Li jump rate is of the order of 109 s−1 which corresponds to a Li+

conductivity in order of 10−3 to 10−2 S/cm, thus, indicating “liquid-like” Li+

diffusion behavior in Li6PS5Br.

SECTION: Kinetics and Dynamics

Since the discovery of ionic conduction in solids many
decades ago, the research field, which is frequently known

as solid state ionics today, has emerged to be one of the most
important subdisciplines of physical chemistry, in particular,
and materials science, in general. Currently, this ongoing
progress is additionally driven by the increasing demand to
realize advanced and energy-dense electrochemical storage
systems that need fast ion conductors.
Looking toward improved lithium-ion batteries1−4 for, for

example, electric vehicles as well as for storing energy from
renewable but intermittent sources, new materials with
extraordinary transport properties have to be developed,
thoroughly characterized, and tested. To go beyond today’s
commercially available systems, which mostly rely on
flammable liquid electrolytes, more than ever before, solid
electrolytes5 are indispensable to guarantee both safety and
reliability as well as a long life of a rechargeable battery.
Besides thermal and electrochemical stability, a powerful

solid electrolyte, which conducts lithium ions between the
negatively charged anode and the positive cathode, needs to
have an Li ion conductivity higher than 10−3 S/cm near room
temperature. So far, only a few crystalline solids are known5−12

that meet these requirements. Once promising candidates are
found, Li transport parameters have to be precisely and reliably
measured.13 However, in the case of lithium the pool of
methods is rather limited. For example, because there is no
suitable long-living isotope known, the well-known radio tracer
method cannot be applied. Conductivity spectroscopy needs
careful postpreparation of the sample and might suffer from

porosity, grain boundary resistances, and electrode effects.14

Nuclear magnetic resonance (NMR) spectroscopy,15−20

however, which takes advantage of the superb receptivity of
the 7Li nucleus (spin-3/2), represents an atomic-scale,
nondestructive, and even contactless method to be used for
this purpose. Moreover, the combination of complementary
time-domain NMR techniques allows probing Li diffusion
parameters over a large dynamic range, covering in the best
case more than 10 decades.19,21,22

We report on an example par excellence where relaxation
NMR was used to directly probe Li jump rates 1/τ and
activation energies Ea in argyrodite-type cubic Li6PCh5X (Ch =
S, Se; X = Cl, Br),14,23,24 representing a new class of highly
conducting solid electrolytes. It turned out that polycrystalline
Li6PS5Br belongs, as yet, to one of the fastest solid Li
conductors investigated by Li NMR. The results even exceed
those recently reported for an ultrafast jump diffusion process
in Li12Si7.

25 Finally, by systematically comparing the results of
different members of the Li6PS5Br family, the measurements
helped us to understand how anion substitution may improve
cation diffusivity − a general concept that is extremely
advantageous to tailor transport properties. Let us note that,
even today, a knowledge-based and target-oriented develop-
ment of functional materials, in the true sense of the word, has
been documented extremely rarely.
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The Li-argyrodites, with natural Li abundance (7Li 92.5%, 6Li
7.2%), were prepared by solid-state synthesis; details of sample
preparation are described elsewhere.14 To protect the
polycrystalline powder samples permanently from any traces
of moisture they were carefully fire-sealed in glass ampules. 7Li
NMR line shapes and spin−lattice relaxation (SLR) measure-
ments in both the laboratory and rotating frame of reference
were recorded on a digital Avance III NMR spectrometer that is
connected to a shimmed cryo magnet with a nominal magnetic
field of 7 T. (See the Supporting Information for further
experimental details.) Because of the high diffusivity of the Li
ions in Li6PS5Br the NMR measurements had to be partly
performed at cryogenic temperatures as low as 13 K. For that
purpose a special probe designed by Bruker was employed.
While line shapes were recorded with a single pulse, SLR NMR
rates were acquired using the saturation recovery technique17,26

and a spin-lock pulse sequence,26−28 respectively.
First insights into Li dynamics of crystalline solids can be

deduced from the motion-induced narrowing of static Li NMR
spectra recorded at different temperatures.29,30 At sufficiently
low T, that is, in the so-called rigid-lattice regime, the Li jump
rate 1/τ is much smaller than the spectral width of the usually
dipolarly broadenend Gaussian NMR central line. With
increasing temperature, however, Li exchange processes
become faster, and 1/τ reaches values being comparable to
the spectral width. The associated averaging of dipole−dipole
interactions results in a motionally narrowed, in many cases,
Lorentzian NMR central line.31 This behavior is also observed
in the present case. For comparison, in Figure 1a, the NMR line
widths (full width at half-maximum) for three selected Li-
argyrodites are plotted versus temperature. While onset of
motional narrowing (MN) for Li7PSe6 significantly starts at
TMN = 186 K,32 the corresponding curve of Li6PSe5Cl is clearly
shifted toward lower temperature yielding TMN = 133 K. This
value is comparable to that found recently for the ultrafast

diffusion process in polycrystalline Li12Si7. At the onset point of
the narrowing curve the jump rate 1/τ is expected to be on the
order of 103 s−1. Most importantly, a further shift is observed
for Li6PS5Br, resulting in an extremely low onset temperature of
TMN = 87 K (Figure 1a). The results nicely corroborate those
reported by Eckert and coworkers,7 who recorded NMR
spectra down to 130 K, as well as confirm the data presented by
Koch.33 To verify such ultrafast diffusion processes, we
measured diffusion-induced 6Li and 7Li SLR NMR rates at
different frequencies and over a broad temperature range.
Provided SLR is solely induced by diffusion processes, the

NMR SLR rate R1(ρ) passes through a maximum on a log(R1(ρ))
versus 1/T plot.13,17,34 When R1(ρ) reaches its maximum value
the mean correlation rate, being almost identical to the Li jump
rate 1/τ, was on the order of the Larmor (ω0) or locking
frequency (ω1) used to sample the NMR rates.13,17 Because ω0
is in the megahertz range and ω1 is on the order of kilohertz,
complementary SLR NMR experiments are sensitive to
motional processes covering a quite large time scale. Let us
first discuss those carried out at comparable locking frequencies
of ω1/2π = 45 and 14 kHz, respectively (see Figure 1b).35

While Li7PSe6 reveals an asymmetric rate peak showing up at
Tmax = 325 K, that of the Cl-containing argyrodite shows up at
210 K, indicating greatly improved Li diffusion; in the case of
rotating f rame SLRρ, at Tmax, the jump rate is given by 1/τ
(Tmax) ≈ 2ω1,

13,17 thus, being on the order of 106 s−1. In perfect
agreement with the line width measurements (Figure 1a), the
rate peak R1ρ(1/T) of Li6PS5Br, which was recorded at ω1/2π =
14 kHz, is shifted toward even lower T yielding Tmax = 167 K
(Figure 2b). For comparison, considering other fast ion
conductors studied, a value on the order of 105 jumps per
second is usually found slightly below room temperature.21

Here the shift of more than 100 K toward lower T
unequivocally classifies Li6PS5Br as an electrolyte with fast Li
exchange processes.

Figure 1. (a) Temperature dependence of the 7Li NMR line widths (full width at half-maximum) of three selected Li-argyrodites. Data for Li7PSe6
were taken from ref 32. Lines are to guide the eye. Dotted lines indicate the determination of the onset of motion-induced line narrowing. A value of
87 K, which is obtained for Li6PS5Br, indicates extremely fast hopping processes. (b) Arrhenius plot of the corresponding 7Li SLRρ NMR rates
recorded at the locking frequencies indicated. Here, at the peak maximum, the Li jump rate is at least 105 s −1. The lines represent fits according to a
modified BPP relaxation model,13,36,37 taking into account its asymmetry by introducing the parameter β. The farther the diffusion-induced NMR
relaxation peak is shifted toward lower T, the faster Li exchange and the smaller the activation energy turns out. The latter is directly given by the
slope of the respective high-temperature flank. In summary, Li diffusion drastically increases in the following order: Li7PSe6 < Li6PSe5Cl < Li6PS5Br.
See the text for further details.
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At room temperature, the jump rate of Li6PS5Br is expected
to reach even larger values. Indeed, SLR NMR measurements
performed at a resonance frequency of 116 MHz reveal a
diffusion-induced rate peak R1(1/T) passing through its
maximum at Tmax = 263 K (Figure 2). This has been
corroborated by complementary 6Li measurements carried
out at 44 MHz yielding Tmax = 238 K (see also Figure 2). With
1/τ(Tmax) ≈ ω1, being valid for SLR NMR in the laboratory
f rame of reference,17 this yields 1/τ (238 K) = 2.8 × 108 s−1

and 1/τ (263 K) = 7.3 × 108 s−1 ≈ 109 s−1, respectively. Thus,
well below room temperature the mean residence time of a Li
ion is close to 1 ns. To our knowledge this is so far one of the
fastest solid-state diffusion processes probed by time-domain
6,7Li NMR relaxometry. For comparison, in Li12Si7, the R1(1/T)
rate peak shows up at much higher temperatures (viz. Tmax =
400 K) when measured at 77.7 MHz.25

The jump rates derived from SLR NMR can be converted
into conductivity values according to the Einstein−Smolu-
chowski equation and the Nernst−Einstein equation.38 The
first interrelates 1/τ with the self-diffusion coefficient: assuming
3D diffusion and a jump distance of 2.5 Å, which is a very
reasonable value in the present case,39 we obtain D263K = a2/
(6τ) = 7.6 × 10−8 cm2 s−1 (in a relatively theory-independent
way). Disregarding any correlation effects, by means of the
Nernst−Einstein equation, D263K can roughly be converted into
a conductivity value σ. Here a mean residence time of 1 ns
corresponds to σ in the order of σ ≈ 10−2 S/cm, clearly
illustrating extremely mobile lithium ions in polycrystalline
Li7PS5Br (see below). Certainly, this conversion should be
regarded as a rough estimate because relaxation NMR and
conductivity spectroscopy sense different kinds of correlation
functions.40,41

To understand the motion-induced 7Li SLR NMR rates of
Li7PSe6, Li6PSe5Cl, and Li6PS5Br in more detail, we used
modified BPP-type42 spectral density functions J(ω0,τc) and

J(ω0, ω1, τc) that are based on exponential motional correlation
functions17,42 G(t′) to describe the temperature dependence of
R1(1/T) and R1ρ(1/T), respectively.13,25,34 The correlation
time τc is within a factor of 2

17 identical to the Li residence time
τ = τ0 exp(−Ea/(kBT)); here Ea denotes the activation energy
and kB is Boltzmann’s constant.
The Lorentzian-shaped function J, which is directly propor-

tional to R1 and R1ρ, can be derived from G by Fourier
transformation.17,43 In the case of a 3D diffusion process, we
have J ∝ τ at high temperatures, that is, in the limit ω0(ρ)τ ≪ 1,
and J ∝ τ−1ω0(ρ)

−β (with 1 < β ≤ 2) in the low T limit where
ω0(ρ)τ ≫ 1 holds.17,34 Original BPP-type behavior36 does not
take into account correlation effects and predicts β = 2 leading
to symmetric relaxation rate peaks.17,44 Asymmetric peaks are
usually found for structurally complex or even disordered ion
conductors.6,13,34 Such materials reveal a broad range of short-
range and long-range motional processes that are affected by
correlation effects45 resulting from, for example, Coulomb
interactions.46 In the present case, the R1ρ(1/T) fits yield an
asymmetry parameter βρ ≈ 1.4 (Figure 1b), while β ≈ 1.5 is
found for the 7Li NMR (and 6Li NMR) rates recorded in the
laboratory frame of reference (see Figure 2). The small
difference in β points to slightly differing correlation effects
affecting the SLR NMR rates, which are per se sensitive to Li
motions on different time scales.34

It is clearly evident from Figure 1b that Ea, which can be
independently deduced from the slope of the high-T flank,
decreases from ∼0.5 eV in steps of 0.15 eV. This result is in
excellent agreement with the shift of the rate peaks observed:
the smaller Ea, the faster Li diffusion becomes. Thus, Li
exchange drastically increases in the following order: Li7PSe6
(≈ Li7PS6) < Li6PSe5Cl < Li6PS5Br. Let us note that Li7PSe6,
investigated in ref 32 in detail, is expected to show very similar
diffusion parameters as the S-analogue Li7PS6. The value found
for Li6PSe5Cl (0.35 eV) is in good agreement with the one
calculated by Rao et al. characterizing the 3D long-range
pathway network.23

The lowest value, Ea = 0.20(1) eV (200 K < T < 330 K, see
Figure 2), is also found when the NMR peaks R1ρ(1/T) and
R1(1/T) of Li6PS5Br are analyzed in terms of a global fit (solid
lines in Figure 2), that is, linking the fitting parameters such as
ω0, the activation energies, and coupling constants. In the
present case, however, the best fit is obtained when β ≠ βρ (see
above) and 1/τ0 of SLR NMR is independent of that used to
parametrize the R1ρ(1/T) peak. It is worth noting that
nondiffusive background relaxation, see the SLR NMR rates
of Figure 2, which were recorded below 120 K, were taken into
account by an appropriate power law: R1 ∝ Tκ with κ ≈ 2. Such
effects, which are also seen in Figure 1b, presumably represent
SLR induced by lattice vibrations or by coupling of the Li spins
with traces of paramagnetic impurities. Moreover, from many
different runs of the global fit procedure it turned out that it is
useful to replace ω1 = 14 kHz × 2π with a slightly larger value
of ωeff = 1.4 ω1. Here the factor of 1.4 takes into account local
magnetic fields in the order of the locking field.
For comparison, the fitting results obtained are listed in

Table 1. Interestingly, the R1ρ data seem to underestimate the
Arrhenius prefactor, leading to τ0 = 6(2) × 10−12 s, while the
R1(1/T) peak yields τ0 = 2(1) × 10−13 s. The latter value,
whose inverse agrees with the typical range of phonon
frequencies, is corroborated by analyzing the 6Li R1(1/T) rate
peak, which is best characterized by τ0 = 3(1) × 10−13 s.

Figure 2. Arrhenius plot of the 7Li NMR relaxation rates R1 and R1ρ of
polycrystalline Li6PS5Br measured in both the rotating frame (see
Figure 1b) and laboratory frame of reference. Solid lines represent a
joint fit being based on the BPP model (see text). For comparison, the
diffusion-induced 6Li SLR NMR rates recorded at 44 MHz are also
included. Li SLR NMR rate maxima, showing up at 263 and 238 K,
that is, well below room temperature, point to extremely fast,
translational Li ion motions with jump rates of the order of 109 s−1,
that is, residence times as low as 1 ns.
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Thus, describing (long-range) Li diffusion in Li6PS5Br with a
single Arrhenius relation, the jump rate τ(T) is given by τ =
3(1) × 10−13 s·exp(− 0.20(2) eV/(kBT)). According to that
result, at T = 125 K, that is, at the temperature of the inflection
point of the NMR motional narrowing curve of Li6PS5Br (see
Figure 1b), the jump rate 1/τ should be on the order of 3.5 ×
104 s−1. Indeed, with the rigid lattice line width Δνrl = 6 kHz,
the estimation 1/τ ≈ Δνrl × 2π yields 3.9 × 104 s−1. Certainly,
this agreement does not rule out the presence of other, quite
different and temperature-dependent diffusion processes. In
particular, while activation energies determined in the limit
ω0(ρ)τ ≪ 1 are generally compared with those from dc-
conductivity probing long-range ion transport,17,34 the low-T
flank of the R1ρ(1/T) rate peak is influenced by short-range
motional processes characterized by much smaller activation
energies;34 here, this is 0.08(2) eV for Li6PS5Br and 0.15(2) eV
for the Cl-analogue; cf. also results from theoretical studies
including also I-containing compounds.23,39

Finally, it is highly useful to compare the absolute values of
the purely diffusion-induced 6Li (spin-1) NMR rates in the
limit ω0τ ≪ 1 with those of the corresponding 7Li (spin-3/2)
NMR rate peak. For dipolar interactions being responsible for
SLR NMR, the ratio R1(

6Li)/R1(
7Li) = r is expected to be on

the order of two, while for quadrupolar relaxation r should be
on the order of 10−4.47 Experimentally we found 5.3(2) × 10−3

pointing to a quadrupolar mechanism influencing 7Li NMR
spin−lattice relaxation here.
In conclusion, among the Li-argyrodites studied here,

Li6PS5Br turned out to be a material with an exceptionally
high Li diffusivity. The corresponding long-range jump process
is characterized by a hopping activation energy of only 0.2 eV as
deduced from the various temperature-variable NMR SLR
measurements. This extraordinary feature manifests in (labo-
ratory frame) SLR NMR rate peaks showing up at temperatures
as low as 260 K. From a quantitative point of view, at room
temperature, this yields a Li jump rate of 109 s−1, which
corresponds to an Li+ conductivity on the order of 10−3 to 10−2

S/cm, thus indicating “liquid-like” diffusion behavior com-
parable to, for example, the interlayer process in Li3N.

48 The
activation energy and the estimated ionic conductivity from
SLR NMR are in agreement with results deduced from previous
and recent conductivity studies.7,23,49 Let us note that in the
limit of ω0(ρ)τ ≪ 1, SLR NMR is expected to yield activation
energies being comparable to those characterizing long-range
ion transport, while on the low-T side of a given NMR
relaxation peak, localized, that is, short-range, Li motional
processes are probed.17,34

The high Li diffusivity found makes the development of safe
and long-lasting all-solid-state lithium batteries feasible. It might
be understood by comparing the results from the three different
samples studied: because Li diffusivity increases from Li7PSe6 to
Li6PSe5Cl (and Li6PS5Br), the structural mismatch and strain
generated by substitution of a large halogen ion for, for
example, selenium, seems to be highly relevant when a high Li
mobility needs to be achieved. Moreover, the larger Li
diffusivity of Li6PS5Br against Li6PSe5Cl might be attributed
to the combination of anions with different polarizabilities. In
summary, the present example illustrates how anion sub-
stitution can be used as a tool to successfully manipulate cation
diffusivity in a crystalline solid.
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Abstract
7Li spin-alignment echo (SAE) nuclear magnetic resonance (NMR) spectroscopy has been
used to measure single-spin hopping correlation functions of polycrystalline Li7La3Zr2O12.
Damping of the echo amplitude S2(tm, tp), recorded at variable mixing time tm but fixed
preparation time tp, turns out to be solely controlled by slow Li jump processes taking place in
the garnet-like structure. The decay rates τ−1

SAE directly obtained by parametrizing the curves
S2(tm, tp) with stretched exponential functions show Arrhenius behaviour pointing to an
activation energy of approximately 0.5 eV. This value, probed by employing an atomic-scale
NMR method, is in very good agreement with that deduced from impedance spectroscopy
used to measure macroscopic Li transport parameters. Most likely, the two methods are
sensitive to the same hopping correlation function although Li dynamics are probed in a quite
different manner.

(Some figures may appear in colour only in the online journal)

1. Introduction

The precise microscopic measurement of Li jump rates,
which can be directly transformed into self-diffusion
coefficients via the Einstein–Smoluchowski equation (see
below), increasingly attracts materials scientists working
in the field of clean energy storage systems [1–7]. In

∗ Dedicated to Professor Dr Paul Heitjans on the occasion of his 65th
birthday.
5 www.wilkening.pci.uni-hannover.de.

rechargeable batteries, Li ion conductors serve as anodes
and cathodes as well as (solid) electrolytes [2–6, 8].
Besides chemical resistance, guaranteeing the safety of
an all-solid-state battery, the prerequisites of a promising
electrolyte are a high Li ion conductivity and a vanishing
electronic one. Among a large number of pure ion conductors,
garnet-type oxides [9–13], in particular, have attracted great
attention during the past few years. Due to their structural
complexity a number of possibilities are offered to control the
influence on their ion transport properties, e.g. by changing
the overall chemical composition (full replacement of a cation
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species), by knowledge-based doping with isovalent and
non-isovalent cations as well as by manipulating the lithium
or oxygen stoichiometry. In particular, the latter might be
greatly affected by the preparation route chosen to synthesize
an oxidic garnet. A thorough understanding of the impact of
these changes on Li dynamics requires deep insights into the
Li jump processes present in the undoped garnets serving as
internal reference materials.

Solid-state nuclear magnetic resonance (NMR) spec-
troscopy offers a rich portfolio of highly sophisticated
techniques which can be used to measure Li jump processes
on quite different timescales and length scales [14–28],
respectively. In particular, the analysis of stimulated (spin-
alignment) echoes [15, 16, 18, 29–42] turned out to be well
suited to trace slow motions of spin-1 and spin-3/2 probes
such as 6Li and 7Li (as well as 9Be [43–45]) in a rather
straightforward way which is comparable to that of magic
angle spinning (MAS) NMR exchange spectroscopy [20–24,
27, 46–48]. While exchange spectroscopy requires well-
resolved NMR spectra, NMR spin-alignment echoes (SAE)
are recorded under static conditions. This makes the technique
an attractive alternative when amorphous materials have to be
investigated [31, 33, 38].

7Li as well as 6Li SAE NMR [15], using the three-pulse
sequence of Jeener and Broekaert [49] (see section 2),
takes advantage of temporal fluctuations of the electric
field gradients (EFGs) the jumping ions experience during
diffusing. The interaction of the quadrupole moment of
the Li nucleus with an EFG, which is caused by the
electric charge distribution in its neighborhood, leads to the
well-known alteration of the Zeeman frequency [15, 18,
35, 50]. The corresponding orientation-dependent (angular)
quadrupole frequency ωq, which is determined by the
quadrupole coupling constant δq as well as the asymmetry
parameter of the interaction ηq, is used to label the electrically
inequivalent Li sites. The diffusive jump process of the ions is
coded in terms of a change in ωq. Thus, the spin-alignment
technique allows the measurement of a single-spin correlation
function [15, 16]. The intensity of the spin-alignment echo is
given by [15, 51]

S2(tp, tm) = 9
20 〈sin[ωq(tm = 0)tp] sin[ωq(tm)tp]〉. (1)

Here, tm denotes the mixing time and tp the preparation time
while 〈· · ·〉means powder average. In order to obtain dynamic
information of the jump process, S2(tp, tm) is recorded for
fixed tp and variable tm. The decay curve can be approximated
with stretched exponential functions containing a decay rate
τ−1

SAE which, in the ideal case, might be identified with
the mean jump rate τ−1 of the ion [18, 33, 38, 40]. In
the case of three-dimensional diffusion, τ−1 is related via
the well-known Einstein–Smoluchowski equation with the
self-diffusion coefficient D according to D = a2/6τ , see,
e.g., [28, 52] for an introduction into solid-state diffusion
phenomena. a is the (mean) jump distance which can be
easily deduced from the crystallographic structure of the
material [53]. Certainly, in analogy to 2H as well as 9Be SAE
NMR, the technique is applicable if a non-selective excitation
of the Li NMR spectrum is possible. For the two stable

Li isotopes, 6Li (spin-1) and 7Li, the quadrupole moments
are small enough, resulting in quadrupole coupling constants
in the kHz range so that this pre-requirement is perfectly
fulfilled [33, 41].

Quite recently, we have investigated Li dynamics in a
polycrystalline sample of Li7La3Zr2O12, crystallizing with
tetragonal symmetry at room temperature, complementarily
by diffusion-induced NMR spin–lattice relaxation and
electrical impedance spectroscopy [54]. In good agreement
with previous impedance spectroscopy results reported by
Awaka et al [53], slightly above room temperature the Li
jump rate amounts to approximately 104 s−1 pointing to an
Li self-diffusion coefficient in the order of 10−16 m2 s−1.
Therefore, the material is suitable to be studied with
Li-stimulated echo NMR which has proven to be a tool giving
direct access to Li motions with rates smaller than 105 s−1 [16,
37, 40, 45, 55]. The upper and lower limits of SAE NMR are
given by the spin–spin and spin–lattice relaxation NMR rates
of the Li ion conductor under investigation [15].

2. Experimental details

7Li NMR spin-alignment echoes (see figure 1) were recorded
using an Avance III NMR spectrometer (Bruker BioSpin,
Rheinstetten (Germany)) in connection with a shimmed
cryomagnet (Bruker) operating at a fixed field of 7 T.
The corresponding resonance frequency was 116 MHz.
Additionally, some measurements were also carried out
at 77 MHz using a Bruker MSL 100 spectrometer in
combination with an unshimmed cryomagnet. NMR echoes
were acquired with the Jeener–Broekaert pulse sequence [49]
which is

β1φ1
− tp − β2φ2

− tm − β3φ3
− tacq. (2)

where β1 = 90◦ and β2 = β3 = 45◦. φi denotes the phases
of the rf pulses βi. A suitable phase cycling with 32 entries
ensures the elimination of unwanted coherences so that
dipolar contributions to the echo are, as far as possible,
suppressed. The 90◦ pulse length was 2.4(1) µs. If not stated
otherwise the preparation time tp was chosen to be 10 µs and
the mixing time tm was varied from 10 µs to 10 s. tacq. denotes
the acquisition time. The temperature in the sample chamber
was controlled with an accuracy of ±0.5 K.

The recycle delay td between each scan was chosen
to be sufficiently long so that any influence on the echo
amplitudes due to short repetition times can be excluded.
For this purpose the temperature- and frequency-dependent
7Li NMR spin–lattice relaxation time T1 was measured
independently by the use of the saturation recovery pulse
sequence, see, e.g., [28, 56], before each SAE NMR
experiment. T1 measurements were carried out at various
temperatures ranging from 283 to 333 K with a commercial
solid-state NMR probe (Bruker). Let us note that the
corresponding NMR spin–lattice relaxation transients, which
can be represented by a stretched exponential, reveal
a two-component behaviour. The amplitude of the main
component, which is characterized by the rate T−1

1 , is about
85%. In the T range covered here T1 is of the order of 10 s. The

2
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Figure 1. 7Li NMR spin-alignment echoes of tetragonal
Li7La3Zr2O12 recorded at 116 MHz and 294 K with the
Jeener–Broekaert pulse sequence. The mixing time was chosen as
short as possible to ensure that the echoes are not affected by Li
motions. Each echo is composed of a sharply decaying quadrupole
intensity and a broad dipolar echo.

second contribution does show up only at much larger delay
times. It is characterized by an NMR spin–lattice relaxation
time T1s, which is of the order of a few hundreds seconds.
As will be shown below, the relevant part of the SAE decay
curves from which the Li diffusion parameters have been
deduced is measured at mixing times tm ranging from 10 µs to
0.1 s. Thus, from a dynamic point of view the slowly relaxing
component has a negligible effect on the echo amplitudes
analysed.

The powder sample was fire-sealed in a quartz tube with a
diameter of 4 mm and a length of 3 cm. The details of sample
preparation and characterization can be found in [54]. X-ray
powder diffraction (XRPD) measurements reveal the typical
powder pattern of phase-pure Li7La3Zr2O12 crystallizing with
tetragonal symmetry. In situ XRPD shows that up to 353 K no
phase transformation of the sample occurs. Note that at higher

Figure 2. Echo intensities sq and sd versus preparation time, i.e.
evolution of the two contributions to the 7Li spin-alignment echoes
in figure 1 with increasing tp which is the delay time between the
first two pulses of the Jeener–Broekaert echo sequence. The solid
line represents a fit using an exponential function
sq ∝ exp(−tacq./T2,q). For comparison, the ratio sq/sd is also shown.

temperatures the space group reversibly changes towards
cubic symmetry. However, as is shown in detail in [54], these
slight structural changes have no impact on the Li diffusion
parameters probed by impedance as well as NMR spin–lattice
relaxation measurements.

3. Results

In figure 1 a set of typical 7Li SAE NMR echoes, which
have been recorded at ambient temperature using preparation
times ranging from 10 to 325 µs, is shown. The recycle
delay used was 5T1. The echoes are composed of two
contributions. The sharp echo appearing at tacq. = tp refers
to the spin-alignment (quadrupolar) echo whose intensity,
when recorded as a function of tm, leads to a single spin
hopping correlation function (see below). It superimposes a
broad echo most likely owing to strong 7Li homonuclear
dipole–dipole interactions [30]. In the ideal case these
interactions are completely absent, because for symmetry
reasons this contribution should not show up in sin–sin
quadrupolar spin-alignment echoes [15].

As expected, owing to transverse dephasing effects,
the intensities of the two contributions, sq and sd, change
individually with increasing preparation time (see figure 2).
The transverse decay rate of the 7Li spin-alignment echo,
referring to the quadrupolar information stored during tp,
turns out to be of the order of T−1

2,q = 62(3) µs (see the
solid line in figure 2 representing a fit according to a
single exponential function). The broad echo representing the
weaker dipolar contribution reaches its maximum intensity at
tp ≈ 50 µs. At preparation times larger than tp ≈ 80 µs it
starts to decay exponentially with a decay rate T−1

2,d ≈ 55 µs

3
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being very similar to T−1
2,q . The ratio sq/sd tends to two at

a sufficiently long preparation time. This is in agreement
with the calculations presented by Tang and Wu [44]. They
analysed the possibility to separate dipolar from quadrupolar
contributions to the spin-alignment echo of spin-3/2 nuclei by
proper choosing of the interpulse delay tp.

Note that in the range 10 µs < tp < 300 µs the
spin-alignment echo precisely appears at t′ = tp + ta with
ta = 5.5 µs reflecting receiver dead time effects as well as
the influence of the rf pulses with lengths of a few µs. This
behaviour is in contrast to the broader dipolar echo showing
up at t′′ < tp when preparation times tp > 50 µs are regarded.
The corresponding shift ta turns out to be larger and to depend
slightly on tp.

Fourier transformation starting from the top of the
alignment echoes shown in figure 1 yields NMR spectra
certainly being composed of two contributions (see figure 3).
In a sample with various electrically inequivalent Li sites,
which is the case here, the quadrupolar spin-alignment
contribution is a superposition of distinct site-specific
quadrupole powder patterns. At short tp a substructure of
the powder pattern can be recognized. From the outer wings
a mean quadrupole coupling constant δq is estimated to be
approximately 108 kHz. Note that, due to phase errors, in
some cases distorted spin-alignment spectra are obtained.
Possible origins of undershoots near the central intensities
are explicitly worked out and discussed in [57]. It is beyond
the scope of the present paper to analyse the shape of the
echoes in detail. Additional echoes and anti-echoes with low
intensity and appearing at t = tp ± te might contribute to the
total echo signal. In the following we will restrict the analysis
on the mixing-time-dependent evolution of the intensity of the
quadrupolar alignment echo showing up at t = tp.

In general, damping of the stimulated echo as a function
of mixing time but constant preparation time, that is, recording
the curve S2(tm, tp), is caused by Li motional processes
as well as NMR spin–lattice relaxation effects [15, 32].
Moreover, spin diffusion might influence the echo intensity
S2, particularly at sufficiently low temperatures where jump
rates of the order of 1 s−1 are expected. Thus, the single-spin
correlation function S′2(tm, tp), which in many cases can
be parametrized with a stretched exponential S′2(tm, tp) ∝
exp(− (tm/τSAE)

γ ) with 0 < γ ≤ 1, is additionally damped
by the terms exp(− (tm/T1,q)

γq) and exp(− (tm/T1,sd)
γsd),

respectively. Here, T−1
1,q denotes the quadrupolar spin–lattice

relaxation rate (see [32]) and T−1
1,sd the corresponding decay

rate of spin diffusion which is temperature-independent.
While the latter decay terms lead to S2 → 0 for tm → ∞,
the single-particle correlation function S′2, containing the
dynamic information of the diffusion process, generally shows
a so-called final-state amplitude S∞. Thus, the complete decay
curve S2(tm, tp) can be written as

S2(tm, tp) ∝ S′2 exp(− (tm/T1,q)
γq) exp(− (tm/T1,sd)

γsd) (3)

with

S′2(tm, tp) = (A exp(− (tm/τSAE)
γ )+ B) (4)

Figure 3. 7Li SAE NMR spectra obtained by Fourier
transformation of the echoes shown in figure 1. The spectra are
composed of a spin-alignment powder pattern and central intensities
due to homonuclear dipole–dipole couplings.

and S∞ = B/(A + B). In the case of normalized curves,
meaning the echo intensity ranges from 1 to 0, S∞ =
B because A = 1 − B. If S∞ 6= 0 usually a two-step
decay behaviour is observed and the second decay step is
characterized by an effective decay rate T−1

1,eff replacing the
product exp(− (tm/T1,q)

γq) exp(− (tm/T1,sd)
γsd) by a single

damping term exp(− (tm/T1,eff)
γeff).

In figure 4 normalized echo decay curves S2 are shown
which have been recorded at tp = 12 µs and a resonance
frequency of 116 MHz. Solid lines show fits according to
a stretched exponential function. The stretching exponent
γ turns out to be difficult to determine at temperatures
higher than 300 K because the decay curves are only partly
accessible. This is due to the increase of the Li jump rate τ−1

being responsible for the shift of the inflection points towards
shorter mixing times. Satisfactory results are obtained at lower
temperatures. As an example, at 273 K the decay rate τ−1

SAE(T),
which might be comparable with the Li jump rate, turned out
to be approximately 1.4×103 s−1 and the stretching exponent
γ is 0.52(3).

The SAE NMR decay curves in figure 4 were recorded
using a recycle delay td of 5T1. In that case the amplitude
S∞, which slightly depends on temperature, is approximately
0.05 (300 K < T < 333 K). Interestingly, S∞ increases if
td is increased to a few hundred seconds. As an example, in
figure 5 an echo decay curve is shown which was recorded at
294 K and a delay time td = 400 s. The curve clearly reflects

4
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Figure 4. Two-time spin-alignment echo NMR correlation
functions reflecting diffusive Li motions in the tetragonal
garnet-like oxide Li7La3Zr2O12. Data points have been recorded at
116 MHz. The recycle delay td was 5T1. Solid lines show fits
according to equation (4) which has been combined with an
additional damping term exp(− (tm/T1,eff)

γeff) taking into account
the echo intensities at tp > 10 ms.

the two-step behaviour of the spin-alignment echo decay.
For comparison, at td = 400 s the corresponding effective
rate characterizing the second decay step is of the order of
1 s−1. It is worth mentioning that the first S2-decay step,
which proceeds on a much shorter timescale (tm � 0.1 s), is
unaffected by the additional increase of td. Thus, for a reliable
determination of τ−1

SAE the condition td ≈ 5T1 is absolutely
sufficient.

Usually the residual correlation S∞ directly reflects
the inverse number of Li sites equivalently participating
in the diffusion process. Certainly, this interpretation holds
only if these Li sites are equally populated. Assuming that
T1 is of the order of T1,q, the residual amplitude S∞ =
0.05 obtained at td = 5T1 might be interpreted in such a
way. However, 7Li dipole–dipole couplings generally lead
to an additional decrease of S∞ than expected from the
crystallographic structure. However, the fact that S∞ largely
increases with increasing td might be interpreted differently.
Presumably, the additional echo intensity originates from
a separate spin ensemble characterized by a much slower
diffusivity, see also [13, 35]. The same ensemble does
also show up in the corresponding 7Li NMR spin–lattice
relaxation transients (see figure 6) as already mentioned in
section 2, see also [35] for a very similar observation in
the case of the garnet Li5La3Nb2O12. The echo amplitude
measured at tm = 0.1 s (cf figure 5) shows that approximately
15% of the Li ions present in the sample turn out to
be much less mobile than those being responsible for
the first SAE NMR decay step. This value is in good
agreement with that obtained from a brief analysis of
the NMR spin–lattice relaxation transients also recorded

Figure 5. 7Li SAE NMR two-time correlation function (116 MHz)
of tetragonal Li7La3Zr2O12 which has been recorded at 294 K,
tp = 12 µs and a recycle delay of 400 s. The first decay step (filled
symbols) reflects extremely slow Li motions in the garnet structure.
A fit similar to those shown in figure 4 yields 6.3× 103 s−1. See text
for further details.

Figure 6. 7Li spin–lattice relaxation NMR transient of a powder
sample of Li7La3Zr2O12 crystallizing with tetragonal symmetry.
Data have been measured at 116 MHz and 294 K. The largest
waiting time used in the saturation recovery experiment was 400 s.
The solid line shows a fit to the main component of the transient (◦)
using a stretched exponential. The fit yields T1 ≈ 7.1 s and a
stretching factor of approximately 0.79. At larger delay times a
second contribution shows up (•) which is characterized by a much
larger spin–lattice relaxation time T1. This component reflects
extremely slow Li spins which presumably lead to the second decay
step of the corresponding S2 curve shown in figure 5.

at td = 400 s. It is worth noting that, in the present
case, it cannot be excluded that the slower spin reservoir
stems from a spatially separated second phase which is
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a priori characterized by its individual 7Li NMR spin–lattice
relaxation rates T−1

1 and T−1
1,eff, respectively.

Judging from the x-ray powder diffraction pattern of the
present sample, already presented in [54], such a minor phase,
coexisting with the highly pure garnet one, ought to be x-ray
amorphous to a great extent. Recent investigations on other
garnet-type oxides have indeed revealed that the presence of
a small amount of lithium carbonate cannot be excluded [58].
Its amount might be reduced by post-treatment of the sample
with acids as well as by subsequent thermal treatment. It
might also be expected that it affects Li transport across
grain boundaries. These turned out to block through-going
Li transport as compared to long-range transport taking place
solely in the bulk of Li7La3Zr2O12 [54]. Along with these
considerations one might think about (re-)interpreting the
6Li MAS NMR spectra of the garnets, which have been
presented in the literature so far, in an alternative way. In the
present case, cf [54], the 6Li MAS NMR spectrum reveals
two well-separated spectral components: a fast relaxing main
signal appears at a chemical shift of 1 ppm and a slowly
relaxing minor intensity shows up at 0 ppm. The latter
does only emerge at an extraordinarily large recycle delay
time. Thus, when compared with that of the main signal,
it is characterized by a very large 6Li NMR spin–lattice
relaxation time. This observation is in agreement with the
two-component shape of the 7Li magnetization transient
shown in figure 6. The difference in NMR spin–lattice
relaxation rates of the two spectral components might be
diagnostic for two magnetically decoupled spin reservoirs.
Hence, this could also serve as an argument that the two spin
ensembles are also spatially greatly divided. Certainly, further
measurements are needed to answer the question whether the
minor 6Li NMR signal, as well as the residual correlation
measured here, simply reflects a small amount of a second
Li-containing phase (for comparison, see also [59]) rather than
much less mobile Li ions in the garnet. Recently, the latter, i.e.
the presence of an Li sub-ensemble with very low diffusivity,
has been reported on the basis of 6Li 2D exchange NMR
spectroscopy for similar garnet-like oxides [13, 24].

Irrespective of the nature of the two spin ensembles,
from a dynamic point of view the two spin reservoirs are
well separated. Hence, the dynamic parameters of the Li
ions in phase-pure Li7La3Zr2O12 can be studied very well.
The first decay step of the measured S2 curves clearly
reflects successful translational Li jumps between electrically
inequivalent sites in the garnet structure. The corresponding
decay rates τ−1

SAE are shown in the Arrhenius plot of figure 7.
As an example, the rate deduced from the curve at 294 K
is approximately 6.3 × 103 s−1. Using D = a2/6τ and a ≈
2 Å, which is a good approximation for the jump distance,
a room-temperature Li self-diffusion coefficient D ≈ 7 ×
10−17 m2 s−1 is obtained.

The 7Li SAE NMR decay rates shown in figure 7 are in
agreement with the Li jump rates estimated from impedance
spectroscopy as well as diffusion-induced 7Li spin–lattice
relaxation NMR measurements performed in the rotating
frame of reference, see [54]. These rates are indicated in

Figure 7. Arrhenius plot of the decay rates τ−1
SAE obtained from the

S′2(tm, tp) curves (partly) shown in figures 4 and 5. The solid line is a
fit according to τ−1

SAE ∝ exp(−Ea/(kBT)) yielding Ea ≈ 0.53 eV. For
comparison, the rates T−1

1 and T−1
1,eff are also shown. The dashed line

indicates the temperature dependence of Li jump rates estimated
from conductivity as well as temperature- and frequency-variable
7Li NMR spin–lattice relaxation rate measurements [54].

figure 7 by the dashed line. In general, the ionic conductivity
σ is related via

τ−1
= (HR/f )

2dkBT
Nq2a2 σ. (5)

with the hopping correlation rate τ−1. Equation (5) is
a combination of the Einstein–Smoluchowski and the
Nernst–Einstein equations, see, e.g., [52]. It takes into account
that the self-diffusion coefficient D (see above) is related to
the Nernst–Einstein diffusion coefficient Dσ via D= HR/fDσ .
The small differences between the rates measured by SAE
NMR here and by spin–lattice relaxation in [54] might be
explained by the uncertainty of the product HRf , which is
anticipated to be of the order of unity.

The solid line in figure 7 represents a linear fit also
taking into account an SAE NMR decay rate which has
been recorded at a lower magnetic field and a slightly larger
preparation time. The corresponding S2 curves are shown in
figure 8. For comparison, the one recorded at 116 MHz and
273 K (see figure 7) is also shown. The decay curve recorded
at 233 K yields a decay rate τ−1

SAE which is slightly larger
than expected from the measurements carried out at higher T
(see figure 7). This behaviour is even more pronounced when
S2-curves measured at 116 MHz are regarded. For the sake
of brevity, these are not shown here. Therefore, we excluded
data points below 260 K from the Arrhenius fit shown
(solid line). Presumably, the correlation functions recorded
at lower temperatures start to be increasingly affected by
(temperature-independent) spin-diffusion effects. According
to the method described by Vogel et al [35, 36] the SAE NMR
data can be corrected for spin-diffusion effects, see also [42,
50]. Here, however, it turned out that the correction procedure

6
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Figure 8. Low-temperature 7Li SAE NMR correlation functions of
polycrystalline Li7La3Zr2O12 recorded at 77 MHz and tp = 25 µs.
Echo intensities have been measured at 253 and 233 K. For
comparison, the curve shown in figure 5 which has been recorded at
273 K and 116 MHz is also shown. The lines represent fits
according to equation (4) which have been combined with an
additional damping term, see caption of figure 5. Interestingly, the
shape of S′2(tm, tp), that is the first decay step, turns out to depend
only slightly on T . The corresponding stretching factor is
approximately 0.54 at 253 K. See text for further explanation.

has no significant influence on the decay rates recorded above
room temperature. The Arrhenius fit shown in figure 7 yields
an activation energy of Ea = 0.53(2) eV. This value is in good
agreement with that probed by impedance spectroscopy, quite
recently [53, 54]. This similarity shows that stimulated echo
NMR is able to probe long-range Li diffusion from an atomic-
scale point of view, that is, taking advantage of the fluctuations
of site-specific electric field gradients the mobile Li spins are
exposed to. Similar observations have been made for other
Li ion conductors studied by both impedance and stimulated
echo NMR spectroscopy so far [31, 33, 40, 41, 60, 61].

At sufficiently low temperatures the complete S′2 decay
is accessible. In particular, the curves recorded at 294 and
273 K (see figure 8) are of interest although the influence
of spin-diffusion effects might play an increasing role.
Starting from γ = 0.52(3) (see the S2 curve recorded at
273 K and 116 MHz, cf figure 8), the stretching exponent
decreases to γ = 0.48(2) (294 K). For comparison, at lower
temperatures (233 K) it turns out to be 0.57(2). Thus, most
likely the underlying dynamic correlation function probed
by 7Li stimulated echo NMR near ambient temperature is
characterized by an exponent γ which is approximately 1/2.
Interestingly, impedance as well as 7Li NMR spin–lattice
relaxation measurements, see [54], also indicate a non-
exponential hopping correlation function. The corresponding
stretching factor deduced from impedance spectroscopy is
very similar to the value deduced from SAE NMR. Together
with the good agreement of the activation energies probed,
this observation indicates that the methods, which a priori

probe Li dynamics in different ways, are sensitive to very
similar motional correlation functions. Quite recently, the
same similarity has also been observed for polycrystalline
Li2C2 complementarily investigated by both impedance as
well as SAE NMR spectroscopy by Ruprecht et al [60].

4. Conclusions

Alignment echoes of 7Li spins have been used to trace Li jump
processes in the tetragonal modification of Li7La3Zr2O12.
The method is sensitive to successful translational ionic
motions on a relatively long timescale which might be
compared with that of dc conductivity measurements. From
the diffusion-controlled two-time correlation functions decay
rates have been extracted which favourably agree with those
probed by impedance spectroscopy and spin–lattice relaxation
NMR techniques. Thus, the changes of the site-specific
quadrupole frequencies due to diffusive motions of the Li
spins result in an echo damping from which the associated
jump rate can be deduced in a rather direct way. In the present
case this enables the determination of the Li self-diffusion
coefficient D at ambient temperature. The shape of the SAE
NMR decay functions probed at room temperature indicates
that the underlying motional correlation function can be
represented by the term exp(− (t′/τ)γ ) with γ ≈ 0.5. Finally,
we discussed possible origins of a second spin reservoir
characterized by much smaller motional correlation rates as
reflected by NMR spin–lattice relaxation transients as well as
NMR spin-alignment data.

In summary, the example studied here shows once
more that spin-alignment echo NMR spectroscopy turns
out to be a versatile tool for the investigation of Li jump
processes in lithium ion conductors. The information gained
from temperature-variable SAE NMR might be helpful to
characterize new solid electrolytes urgently needed to develop
powerful energy storage systems.
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The garnet-type ‘‘Li6.5La2.5Ba0.5ZrTaO12’’, crystallizing with cubic symmetry was prepared according

to a conventional solid state synthesis method using metal oxides and salt precursors of high purity.

The formation of the ‘‘single-phase’’ garnet-type structure was studied by powder X-ray diffraction

(PXRD). Electron microprobe analysis (EMPA) coupled with a wavelength-dispersive spectrometer

(WDS) showed a rather homogeneous distribution of Ta ions and Zr ions compared to that of Ba

ions and La ions in ‘‘Li6.5La2.5Ba0.5ZrTaO12’’. Li ion dynamics were complementarily studied using

variable-temperature AC-impedance spectroscopy and 7Li NMR measurements. The bulk (ion)

conductivities probed are in very good agreement with results reported earlier, illustrating the

excellent reproducibility of the Li transport properties of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’. In particular, AC

impedance and NMR results indicate that the Li transport process studied is of long-range nature.

Finally, the chemical compatibility of the electrolyte ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ was tested with

Li2FeMn3O8, being a high-voltage cathode material. As shown by variable-temperature PXRD

measurements, the garnet-type structure (bulk) was found to be stable up to 673 K.

1. Introduction

Rechargeable lithium-ion batteries are considered powerful

energy storage systems.1–3 Compared to lead–acid, Ni–Cd or

Ni–metal-hydride batteries, for example, commercially available

lithium-ion batteries are characterized by a much higher energy

density of 650 Wh l21 and 150 Wh kg21.1 Therefore, lithium-ion

cells are increasingly used in various portable electronic devices

more and more in our daily life. In addition, secondary Li–ion

batteries of larger scale are being developed for hybrid electric

vehicles, combining an internal combustion engine.1,2 Certainly,

this is driven by the rapid depletion of fossil fuels and growing

environmental concerns. The realisation of electric powered

vehicles undoubtedly requires the development and investigation

of new clean energy storage materials. These are needed to

further improve the storage capacity, safety and rate (power)

capability of lithium-ion batteries, the most promising energy

storage systems in the medium run.

Currently, most conventional lithium-ion batteries utilize an

organic polymer electrolyte in combination with a conducting

salt such as LiPF6. However, these systems suffer from poor

chemical as well as electrochemical stability resulting in manifold

limitations for high power density applications. Accordingly, the

fabrication of completely solid state lithium-ion batteries with

electrochemically stable electrolytes which have high ionic but

negligible electronic conductivity appears to be the best solution to

overcome the challenges that materials scientists are faced with.2–5

For example, several solid Li electrolytes based on lithium

phosphorous oxynitride (LIPON) (2.3 6 1026 S cm21, Ea = 0.55

(¡ 0.02) eV), sodium superionic conducting (NASICON)

phosphates (e.g., LiTi2P3O12 (2 6 1026 S cm21, Ea = 0.30 eV at

300–470 K), A-site deficient perovskite-type oxides (e.g.,

(La(2/3)2xLi3x%(1/3)22xTiO3) (1023 S cm21 (bulk) Ea = 0.40 eV) as

well as silicates (e.g., Li4SiO4 1026 S cm21 at approximately 330 K,

Ea = 0.83 eV) have been investigated for this purpose.2–9 The room

temperature bulk ionic conductivity of most known solid electro-

lytes ranges from 1026 to 1023 S cm21, while the total ionic

conductivity, which is the sum of the bulk and grain-boundary

conductivity, in many cases turns out to be a few orders of

magnitude lower. Certainly, the values mentioned above depend

somewhat on the synthesis methods used. However, in many cases

even fast ion conductors offer several problems that limit their use in

a lithium-ion battery. For example, the electrochemical instability of

Ti–based materials such as La(2/3)2xLi3x%(1/3)22xTiO3 is a dis-

advantage when the material is intended to be used as a solid

electrolyte.5,6,9,10 Thus, new lithium conducting compounds are

urgently needed to meet the requirements for completely solid state

lithium-ion batteries fulfilling both a sufficient stability and high

energy density. In particular, a thorough understanding of their Li+

transport as well as diffusion properties is expected to be of help for

further advancements in clean energy storage research.

Recently, garnet-type10 oxides with the nominal chemical

compositions Li5La3M2O12 (M = Nb, Ta, Sb), Li6La2AM2O12

(A = earth alkaline) and Li7La3Zr2O12 have been developed and
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studied for this purpose. Until now, chemical compositions,

crystal structures, and ionic conductivities of many Li–conducting

garnets have been investigated in detail by several groups.10–22 For

example, Li6La2BaTa2O12 is reported to show an electrochemical

stability as high as 6 V Li21. Some of these garnets, such as the

cubic polymorph of Li7La3Zr2O12, are characterized by an

extraordinary high ionic (bulk) conductivity of approximately

1024 S cm21 at ambient temperature13,17a making its use in an all-

solid state battery feasible. For comparison, the ionic conductivity

of the tetragonal phase of Li7La3Zr2O12 was found to be two

orders of magnitude lower than that of the cubic modification.18

However, less is known about the details of the conduction

mechanisms of Li containing oxide garnets. Complementary

impedance spectroscopy measurements and NMR studies might

help understand the correlation between crystal structure and Li

transport properties. Quite recently, we used variable-temperature

NMR spin–lattice relaxation and conductivity measurements

to investigate the Li ion dynamics of phase-pure Li7La3Zr2O12

crystallizing with a tetragonal symmetry.21 In the present

contribution these investigations are extended to another garnet-

like oxide, viz Li6.5La2.5Ba0.5ZrMO12 (M = Nb, Ta), whose bulk

conductivity15 is reported to be comparable with those of, e.g., the

cubic modification of Li7La3Zr2O12 and Li6BaLa2Ta2O12. Even

though the garnet Li6.5La2.5Ba0.5ZrMO12 is well studied in terms

of electrical conductivity, less information is available on Li

transport parameters which were probed on different time scales.

Here, a combination of several techniques such as variable-

temperature 7Li NMR spectroscopy, low-temperature AC-impe-

dance measurements as well as electron microprobe analyses are

used to characterize structural and dynamic properties of a single-

phase sample of polycrystalline ‘‘Li6.5La2.5Ba0.5ZrTaO12’’.

2. Experimental

The compound with the nominal chemical composition

‘‘Li6.5La2.5Ba0.5ZrTaO12’’ was prepared by a conventional solid

state synthesis method (ceramic method). The precursors used for

the synthesis were LiNO3 (99%, Alfa Aesar) La2O3 (99.99%, Alfa

Aesar, pre-heated at 1073 K for 24 h), Ba(NO3)2 (AR grade, BDH),

ZrO2 (99%, Alfa Aesar) and Nb2O5 (99.5%, Alfa Aesar). LiNO3

was added in 10 wt% excess to avoid the loss of lithium during the

high temperature sintering process. Stoichiometric amounts of the

precursors were ball-milled at 200 rpm for 12 h in 2-propanol

(Pulverisette ball mill, Fritsch, Germany). Then the mixture was

heated for 6 h at 973 K. The resultant powder was ball-milled again

to ensure homogenous mixing and then pressed into pellets

(Isostatic press, P. O. Weber, Germany). After that the pellets

were covered with the mother powder and sintered for 6 h at 1373 K

in a clean alumina crucible. The formation of the cubic phase was

verified by powder X-ray diffraction (PXRD) using a Bruker D8

diffractometer (Cu-Ka, 40 kV, 40 mA). Electron microprobe

analysis (EMPA) (Electron Probe Microanalyser, JEOL JXA-

8200) coupled with a wavelength-dispersive spectrometer (WDS)

was used to characterize morphology and composition (elemental

mapping) of the samples. EMPA was carried out under vacuum at

an excitation voltage of 15 kV and a current of 11.51 nA. For the

electrical conductivity measurements, which were performed in air

atmosphere, a Solartron SI 1260 impedance (and gain-phase)

analyzer was used (frequencies ranged from 0.01 Hz to 10 MHz).

Prior to the impedance measurements the pellets were cut into small

discs using a diamond cutter (Buehler, Isomet 5000). Gold

electrodes were pasted on both sides of the pellets and cured for

1 h at 873 K in air.

Variable-temperature 7Li nuclear magnetic resonance (NMR)

spectra were recorded using an Avance III NMR spectrometer

(Bruker BioSpin, Rheinstetten) in combination with a shimmed

7 T cryomagnet (Bruker). The resonance frequency was v0/2p =

117 MHz. NMR spectra were acquired with the help of a one-

pulse sequence. The recycle delay between each scan was at least

5 T1 where T1 is the spin–lattice relaxation time in the laboratory

frame of reference. NMR T1 times were recorded with the

saturation recovery pulse sequence: a comb of closely spaced 90u
pulses destroys longitudinal magnetization and its recovery is

probed as a function of delay time with a single detection pulse.

A 6Li magic angle spinning (MAS) NMR spectrum was re-

corded at 88 MHz using an Avance 600 Bruker NMR spectro-

meter connected to a cryomagnet with a nominal field of 14.1 T.

We used a standard 2.5 mm MAS NMR probe which was

operated at a spinning speed of 30 kHz. Additionally, with the

same equipment a 27Al MAS NMR spectrum was recorded

which has been referenced to aqueous Al(NO3)3.

Finally, the chemical stability of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ with

respect to a high-voltage cathode material such as Li2FeMn3O8

was tested by heating a mixture of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ and

Li2FeMn3O8 (1 : 1 wt% ratio) at 473 K, 673 K and 873 K for 24 h.

PXRD measurements were carried out directly after heat

treatment.

Fig. 1 Powder X-ray diffraction pattern of (a) the calculated PXRD

pattern of cubic Li5La3Nb2O12 (a = 12.80654(11) Å; space group Ia-3d,23

(b) ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ prepared by conventional solid-state

synthesis and (c) selected range of the measured PXRD pattern showing

the potential impurity phases present.
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3. Results and discussion

3.1 Structural characterization

The PXRD pattern of Fig. 1 clearly shows the formation of cubic

‘‘Li6.5La2.5Ba0.5ZrTaO12’’. In Table 1 the corresponding indexed

PXRD data are listed; most of the peaks could be indexed

according to the cubic garnet-like parent Li5La3Nb2O12 crystal-

lizing with the space group Ia-3d.11–16,23 The cell constant a is

12.764(3) Å which is comparable to the values reported in the

literature.15 However, there are some impurity peaks which

could be attributed to Al2O3, Ba6ZrTa4O18, BaZrO3, and

Ba0.44TaO2.94. They are marked in the selected area PXRD

(see Fig. 1 (c)); the major diffractions peaks of these impurity

phases are given in Table 2. As well as the separate phases, the

incorporation of Al into the garnet structure, which has also

been observed in the synthesis of garnet-type Li7La3Zr2O12 quite

recently,19 is indicated by the 27Al MAS NMR spectrum shown

in Fig. 2. The high-resolution NMR spectrum is composed of

several lines at the isotropic chemical shifts (diso) indicated.

While the diso values at around 15 ppm point to octahedrally

coordinated Al ions, chemical shifts larger than 70 ppm can

usually be attributed to tetrahedrally coordinated Al. Besides, Al

is present in the various separate impurity phases mentioned

above, most likely Al cations also occupy multiple sites in the

garnet-type structure. In particular, the NMR intensities with

peaks at 78 and 81 ppm might reflect Al ions in tetrahedral sites.

Additional deshielding (cf. the signal located at 93 ppm) might

result from cation vacancies in the direct neighbourhood of the

Al ions. It can also be an indication of Al ions residing in

dodecahedral cages present in the garnet-type structure. For

comparison with chemical shifts of known Al–containing oxides

(and hydroxides), the NMR line of a–Al2O3 usually produces a

single line with a chemical shift value in the range from 13 to

17 ppm, while the NMR lines of h–Al2O3, which has an equal

number of octahedral and tetrahedral sites, are reported to be

centered at 11(1) and 80(1) ppm.20 Note that the NMR line of

c–AlOOH (boehmite), which transforms into c–Al2O3 (signals at

12 and 70 ppm) and a–Al2O3 at sufficiently high temperatures,

usually shows up between 5 and 9 ppm.20 Interestingly, NMR

intensities located in the range from 75 to 85 ppm are also visible

in the 27Al NMR spectrum of Al–doped Li7La3Zr2O12 discussed

in detail by Geiger et al.19

Table 1 Indexed parameters obtained from the analyses of the PXRD
pattern of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’

h k l dobs. (Å) dcal. (Å) Iobs. (%)

2 1 1 5.151 5.211 93
2 2 0 4.480 4.513 52
3 2 1 3.405 3.411 69
4 0 0 3.184 3.191 72
4 2 0 2.856 2.854 93
3 3 2 2.720 2.721 10
4 2 2 2.609 2.605 100
5 2 1 2.336 2.330 46
6 1 1 2.077 2.071 43
6 2 0 2.028 2.018 14
6 3 1 1.892 1.882 10
4 4 4 1.850 1.842 6
5 5 1 1.781 1.787 23
7 2 0 1.748 1.753 19
6 4 2 1.716 1.706 73
6 5 0 1.633 1.634 13
8 0 0 1.607 1.596 16
8 2 1 1.537 1.537 6
6 6 0 1.516 1.504 7
6 6 2 1.468 1.464 6
8 3 2 1.452 1.455 6
7 5 2 1.439 1.445 18
9 1 1 1.404 1.401 14
7 6 0 1.388 1.384 9
7 6 1 1.372 1.376 17
8 5 2 1.328 1.324 8
9 3 2 1.313 1.317 6

10 1 0 1.274 1.270 5
10 1 1 1.264 1.264 5
10 2 2 1.229 1.228 8
a = 12.764(3) Å

Fig. 2 27Al MAS NMR spectrum (306 K) of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’

prepared in an Al2O3 crucible at 1373 K. The spectrum was recorded at

14.1 T using an MAS rotation frequency of 30 kHz.

Table 2 List of possible impurity phases that can be observed in the powder XRD pattern of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’

Compound Symmetry Space group (No.) JCPDSa Card No.
Characteristics Diffraction
lines 2h/degrees Intensity (%) Symbol in Fig. 1

h–Al2O3 Monoclinic C2/m (12) 01-086-1410 32.8 100 *
C2/m (12) 00-023-1009 39.8 62 *
A2/m (12) 00-009-0440

Ba6ZrTa4O18 Rhombohedral R-3m (166) 00-044-0563 30.6 100 +
BaZrO3 Cubic Pm-3m (221) 01-089-2486 30.5 100 ^

43.6 54 ^
Ba0.44TaO2.94 Hexagonal P-62m (189) 00-017-0795 30.7 100 o

54.1 67 o
a Joint Committee on Powder Diffraction Standards (JCPDS)
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Elemental mapping of a large area (in the order of

several hundred of micrometre squares) of garnet-type

‘‘Li6.5La2.5Ba0.5ZrTaO12’’ prepared at 1373 K is shown in Fig. 3.

Let us note that the potential loss of Li during preparation was

compensated by adding about 10 wt% excess of LiNO3. This is a

common procedure to prepare Li–containing garnets via solid-state

(ceramic) synthesis routes.10–16 Irrespective of a slight contamination

of the garnet phase with Al ions (Figures 1 and 2), the electron

microprobe analysis (EPMA) coupled with a wavelength-dispersive

spectrometer (WDS) showed a rather homogeneous distribution of

Ta ions and Zr ions compared to that of Ba ions and La ions in

‘‘Li6.5La2.5Ba0.5ZrTaO12’’.

3.2 Impedance spectroscopy

In Fig. 4 some typical AC-impedance plots (complex plane plots,

imaginary part –Z99 of the complex impedance Z
‘

vs the real part

Z9) of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ are shown which were recorded

at 230 K, 252 K and 257 K in air. Besides electrode polarization

effects showing up as spikes in the low frequency range, the

bulk response can be well separated from the grain-boundary

contribution. The frequency dependent data was quantitatively

analyzed with a suitable equivalent circuit using individual

resistances and constant phase elements (CPEs) representing the

electrical bulk, grain-boundary and electrode responses. (see the

inset of Fig. 4 (c)). In Table 3 the resulting fitting parameters,

which correspond to the solid lines in Fig. 4 (a) to (c), are listed.

Among others, these include the bulk and grain-boundary

resistances, Rb and Rgb. The complex impedance ZCPE of a

constant phase element can be simply expressed as:24

ẐCPE~
1

Q(jv)n (1)

where the angular frequency is given by v = 2p6 f (f denotes the

technical frequency). j is equal to
ffiffiffiffiffiffiffiffi

{1
p

, n is an empirical parameter

which can take any arbitrary value between 0 and 1. Q has the

numerical value of the admittance 1= Ẑ
�

�

�

� at v = 1 rad s21.

Accordingly, the capacitance which can be associated with the CPE

was calculated using the expression:24

C~R

1{n

n

� �

Q
1
n

� �

(2)

Here, the parameter n was found to be close to one, i.e., C #
Q. While the capacitance C for the high-frequency semicircle

turned out to be in the order of 10211 F, the semicircle showing

up at intermediate frequencies is characterized by a capacitance

ranging from 10210 to 1029 F (see Table 3). These values are

typical for capacitances which can be ascribed to bulk and grain-

boundary contributions in ion conducting ceramic materials.25,26

Let us mention that the quality of the fits performed, expressed

by the parameter x2 (see Table 3), increases with increasing

temperature. As expected, the bulk resistance decreases with

increasing T, clearly indicating a thermally-activated electrical

relaxation process.

For comparison, typical impedance spectra, which are

obtained by plotting the real part s of the complex conductivity

vs v, are shown in Fig. 5 (a). Depending on temperature, in the

range from 103 to 106 Hz the spectra reveal an almost frequency

independent conductivity plateau. Polarization effects due to ion

blocking electrodes show up when v is smaller than approxi-

mately 102 Hz and temperatures ranging from 297 K to 357 K

are regarded (Fig. 5). At the highest frequencies the beginning of

a dispersive AC-conductivity region can be seen. s(v) seems to

follow a power law behaviour according to, 27–34

Fig. 3 Typical elemental mapping analysis of polycrystalline ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ prepared by conventional solid state synthesis: (a) Ba, (b) La,

(c) Ta and (d) Zr mapping.
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s(v) 2 s(0) 3 vp (3)

where s(0) denotes the so-called ‘‘DC-conductivity’’ and p the

power law exponent which, in most cases, shows values between

0.6 and 0.8.27–34 The corresponding complex plane plots are

presented in Fig. 5 (b). Arrows mark the frequency range used

for the power law fits which are shown in Fig. 5 (a) by solid lines.

Fitting parameters are provided in Table 4. Since the dispersive

region was only partly accessible due to experimental limitations,

the power law exponents have to be regarded as rough

estimations. Nevertheless, the values obtained are in agreement

with results which can be found in the literature, particularly

with those which have been reported for structurally disordered

materials.32–34 In the Arrhenius plot of Fig. 6 the s(0) values are

shown together with conductivity data which were taken from

previous impedance studies. Above 330 K the DC-conductivities,

s(0), obey an Arrhenius law characterized by an activation

energy, Ea, of approximately 0.34 eV which is consistent with

results reported in the literature for other garnet-type electro-

lytes. Below 300 K the activation energy increases which might

indicate a change of the conduction mechanism.10–17 For

comparison, the garnets Li7La3Zr2O12 (cubic modification),

Li6BaLa2Ta2O12, Li6BaLa2Nb2O12, Li5.5La3Nb1.75In0.25O12 and

Li5La3Nb2O12 show activation energies of 0.31, 0.40, 0.44, 0.51

and 0.43 eV, respectively.10,13,15,17

In order to estimate a macroscopic (solid-state) Li diffusion

coefficient (D), we have converted the s(0) values according to

the Nernst–Einstein relation:

s(0)~
q2N

kBT
:D (4)

Here, kB is Boltzmann’s constant, q the elementary charge and N

the number density of charge carriers which can be calculated

according to N = nc/V. nc is the number of Li ions per unit cell and V

the volume of the unit cell calculated from the PXRD analysis. Solid-

state diffusion coefficients D range from 10212 to 10210 cm2 s21

between 230 K and 280 K, and from 10210 to 1027 cm2 s21 when

temperatures between 320 K and 500 K are regarded. This is in good

agreement with results recently reported in the literature.15

3.3 7Li NMR line shape measurements

For comparison with the conductivity results presented, we have

recorded variable-temperature 7Li MAS NMR line shapes to

obtain first insights into the Li dynamics from a microscopic

point of view. In general, at a sufficiently low temperature the

line width of an NMR spectrum acquired under static, i.e., non-

rotating conditions, is dipolarly broadened due to the various

Li–Li interactions present in a crystalline solid. With increasing

temperature, these (homonuclear) dipole–dipole interactions are

increasingly averaged due to the onset of (local) rapid Li hopping

processes characterized by jump rates in the order of some kHz.

Fig. 4 Typical AC-impedance plots of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ which

were recorded at (a) 230 K, (b) 252 K, and (c) 257 K. Solid lines show fits

using the equivalent circuit shown in (c). See text for further details. Bulk,

grain boundary and electrode responses can be well separated.

Table 3 Fitting results of the analysis of the AC-impedance data (Fig. 4 (a) to (c)) by using suitable equivalent circuit elements (see the inset of Fig. 4
(c))

T (K) Rb (V) CPEb (F) nb Cb (F) Rgb (V) CPEgb (F) ngb Cgb (F) CPEel (F) nel x2

230 8.95 6 105 4.62 6 10211 0.90 1.52 6 10211 6.04 6 105 1.83 6 1028 0.65 1.49 6 1029 5.28 6 1027 0.83 3 6 1023

252 8.64 6 104 2.81 6 10210 0.79 1.59 6 10211 3.18 6 104 4.50 6 1028 0.74 4.55 6 1029 9.30 6 1027 0.81 9 6 1024

257 3.56 6 104 7.91 6 10211 0.91 2.23 6 10211 4.68 6 104 4.29 6 1027 0.38 7.34 6 10210 8.83 6 1027 0.88 4 6 1024
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Plotting the line width d as a function of temperature T, a so-

called motional narrowing (MN) curve is obtained; see also Ref.

35 for details, which can be used to roughly estimate Li diffusion

parameters such as jump rates and activation energies. Starting

from d = drl, which is the rigid-lattice line width, d continuously

decreases. In the limit of extreme narrowing, d finally reaches den

which is solely governed by the inhomogeneities of the external

magnetic field used.

In agreement with the results from impedance spectroscopy

(see above), in the case of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ motional

narrowing sets at extremely low temperatures. 7Li NMR spectra,

which were recorded at different temperatures, are shown in

Fig. 7 and the corresponding motional narrowing curve is given

in Fig. 8. For example, at T = 200 K (# Tonset) the line width

(full width at half maximum) is already decreased from drl #
8 kHz to d = 7 kHz (see Fig. 8). At this temperature the mean Li

jump rate 1/t is expected to be in the order of 103 s21. Using the

well known Einstein–Smoluchowski equation:

Dsd = dm
2/(6t) (5)

this yields a self-diffusion coefficient of Dsd # 76 10214 cm2 s21.

Here, a mean jump distance dm = 2 Å was used to estimate Dsd. The

obtained value is in good agreement with those probed by

impedance spectroscopy when the D values plotted in Fig. 6 are

extrapolated to lower temperatures.

At T = 243 K the NMR line width is significantly narrowed,

revealing a so-called two-component line shape (Fig. 7). In this

intermediate temperature range the spectra are composed of

a broad Gaussian superimposed by a motionally narrowed

Lorentzian shaped line. Such a heterogeneous line narrowing has

already been observed for other crystalline garnets by Koch

et al.36 It points to a distribution of jump rates which are present

at least in the range of extremely low temperatures (T , 300 K).

This might be the direct consequence of an irregularly shaped

potential landscape the hopping ions are exposed to.

In the present case, almost the full motional narrowing curve

could be detected (Fig. 8). Thus, the inflexion point of the curve

can be accurately determined. Here, d reaches drl/2 when T is

increased to T = Tinfl. = 230 K. At this temperature the jump rate

1/t can be approximated by 1/t(Tinfl) = 2p6 drl. Using drl = 8 kHz

the corresponding self-diffusion coefficient, Dsd(Tinfl) = d2 2pdrl/6,

is given by Dsd(230 K) # 3.5 6 10212 cm2 s21 confirming the fast

ion conduction process presented in Fig. 6. Moreover, the

expression introduced by Waugh and Fedin, Ea,MN/eV = 1.617

6 1023 ? Tonset/K, can be used to crudely estimate an activation

energy from a d(T) curve. Inserting Tonset = 200 K yields Ea,MN =

0.31 eV. Almost the same value, viz. 0.29 eV, is obtained when the

motional narrowing curve is analyzed according to the model of

Hendrickson and Bray, see Ref. 21,37,38 for details. Interestingly,

the activation energy roughly deduced from NMR line shape

measurements is lower than that directly probed by DC-

conductivity measurements in the same temperature range.

However, it is worth noting that changes in NMR line widths

measurements are sensitive to Li dynamics taking place on a

shorter length-scale than DC-conductivity measurements. The

later are sensitive to long-range Li transport.

Table 4 DC-conductivity values of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ which were obtained from the frequency-independent plateaus (104 to 106 Hz) of the
impedance spectra shown in Fig. 4 (a). For comparison, data from other ion conductors, partly showing very high ion conductivity, are also listed

solid electrolyte T (K) s0 (S cm21) p Ea (eV) reference

‘‘Li6.5La2.5Ba0.5ZrTaO12’’ 297 9.0 6 1025 # 0.67 0.57(1) (220 to 290 K) present work
324 3.2 6 1024 # 0.76 0.37(1) (330 to 500 K) present work
357 1.2 6 1023 # 0.82 — present work

Li4SiO4 396 4.0 6 1028 0.68 0.83 (333 to 453 K) 32
Li0.18La0.61TiO3 303 1.0 6 1024 0.60 0.41 (370 to 523 K) 33
Li7La3Zr2O12 (tetragonal phase) # 300 1.2 6 1026 0.77 (, 135 K) 0.52 (350 to 400 K) 21
Li7La3Zr2O12 (cubic phase) # 300 # 1 6 1024 — 0.32 (290 to 573 K) 17a

Fig. 5 (a) Impedance spectra of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ measured at

the temperatures indicated. Prior to the measurements the polycrystalline

sample was sintered at 1373 K in air. Solid lines in (a) represent a rough

analysis of the data using a power law expression (see eqn (3) and

Table 3), (b) Corresponding impedance plots of the data shown in (a).

The frequency range used for the power law fit is marked by arrows.
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The rapid Li exchange process is also reflected by the 6Li MAS

NMR spectrum shown in Fig. 7 (see inset) which was recorded

with ambient bearing gas pressure and at a rotation frequency of

30 kHz. The spectrum is composed of a single NMR line whose

line width (fwhm) amounts to no more than 20 Hz. Besides

external spinning, an extremely fast Li exchange process, as probed

by the static variable-temperature NMR line shape recorded,

might additionally cause such a narrow NMR signal. Preliminary
7Li NMR spin–lattice relaxation measurements performed at

v0/2p = 117 MHz indicate that the diffusion-induced rate peak

1/T1(1/T) shows up at approximately T = 480 K. According to the

condition v0t # 1, which is valid at the temperature where the

peak maximum shows up,21,39,40 at T # 480 K the Li jump rate is

expected to be in the order of 7.3 6 108 s21 which corresponds to

Dsd # 4.9 6 1028 cm2 s21 (Fig. 6).

3.4 Compatibility with electrode materials

Finally, the compatibility and chemical stability of

‘‘Li6.5La2.5Ba0.5ZrTaO12’’ against the high-voltage cathode material

Li2FeMn3O8 was studied by heating a mixture of the two

compounds at elevated temperatures. Interestingly, despite of the

high Li diffusivity probed, cubic ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ turns out

to be stable up to 673 K (Fig. 9) while at 873 K the garnet seems to

react with the cathode material. The corresponding PXRD pattern is

solely governed by the peaks of the spinel Li2FeMn3O8 (Fig. 8). The

chemical stability of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ in the presence of a

commonly used cathode material such as Li2FeMn3O8 makes it a

promising candidate for further battery application studies.

4. Conclusions

In summary, the garnet-type ‘‘Li6.5La2.5Ba0.5ZrTaO12’’ repre-

sents a very promising oxide to be used as highly conducting

electrolyte in future all solid state lithium-ion batteries. At room

temperature (300 K), the Li conductivity sDC, characterizing

long-range ion transport, is of the order of 1024 S cm21. Rapid

Li diffusivity was confirmed by 7Li NMR line shape measure-

ments clearly revealing that motional narrowing of the line width

sets in at temperatures as low as 220 K, i.e., well below ambient

temperature. Hence, NMR line shape measurements indicate

that s is solely governed by ionic conductivity. Despite of the

high Li+ conductivity of garnet-type ‘‘Li6.5La2.5Ba0.5ZrTaO12’’,

the oxide shows a remarkably good chemical stability when

heated together with a cathode material such as Li2FeMn3O8,

Fig. 6 Temperature dependence of sDCT (as well as D calculated

according to eqn (4)) for polycrystalline ‘‘Li6.5La2.5Ba0.5ZrTaO12’’. Solid

lines represent fits using an Arrhenius law, sDCT 3 exp(–Ea/(kBT)). For

comparison, self-diffusion coefficients estimated from 7Li NMR spectro-

scopy are also included. See text for further details.

Fig. 7 7Li NMR spectra (117 MHz) of ‘‘Li6.5La2.5Ba0.5ZrTaO12’’

recorded at the temperatures indicated. At intermediate T the spectra

are composed of two components reflecting fast and slow Li ions in the

garnet. As an example, the spectrum recorded at 273 K has been fitted

with a sum of a narrow Lorentzian (dashed line) and a broad Gaussian

(solid line). The number fraction of fast Li ions turns out to be

approximately 50% at this temperature. Inset: 6Li MAS NMR spectrum

recorded at a spinning speed of 30 kHz and ambient bearing gas.
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making it a highly suitable candidate for applications in all-solid-

state energy systems.
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The hexagonal and orthorhombic form of lithium borohydride, LiBH4, are investigated by temperature and
frequency-dependent nuclear magnetic resonance �NMR� spectroscopy. The local electronic structure and
microscopic diffusion parameters are determined by recording both 6,7Li NMR spectra and spin-lattice relax-
ation �SLR� rates. The rates of the high-temperature flank of the SLR-NMR peaks of hexagonal LiBH4 clearly
depend on resonance frequency which unequivocally reveals a low-dimensional diffusion process. Due to the
very limited number of suitable model substances this makes lithium borohydride an extremely attractive
material to study the effect of reduced dimensionality on Li dynamics. Most likely, the spatial confinement of
Li hopping is also responsible for the very high ionic conductivity found for the hexagonal polymorph,
recently.

DOI: 10.1103/PhysRevB.82.020301 PACS number�s�: 66.30.�h, 76.60.�k, 82.47.Aa

Introduction. The hexagonal modification of crystalline
lithium borohydride, LiBH4, belongs to one of the fastest Li
ion conductors discovered1 with promising application pos-
sibilities as electrolyte in all-solid-state rechargeable
batteries.2–4 Materials with high ionic conductivity are highly
required for the development of so-called clean energy stor-
age systems which are indispensable when the problem of
global warming has to be addressed. In order to meet these
challenges, materials science has to focus on the knowledge-
based identification of new as well as on the target-oriented
improvement of known ion conductors. Certainly, this in-
cludes the detailed, atomic-scale investigation of diffusion
pathways giving information about the general rules leading
to fast ion conduction in solids. In many studies5 structural
properties such as disorder and defects are discussed to be
responsible for enhanced diffusivity. However, the influence
of dimensionality is hardly considered to explain transport
properties of solids, so far.

Although LiBH4 is a long-known reducing agent in or-
ganic synthesis and considered as an advantageous material
for hydrogen storage, the high ionic conductivity of its
hexagonal polymorph and modified forms has been found
only recently.1,6,7 Matsuo et al. suggested that Li diffusion is
confined to two dimensions �2D� in LiBH4.1 This conclusion
is based on a rough comparison of Li jump rates deduced
from temperature-variable Li nuclear magnetic resonance
�NMR� spin-lattice-relaxation �SLR� measurements with re-
sults from electrical impedance spectroscopy. However, such
a comparison is fraught with a lot of difficulties since rigor-
ous assumptions concerning correlation factors and the con-
version of SLR-NMR rates �T1

−1� into reliable cation jump
rates have to be made. Moreover, low-temperature SLR
NMR and conductivity measurements probe diffusion and
transport parameters, respectively, on quite different length
scales. In general, the analysis of diffusion-controlled SLR-
NMR rates as a function of the inverse temperature �1 /T�,
only, is by far not sufficient to unequivocally find out
whether Li migration in LiBH4 is restricted to two dimen-
sions or not. Instead, frequency-dependent SLR-NMR mea-
surements have to be carried out for this purpose. To our

knowledge, only few such solid-state NMR studies exist so
far8,9 including an elegant 1H NMR study by McDowell
et al.10 on the metal hydride ZrBe2H1.4.

While NMR, when applied to both liquids and solids, of-
fers a large set of techniques widely used to probe diffusion
parameters on quite different time and length scales,11–14 it is
far less known that recording SLR-NMR rates as a function
of resonance frequency �0 /2� can be employed in a unique
way to determine the dimensionality of a given diffusion
process from an atomic-scale point of view. Fortunately, ran-
domly oriented powder samples are sufficient for such mea-
surements since the method is solely based on the different
spectral density functions J��� controlling diffusion in one
dimension, two dimensions, or three dimensions �3D�.5 In

s/
-1

FIG. 1. �Color� Purely diffusion-induced 7Li SLR-NMR rates of
hexagonal and orthorhombic LiBH4. The rates were measured at the
radio frequencies �0 /2� indicated. Solid lines in the T range of
hexagonal LiBH4 are to guide the eye. Note the nonvanishing fre-
quency dependence at temperatures above the peak maxima �see
arrows� of hexagonal LiBH4 stable at T�Thex./ortho. See text for
further explanations.
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the present Rapid Communication we will show that besides
its application-oriented relevance, hexagonal LiBH4 turned
out to be one of the very rare materials highly suitable to
study the influence of dimensionality on purely diffusion-
induced Li SLR-NMR rates. Without any doubt, the fre-
quency dependence of the high-temperature SLR-NMR rates
observed here, unequivocally points to a low-dimensional
diffusion process in layer-structured LiBH4 which might also
be the key to understand the very high ion conductivity ob-
served, recently.

Experiment. The crystal structure of LiBH4 was studied
by Soulié et al.15 using synchrotron x-ray powder diffraction.
Below Thex./ortho=381 K lithium borohydride shows ortho-
rhombic symmetry �space group Pnma�. At temperatures
higher than Thex./ortho it undergoes a first-order phase transi-
tion and becomes hexagonal �P63mc�. The process is fully
reversible. LiBH4 melts at about Tm=553 K. Because of this
we have restricted our NMR measurements to temperatures
lower than 515 K.

Nominally pure LiBH4 �colorless crystallites with diam-
eters in the micrometer range� was purchased from Alfa
Aesar, strictly handled under inert-gas atmosphere and fire
sealed in quartz tubes for the NMR measurements. 6Li and
7Li SLR-NMR rates were recorded using two Bruker spec-
trometers �MSL 100 and MSL 400� connected to Oxford
cryomagnets of 4.9 T and 9.4 T �shimmed magnet�, respec-
tively. The saturation recovery pulse sequence5 was used to
measure the diffusion-induced recovery of the longitudinal
magnetization M as a function of waiting time t after per-
turbing the equilibrium state, M�t�=M0, with a comb of sev-
eral closely spaced � /2 radio-frequency pulses. The corre-
sponding transients M�t�, which were measured at different
temperatures, strictly follow single exponential time behav-
ior M�t�=M0�1−exp�−t /T1��. NMR spectra were obtained
by Fourier transformation of the free induction decays re-
corded after excitation the sample with a single radio-
frequency pulse.

Results and discussion. Before analyzing the SLR-NMR
data of hexagonal LiBH4 it is worth discussing a few details
of T1

−1= f��0 ,T� of its orthorhombic form where the 7Li
NMR T1

−1 rates are indirectly controlled by rapid rotational
motions of the BH4 tetrahedra rather than by fast transla-
tional Li jumps.16 Temperature-variable 7Li SLR-NMR rates
�T1

−1� of orthorhombic LiBH4, which were recorded at two
different frequencies �0 /2� �155 and 78 MHz�, are shown in
Fig. 1.

T1
−1�1 /T� can be fitted with a sum �solid lines� of two rate

peaks T1,i
−1��0 ,T��Ji

3D��0 ,T���c,i / �1+ ��0�c,i�2� �i=1,2�, re-
spectively. They incorporate exponential lattice correlation
functions Gi�t�, i.e., Lorentzian-shaped spectral density func-
tions Ji

3D��0� as assumed by Bloembergen, Purcell, and
Pound �BPP� for 3D random jump diffusion.17 Note that J���
is the Fourier transform of G�t�. The fits T1,i

−1��0 ,T� were
restricted to a single term for a good approximation. The
motional correlation time �c is given by the Arrhenius rela-
tion �c,i=�c0,i�exp�Ea,i / �kBT�� where �c0,i represent the pre-
exponential factors, Ea,i the activation energies, and kB
Boltzmann’s constant, respectively. Dashed and dashed-
dotted lines in Fig. 1 show the deconvolution of T1

−1�1 /T�
into the rate peaks T1,1

−1 ��0 ,T� and T1,2
−1 ��0 ,T�, respectively,

depending on �0 /2� each. The activation energies turned
out to be Ea,1=0.23�1� eV and Ea,2=0.21�1� eV. As ex-
pected for 3D diffusion the SLR-NMR rate is independent of
frequency in the high-T limit �0�c�1. At low temperatures,
i.e., in the limit �0�c	1, a frequency dependence shows up.
In this regime T1

−1 follows the BPP-type power law T1
−1

��0
−2 for uncorrelated motion which is already implemented

in the above-mentioned spectral density function.
As mentioned above, Li SLR-NMR rates reflect the dy-

namics of the BH4 units. The fact that Li diffusion is slow in
orthorhombic LiBH4 can be easily verified when 7Li NMR
line shapes are regarded �Fig. 2�. In the orthorhombic phase
the 7Li NMR spectrum recorded under static conditions is
Gaussian shaped and the corresponding line width �full
width at half height�, which is approximately 16.5 kHz �see
Fig. 2 of an NMR spectrum of the so-called rigid lattice
regime which is in perfect agreement to those shown by Co-
rey et al.18�, does not change significantly from 155 K up to
380 K. We refer to Ref. 19 for 7Li magic angle spinning
�MAS� NMR spectra which were used to extract information
on local electronic structures in ortho-LiBH4. Therefore, �c is
expected to be larger than 1 ms in this T regime rather than
on the order of 1 ns as can be estimated from the maxima
positions of the T1,i

−1��0 ,T� rate peaks where �0�c,i�1 holds.
The two rate maxima observed can be attributed to two dif-
ferent rotational jump processes of the BH4 units which was
rationalized by, e.g., 11B and 1H SLR-NMR measurements,
recently.16

However, the situation of extremely slow Li motions in
the orthorhombic form changes dramatically when the struc-
ture of LiBH4 turns into the layered one with hexagonal sym-
metry. In Fig. 2 the 7Li NMR spectrum of layer-structured
LiBH4 is compared with that of the orthorhombic form.
Above 381 K very similar and fully motionally narrowed
NMR spectra are obtained indicating very fast Li diffusion
with a mean motional correlation time being much smaller
than 0.1 ms. In Refs. 1 and 18 similar observations were
made. As expected for a spin-3/2 nucleus such as 7Li, a
well-defined quadrupole powder pattern shows up in this T
range revealing distinct inner singularities and outer wings

FIG. 2. �Color� �a� 7Li NMR spectra of orthorhombic �top� and
hexagonal LiBH4 �bottom� recorded at �0 /2�=155 MHz on a
nonrotating sample. �b� Static 6Li NMR spectrum �referenced to a
1 M LiCl� of hexagonal LiBH4 �bottom� and its simulation using

q�6Li�=770 Hz and ����=3 ppm, respectively. See text for fur-
ther explanations.
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from which the quadrupole coupling constant 
q�7Li� can be
determined. 
q�7Li� turns out to be about 37.06�2� kHz
which is in good agreement with results obtained when 7Li
MAS NMR spectra are analyzed.19 
q�7Li� characterizes the
strength of the electric interaction of the 7Li quadrupole mo-
ment q with the electric field gradient �EFG� produced by the
electric charge distribution in the neighborhood of the Li site.
The EFG is found to be almost axially symmetric here so
that it can be deduced from the quadrupole singularities in a
straightforward way20 without invoking a simulation of the
spectrum. In principle, this is also possible for the 6Li NMR
spectrum recorded. However, due to the much smaller quad-
rupole moment of 6Li compared to 7Li the relative influence
of chemical shift anisotropy �� on the line shape is much
larger. Hence, we have simulated the spectrum shown in Fig.
2�b� to determine both 
q�6Li� and ���� using the program
WSOLIDS.21 Once again the EFG turned out to be almost
axially symmetric and 
q�6Li� and ���� amount to be about
770 Hz and 3 ppm, respectively. Thus, the ratio

q�6Li� /
q�7Li�=q�6Li� /q�7Li� is about 0.02, which is in
good agreement with a previously reported value obtained in
the same way on an Li3N single crystal.22

The observed chemical-shift anisotropy as well as the fact
that the quadrupole interactions are not averaged by rapid Li
hopping on the hexagonal lattice point to a highly anisotropic
Li diffusion process. Its low-dimensional nature can be un-
equivocally verified when the high-temperature flanks
��0�c�1� of the corresponding Li NMR T1

−1�1 /T� rate peaks
recorded at different �0 /2� values are regarded �Figs. 1 and
3�. In the high-T limit a characteristic frequency dependence
shows up which can only be interpreted in terms of Li dif-
fusion taking place in confined dimensions. As mentioned
above, in the case of 3D diffusion no such frequency depen-
dence shows up in this limit. Note that the high-T flank of a
SLR-NMR rate peak is solely influenced by the dimension-
ality of the diffusion process. This is in contrast to the slope
of the low-T flank which can be additionally affected by
correlation effects such as Coulomb interactions and/or
structural disorder.5,23–25 Usually this leads to a reduced
slope in the limit �0�c	1 resulting in a subquadratic depen-
dence T1

−1��0
− with 1��2.5 Quite recently, Solonin et

al. reported on 7Li NMR relaxation rates in the limit �0�c
�1; however, they did not analyze their data with respect to
dimensionality effects.26

Relaxation models developed for 2D diffusion of dipo-
larly coupled spins predict a logarithmic frequency depen-
dence of T1

−1 on the high-T side of the rate peak.27 The spec-
tral density function J2D��0 ,�c���c ln�1+1 / ��0�c�2�
introduced by Richards combines the two limiting cases for
low and high temperatures of a 2D system.28 For uncorre-
lated 2D motion the rate peak is expected to be asymmetric
in shape exhibiting a slightly reduced slope in the limit
�0�c�1 compared to that of the low-T side. In the case of
7Li SLR NMR this might be masked due to the larger homo-
nuclear and heteronuclear couplings of the 7Li spins so that
an almost symmetric rate peak is observed �see Fig. 1�. Note
that also in hexagonal LiBH4 the BH4 units are expected to
perform fast rotational motions. Interestingly, the special
characteristics of J2D��0 ,�c� can be observed in the case of
6Li subjected to much smaller coupling mechanisms. In the

present study a sample with natural abundance �7.5% 6Li�
was investigated. Therefore, interfering interactions are addi-
tionally largely reduced due to the spatial separation of the
6Li spins �quasispin-1/2 nuclei�. In contrast to 7Li NMR, the
smaller frequencies of the 6Li SLR-NMR measurements al-
low the detection of larger ranges of the high-T flanks of the
rate peaks �see Fig. 3� which shift to lower T when �0 /2� is
decreased. Solid lines in Fig. 3 show fits according to Rich-
ards’ spectral density function J2D��0 ,�c� based on
T1

−1��0 ,�c���c ln�1 /�0�c� for �0�c�1 and a BPP-type fre-
quency dependence T1

−1��0 ,�c���0
−2�c

−1 for �0�c	1 �vide
supra�. It is worth mentioning that in the case of LiBH4 the
recorded SLR-NMR rates are purely induced by diffusion.
Any nondiffusive background effects, see, e.g., Ref. 14, are
completely absent, i.e., no correction procedures are neces-
sary to obtain reliable Li T1

−1 rates. From the fits shown in
Fig. 3 a pre-exponential factor �c0 on the order of 10−15 s is
obtained being in agreement with values typically found for
phonon frequencies. The activation energy turns out to be
Ea=0.54�2� eV and characterizes long-range Li diffusion in
LiBH4. It is in good agreement with that deduced from elec-
trical impedance spectroscopy �0.53 eV�, recently.1

Let us note that the same values for Ea and �c0 are ob-
tained when the four-parameter spectral density function is
used which was proposed by MacDonald et al.29 for like-spin
magnetic dipolar interactions between spins undergoing 2D
diffusion. In the temperature range covered here the corre-
sponding fits are very similar to those shown in Fig. 3. Ana-
lyzing just the rates on the low-T flank of the 6,7Li SLR-
NMR rate peaks leads to Ea�0.5 eV as well. In the limit
�0�c	1 the T1

−1 rates are sensitive to localized motions. This

s/
-1

FIG. 3. �Color� Arrhenius representation of the 6Li SLR-NMR
rates of hexagonal LiBH4 recorded at �0 /2�=58 MHz and 29
MHz, respectively. Solid lines represent fits according to a spectral
density function J2D��0 ,T� proposed for 2D diffusion �see text�
revealing the characteristic asymmetry of the rate peaks T1

−1�1 /T�.
The slope on the high-T flank of the rate peaks is by about a factor
of 3/4 smaller than that of the low-T side. Symmetric rate peaks
would be obtained in the case of 3D diffusion �indicated by the
dashed line�.

FAST Li DIFFUSION IN CRYSTALLINE LiBH4 DUE… PHYSICAL REVIEW B 82, 020301�R� �2010�

RAPID COMMUNICATIONS

020301-3



indicates that no difference between short-range and long-
range motions in LiBH4 can be observed by NMR. The same
result has been found for layer-structured LixTiS2,
recently.11,14

A singular T1
−1�1 /T� rate peak recorded at one resonance

frequency only, restricts the possibilities to extract informa-
tion about the dimensionality of ion dynamics solely to the
analysis of the shape of the peak. This necessarily requires
highly precise measurements certainly carried out over a
large temperature range in order to reveal the small differ-
ences between the two slopes on either sides of the maxi-
mum, see, e.g., Ref. 14. Even more, an exact model is
needed being capable to predict T1

−1�1 /T� with respect to
structural details of the material under investigation. Let us
note that the observed asymmetry highlighted in Fig. 3 might
not be observed if the low-T side of the peak is influenced by
correlation effects ��2�. In such cases symmetric rate
peaks may show up masking the information about dimen-
sionality effects in the limit �0�c�1. Therefore, frequency-
dependent SLR-NMR measurements are by far the best
choice to confirm low-dimensional diffusion. The nonvanish-
ing frequency dependence of the T1

−1 rates in the limit �0�c
�1 �see Figs. 1 and 3� also shows up when SLR-NMR rates
T1�

−1�1 /T� are recorded in the rotating frame of reference.
Preliminary, T1�

−1�1 /T� NMR measurements have been per-
formed at three locking frequencies �1 /2� ranging from 4.5
to 18 kHz. The data are consistent with a linear dependence
of T1�

−1�1 /T� on ln�1 /�1�.

Conclusion and outlook. Interestingly, layered-structured
Li ion conductors such as Li3N,30,31 Li containing �
alumina,32 LixCoO2,33 LixMoO3,34,35 or LixTiS2,14 for which
�dominating� 2D diffusion is already proved or strongly an-
ticipated, often exhibit a high Li diffusivity. Together with
the results presented here one might recall the assumption
that materials providing diffusion pathways with confined
dimensions, i.e., where the mobile ions are guided by struc-
tural restrictions, are beneficial for fast diffusion of small
cations such as Li+. Of course, this might not hold for one-
dimensional ionic motion which can be easily blocked by a
small concentration of crystal imperfections or impurities.
Let us note that Matsuo et al. successfully stabilized the
hexagonal structure of LiBH4 down to 340 K by adding bi-
nary halides such as LiI,6 see also Ref. 19. Certainly, more
investigations are needed in order to develop further rules
being helpful in the design of new materials as well as in the
controlled manipulation of their diffusion parameters.

We gratefully acknowledge P. Heitjans for many fruitful
discussions and for access to the NMR equipment in Han-
nover. We thank A. Düvel and J. Heine for their technical
help. Financial support by the Leibniz University Hannover
�Wege in die Forschung II, Dynama� as well as the Deutsche
Forschungsgemeinschaft �research unit 1277 �molife�,
Grants No. WI 3600 2-1 and No. WI 3600 4-1� is highly
acknowledged.

*Author to whom correspondence should be addressed;
wilkening@pci.uni-hannover.de; www.wilkening.pci.uni-
hannover.de
1 M. Matsuo, Y. Nakamori, S.-i. Orimo, H. Maekawa, and H.

Takamura, Appl. Phys. Lett. 91, 224103 �2007�.
2 J. M. Tarascon and M. Armand, Nature �London� 414, 359

�2001�.
3 M. S. Whittingham, Chem. Rev. 104, 4271 �2004�.
4 P. Novák, K. Müller, K. Santhanam, and O. Haas, Chem. Rev.

97, 207 �1997�.
5 P. Heitjans, A. Schirmer, and S. Indris, in Diffusion in Con-

densed Matter—Methods, Materials, Models, 2nd ed., edited by
P. Heitjans and J. Kärger �Springer, Berlin, 2005�, Chap. 9, pp.
369–415.

6 H. Maekawa et al., J. Am. Chem. Soc. 131, 894 �2009�.
7 M. Matsuo et al., J. Am. Chem. Soc. 131, 16389 �2009�.
8 W. Küchler, P. Heitjans, A. Payer, and R. Schöllhorn, Solid State

Ionics 70-71, 434 �1994�.
9 K. Metcalfe et al., Solid State Ionics 26, 209 �1988�.

10 A. F. McDowell, C. F. Mendelsohn, M. S. Conradi, R. C. Bow-
man, and A. J. Maeland, Phys. Rev. B 51, 6336 �1995�.

11 M. Wilkening, W. Küchler, and P. Heitjans, Phys. Rev. Lett. 97,
065901 �2006�.

12 M. Wilkening et al., Phys. Chem. Chem. Phys. 9, 6199 �2007�.
13 M. Wilkening, A. Kuhn, and P. Heitjans, Phys. Rev. B 78,

054303 �2008�.
14 M. Wilkening and P. Heitjans, Phys. Rev. B 77, 024311 �2008�.
15 J. Soulié, G. Renaudin, R. Černý, and K. Yvon, J. Alloys Compd.

346, 200 �2002�.
16 A. V. Skripov, A. V. Soloninin, Y. Filinchuk, and D. Chernyshov,

J. Phys. Chem. C 112, 18701 �2008�.
17 N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev. 73,

679 �1948�.
18 R. L. Corey et al., J. Phys. Chem. C 112, 18706 �2008�.
19 L. M. Arnbjerg et al., Chem. Mater. 21, 5772 �2009�.
20 T. Bredow, P. Heitjans, and M. Wilkening, Phys. Rev. B 70,

115111 �2004�.
21 K. Eichele, WSOLIDS 1 �2009�, Solid-State NMR Spectrum Simu-

lation, Version 1.19.15, University of Tübingen.
22 M. Wilkening, D. Gebauer, and P. Heitjans, J. Phys.: Condens.

Matter 20, 022201 �2008�.
23 M. Meyer, P. Maass, and A. Bunde, Phys. Rev. Lett. 71, 573

�1993�.
24 K. Funke, Prog. Solid State Chem. 22, 111 �1993�.
25 K. L. Ngai, Comments Solid State Phys. 9, 141 �1980�.
26 A. V. Soloninin, A. V. Skripov, A. L. Buzlukov, and A. P.

Stepanov, J. Solid State Chem. 182, 2357 �2009�.
27 A. Avogadro and M. Villa, J. Chem. Phys. 66, 2359 �1977�.
28 P. M. Richards, Solid State Commun. 25, 1019 �1978�.
29 D. H. MacDonald et al., J. Phys.: Condens. Matter 10, 417

�1998�.
30 D. Brinkmann, M. Mali, J. Roos, R. Messer, and H. Birli, Phys.

Rev. B 26, 4810 �1982�.
31 B. Bader et al., J. Phys.: Condens. Matter 4, 4779 �1992�.
32 G. C. Farrington and J. L. Briant, Science 204, 1371 �1979�.
33 A. Van der Ven, G. Ceder, M. Asta, and P. D. Tepesch, Phys.

Rev. B 64, 184307 �2001�.
34 C. Julien and G. Nazri, Solid State Ionics 68, 111 �1994�.
35 T. Brezesinski, J. Wang, S. H. Tolbert, and B. Dunn, Nature

Mater. 9, 146 �2010�.

V. EPP AND M. WILKENING PHYSICAL REVIEW B 82, 020301�R� �2010�

RAPID COMMUNICATIONS

020301-4



88 3 Results

3.4.2 Two-dimensional di�usion in Li0.7NbS2 as directly probed by
frequency-dependent 7Li nmr (pp. 89–95)
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Abstract
Li ion diffusion in layer-structured Li0.7NbS2 has been complementary investigated by nuclear
magnetic resonance (NMR) spectroscopy from an atomic scale point of view. In the present
case, 7Li NMR spin–lattice relaxation (SLR) rates R1ρ probed in the rotating frame of
reference proved very informative in characterizing the Li self-diffusion process in the van der
Waals gap between the NbS2 layers. While temperature-variable SLRρ measurements were
used to determine dynamic parameters such as jump rates (τ−1) and the activation energy
(Ea), frequency-dependent measurements were used to specify the dimensionality of the
diffusion process. In particular, the effect of annealing, i.e., the distribution of Li ions between
the layers, on overall Li dynamics has been studied. When plotted in an Arrhenius diagram,
the R1ρ rates of an annealed sample, which were recorded at a locking frequency of 20 kHz,
pass through a diffusion-induced relaxation peak whose maximum shows up at 320 K.
Employing an appropriate diffusion model and appropriately accounting for a non-diffusive
background relaxation, a Li jump rate τ−1(300 K) ≈ 1.3× 105 s−1 and an activation energy
Ea of 0.43(2) eV can be deduced. Most importantly, in the high-T limit of the
diffusion-induced rate peak, i.e., when ω1τ � 1 holds, the rates follow a logarithmic
frequency dependence. This points to a diffusion process of low dimensionality and is in good
agreement with predictions of relaxation models developed for 2D diffusion.

(Some figures may appear in colour only in the online journal)

1. Introduction

Layer-structured materials, into which small ions such as
lithium can be reversibly inserted in a facile way, play a major
role as electrode materials in current battery technology [1–3].
In particular, rechargeable batteries taking advantage of
lithium ions as charge carriers are expected to serve as
powerful electrochemical energy storage systems in the
future [4–7]. However, experimental studies reporting on the

3 Author to whom any correspondence should be addressed.
4 www.lithium.tugraz.at.

atomic scale investigation of lithium diffusion mechanisms
are relatively rare [8–14].

Lithium nuclear magnetic resonance (NMR) spec-
troscopy has proved to be a very powerful tool for
this purpose [9–11, 15–27]. By using time-domain NMR
spin–lattice relaxation (SLR) measurements it is possible to
gather information on both short-range as well as long-range
translational ion dynamics [16, 18]. Furthermore, when
carried out as a function of (angular) frequency, ω0, in a
certain temperature limit, the diffusion-induced SLR NMR
rate is also sensitive to the dimensionality of the diffusion
process [28–31]. So far, only a few such experimental studies
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can be found in the literature, see, e.g., [14, 32–34]. An elegant
and comprehensive example is that of McDowell et al, who
investigated 2D motion of hydrogen in ZrBe2H1.4 [34].

Here, layer-structured Li0.7NbS2 served as a lithium-
containing model substance to enlighten in which way the
spatially confined environment affects Li+ diffusion in the
van der Waals gap of NbS2. It turned out that such diffusion
mechanisms are particularly well suited to be studied by
frequency-dependent SLR NMR measurements carried out in
the rotating frame [18, 35, 36]. Relaxation models developed
for low-dimensional diffusion in solids predict a characteristic
frequency dependence of the SLR rates R1(ρ) probed in the
high-temperature limit of the corresponding diffusion-induced
relaxation peak R1(ρ)(1/T) [16, 28, 37]. Notably, the spectral
density function J2D(ω0, τc) ∝ τc ln(1 + 1/(1 + ω0τc)

β),
introduced by Richards [28, 29, 37] to approximate [31]
2D diffusion (see below), predicts a logarithmic frequency
dependence R1 ∝ −τc ln(ω0τc) in the limit ω0τc � 1. Thus,
it can be used to verify spatially confined, two-dimensional
self-diffusion. Any inter-layer hopping processes present
would sensitively influence this frequency dependence.
Taken together, besides probing dynamic parameters such
as jump rates (τ−1

≈ τ−1
c ) and activation energies (Ea),

frequency-dependent SLR NMR also enables one to collect
information on the prevailing Li diffusion mechanism [32].

Besides studying dimensionality effects on Li diffusion,
we also put emphasis on the importance of ‘structural
homogenization’, that is, the thermally assisted uniform
distribution of Li ions between the NbS2 layers. Here,
NMR SLR rates of an annealed and a virgin sample, i.e.,
a sample shortly investigated after chemical Li intercalation
of NbS2, were comparatively studied. It turned out that
the mean Li jump rate of the sample obtained after the
homogenizing annealing step, which was also used for the
laborious frequency-dependent measurements, was improved
by more than two orders of magnitude.

2. Experiment

Polycrystalline niobium disulfide, 3R-NbS2 (space group
R3m), was prepared by reaction of Nb2O5 (Sigma Aldrich
99.9%) with H2S gas (Messer, 2.0) for 3 h at 107 K
in a conventional tube furnace. Chemical Li intercalation
was carried out with n-butyllithium (1.6 M in hexane)
to yield a composition of Li0.7NbS2. The suspension was
stirred under inert gas atmosphere for 24 h. At all stages
phase purity was checked by powder x-ray diffraction. In
order to prevent de-lithiation at elevated temperatures and
to avoid any reaction or decomposition with moisture, the
sample was always kept under Ar atmosphere. For the NMR
measurements the powder sample was fire sealed in a glass
tube under vacuum. Directly after lithiation it might be
reasonable to assume that the structure of the intercalation
compound is at least slightly distorted. For example, the Li
ions are likely to aggregate close to the crystallite interfaces
exposed to the solution of n-butyllithium, possibly even
occupying intra-layer sites. Their occurrence on sites deep
inside the crystal structure might be relatively rare. Thus,

in order to study structural homogenization effects, the first
investigations were performed on an ‘as-prepared’ sample,
i.e., without prior temperature treatment. Subsequently, the
glass tube containing the sample was placed in an oven to
anneal the intercalation compound at 773 K for 10 days. This
so-called ‘annealed’ sample was investigated in greater detail
for the dimensionality study.

Temperature-variable and frequency-dependent 7Li NMR
measurements were carried out on a Bruker Avance III
spectrometer in connection to a shimmed cryomagnet. A
ceramic high-temperature NMR probe (Bruker BioSpin) was
used, allowing π/2 pulse lengths of about 2.5µs. The nominal
magnetic field was B0 = 7.04 T, corresponding to a resonance
frequency of ω0/2π = 116.5 MHz. The measurements were
performed at temperatures ranging from 200 to 570 K.

7Li NMR spectra of lithiated niobium disulfide were
obtained by Fourier transformation of the free induction
decays (FIDs). These were acquired under static, i.e.,
non-rotating conditions, as a function of temperature with a
single pulse experiment using sufficiently long recycle delays
of up to 100 s at the lowest temperature accessible. 7Li SLR
NMR rates in the laboratory frame of reference 1/T1 = R1
were recorded by means of the classical saturation recovery
pulse sequence [38] 10 × π/2 –td –π/2 at 116.5 MHz. Here,
the first ten π/2 pulses in rapid succession are used to destroy
any longitudinal contributions to the magnetization Mz. The
recovery of Mz is then recorded as a function of the delay
time td. The resulting magnetization transients Mz(td) were
parameterized by stretched exponentials of the form Mz(td) =
Mz,eq{1 − exp[−(td/T1)

γ
]}, with the stretching exponent γ

ranging from 0.7 to 0.9. Mz,eq denotes the magnetization in
thermal equilibrium.

SLR NMR measurements in the rotating frame of
reference (SLRρ) [38–41] are performed at very low magnetic
field strengths B1, i.e., at angular frequencies of ω1 of
the order of some kHz (see below). Because of ω1 � ω0,
SLRρ measurements are sensitive to much slower diffusion
processes as compared to SLR NMR measurements in the
laboratory frame. Here, 7Li NMR SLRρ rates 1/T1ρ = R1ρ
were recorded using the spin-lock technique. To this end, the
equilibrium magnetization is rotated in the direction of the Y ′

axis of the rotating frame by a π/2X′ pulse along the X′ axis.
This is followed immediately by a 90◦ phase-shifted locking
pulse pointing in the same direction as the magnetization, thus
locking the spins in the effective (locking) field B1. Here,
the magnetization Mρ tends to its new equilibrium value,
which is virtually zero for the applied magnetic field strengths.
Mρ is measured by recording the FID after switching off
the locking field. The SLRρ rates R1ρ at a given locking
frequency ν1 = γB1/2π (and temperature) were obtained by
varying the duration tlock of the locking pulse from 100 µs to
10 s. The recycle delay was chosen to be at least 5×T1. As in
the laboratory frame of reference, a stretched exponential was
fitted to the magnetization transients Mρ(tlock) recorded; the
stretching exponent γ ranged from 0.3 to 0.9.

NMR measurements over the complete accessible
temperature range were performed at two different locking
frequencies ν1, namely, at 20 and at 5 kHz. Additionally,
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Figure 1. (a) 7Li NMR spectra of annealed, layer-structured Li0.7NbS2 (3R) recorded at ω0/2π = 116 MHz and at the temperatures
indicated. With increasing T the line width of the slightly anisotropically broadened central line exhibits narrowing due to motional
averaging of dipole–dipole interactions. At T > 320 K a distinct quadrupole powder pattern emerges which is fully developed at
T > 450 K. (b) 7Li NMR spectra recorded at 116 MHz and 478 K. Bottom: single pulse spectrum, top: solid-echo spectrum. The electric
quadrupole coupling constant CQ can be directly read out from the 90◦ singularities. (c) NMR line width (full width at half maximum,
fwhm) as a function of temperature. While the unfilled data points refer to the sample before annealing, filled squares represent the line
width after homogenization by soft heat treatment of Li0.7NbS2 at 773 K for ten days. Data were recorded at 116 MHz (�) and 155 MHz (•),
respectively. See text for further explanation.

frequency-dependent NMR SLRρ rates were recorded at two
selected temperatures on both sides of the diffusion-induced
SLR NMR rate peak where the conditions ω1τc � 1 and
ω1τc � 1 approximately hold, i.e., in the high-T and low-T
relaxation limit, respectively.

3. Results and discussion

3.1. Static 7Li NMR spectra, motional narrowing, and local
electronic structures

In figure 1(a) various 7Li NMR spectra of annealed Li0.7NbS2
are shown. At low temperatures (rigid lattice regime) the
spectra are composed of a single, slightly asymmetric and
dipolarly broadened central line with a width 1ν = 1νRL
(full width at half maximum, fwhm) of approximately
8 kHz. The NMR line undergoes pronounced motional
narrowing (MN) [42] with increasing temperature due to
averaging of dipole–dipole interactions because of increasing
Li motions. An asymmetric shape, i.e., a non-zero chemical
shift anisotropy, is expected for those Li ions located between
the NbS2 layers and, thus, subject to a highly anisotropic
environment [43].

At T & 320 K so-called satellite intensities emerge,
see also [44], which are fully developed at temperatures
above approximately 450 K. The complete NMR powder
pattern obtained originates from the electric interaction of
the quadrupole moment of the 7Li nucleus (spin-quantum
number I = 3/2) with a non-vanishing electric field gradient
(EFG) produced by the electric charge distribution in the
neighborhood of the spin. From the first-order quadrupolar
satellite singularities the nuclear quadrupole coupling
constant CQ = e2qQ/h can be easily determined [45]. Here,
e is the elementary charge, eq the principal component of
the EFG tensor, Q the electric quadrupole moment, and h is
Planck’s constant. Assuming an axially oriented EFG, [45]
from the distance of the satellite lines 1νQ, indicated in

figure 1(b) (bottom), an electric quadrupole coupling constant
of CQ(

7Li, 478 K) = 21νQ ≈ 31 kHz can be estimated for
annealed Li0.7NbS2. In order to examine the matter more
closely, a 7Li NMR solid echo was recorded at the same
temperature; the corresponding NMR spectrum was derived
by Fourier transformation, starting at the echo maximum
(figure 1(b)), (top). Analyzing the resulting spectrum yields
a somewhat smaller value of CQ(

7Li) ≈ 30 kHz.
For comparison, the NMR spectra of the virgin, i.e.,

non-annealed, sample are composed of a broader central
transition which shows a less pronounced asymmetry. Even
when the temperature is increased to 480 K no (well-defined)
quadrupole satellites emerge. Quadrupole signals seem to
be of very low intensity and smeared out over a relatively
large frequency range, as is usually found for structurally
disordered materials. This clearly points to a rather broad
distribution of EFGs, which can be directly ascribed to
a non-homogeneous distribution or clustering of Li spins
in non-annealed Li0.7NbS2, as obtained right after Li
intercalation. On the other hand, the well-defined single
quadrupole powder pattern of the annealed sample, which is
revealed by averaging of dipole–dipole interactions due to
sufficiently fast Li hopping, points to a single crystallographic
site the Li ions occupy in the van der Waals gap. Most likely,
this is the intra-layer octahedral site in LixNbS2.

Plotting the width 1ν of the central transition as a
function of temperature allows a more quantitative analysis
of the annealing effect found. In figure 1(c) the data sets
after (red, filled symbols) and before (black, unfilled symbols)
annealing the Li0.7NbS2 sample are shown. In addition to
the NMR spectra recorded at 116 MHz, spectra were also
recorded at 155 MHz. The difference of about 1 kHz in
line width reflects the field dependence of the chemical
shift anisotropy affecting the central line. Expectedly, the
same effect is observed for the annealed sample when NMR
lines recorded at 116 MHz and 194 MHz, respectively, are
compared.

3
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The dashed lines in figure 1(c) are drawn to guide the
eye; they indicate that the line width in the rigid lattice
regime 1νRL is expected to be about 9 kHz and 8 kHz
for non-annealed and annealed Li0.7NbS2, respectively. Since
dipolar coupling is proportional to 1/r̄3 (cf. also van Vleck’s
formula [41, 46, 47]), where r̄ is the mean distance between
two Li spins, the decrease in line widths directly reflects the
homogenization process, that is, the uniform distribution of
Li+ in the van der Waals gap which leads to a decrease of r̄.

More importantly, after the annealing step the onset of
MN decreases from Tonset ≈ 300 K to about 200 K. This
clearly points to improved Li ion dynamics in the heat-treated
niobium sulfide. At the inflexion point of the MN curve a
jump rate of τ−1

MN ≈ 2π ×1νRL can be estimated [42]. Thus,
τ−1

MN(280 K) ≈ 5×104 s−1 is derived for annealed Li0.7NbS2.
Assuming a similar thermal activation for both samples, this
results in an improvement of about two orders of magnitude
of τ−1

MN(300 K) as compared to the non-annealed state.
The empirical expression introduced by Waugh and

Fedin [48] is helpful to roughly estimate the activation
energy of the hopping process; according to EMN

a (meV) =
1.62 × Tonset(K) a value of about 0.32 eV is found. A very
similar result (0.30(2) eV) is obtained when the MN curve is
analyzed by taking advantage of the semi-empirical approach
of Hendrickson and Bray [49, 50]. Even so, those values have
to be taken as a rough estimation only. SLR NMR (see below)
is known to deliver more precise results when activation
energies have to be determined.

3.2. 7Li NMR SLR measurements

In figure 2 the 7Li NMR SLR rates (R1 and R1ρ) of
as-prepared (black, unfilled symbols) and annealed (red,
filled symbols (see also key)) Li0.7NbS2 are shown in an
Arrhenius plot. While R1 rates were recorded in the laboratory
frame at a resonance frequency of ω0/2π = 116 MHz, the
corresponding R1ρ rates were measured in the rotating frame
of reference using a locking frequency of ω1/2π = 20 kHz.
By comparing the NMR SLR rates measured before and after
annealing, the effect of homogenization on R1 and R1ρ can be
enlightened. First, we will consider the effect on the R1 rates.

Before heat treatment, the Arrhenius diagram reveals
that R1 of the as-prepared sample increases linearly with
temperature; from the slope of a linear fit an apparent
activation energy of 0.2 eV is obtained. Usually, the low-T
activation energy of SLR NMR measurements is ascribed
to short-range Li dynamics. Its value might be additionally
affected by correlation effects (see below) leading to a smaller
value than expected. Interestingly, after the homogenization
step the overall relaxation process slows down and the rates
are increasingly governed by a non-diffusive background
relaxation rate R1, nd, which can be described using a simple
power law [14]. This contribution shows up below room
temperature.

A fit of R1, nd ∝ Tκ (dashed line) to the sub-range
of the data, indicated by the small arrows in figure 2,
yields κ = 1.14(5). Purely diffusion-induced rates R1, diff
(open squares) are obtained by subtracting this non-diffusive

Figure 2. Arrhenius plot of the 7Li NMR SLR rates of Li0.7NbS2
recorded in the laboratory frame (R1 (�), see bottom part of the
figure) and in the rotating frame of reference (R1ρ (•), cf. upper part
of the figure) measured at ω0/2π = 116 MHz and ω1/2π = 20 kHz.
Unfilled symbols refer to the situation before annealing, while filled
symbols denote data points acquired after the annealing step. After
heat treatment R1 decreases due to the weakening of dipole–dipole
interactions with increasing spatial separation of the interacting
spins. In order to obtain purely diffusion-induced rates (R1, diff) the
non-diffusive background showing up at T < 290 K can be taken
into account by an appropriate power law R1, nd ∝ T1.14. The
pronounced shift of the SLRρ rate peak towards lower T clearly
indicates an increase of Li diffusivity after annealing. The decrease
of the absolute values of R1ρ at Tmax is consistent with a decrease of
dipolar interactions. See text for further details.

contribution from the overall rates R1. Compared to the
non-annealed sample, the absolute values of the R1, diff rates of
the homogenized one are reduced by one order of magnitude.
This points to a weakening of homonuclear dipole–dipole
interactions due to an increased average Li–Li distance which
is induced by the temperature treatment and the associated
structural relaxation. The same effect is observed for R1ρ
when the rates near the peak maxima are compared (see
figure 2). Interestingly, the rates R1, diff exhibit essentially the
same activation energy of 0.2 eV as those of the sample prior
to the temperature treatment. In addition, they hint at the onset
of a relaxation maximum at T & 660 K. This feature, which
points to an enhancement of Li diffusivity, is even clearer seen
in the case of our R1ρ measurements.

In the present case, measuring R1ρ rates allows a
more direct and quantitative observation of the effects of
temperature treatment on Li+ dynamics. Before annealing,
the rates recorded above ambient temperature might be
interpreted as the low-T flank of a diffusion-induced NMR
rate peak most probably having its maximum at T ′max &
500 K. Soft heat treatment Li0.7NbS2 does shift this peak
towards a much lower temperature so that the complete
relaxation rate peak can be observed. Compared to the
as-prepared sample, we found T ′′max ≈ 320 K (see figure 2).
Disregarding dimensionality and correlation effects [16, 18,
32], influencing the slope on the low-T side (correlation
effects) and high-T side (dimensionality effects), by using
the condition ω1τ ≈ 0.5, which is valid at T = T ′′max, an Li
jump rate τ−1 can be estimated. Here, τ−1(T ′′max) is of the
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order of 2.5 × 105 s−1. This value is in excellent agreement
with that derived from MN at 280 K and shows that the
same diffusion processes is probed by the line shape analysis
performed. As will be shown below, when referred to 300 K,
this corresponds to an increase of Li diffusivity by about 2.5
orders of magnitude when going from the as-prepared to the
annealed sample. The enhancement found by SLRρ NMR
mirrors the findings gained through the NMR line analysis
presented above.

Note that, just as in the laboratory frame of reference,
after annealing the 7Li NMR SLRρ rate, R1ρ also reveals
a distinct non-diffusive background contribution which
increasingly influences the overall rate when T is chosen
lower than 250 K. The total rate R1ρ can be described in terms
of a sum of a diffusion-induced relaxation peak R1ρ, diff and a
non-diffusive background contribution represented by R1ρ, nd

R1ρ = R1ρ, diff + R1ρ, nd. (1)

In general, non-diffusive longitudinal relaxation is assumed
to be caused by a combination of different types of relaxation,
most prominent being spin fluctuations due to paramagnetic
impurities and phonons, as well as interactions of Li nuclei
with conduction electrons. Usually, the superposition

R1ρ, nd = aR para
1ρ + bR phonon

1ρ + cR elec
1ρ + · · ·

is reasonably well described by a power law, as is also used
here:

R1ρ, nd ∝ Tκ . (2)

For a more detailed analysis, in particular with regard to
dimensionality, an appropriate NMR relaxation model has to
be used to evaluate the NMR SLRρ data probed on powder
samples. In analogy to R1, diff the rotating-frame rate R1ρ, diff
is related to the spectral density J(nω) at multiples of the
Larmor frequency ω0 and locking frequency ω1 via

R1ρ, diff = Cρ

(
J(2ω1)+

5
3

J(ω0)+
2
3

J(2ω0)

)
. (3)

For two-dimensional (2D) diffusion Richards [28, 37] intro-
duced a logarithmic spectral density function J2D(τ, ω) ∝

τ ln(1 + 1/(ωτ)β). For uncorrelated motion β equals 2 and
assumes smaller values (1 < β ≤ 2) when correlation effects
owing to structural disorder and/or Coulomb interactions [51]
come into play. Since ω0 � ω1, only the first term of
equation (3) significantly contributes to R1ρ, diff in the
temperature range covered here, yielding

R2D
1ρ, diff ≈ Cρτc ln(1+ 1/(2ω1τc)

β). (4)

The jump rate τ−1 associated with the 2D diffusion process
is of the order of the correlation rate τ−1

c . In the easiest
case, it can be replaced by an Arrhenius relation containing
the pre-exponential factor τ−1

c,0 and the activation energy Ea
governing long-range Li diffusion.

τ−1
≈ τ−1

c = τ
−1
c,0 exp(−Ea/kBT). (5)

From equation (4) the behavior of the SLRρ rates in
both temperature limits can be derived. In the low-
temperature limit, being characterized by ω1τ � 1, the

Figure 3. Arrhenius plot of the 7Li NMR SLRρ rates of annealed
Li0.7NbS2 (3R) measured at a locking frequency ω1/2π of 20 kHz
(•) and 5 kHz (�), respectively. The rates can be fitted by a
superposition (solid line) of a diffusion-induced relaxation rate peak
(dashed lines) and a non-diffusive background contribution
(dashed–dotted lines). The latter shows a weaker-than-activated
temperature dependence, which is here described by a power law
R1ρ, nd ∝ Tκ , with κ20 kHz = 4.0 and κ5 kHz = 0.6, respectively. The
diffusion-induced relaxation rates are in agreement with an NMR
model taking into account both 2D diffusion and a sub-quadratic
frequency dependence on the low-T side, see equations (4) and (5).
The joint fit (solid lines) represents an overall fit, i.e., it takes into
account both data sets simultaneously.

frequency (and temperature) dependence R1ρ, diff ∝ ω
−β

1 τ
1−β
c

is obtained, which is common to diffusion processes in
this limit irrespective of the underlying dimensionality,
2D or 3D [16]. The treatment of the equation in the
high-temperature range, that is, in the limit ω1τ � 1,
results in a logarithmic frequency dependence R1ρ, diff ∝

−τc ln(ω1τc). In contrast, 3D (isotropic) diffusion would
result in frequency-independent R1ρ, diff rates [16]. Thus,
frequency-dependent SLR measurements serve as a suitable
tool to differentiate 2D from 3D hopping motion.

To this end, SLRρ NMR rates were measured at different
locking frequencies ω1/2π . As an example, in the Arrhenius
plot of figure 3 the SLRρ NMR rates recorded at ω1/2π =
20 kHz (see also figure 2) are compared with those acquired at
a much lower locking frequency of only 5 kHz. The latter rates
also represent the sum of a diffusion-induced contribution and
a non-diffusive background according to equation (1), albeit
a much smaller exponent κ ≈ 0.6, and thus a much weaker
temperature dependence, of R1ρ, nd is found.

As explicitly shown in figure 3, the two data sets can
be evaluated simultaneously by a joint fit of equations (1),
(2), (4) and (5), linking the parameters Cρ, τc,0,Ea, and β
recorded at the two different locking frequencies ω1 = 5 kHz
and ω1 = 20 kHz, respectively. The result is represented
by the solid lines in figure 3. While the dashed lines
show the purely diffusion-induced relaxation rates R1ρ, diff,
the non-diffusive background contributions (R1ρ, nd) are
represented by dashed–dotted lines. The joint fit yields an
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Figure 4. 7Li NMR SLRρ rates of annealed Li0.7NbS2 (3R) as a function of locking frequency. (a) R1ρ recorded at 358 K, i.e., on the
high-temperature flank of the corresponding relaxation rate peak, where ω1τc � 1 approximately applies. According to Richards’
semi-empirical model for 2D diffusion [28] (R1ρ ∝ −τc ln(ω1τc)), a logarithmic frequency dependence is observed. At ω1/2π < 5 kHz
non-diffusive background relaxation (R1ρ, nd) becomes significant enough to cause deviation from linearity. (b) R1ρ rates recorded at 270 K,
i.e., on the low-temperature flank of the relaxation rate peak; at this temperature the condition ω1τc � 1 approximately holds. Here, a
(slightly) sub-quadratic (β = 1.80(7)) frequency dependence R1ρ ∝ ω

−β

1 is observed.

activation energy Ea of 0.43(2) eV and a pre-exponential
factor τ−1

0 ≈ τ
−1
c,0 of approximately 2.2×1012 s−1. According

to equation (5), with these values an Li jump rate of
τ−1(300 K) ≈ 1.3 × 105 s−1 is obtained. This value is
smaller but still comparable to the analogous 2D Li diffusion
process in layer-structured LixTiS2 (about 0.41 eV), see [14].
For comparison, polycrystalline layer-structured LixTiS2,
which represents one of the first anode insertion hosts for
Li ions [52], has been studied recently in detail by both
temperature-variable relaxation NMR and stimulated echo
NMR. The results clearly point to a solitary diffusion process
spanning a dynamic range of ten orders of magnitude [14].

Interestingly, as in the case of LixTiS2, correlation effects,
which are accounted for by the exponent β ≈ 1.9, turned
out to be almost negligible. Instead, the SLR NMR rates in
the low-T limit seem to follow the classical BPP-type [53]
relaxation behavior given by R1ρ ∝ ω

−2
1 τ−1

c for ω1τc � 1.
In order to corroborate whether the diffusion process

probed via SLRρ NMR measurements is restricted to two
dimensions, that is, taking place solely in the van der
Waals gap of LixNbS2, diffusion-induced R1ρ rates were
directly recorded as a function of locking frequency ω1/2π
at fixed temperatures TLT/HT in both temperature limits.
The temperatures were chosen to be THT = 358 K and
TLT = 270 K, thus, approximately satisfying the conditions
ω1τc � 1 and ω1τc � 1, respectively. The results of the
high-temperature measurements are presented in figure 4(a);
SLRρ rates were recorded at frequencies ranging from 3
to 40 kHz. They indeed exhibit a logarithmic temperature
dependence R1ρ ∝ − lnω1, see also [33], as expected from
Richards’ semi-empirical model developed for a 2D diffusion
process [28]. Note that at frequencies below 5 kHz a
deviation from linear behavior is observed, which is most
likely due to the increasing influence of the non-diffusive
contribution R1ρ, nd exceeding R1ρ, diff at high temperatures
and sufficiently low locking frequencies.

Similarly, the relaxation rates measured in the low-
temperature limit exhibit a slightly sub-quadratic frequency

dependence R1ρ ∝ ω
−β

1 , as calculated from equation (4) for
ω1τc � 1. Finally, the parameter β = 1.80(7) obtained is
in good agreement with the value of the joint fit shown in
figure 3.

4. Conclusion and outlook

Among the various NMR techniques, frequency-dependent
SLR measurements represent a unique tool to identify
low-dimensional diffusion processes. The analysis is based
on the evaluation of diffusion-induced SLR NMR rates
recorded in the so-called high-temperature limit of a given
diffusion-induced relaxation rate peak R1(ρ), diff(1/T). In the
present case, LixNbS2 served as one of very rare model
substances to study spatially confined Li hopping processes in
the van der Waals gap of the host material NbS2. SLR NMR
measurements in the rotating frame of reference turned out
to be highly useful to thoroughly characterize the diffusion
process and to compare the results with the NMR model
introduced by Richards for 2D diffusion [28, 29]. The rates
R1ρ of a homogenized sample clearly reveal a logarithmic
frequency dependence in the limit ω1τc � 1, which agrees
with the theoretical prediction for a two-dimensionally
restricted diffusion process.

Long-range Li diffusion in the 3R modification of
LixNbS2 with x = 0.7 can be characterized by an activation
energy of 0.43 eV and a pre-exponential factor of 2.2 ×
1012 s−1, which lies in the typical range of phonon
frequencies. At ambient temperature the Li jump rate is in
the order of 105 s−1, thus, being comparable to Li dynamics
in other layer-structured transition metal disulphides such as
LixTiS2 [14, 27]. The R1ρ rates of LixNbS2 reveal that, at
least for a sufficiently well homogenized sample with x =
0.7, strong correlation effects due to Coulomb interactions
of the 7Li spins seem to be absent. However, annealing,
which facilitates a uniform distribution of Li ions, turns out
to have a crucial influence on Li+ self-diffusivity. As we
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could clearly show, 7Li diffusion parameters of Li0.7NbS2
are significantly improved after the soft annealing step
has been carried out. Compared to the situation before
homogenization, the room-temperature Li jump rate has
increased by approximately 2.5 orders of magnitude.
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Lithium motion in the anode material LiC6 as seen via time-domain 7Li NMR
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Since the commercialization of rechargeable lithium-ion energy storage systems in the early 1990s, graphite
intercalation compounds (GICs) have served as the number one negative electrode material in most of today’s
batteries. During charging the performance of a battery is closely tied with facile Li insertion into the graphite host
structure. So far, only occasionally time-domain nuclear magnetic resonance (NMR) measurements have been
reported to study Li self-diffusion parameters in GICs. Here, we used several NMR techniques to enlighten Li hop-
ping motions from an atomic-scale point of view. Li self-diffusion in the stage-1 GIC LiC6 has been studied com-
paratively by temperature-variable spin-spin relaxation NMR as well as (rotating frame) spin-lattice relaxation
NMR. The data collected yield information on both the relevant activation energies and jump rates, which can di-
rectly be transformed into Li self-diffusion coefficients. At room temperature the Li self-diffusion coefficient turns
out to be 10−15 m2 s−1, thus, slightly lower than that for layer-structured cathode materials such as Lix≈0.7TiS2.

DOI: 10.1103/PhysRevB.88.094304 PACS number(s): 66.30.−h, 76.60.−k, 82.56.−b

I. INTRODUCTION

The stage-1 graphite intercalation compound, LiC6, be-
longs to one of the most fascinating application-oriented
materials which is widely used as an anode in secondary
lithium-ion batteries.1–3 Most of the various electronic devices
of our daily life such as notebooks or cell phones rely on
the insertion and deinsertion of lithium ions into graphite-
based negative electrodes.4 In particular, the charge/discharge
performance and thus the rate capability of an anode is closely
related to self-diffusion of lithium ions inside the crystalline
host. Moreover, if models are to succeed in simulation of the
electrochemical processes in batteries, precisely measured data
such as diffusion parameters are required.

Surprisingly, only a few studies can be found in the
literature which directly deal with the in-depth investigation
of Li diffusion parameters in crystalline, phase-pure LiC6.
Despite the relatively simple, but fascinating, structure of LiC6

research is yet far away from drawing a comprehensive picture
on diffusive Li motion. Apart from earlier studies5 applying
quasielastic neutron scattering (QENS)6 or taking advantage
of β-radiation detected nuclear magnetic resonance (β-NMR)
measurements of spin-polarized 8Li (t1/2 = 0.8 s) nuclei pro-
duced in situ by polarized neutron capture,7–9 classical NMR
measurements9–13 on the stable Li isotope 7Li have rarely been
utilized for this purpose. En passant, the results obtained from
7Li pulsed NMR as yet turned out to be less conclusive with re-
spect to Li diffusion parameters.14 This is because mainly spin-
lattice relaxation (SLR) measurements in the so-called labo-
ratory frame of reference have been performed. Compared to
other time-domain NMR techniques, those measurements are
sensitive to Li jump rates with values in the MHz range.10 How-
ever, in order to probe Li motional processes in the temperature
range where the structurally ordered LiC6 phase does exist, i.e.,
at ambient temperature, alternative NMR techniques have to be
applied which are able to access much slower Li motions. For
example, this is possible by recording SLR rates R1 in the rotat-
ing (�) frame of reference via the so-called spin-lock technique
introduced by Ailion and Slichter.11,13,15–18 If 7Li SLR takes

solely place in the presence of a controllable magnetic field
with resonance frequencies on the order of a few kHz instead
of some MHz,19 the desirable diffusion-induced rate peak
R1(1/T ) shows up at much lower temperatures T .11,18 In gen-
eral, the peak entails valuable information on both short-range
and long-range motions9,13,18 as well as correlation effects.20,21

Here, layer-structured LiC6 (see Fig. 1) served as an
excellent model system to probe Li dynamics with spatially
confined migration pathways; it is the most prominent anode
host material with applications in energy storage technology.
The stage-1 compound consists of commensurate layers of
carbon and lithium; Li resides in the central site below and
above each third hexagon formed by C atoms. The stacking
sequence is AαAα with a periodicity of 3.71 Å; A denotes the
graphite basal plane and α the intercalate layer. The carbon
host structure of LiC6 allows in-plane jump diffusion and,
because of the open channels parallel to the hexagonal c

a

b

C

Li
c

a
b

(a) (b)

Li vacancy,        interstitial site

{regular sites

FIG. 1. (Color online) Illustration of the crystal structure of
ordered LiC6 with AαAα stacking sequence. (a) View along the
ab plane; (b) view along the c axis. Arrows roughly indicate possible
Li+ migration pathways, that is, in-plane diffusion (b) vs motion
along the open channels parallel to the hexagonal axis (a). A detailed
description of possible migration pathways can be found in Ref. 22.
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axis and the small size of the Li ion, it has been argued
that also diffusion normal to the graphite plane cannot be
ruled out a priori as in the case of the heavy alkalis.23 In the
present contribution, the results from various 7Li NMR mea-
surements investigating both (local electronic) structure and
Li ion dynamics of polycrystalline LiC6 will be presented
and compared with those deduced from previous β-NMR7,8

and QENS studies,5 in particular. While β-NMR results were
obtained on highly oriented pyrolytic graphite (HOPG) at
temperatures around 373 K, results from QENS being sensitive
to Li correlation times in the ns to ps range, were collected at
much higher T , i.e., in a range with sufficiently fast Li motion.

II. EXPERIMENT

The synthesis procedure to obtain polycrystalline stage-1
LiC6, shining like gold, is described in the classical paper
by Guérard and Hérold.24 After preparation, the sample
(approximately 300 mg) was sealed in a quartz ampoule
(3 cm in length, 5 mm in diameter) and stored for several
months at room temperature; we anticipate almost full lithium
homogenization, i.e., a homogenous distribution of the Li ions
between the layers. The sample consists of LiC6 crystallites
with diameters less than 500 μm. Phase purity was checked
by x-ray powder diffraction (XRPD). XRPD revealed a small
volume fraction of the stage-2 compound LiC12 formed. By
NMR, however, it was very difficult to detect this minor phase
(see below and Fig. 2). The same sample was used for all
measurements presented below.

7Li NMR measurements were carried out using two differ-
ent high-performance digital Bruker Avance III spectrometers
in connection with shimmed cryomagnets with nominal mag-
netic fields of 7 T and 11 T, respectively. This corresponds to
7Li Larmor frequencies of ω0/2π = 116 MHz and ω0/2π =
194 MHz, respectively. Both a commercial high-temperature
probe (Bruker Biospin) and a probe designed for temperatures
up to 453 K were employed to measure line shapes and NMR
relaxation rates. Typically, the π/2 pulse lengths ranged from
6 to 9 μs. The measurements were performed at temperatures
ranging from 203 K to 450 K; here, a Eurotherm temperature
controller in combination with a type T thermocouple was
used.

7Li NMR SLR rates 1/T1 = R1 were acquired with the
saturation recovery pulse sequence 10 × π/2 − td − π/2 −
aquisition (acq.).9,19 An initial pulse train, consisting of ten
π/2 pulses separated by 80 μs, was used to destroy any lon-
gitudinal magnetization Mz prior to recording its temperature
and frequency dependent recovery as a function of the delay
time td. Rotating-frame 7Li NMR SLR� rates 1/T1� = R1�

were recorded with the spin-lock technique, π/2 p(tlock) −
acq.15,16,19,25–28 The corresponding (angular) locking fre-
quency ω1 was chosen to be as low as possible. Here, ω1/2π ≈
10 kHz was used and the duration of the locking pulse tlock was
varied from 100 μs to 100 ms. Note that the recycle delay for
the SLR� experiments was set to at least 5 × 1/R1 in order to
guarantee full longitudinal relaxation between each scan. Both
R1 and R1� were obtained by parameterizing the magnetic
transients Mz(td) and M�(tlock), respectively, by stretched
exponentials (see below): Mz(td) ∝ 1 − exp[−(t/T1)γ ] and
M�(tlock) ∝ exp[−(tlock/T1�)γ� ], respectively.

353 K

295 K

228 K 25.6 kHz

23.1 kHz

20.4 kHz

LiCy

q

3 2 1 0 -1 -2 -3

368 K

q

frequency (kHz)

frequency (kHz)

FIG. 2. (Color online) Static 7Li NMR spectra of polycrystalline
LiC6 (116 MHz) recorded at the temperatures indicated. With increas-
ing T homonuclear dipole-dipole interactions are averaged owing
to Li+ hopping which results in narrowing of the linewidths. The
quadrupole coupling constant Cq = 2�νq decreases with increasing
temperature. The slight anisotropy of the central line (see inset) is
due to the layered structure of the sample.

In addition, temperature-variable 7Li NMR spin-spin re-
laxation (SSR) rates 1/T2 = R2 were recorded by taking
advantage of a (two-pulse) solid-echo pulse sequence,19 that
had been optimized for spin-3/2 nuclei such as 7Li. techo in
π/2 − techo − (64◦) − acq. denotes the variable interpulse
delay. The transients obtained can be satisfactorily described
with single exponentials. Static 7Li NMR spectra were either
obtained after Fourier transformation (FT) of the free induction
decay, which were recorded by nonselective irradiation with a
single π/2 pulse, or by FT of the solid echo beginning from
the top of the signal.

III. RESULTS AND DISCUSSION

A. NMR spectra and motional narrowing

Before discussing our SLR NMR results in detail, we call
the reader’s attention to the static 7Li NMR spectra shown in
Fig. 2 which were recorded at different temperatures T . Let
us first discuss the central line of the spectrum which is also
determined by a distinct powder pattern because of electric
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FIG. 3. (Color online) (a) Motional
narrowing of the 7Li NMR central
line of polycrystalline LiC6. Linewidths
(FWHM, full width at half maximum)
were recorded at 116 and 194 MHz. Most
likely, the field-dependent final width
in the regime of extreme narrowing re-
flects both the effect of chemical shift
anisotropy and, more importantly, the
influence of local magnetic field gradients
on the spin-spin-relaxation time; see also
Ref. 29. (b) Temperature dependence of
�νq; the upper graph shows the devia-
tions from the linear fit used to describe
�νq(T ).

quadrupolar interactions (see below). At sufficiently low T ,
Li+ translational motion is slow compared to the spectral
width determined by the central transition. This results in
dipolarly broadened NMR spectra. Motion-induced averaging
of dipolar interactions causes line narrowing at elevated T

[see Fig. 3(a)]. Expectedly, its overall width (full width at
half maximum) in the rigid-lattice regime slightly depends
on the strength B0 of the external magnetic field applied
[Fig. 3(a)]. The relatively low, absolute value is compatible
with lithium ions lying in planes with six nearest Li neighbors
at a distance of approximately 4.3 Å. With increasing T mainly
Li-Li dipolar interactions are averaged due to diffusive motion
of the spins. From the motional narrowing (MN) curve an
activation energy for Li hopping can be roughly estimated with
the relation introduced by Waugh and Fedin. Line narrowing
sets in at Tn ≈ 260 K which translates into Ea, MN/meV ≈
1.62 × Tn/K

∧= 0.42 eV. This value is comparable with the
one deduced from the low-T flank of the NMR relaxation rate
peaks analyzed below; see also Ref. 30. An analysis according
to the Abragam formalism31 yields an even lower activation
energy (�0.2 eV). Possible shortcomings of such analyses
have recently been outlined in the study of Faske et al. and
Storek et al.32,33

At high temperatures the central line reveals a slight
anisotropic broadening which reflects the Li ions exposed to
the layer structure of LiC6. Furthermore, in this high-T range,
the NMR linewidths of the two-pulse spectra are presumably
affected by internal inhomogeneous magnetic fields29 that
arise from the nonzero susceptibility of the LiC6 particles (see
also below, Sec. III B2).

The spectrum recorded at 353 K (see Fig. 2) revealed a small
amount of impurities as indicated by the arrow. Fortunately,
such a small amount has negligible influence on the SLR NMR
rates recorded. The signal with low intensity, that becomes
visible at elevated temperatures only, might be ascribed to
stage-n graphite intercalation compounds (GICs) such as
LiC18, LiC27, or LiC36.34 These might be formed because of
Li loss during preparation. Small amounts of the stage-2 GIC
LiC12, as found by XRPD (see above), could hardly be detected
by NMR. In particular, LiC12 should be distinguishable by its
different quadrupole powder pattern characterized by a smaller
coupling constant34 (see also below). Note that the spectra

shown in Fig. 2 are plotted such that the central lines show
up at ν = 0 kHz. When referenced to an aqueous solution of
LiCl (0.1 M), the NMR shift, i.e., the isotropic Knight shift,
turns out to be about 41.6 ppm. This is in perfect agreement
with results reported and discussed in the literature14 for LiC6

(about 42.6 ppm),34 previously.
Owing to the interaction of the quadrupole moment of 7Li

(spin-quantum number 3/2) with a nonvanishing electric field
gradient (EFG) at the nuclear site,31,35,36 the NMR spectra
are composed of satellite intensities forming a well-defined
quadrupole powder pattern. Since the Li sites are electrically
equivalent, a single pattern is observed. From the inner
singularities (the outer ones are marked in Fig. 2 by vertically
drawn arrows) the site-specific quadrupole coupling constant
Cq = 2�νq can be estimated; see the NMR spectrum recorded
at 228 K (Fig. 2). Assuming axial symmetry (η = 0), as
expected from the crystal structure, the quadrupole splitting
�νq is given by �νq = |e2qQ/(2h)|[3 cos2(θ ) − 1] where θ

denotes the angle between the c axis and the external magnetic
field (in the principal axis system). e is the elemental charge,
eq represents the EFG at the Li site, Q is the quadrupole
moment of 7Li, and h denotes Planck’s constant. At the
position of the 90◦ singularities we obtain �νq = |e2qQ/(2h)|
leading to 2�νq = |e2qQ/h| = Cq. This yields 46.2 kHz
for the quadrupole coupling constant at 295 K. Note once
again that the values given in Fig. 2, and those shown as
a function of T in Fig. 3 as well, were obtained for an
axially oriented EFG with respect to the principal axis system.
The absolute values are consistent with those from 7Li-NMR
and 8Li-β-NMR measurements in the literature.34,37 As an
example, Letellier et al.34 found �νq = 22.6 kHz at ambient
temperature which is in good agreement with our value
(23.1 kHz). Using an oriented sample, Roth et al.38 report
a value of 22 kHz; in an early work of Conard et al.39

a splitting of 24 kHz is found. LiC12, LiC18, LiC27, and
LiC36 show smaller quadrupole splittings �νq ranging from
17 to 19 kHz.34

It is worth noting that the decrease of the quadrupole
splitting �νq with increasing T cannot simply be ascribed
to changes of the lattice parameters. Owing to the narrower
temperature range covered we were not able to reveal the T 3/2

dependence found by β-NMR on an oriented LiC6 sample.37

Here, �νq (200 K < T < 450 K) changes linearly with T .
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FIG. 4. (Color online) (a) Arrhenius plot illustrating the temperature dependence of the 7Li NMR relaxation rates R1 (A) and R1� (B)
measured at 116 and 194 MHz, respectively; R2 (C) rates were recorded at 116 MHz. (b) R1 of LiC6 plotted as R1 vs T and log10 R1 vs log10 T

(inset). (c) Temperature dependence of the stretching factors γ obtained from the various temperature-variable NMR relaxation transients;
exemplarily, selected transients M� are depicted in Fig. 5(b). For comparison, R1�(1/T ) is also shown. See text for further explanations.

B. Diffusion-induced relaxation NMR

1. 7Li SLR NMR in the laboratory and rotating frame of reference

In the Arrhenius presentation of Fig. 4(a) an overview of
the 7Li NMR relaxation rates measured is given. At first we
will briefly discuss the SLR NMR rates recorded at 116 MHz
and 194 MHz, i.e., in the laboratory frame of reference. At
low temperatures R1 seems to be independent of the Larmor
frequency applied. Combined with a linear dependence of R1

on temperature, this is expected for SLR being mainly induced
by coupling of the Li spins with conduction electrons. Indeed,
a power-law fit

R1 ∝ T κ, (1)

indicated by the dotted line shown in Fig. 4(a), yields
κ = 1.1(1). This can be even better illustrated by plotting
R1 vs T : The dashed line in Fig. 4(b) represents ideal
linear behavior according to R1 = s ′T κ with κ = 1. The inset
uses the representation log10 R1 vs log10 T to calculate κ

in the low-temperature regime with a linear fit. The latter
yields s ′ = 7.9(3) × 10−4 s−1 K−1 and κ = 1.12(4) (cf. the
power-law analysis shown above). The product T1T turns out
to be approximately 650 ± 15 s · K, which is in very good
agreement with the 7Li NMR result reported by Estrade et al.14

(600 ± 120 s · K).
Above 300 K the rates R1 increasingly deviate from

R1 = S0T which points to the influence of other relaxation
mechanisms owing to Li+ hopping processes or (anharmonic)
lattice vibrations. A two-phonon Raman process would give
R1 ∝ T 2 at temperatures T larger or similar to the Debye
temperature . In order to separate such background effects
from diffusion-induced processes, we extrapolated the power-
law fit of Fig. 4(a) to higher temperatures and subtracted the
rates from the overall ones measured; i.e.,

R1, corr = R1 − R1, e (2)

with R1, e ≈ S0T
κ . If we assume that the background-corrected

rates obtained are mainly influenced by Li hopping, an activa-
tion energy can be roughly estimated. Note that the rates were
recorded in the regime ω0τ � 1; i.e., the activation energy
Ea,T1 should be characteristic of short-range (or localized) Li
motions in LiC6. These might include translational processes
in LiC6 with a short jump distance.5 Here, we obtain 0.25(2) eV
which is very similar to the result previously estimated from
NMR line narrowing.14

Ion dynamics proceeding on a longer length scale, however,
can only be probed when the so-called high-T flank of the
diffusion-induced rate peak is reached. In the present case,
this needs very high temperatures. Fortunately, the spin-lock
technique can be used which is per se sensitive to slower Li
motions covering a longer time scale. Therefore, we recorded
diffusion-induced SLR NMR rate peaks at frequencies ω1 on
the order of some kHz instead of using ω0 with values in the
MHz range. Doing so, by formally replacing ω0 with ω1 the
SLR NMR rate peak shifts towards lower temperature so that
both the maximum and the high-T flank become accessible.
The corresponding rates R1�, which have been extracted from
the stretched magnetization transients recorded, are shown in
Fig. 4(a) as a function of the inverse temperature. At low
temperatures, that is, below 250 K, they are increasingly
governed by nondiffusive background effects. Note that the
ratio R1�/R1 turns out to be approximately 1.5 orders of
magnitude. Thus, besides interactions of the Li spins with
conduction electrons in the case of R1 measurements (see
above), the low-T R1� rates seem to be influenced by additional
processes (see below). For comparison, the corresponding
stretching factors of the various transients measured are shown
in Fig. 4(c). In Fig. 5 selected magnetization transients of the
R1� NMR measurements are shown.

Finally, with increasing T the overall rates R1� pass
through a maximum located at T = 314 K. At even higher
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FIG. 5. (Color online) (a) 7Li SLRρ NMR rates of polycrystalline
LiC6 (see Fig. 4), plotted in an Arrhenius diagram. For comparison
with the fit according to Eqs. (3) and (4) (solid line), the dashed
line represents the 2D fit by means of Eq. (6). The dashed-dotted
line shows the purely Li+ diffusion-induced contribution when
the rates are analyzed in terms of a modified BPP-type spectral
density function yielding 0.57(2) eV and β = 1.7(2). (b) Selected
temperature-variable magnetization transients M�(tlock) containing
the 7Li SLR NMR rates in the rotating frame of reference. The tran-
sients illustrate the behavior of M� on the high-T flank of the
diffusion-induced rate peak shown above. Solid lines show fits
with stretched exponentials M�(tlock) ∝ exp[−(tlock/T1�)γ� ]; in this
T range the stretching factor γ�, also shown in Fig. 4(c), scatters
around 0.7 [see Fig. 4(c)].

temperatures, i.e., when R1� decreases, the nondiffusive
relaxation background shows up again. In order to separate
unwanted background effects from diffusion-induced con-
tributions, the overall rates R1� were, in the first place,
approximated with a sum of a modified BPP-type relaxation
function and a power-law expression:

R3D
1� = R3D

1�, diff + R1�, bgr

= C�

(
J (2ω1) + 5

3J (ω0) + 2
3J (2ω0)

) + BT κ ′
(3)

with J (ω1(0)) being here a Lorentzian-shaped spectral density
function according to

J (α · ω1(0))α=1,2 = C ′τc/[1 + (α · ω1(0)τc)β]. (4)

Note that the correlation rate τ−1
c is on the order of the jump rate

τ−1. In many cases it can be described by an Arrhenius relation
containing the pre-exponential factor τ−1

0 and the activation
energy Ea determining long-range Li diffusion

τ−1
c ≈ τ−1 = τ−1

0 exp(−Ea/kBT ); (5)

kB denotes Boltzmann’s constant. Here, the best fit yields κ ′ =
2.0(4), thus indicating that lattice vibrations become the main
origin of background relaxation (see above). The parameter β

reflects any asymmetry of the rate peak R1�(1/T ) which may
arise from correlation effects such as structural disorder and/or
Coulomb interactions.20,21 In general, uncorrelated motion
should result in a symmetric NMR rate peak; any correlation
effects, for comparison, are expected to reduce the slope on
the low-T side compared to the situation in the limit ω1τ � 1,
that is, the high-T regime. In the present case we found
β = 1.7(2); thus, the diffusion-induced rate peak, indicated
by the dashed-dotted line in Fig. 4(a), is slightly asymmetric.

The activation energy Ea turned out to be 0.57(2) eV; the
prefactor τ−1

0 is approximately 1.6 × 1014 s−1. The latter is
in very good agreement with values typically expected for
phonon frequencies. Moreover, Ea ≈ 0.57 eV is consistent
with the prediction of Freiländer et al.7 The value obtained
from Eq. (3) also equals the activation energy which can
be directly obtained from the high-T side of the rate peak.
Moreover, in the limit ω1τ � 1, where J (ω1,τ ) ∝ ω−βτ 1−β

holds, the corresponding slope yields Ea,low = 0.42(2) eV. In
the present case, Ea,low and Ea obey the relation Ea,low =
(β − 1)Ea. Note that the same result is obtained when Eq. (3)
is restricted to the first term: R1�, diff ∝ J (2ω1).

It is worth noting that J (ω) in Eq. (4) represents a
spectral density function which describes diffusive motion
in three dimensions (3D). Frequency-dependent β-NMR
measurements,7,8 however, indicate a low-dimensional dif-
fusion process in LiC6. Additionally, at temperatures higher
than 630 K, a 2D motional process was claimed based on
QENS measurements.5 Therefore, we also tried to analyze our
SLR NMR data with a semiempirical spectral density function
for 2D diffusion. In concrete terms, we used the expression
by Richards40,41 which is based on a function introduced by
Avogadro and Villa taking account of a logarithmic frequency
dependence in the high-temperature limit ω0(1)τc � 1.42,43

Following Küchler et al.,44 who first incorporated the effect of
correlation via the parameter β also for 2D diffusion, it reads

R2D
1� = R2D

1�, diff + R1�, bgr

≈ C ′
�τc ln[1 + 1/(2ω1τc)β] + B ′T κ ′′

. (6)

This ansatz worked well for other layer-structured materials
showing 2D diffusion.10,12,13,18 The fit, indicated in Fig. 5 by
the dashed line, yields B ≈ B ′ and κ ′ ≈ κ ′′. Moreover, E2D

a is
given by approximately 0.62 eV and, thus, at least comparable
to the result obtained by Eqs. (3) and (4). However, in the
present case, the prefactor τ−1

0 turns out to be unusually high;
it would be approximately 1.8 × 1016 s−1. This is by about
two orders of magnitude larger than that obtained from the
modified-BPP fit used to describe the temperature dependence
of the NMR rates (vide supra). Hence, based on the results
obtained it seems that the semiempirical Richards model
(represented by the dashed line in Fig. 5) is less appropriate to
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describe Li dynamics in LiC6. Certainly, this fact might also be
explained by nonnegligible Li hopping processes taking place
via defects perpendicular to the layers, that is, channel-like
diffusion, influencing the NMR response of a pure 2D process.

2. 7Li NMR spin-spin relaxation

The results obtained from SLR NMR are corroborated by
the analysis of complementary spin-spin relaxation (SSR)
data. In agreement with the results of Eqs. (3) and (4),
temperature-variable SSR measurement yield an activation
energy of 0.53(2) eV. This value can be extracted from the
rates measured as follows. Below 285 K, that is, in the so-called
rigid lattice regime, R−1

2 is almost independent of temperature
and amounts to approximately 125 μs. Owing to averaging
of dipole-dipole interactions, because of increasing of the Li+
hopping, the rates significantly start to decrease indicating
long-range Li translational motion. Interestingly, at 400 K
they reach a plateau value characterized by R−1

2,high ≈ 1 ms.
This feature is very similar to the one observed by McDowell
et al.29 previously in the 2D H+ ion conductor ZrBe2H1.4

(ZBH). In ZBH the deviation is ascribed to long-range H
motion in the presence of a magnetic field gradient which is due
to the nonzero magnetic susceptibility of the metal hydride.
The mean-field gradient in ZBH is directly proportional to
the magnitude B0 of the external magnetic field applied. As
a result, the lower the Larmor frequency used the farther the
beginning of the plateau is shifted towards higher temper-
ature resulting in a decrease of R2,high. Hence, the residual
NMR (central) linewidth in the regime of extreme motional
narrowing is expected to be smaller for measurements carried
out at 116 MHz compared to those performed at 194 MHz
[see Fig. 3(a)].

Subtracting R2,high from the overall rates measured yields
R2,corr. From the linear fit shown in Fig. 4(a) the above-
mentioned activation energy [0.53(2) eV] can be deduced.
Lastly, with the help of both R1� and R2 measurements it is
possible to probe Li diffusion in LiC6 at temperatures ranging
from 270 K to 360 K. This regime coincides with the operating
range for most battery applications.

C. Li jump rates and self-diffusion coefficients

Considering the maximum of the R1�(1/T ) peak probed,
it is possible to precisely determine the mean Li jump rate
irrespective of the spectral density function J chosen to
parametrize the data. At T = 314 K, that is the temperature
where the peak shows up [see Fig. 5(a)], for SLR NMR
in the rotating frame of reference the condition ω1τc ≈ 0.5
holds.9 Identifying τc with the motional residence time of an
Li spin and inserting ω1 = 2π × 10(1) kHz, we obtain τc ≈
τ = 8 μs. According to the Einstein-Smoluchowki equation,46

DdD = a2/(2d · τ ), (7)

this corresponds to D2D(314K) ≈ 1.9 × 10−11 cm2 s−1 and
D3D(314 K) ≈ 1.3 × 10−11 cm2 s−1. Here, we used a ≈ 3 Å
as a good approximation for a mean jump distance and
calculated the diffusion coefficient for both spatially restricted
and nonrestricted motion, i.e., for d = 2 or d = 3, whereby d

represents the dimensionality of the diffusion process.

In Fig. 6(a) the jump rate determined by means of the Li+
diffusion-induced R1�(1/T ) rate peak is shown in an Arrhenius
plot and compared with those values which can be estimated
from (analogous) 8Li β-NMR measurements of Freiländer
et al.7 Although 8Li NMR was carried out on oriented (HOPG)
LiC6 samples good agreement is found. For comparison,
the solid line represents an Arrhenius line characterized by
an activation energy of 0.55 eV, which represents the mean
value when the results from R1� and R2 are considered. The
gray area indicates the temperature range covered by Li+
diffusion-induced R1� measurements. From the Arrhenius line
indicated a prefactor τ−1

0 can be estimated (≈1 × 1014 s−1)
which is consistent with that obtained from the analysis
of the R1�(1/T ) NMR peak with a BPP-type expression
(vide supra).

Besides R1� measurements also R2 (and motional line
narrowing as well) is suitable to estimate Li jump rates.
At the temperature where the rates R2 start to decrease
[T ≈ 294 K; see Fig. 4(a)] the Li jump rate is expected to
be on the order of τ−1 ≈ 2πR20 with R−1

20 = T20 = 140 μs
being the rigid-lattice SLR NMR rate. This yields τ = 22 μs.
Even slower motions can be estimated from the onset of
motional line narrowing; in the present case NMR central
lines significantly start to decrease in linewidth at T ≈
250 K. Roughly spoken, this is expected when τ reaches
values on the order of a few ms. Additionally, the inflexion
point (Tinfl. ≈ 275 K at 116 MHz) of the whole motional
narrowing (MN) curve (see above, Fig. 3) can be used to
estimate τ according to τ−1(Tinfl.) ≈ 2πν0 with ν0 being
the rigid-lattice linewidth (≈3.5 kHz). For comparison, the
values estimated from SSR NMR and MN are also included
in Fig. 6(a).

It is worth noting that in the presence of a broad distribution
of jump rates [note that such a feature would also be reflected in
a deviation of β from BPP-type behavior (β = 2)], the NMR
line narrowing would be predominantly influenced by that
fraction of ions diffusing faster compared to others. Hence,
as indicated above, the interpretation of MN NMR data can
easily lead to an overestimation of the mean lithium jump
rate and an underestimation of the activation energy; see, e.g.,
Refs. 32 and 33. For comparison, activation barriers ranging
from 0.1 and 0.3 eV have been calculated for different types
of interstitialcy diffusion mechanisms in LiC6.22

Finally, considering the rates shown in Fig. 6(a), at room
temperature (293 K) the Li jump rate turns out to be
4.5 × 104 s−1. This corresponds to a self-diffusion coefficient
on the order of 5 × 10−12 cm2 s−1 at 293 K. Decreasing the
temperature from 293 to 268 K (−5 ◦C), Li self-diffusivity is
slowed down by a factor of 10. Such key figures are crucial for
the safe and efficient operation of graphite-based ion batteries.
In particular, at freezing temperatures the performance of a
battery is then additionally limited and controlled to a large
extent by slow Li diffusion within the host material. It is
noteworthy that room-temperature self-diffusion coefficients
ranging from 10−16 m2 s−1 to 10−15 m2 s−1, as found for LiC6

here, are comparable to those recently obtained by NMR also
for layer-structured cathode materials such as Lix≈0.7TiS2.10

Thus, regarding Li self-diffusion in fully intercalated stage-1
LiC6, Li ion mobility does not exceed that of conventional
cathode materials.
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FIG. 6. (Color online) (a) Arrhenius plot of Li jump rates in LiC6 deduced from various NMR techniques being sensitive to translational
ion jumps on quite different time scales, here, covering up to five decades. SLR NMR rate peaks provide a relatively theory-independent
determination of jump rates. The rates determined by β-NMR were deduced from Ref. 7. See text for further explanation. (b) Comparison of
the rates shown in (a) with those obtained from QENS (Ref. 5). The diffusion coefficients from QENS reported by Magerl et al. (Ref. 5) have
been roughly converted into jump rates τ−1 (triangles in black) via the Einstein-Smoluchowski equation [see Eq. (7)] assuming, as suggested
in Ref. 5, 2D diffusion and a relatively long jump distance a of approximately 4.26 Å. Using a ≈ 3 Å, which is close to the average of possible
jump distances in LiC6, yields the rates shown by gray triangles. a = 2.5 Å, which is the jump distance for an interstitial migration mechanism
(Refs. 22 and 45), yields an even better agreement. The crosses represent jump rates from β-NMR presented in Ref. 8.

Strictly speaking, the results presented here should not
be mixed with chemical diffusion coefficients which have
been experimentally probed via (solid-state) electrochemical
macroscopic method as well as calculated (4 × 10−12 m2 s−1,
Ea ≈ 0.4 eV) recently for 2D (in-plane) Li+ motion in
LiC6.47 Interestingly, the results of the theoretical work
by Toyoura et al.45 on ordered LiC6 agree well with the
present findings. Activation barriers for Li migration, which
were calculated separately for the vacancy and interstitial Li
migration process, turned out to be approximately 0.5 eV;
see also Ref. 22. The corresponding (in-plane) diffusion
coefficients are 10−14 m2 s−1 and 10−15 m2 s−1, respectively.
Apart from this good agreement, the present results are in
line with those from earlier experimental studies; see, e.g.,
Ref. 48 for an overview of Li (chemical) diffusion coefficients
determined for various carbon anode materials. Note that by
the application of NMR spectroscopy we were able to study
Li ion dynamics separately from electron dynamics in mixed
conducting LiC6. While the latter influences the SLR NMR
rates recorded at low temperatures, with increasing T diffusive
motions significantly govern spin-lattice relaxation while other
interactions relatively lose ground. These show up once again
at temperatures higher than 400 K.

As a last comparison, in Fig. 6(b) data from the QENS
study of Magerl et al.,5 pointing to an in-plane 2D jump-
type diffusion mechanism, are included. The self-diffusion
coefficients deduced from QENS have been roughly converted
into jump rates according to Eq. (7). Here, we used both
a ≈ 4.26 Å as found by QENS for the 2D diffusion process
and a ≈ 3 Å, which is a good approximation for the average
of possible jump distances. Considering the error limits and
the narrow temperature range covered by the earlier study,5

in our opinion, a relatively good agreement is found with the
results obtained from NMR. The solid line is to guide the
eye and refers to an Arrhenius law with Ea = 0.54 eV and
τ−1

0 = 5 × 1013 s−1 which is very similar to that shown in
Fig. 6(a). To sum up, over a relatively broad dynamic range a
single Arrhenius relation seems to be appropriate to describe
Li diffusion in ordered LiC6.

IV. CONCLUSIONS AND OUTLOOK

Spin-lattice relaxation NMR using the stable isotope 7Li
was applied to probe room-temperature Li dynamic parameters
in polycrystalline, mixed conducting LiC6 being the most
widely used anode material. As deduced from atomic-scale
NMR measurements Li hopping in the bulk is characterized
by an activation energy of approximately 0.55 eV and an
Li self-diffusion coefficient of 10−15 m2 s−1 (295 K), thus,
comparable to Li self-diffusivity in layer-structured transition
metal sulfides and oxides serving as positive electrodes in
lithium-ion batteries.

The results obtained from the different NMR techniques
employed are in good agreement with previous studies7,8

using 8Li β-NMR to probe diffusion parameters at elevated
temperatures. Most importantly, the jump rates can be well ap-
proximated with a single Arrhenius law which is determined by
an activation energy of approximately 0.55 eV and a pre-factor
on the order of typical phonon frequencies, viz., 1014 s−1. On
that note the present study updates our knowledge on Li self-
diffusion in LiC6. It is noteworthy that the activation energy
probed by NMR is in fair agreement with calculated barrier
heights (≈0.5 eV) by Toyoura et al.45 for both the in-plane
vacancy and interstitial Li migration mechanism. Even the
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chemical diffusion coefficients reported by Toyoura et al.45

(viz., 10−14 m2 s−1 and 10−15 m2 s−1 for the interstitial and
vacancy mechanism, respectively) agree with the present
findings.

Considering solely 7Li NMR rates, it is difficult to judge
whether the diffusion process probed is strictly governed by
2D diffusion. The present results are in very good agreement
with those probed by orientation-dependent and frequency-
dependent SLR 8Li β-NMR measurements on highly oriented
pyrolytic graphite. The β-NMR results indeed gave strong
evidence for low-dimensional lithium diffusion.7,8 Fair agree-
ment is also found with results from QENS probing in-plane
diffusion in the ordered phase of LiC6.5 Recent theoretical in-
vestigations also strongly point to high lithium-ion diffusivity
in the direction parallel to the graphene layers and to much
slower interlayer hopping, that is, motion across the basal
plane.47

However, though there are convincing reasons to claim
even microscopic Li diffusion as purely low-dimensional
in LiC6, the semiempirical SLR NMR model introduced
by Richards for 2D motion seem to be less adequate to
satisfactorily describe the temperature dependence of the 7Li
NMR R1�(1/T ) rate peak probed here. The applicability
of a modified BPP-type relaxation model, see, e.g., the

previous work by Küchler et al.,44 might indicate a small,
but nonnegligible, influence of interlayer hopping process on
the diffusion-induced SLR NMR rates.

To shed further light on the Li dynamics in LiC6, the
application of NMR techniques being able to directly record
motional correlation functions might be beneficial. For in-
stance, considering the temperature range below 300 K, this
should be possible via the generation of Jeener-Broekaert
NMR echoes49 with the so-called spin-alignment echo (SAE)
technique.50–53 In general, SAE (or stimulated echo) NMR is
sensitive to extremely slow translational and rotational jump
processes.54–60
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Motion of Li+ in Nanoengineered LiBH4 and LiBH4 :Al2O3
Comparison with the Microcrystalline Form
Viktor Epp* and Martin Wilkening[a]

1. Introduction

Research on highly conducting solids is a vital topic in materi-
als science. Currently, much effort is put into finding suitable

crystalline and amorphous ion conductors which meet the
needs for leading-edge energy-storage devices and sensors. In

particular, Li-ion conductors are expected to play a major role
in this field.[1, 2] Besides application-driven research, also funda-
mentally oriented studies are required to shine further light on

the structure–property relationships in complex, multiphase
solids in order to understand the origins of fast ion transport.

Modifying the diffusion parameters of a known Li-ion con-
ductor can prove as useful as synthesizing a new material.

Apart from other possibilities, such as doping, in many cases
the transport properties of solid electrolytes can be beneficially

influenced by the introduction of different kinds of interfaces
and the generation of structural disorder.[3–6] In nanocrystalline
materials, which are characterized by a large surface area

owing to mean crystallite sizes of less than approximately
20 nm, the volume fraction of interfacial regions is sufficiently

large that the resulting effects on ion dynamics can be studied
by solid-state NMR spectroscopy.[4, 5] In general, besides the var-

ious NMR techniques for studying structural features in both
solids and liquids, solid-state NMR is also useful for elucidating
translational Li dynamics and studying migration pathways by

means of variable-temperature and, in particular, frequency-de-
pendent time-domain methods.[7–14]

Herein, Li NMR spectroscopy is used to study the effect of
nanostructuring[15] on lithium ion dynamics in a polycrystalline

solid. Lithium borohydride (LiBH4),[16] which is known as a prom-
ising material for high-capacity hydrogen storage,[17] proved to
be a promising electrolyte for solid-state batteries[18] and an in-
teresting NMR model system[19, 20] to study the effect of both
chemical modifications and interface engineering.[21–24] Interest-
ingly, it exists in two different modifications.[25, 26] Orthorhombic
LiBH4, which is the stable phase at low temperatures, is

a rather poor ionic conductor. However, its layer-structured
hexagonal form, which is reversibly formed above 380 K,

shows very high Li-ion conductivity[26] and diffusivity. The latter
is characterized by Li residence times on the order of some

nanoseconds at 450 K.[26, 27] Such extremely fast Li dynamics

may be explained by the two-dimensionality of the diffusion
process, which was studied by variable-temperature and fre-

quency-dependent spin–lattice relaxation (SLR) NMR measure-
ments.[27]

In the present investigation, nanoengineering[4, 15] was ach-
ieved by high-energy ball milling of the coarse-grained starting

material. Thus, besides reducing the crystallite size to a few
nanometers, structural disorder is introduced during mechani-
cal impact.[28] As has been shown previously, ball milling can
lead to an enormous increase in Li diffusivity and Li conductivi-
ty in single-phase oxides such as LiTaO3 and LiNbO3.[5, 29–32]

Moreover, without changing the chemical composition of the
ion conductor, the formation of so-called dispersed ion con-

ductors consisting of the conducting phase and an insulator,
such as B2O3 or Al2O3, is also reported to lead to rather high
conductivities.[4, 33–38] In the case of a nanocrystalline two-phase
composite, the large volume fraction of ion conductor/insula-
tor interfaces formed by adjacent crystallites enable the ions to
use fast (percolating) migration pathways.[35, 37] Herein, results
for the mechanosynthesized, nanocrystalline LiBH4:Al2O3 com-

The introduction of structural disorder and large volume frac-
tions of different kinds of interfaces enables the manipulation
of ion dynamics in solids. Variable-temperature solid-state NMR

relaxometry is highly useful to study Li+ jump processes. If car-
ried out as a function of frequency, the resulting NMR relaxa-
tion rates also contain information on the dimensionality (1D,
2D, or 3D) of the diffusion process. Recently, NMR relaxometry

has revealed the 2D nature of Li hopping in LiBH4, and thus
this hydride is an interesting ion conductor for further diffusion

studies on the spatially confined motion of Li spins. Here,
nanocrystalline LiBH4 and the two-phase analogue LiBH4:Al2O3,
which are prepared by ball milling, serve as interesting model
systems to track the changes in NMR relaxation rates with re-
spect to coarse-grained, thermodynamically stable LiBH4. This
reveals that interface (nano)engineering influences the hexago-
nal-to-orthorhombic phase transition and thus alters the ion-
transport properties of Li in one- and two-phase LiBH4 towards
higher diffusivities at lower temperatures.
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posite are compared with those obtained from microcrystalline
LiBH4 with micrometer-sized crystallites and single-phase,

nanocrystalline LiBH4, that is, a sample without the addition of
nanometer-sized insulating Al2O3 particles.

Experimental Section

Nanocrystalline LiBH4 was prepared by ball milling of the original
microcrystalline material (Alfa Aesar, 95 %) in a SPEX 8000M high-
energy shaker mill together with an alumina vial and a single ball.
The ball-to-powder weight ratio was chosen to be 4:1 and the mill-
ing time was set to 16 h. The vial was placed inside an air-tight
steel container, and thus the LiBH4 was kept under an argon at-
mosphere throughout the milling process. The size of the resulting
crystallites was about 20 nm. Similarly, the LiBH4 :Al2O3 composite
was also prepared by mechanical treatment of microcrystalline
LiBH4 (Sigma-Aldrich, �95 %) and a-Al2O3 (Alfa Aesar, 99.997 %).
The materials were ball-milled separately for 5 h under argon at-
mosphere by using the same setup as for nanocrystalline LiBH4.
Subsequently, the nanocrystalline powders of the two materials
were mixed in a molar ratio of 1:1, which resulted in the formation
of a two-phase LiBH4:Al2O3 characterized by a large number of
hetero-interfaces generated between adjacent LiBH4 and Al2O3

crystallites.

Solid-state 6,7Li NMR measurements were performed on an MSL-
400 spectrometer (Bruker BioSpin, Germany) in conjunction with
a shimmed 9.4 T cryomagnet yielding nominal resonance frequen-
cies of 58.9 and 155.5 MHz for 6Li und 7Li nuclei, respectively. For
additional 6Li NMR SLR measurements and frequency-dependent
7Li NMR SLR measurements, an MSL-100 spectrometer connected
to a variable-field cryomagnet was employed. For each spectrome-
ter setup a standard broadband probe (Bruker) allowing for tem-
peratures of 143<T<515 K was used, which were monitored with
a type K thermocouple and an ICT4 temperature controller. The
samples were handled under argon atmosphere at all times to
avoid any reaction with moisture. Prior to the measurements, the
samples were additionally vacuum-dried and fire-sealed in glass
NMR tubes with lengths of about 3 cm and diameters of 5 and
10 mm to accommodate different NMR probe-head configurations.

7Li NMR lines were recorded by applying a p/2 pulse after a suffi-
ciently long recycle delay to ensure a magnetic equilibrium state
of the system under investigation. For the 6,7Li NMR SLR measure-
ments the saturation recovery pulse sequence 10 � p/2–td–p/2 was
employed. Here, the first ten closely spaced p/2 pulses are used to
destroy any longitudinal magnetization Mz, which will subsequent-
ly tend to return to the equilibrium state. This relaxation of the
magnetization is recorded by varying the length of the delay time
td. The final p/2 pulse creates a detectable FID. The magnetization
as a function of td exhibits simple exponential behavior Mz(td) =
M0 [1�exp(td/T1)] .

Conductivity spectroscopic measurements were performed by
using a Concept 80 spectrometer system (Novocontrol, Germany).
Conductivity spectra at frequencies ranging from 10 mHz to
10 MHz were recorded with an Alpha A frequency analyzer in con-
nection with a ZGS active sample cell. The temperature was varied
between 123 and 513 K. Additional measurements were performed
in the temperature range of 293–513 K by using an Agilent 4991E
rf impedance analyzer together with the BDS2200 rf sample cell at
frequencies between 1 MHz and 1 GHz. For the conductivity meas-
urements, the LiBH4 powder was pressed into pellets without the
use of any binder by applying a uniaxial pressure of about 1 GPa.

The resulting pellets, equipped with ion-blocking Pt electrodes,
had a thickness of about 1 mm and a diameter of 8 mm. As de-
scribed above, the sample material was handled carefully under
argon atmosphere in all steps of the sample preparation process,
with the exception of placing the LiBH4 pellet in the impedance
sample cells. Hereby, the pellets were unavoidably exposed to air,
though the exposure time was very short (<1 min), and the
sample was kept in a dry argon flow during this procedure.

2. Results and Discussion

2.1. Low-Dimensional Diffusion in Microcrystalline LiBH4

Probed by Relaxation NMR: A Brief Overview

As mentioned above, LiBH4 exists in a highly conducting lay-
ered form above 381 K. Matsuo et al. anticipated 2D Li diffu-
sion governing ion transport in this modification by comparing
results from SLR NMR and ac conductivity measurements in
the “dc regime”.[26] Fortunately, the high Li diffusivity in poly-
crystalline LiBH4 with micrometer-sized crystallites is manifest-
ed in well-defined diffusion-induced NMR SLR rate peaks ob-
tainable when the SLR NMR rate, recorded at Larmor frequen-
cies w0 in the megahertz range, is plotted against the recipro-
cal temperature in an Arrhenius diagram. Despite the low melt-

ing temperature of LiBH4 it is possible to record the full-rate
peak 1/T1(1/T) and to reach the so-called high-temperature

flank, for which w0tc ! 1 holds, where tc is the motional corre-
lation, which is on the order of the Li residence time t.

In the case of uncorrelated isotropic motion of the spins,

a symmetrical rate peak 1/T1(1/T) is expected. In the well-
known BPP model, introduced by Bloembergen, Purcell, and

Pound, a single exponential motional correlation function is
used to obtain a Lorentzian-shaped spectral-density function

after Fourier transformation.[7] For the frequency dependence
of 1/T1, the BPP model predicts 1/T1/w�b

0 with b= 2 in the

limit w0tc @ 1 and the rate 1/T1 to be independent of w0 in the

limit w0tc ! 1. Most importantly, while correlation effects such
as Coulomb interactions and structural disorder can reduce the

slope of the low-T flank (w0tc @ 1) of 1/T1(1/T),[39, 40] spatial con-
finement of the moving NMR spins influences the high-T side.

Whereas correlation effects lead to b<2, the second feature
produces a frequency dependence of 1/T1 when 1/tc greatly
exceeds w0, which is set by the applied external magnetic
field. Moreover, spatial restrictions cause the 1/T1 rates in the

limit w0tc ! 1 to depend more weakly on T than expected for
3D diffusion.[41, 42] In agreement with previous predictions and
recent theoretical investigations[43–45] on phase-pure hexagonal
LiBH4, in the limit w0tc ! 1 the SLR NMR rates indeed reveal
a characteristic frequency dependence. This has been shown

by both frequency-dependent, purely diffusion induced 7Li as
well as 6Li NMR SLR rates recorded at the high-temperature

limit of NMR relaxation.[27]

Such a feature is clear evidence of diffusion processes taking
place in reduced dimensions such as layers or tunnel struc-
tures.[41, 46, 47] As expected for 2D diffusion, the relaxation-rate
peaks exhibit an asymmetry[27] such that the slope of the high-
temperature flank (w0tc ! 1) is lower than that governing 1/T1

in the low-temperature range (w0tc @ 1, see Figure 1 a). This be-
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havior is consistent with the semi-empirical model developed
for two-dimensional (2D) jump diffusion by Richards.[41] Accord-
ing to this model, the spectral density function J(w0,tc), and
thus the SLR rate 1/T1, is given by Equation (1):

1=T 1 / J2Dðw0,tcÞ / tcln½1þ 1=ðw0tcÞ2� ð1Þ

Equation (1) combines both characteristics of the 6Li NMR
SLR rate peaks shown in Figure 1 a: their asymmetry and the

frequency dependence in the limit w0tc ! 1. The latter should

be a logarithmic dependence, following 1/T1/�tcln(w0tc). In
principle, and apart from field-cycling techniques,[48–50] it is pos-

sible to elucidate dimensionality effects by measuring diffu-
sion-induced NMR SLR rates as a function of resonance fre-

quency w0 at a fixed temperature.[11] Such frequency-depen-
dent SLR NMR measurements are relatively rare.[51–53] They can
be performed in both the laboratory frame of reference (see
also Figure 1 a)[47, 52] and in the so-called rotating frame of refer-

ence by using spin-lock techniques. Note that the latter experi-
ments take advantage of locking frequencies w1 ranging from
5 to 50 kHz and thus extend the time window down to a few
kilohertz (e.g. see K�chler et al. for analogous measurements
on hexagonal Li0.7TiS2

[47, 52] and a recent study on lithium inter-
calated 3R-NbS2

[54]).
Figure 1 b shows the frequency dependence of diffusion-in-

duced 7Li NMR rates of polycrystalline, monophase LiBH4. In
general, if recorded at sufficiently high temperatures, the rates
follow a logarithmic frequency dependence in agreement with

the Richards expression for low-dimensional diffusion.
Closer inspection of the 6Li NMR relaxation rates shown in

Figure 1 a reveals a relatively large slope of the rate peak
1/T1(1/T) in the low-T range. The corresponding activation

energy Ea is 0.5 eV. This value results from the Richards fit
(solid lines) ; it is similar to that which is obtained when simply
the Arrhenius relation [Eq. (2)] is used to analyze the T depend-
ence of T1 in the limit w0tc @ 1:

1=T 1ð1=TÞ / exp½�Ea=ðkBTÞ� ð2Þ

where kB is the Boltzmann constant.

To further elucidate the underlying low-dimensional trans-

port process found by NMR spectroscopy and characterized by
an activation energy of 0.55 eV, conductivity measurements
were performed at temperatures ranging from 123 to 513 K. In
Figure 2 a the dc conductivities sdcT are plotted as a function
of reciprocal temperature. They were directly read out from

the conductivity spectra shown in Figure 2 b. The heating step
(red) and the cooling step (blue) are plotted separately and

the values are compared to those of the above-mentioned
study by Matsuo and co-workers.[26] As shown by NMR spec-

troscopy,[27] again both modifications are clearly distinguisha-
ble; from conductivity spectroscopy the phase-transition tem-
perature is TPT�380 K. In the hexagonal phase, that is, at tem-
peratures T>TPT, sdc is independent of whether the measure-
ments are performed while heating or cooling the sample.

Moreover, good agreement with the previous results is found.
However, in the orthorhombic form, that is, the low-tempera-
ture modification, sdc recorded while heating is slightly higher
than the values measured during cooling. Compared to previ-
ous results,[26] our sample shows an increase of sdc by about
one order of magnitude. These observations may be due to
differences in purity or porosity of the samples. To check
whether there is a relation to structural disorder phenomena,
further temperature-dependent conductivity experiments are

Figure 1. a) Arrhenius plot of the 6Li NMR SLR rates 1/T1 of hexagonal LiBH4 recorded at the resonance frequencies w0/2 p= 29.4 and 58.9 MHz, respectively.[27]

The rates clearly exhibit a frequency dependence in the high-temperature limit, where w0tc ! 1 approximately holds. The solid lines represent a fit according
to Richards’ semi-empirical model for 2D diffusion,[41] given by Equation (1). b) 7Li NMR SLR rates recorded at T = 483 K, that is, close to the high-temperature
flank of the relaxation peak, as a function of frequency (ca. 50–100 MHz). Here, a logarithmic frequency dependence of the rates is observed, following Ri-
chards’ expression in this temperature limit : 1/T1/�tcln(w0tc).
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needed. Noteworthily, such differences are not revealed by
7Li NMR SLR spectroscopy.[27]

Most importantly, sdcT(1/T) of the hexagonal form of LiBH4

yields an activation energy of 0.55 eV which is in very good
agreement with that deduced from NMR relaxometry. Before
discussing this agreement, sdc values should be converted into

Li jump rates for better comparison, and the corresponding
conductivity spectra shown in Figure 2 b should be inspected

in more detail.
In general, by combining the Einstein–Smoluchowski equa-

tion[55, 56] with the Nernst–Einstein expression, that is, connect-

ing the microscopic self-diffusion coefficient with the macro-
scopic tracer-diffusion coefficient, it is possible to translate the

measured sdc values into jump rates of the diffusing Li ions
[Eq. (3)]:

1=ts ¼ HRf ð2 dkBTÞ=ðnq2a2Þsdc ð3Þ

where the Haven ratio HR and the correlation factor f are both
taken to be HR = f = 1, assuming uncorrelated jump diffusion of
the conducting species, n and q are the charge-carrier density

and the charge of the ions and can be approximated from
structural data, d is the dimension of the diffusion process, and
a the mean jump distance. The jump rates of hexagonal LiBH4

obtained with Equation (3) are shown in the inset of Figure 2 a
and were calculated for a two-dimensional diffusion process
(d = 2). The assumption seems to be sound, as is evidenced by
the excellent agreement with the jump rates 1/tNMR directly de-
duced from NMR measurements on hexagonal LiBH4. The latter
have been derived from the 6Li NMR SLR rate maxima, for

which the condition w0tc�1 is satisfied.[11, 57, 58] The good agree-
ment found between 1/ts and 1/tNMR proves that conductivity

and NMR probe the same dynamic process in the highly con-
ducting hexagonal phase of LiBH4. This is underpinned by the

fact that NMR and conductivity spectroscopy yield the same
activation energy of 0.55 eV (see above and the inset of Fig-
ure 2 a).

The fact that Ea = 0.55 eV was obtained from the low-T flank

of the SLR NMR rate peak may indicate that correlation effects,
which lead to a smaller slope than expected for uncorrelated

motion (see above), play a subordinate role in layer-structured
LiBH4. This feature may also show up in frequency-dependent
conductivity spectroscopy.

Starting at very low temperatures, that is, with the ortho-
rhombic form of LiBH4, the conductivity spectra show that the
slope of the real part s’ of the complex conductivity in the
double-logarithmic plot of Figure 2 b tends to unity. This is
a characteristic of the so-called nearly-constant-loss (NCL) be-

havior, which can be regarded as one of the universalities in
conductivity spectroscopy. It is associated with s’ being inde-
pendent of temperature and e’’, the imaginary part of the
complex permittivity, being independent of frequency. Al-
though not fully understood as yet, NCL-type conductivity is
often related to strictly localized motions which should not be

mixed up with “real” translational jumps of the ions.[59–61]

With rising temperature deviations from s’/n show up and
a frequency-independent plateau appears; s’ can be roughly
approximated by s’(n) = sdc(1+Anp),[62] where sdc signifies the
frequency-independent dc plateau (see above) and the Jonsch-

er exponent p has a value of approximately 0.67. At intermedi-
ate temperatures and particularly in the hexagonal phase, a de-

Figure 2. a) Arrhenius plot illustrating the temperature dependence of the dc conductivity sdcT of microcrystalline LiBH4 (*). The data were recorded while
heating (red) and cooling (blue). For comparison, conductivity data previously published by Matsuo et al.[26] are also indicated (&). Inset : Li jump rates 1/t of
the hexagonal modification of LiBH4 versus reciprocal temperature. The rates were obtained from 6Li NMR SLR rate maxima by means of the condition
w0tc�1 (^) and from dc conductivity by using the Einstein–Smoluchowski and Nernst–Einstein equations (� , &) and assuming a 2D diffusion process. See
text for further details. b) Selected conductivity spectra from which the data points in (a) were determined. Measurements near TPT and above were also per-
formed by employing a radio-frequency setup with frequencies ranging from 1 MHz to 1 GHz.
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viation from sdc is observed at lower frequencies, because the
mobility of the Li ions has drastically increased, so that polari-
zation effects at the applied ion-blocking electrodes play a sig-
nificant role in this frequency range. Apart from such electrode
effects, the spectra of hexagonal LiBH4 are dominated by a dc
plateau up to 107 Hz. Additional measurements in the radio-
frequency range, that is, up to 109 Hz, revealed further features
of the conductivity isotherms of the orthorhombic and hexag-
onal forms. At the highest frequencies, the isotherms of ortho-

rhombic LiBH4 tend to follow a quadratic frequency depend-
ence (see Figure 2 b), which points to vibrations affecting s’.
Sidebottom et al.[63] reported indications that, for 2D (and 1D,
channel-like) diffusion, the Jonscher exponent p takes on
values smaller than those expected for 3D diffusion. In the
present case, for an uncorrelated 2D diffusion process, small p
values are expected. A pure Debye response with random
motion of the charge carriers would lead to p = 0, that is, the
absence of any dispersive contributions leading to s’¼6 f(n). Be-

cause of the very high ion conductivity of hexagonal LiBH4, the
onset of dispersive regions is shifted towards very high fre-
quencies. Nevertheless, careful inspection of some of the iso-
therms recorded at very high temperatures may indicate that

the dc plateau directly passes into the vibrational regime with
s’(n)/n2, which suggests a negligible Jonscher-type conductiv-
ity.

2.2. Comparison with Nanocrystalline, Single-Phase LiBH4

Before discussing the NMR SLR rates of nanostructured LiBH4

prepared by high-energy ball milling, we note that, below the
phase-transition temperature TPT,

7Li (and 6Li) SLR is governed
by rotational motion of the BH4

� units rather than by (transla-

tional) Li diffusion. This is fully supported by recent variable-
temperature 7Li NMR line-shape measurements[26, 27] (see also

below).

In the Arrhenius plot of Figure 3 a the 7Li NMR SLR rates of
nanocrystalline LiBH4, recorded at a resonance frequency of

w0/2 p= 155.5 MHz, are shown. The temperature range was
chosen such that the regions in which both modifications exist

are covered. For comparison, the NMR SLR rates are contrasted
with those of microcrystalline LiBH4. The rates of the nanoma-
terial mostly coincide with those of microcrystalline LiBH4 and
show deviations only at temperatures ranging from 308 to

380 K, that is, below the hexagonal-to-orthorhombic phase
transition. Interestingly, in this regime the rates point to a meta-
stable behavior of the nanocrystalline sample, which is exem-

plified by the dependence of the 7Li NMR SLR rates on whether
the measurements are taken during heating (DT>0) or cooling

(DT<0) of the sample (as indicated by the arrows in Fig-
ure 3 a). Coming from the hexagonal form, the 7Li NMR SLR

rates suggest a smooth transition from the layered modifica-
tion to the orthorhombic form. However, 7Li NMR spectra,
shown in Figure 3 b, reveal a clear and “sudden” transition at
TPT�380 K. Still, the 7Li NMR lines in the orthorhombic modifi-
cation show some kind of motional narrowing setting in at

about 300 K. With increasing temperature it becomes apparent
that the spectra consist of two contributions, namely, a motion-

ally narrowed line atop a broad one which does not show any
narrowing. The increased NMR SLR rates and the heterogene-
ous motional narrowing clearly indicate fast Li ions and point
to enhanced ion conductivity in nano-LiBH4. This feature may
be due to possible preservation of the highly conducting hex-

agonal phase in the interfacial regions of the nanostructured
material.

Figure 3. a) Plot of the diffusion-induced 7Li NMR SLR rates 1/T1 of nanocrys-
talline LiBH4 (*) as a function of reciprocal temperature. Though a phase
transition is still observed at the same temperature TPT as for the microcrys-
talline material, high-energy ball milling seems to form a metastable material
when the temperature range 308�T�380 K is considered. The metastable
behavior is exemplified by data recorded during heating (DT>0) and cool-
ing (DT<0). In this temperature range, enhanced Li-ion diffusivity is expect-
ed compared to microcrystalline LiBH4. Otherwise, the rates are almost indis-
tinguishable from those of the microcrystalline LiBH4 (*). b) Selected
7Li NMR spectra of nanocrystalline, single-phase LiBH4 recorded at the tem-
peratures indicated. As in the case of microcrystalline LiBH4,[26, 27] the hexago-
nal modification features a well-defined quadrupole powder pattern that
shows up immediately at the transition temperature of about 381 K. Howev-
er, the spectra of orthorhombic LiBH4 clearly consist of two contributions:
a broad line from which a motionally narrowed line emerges with rising
temperature. Though not as pronounced, this behavior is similar to that ob-
served for the nanocrystalline composite LiBH4 :Al2O3 (cf. the NMR line re-
corded at 364 K and see Figure 4 b below).
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2.3. Nanocrystalline Two-Phase LiBH4 :Al2O3 : The Effect of an
Insulating Phase on SLR NMR

Besides single-phase LiBH4, a two-phase composite consisting
of nanometer-sized LiBH4 in contact with nanocrystalline Al2O3

acting as an ionic insulator was investigated for comparison.
7Li NMR SLR measurements were carried out at temperatures
ranging from 140 to 510 K. The diffusion-induced 7Li NMR SLR
rates of the composite are shown in Figure 4 a. While the SLR
NMR rate peaks of the orthorhombic form are governed by
fast rotational motions of the BH4

� units, those of the hexago-
nal form solely reflect Li hopping. Careful inspection of the 7Li,

1H, and 11B NMR SLR rates has shown that BH4
� dynamics is

governed by two types of rotational motion.[64–66]

As can be deduced from the 7Li NMR SLR rates of Figure 4 a,
the BH4

� dynamics is increased compared to that in pure mi-
crometer-sized LiBH4. Unexpectedly, the diffusion-induced
7Li NMR SLR rate maximum of the hexagonal phase can no
longer be reached.

However, in contrast to the starting material (cf. Figure 3 a),
the composite no longer shows a sudden phase transition but
gradually transforms into the hexagonal phase. Taken together,
the 7Li NMR SLR rates measured over the whole temperature
range can be described by a sum of two sets of SLR rates ac-
cording to 1=T1 ¼ 1=T ð1Þ1 þ 1=T ð2Þ1 . Interestingly, the rates 1=T ð1Þ1 ,

which dominate NMR SLR in the orthorhombic regime, follow
BBP-type behavior (b= 2, see above). However, separation into

two different rotational modes is no longer possible. This may
be directly related to the structural disorder introduced by ball
milling leading to a broad distribution of rotational BH4

� jump
rates.

Since the rates 1=T ð2Þ1 , which dominate the NMR SLR of the
hexagonal phase, exhibit only the low-temperature flank of
a 1/T1

(2)(1/T) rate peak, they can be appropriately described
with a single Arrhenius relation. The overall rates are then

given by Equation (4):

1=T1 ¼ Ctð1Þc

�
1þ ðw0tð1Þc Þbð¼2Þ� �

þ A
�

tð2Þc ð4Þ

in which t ið Þ
c ¼ t

ið Þ
c;0 exp E ið Þ

a

�
kBT

� �
denotes the respective correla-

tion time, where E ið Þ
a is the activation energy (i = 1, 2). The pre-

exponential factor t
1ð Þ

c;0 is approximately 2 � 10�13 s and agrees
well with those typically found for phonon frequencies. The ac-

tivation energies are calculated to be E 1ð Þ
a = 0.14 eV and E 2ð Þ

a =

0.35 eV. Compared to single-phase LiBH4 with micrometer-
sized crystallites,[27] a decrease in Ea is observed in both phases.

The gradual phase transformation between the two modifi-
cations is also revealed in situ by the 7Li NMR spectra shown in

Figure 4 b. The variable-temperature 7Li NMR spectra, recorded
under static conditions, provide both structural and further dy-

namic information. Initially a broad Lorentzian line is observed
at low temperatures. The line shape gradually changes with in-

creasing T, but without an abrupt transition to the hexagonal
phase. The 7Li NMR spectrum of hexagonal LiBH4 is composed

of a fully motionally narrowed central line and a spin-3/2 quad-
rupolar powder pattern.[26, 27] The latter is determined by
a single (mean) electric field gradient to which the spins are
exposed. With increasing temperature the 7Li NMR line of
nanocrystalline LiBH4 :Al2O3 undergoes a strongly heterogene-
ous motional narrowing resulting in a two-component NMR
line shape, that is, the broad NMR line becomes superimposed
by a sharp NMR component. The latter reflects fast Li ions
showing up well below the original phase-transition tempera-
ture of micrometer-sized, single-phase LiBH4. Compared with
results on single-phase nanocrystalline LiBH4, we conclude that
these ions do perform translational movements in the regions

near to or influenced by the hetero-interfaces between the
crystallites of nanocrystalline LiBH4 and Al2O3. Similar results

Figure 4. a) Arrhenius plot of the 7Li NMR SLR rates 1/T1 of nanocrystalline
LiBH4 :Al2O3 recorded at w0/2 p = 155.5 MHz (*). Two distinct regimes are
clearly distinguishable and correspond to the two modifications of micro-
crystalline LiBH4 (*). However, in the case of LiBH4 :Al2O3 there is a gradual
transformation from one to the other regime, which also shows up in the
corresponding NMR line shapes (see b). The solid line represents a fit ac-
cording to Equation (4). See text for further details. b) 7Li NMR spectra of
nanocrystalline LiBH4:Al2O3 recorded at 155.5 MHz and the temperatures in-
dicated. At very low temperature, the spectra consist of a broad Lorentzian;
a motionally narrowed component emerges at higher temperatures. The
latter is indicative of fast Li-ion motion. At about 380 K, that is, at the transi-
tion temperature of single-phase LiBH4, distinct quadrupole satellites show
up, which in turn seem to be averaged out for T>470 K.

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2013, 14, 3706 – 3713 3711
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have been reported also for Li2O:X2O3 (X = Al, B) compo-
sites.[4, 6, 15, 36]

In general, motion-induced narrowing of a given NMR line
sets in when Li diffusion is fast enough to average dipole–
dipole interactions determining the width of the NMR line in
the so-called rigid-lattice regime at low temperatures.[5] In the
present case, the appearance of the sharp NMR line points to
Li jump rates on the order of 104 s�1. The line widths of the
two components do not change significantly with tempera-
ture; they are about 12.5 and 1.4 kHz. However, the steadily in-
creasing amplitude of the narrow component with rising tem-
perature points to an increase in the amount of very fast Li
ions. For instance, at T = 373 K the number fraction Af of fast-

diffusing spins has reached about 25 %. At T = 383 K the well-
defined NMR quadrupole intensities of hexagonal LiBH4

emerge, which prove the formation of the layered modifica-
tion. The spectral distance between the 908 singularities of the
quadrupole powder pattern is in agreement with that found
for micrometer-sized LiBH4; however, the whole pattern is
somewhat smeared out, once again reflecting (local) structural
disorder introduced during mechanical treatment.

At even higher temperatures the quadrupole singularities

start to vanish. This may point to further structural changes in-
duced at elevated temperatures. Irrespective of this feature,
which must be investigated by, for example, in situ X-ray dif-
fraction, the number fraction Af of fast-diffusing Li spins does
not significantly depend on temperature once the hexagonal
phase has been completely formed.

The example investigated shows how mechanical treatment
and formation of a mixed composite can be used to tailor dy-

namic properties of a given ion conductor. In the present case,
well below the hexagonal-to-orthorhombic phase transforma-

tion, the nanocrystalline, dispersed ion conductor LiBH4 :Al2O3

reveals enhanced Li diffusivity, which becomes evident in in-

creased NMR SLR rates below TPT and a pronounced two-com-
ponent line NMR shape reflecting two dynamically different

spin reservoirs.

3. Conclusions

Frequency- and temperature-dependent 7Li and 6Li NMR meas-
urements have shown that Li diffusion in hexagonal LiBH4,

which is the thermodynamically stable modification above TPT

�380 K, is confined to two dimensions. To a certain degree,
nanostructuring helps to preserve the high ion conductivity
down to temperatures well below TPT. In particular, the intro-
duction of a large volume fraction of hetero-interfaces in the

two-phase composite LiBH4:Al2O3 leads to enhanced Li diffusiv-
ity, which is manifested in increased SLR rates and a two-com-

ponent NMR line shape. The latter is composed of a broad and
a motionally narrowed NMR line reflecting heterogeneous dy-
namics of slow- and fast-diffusing Li spins. Most likely, the
highly mobile ions are located near the interfaces between ad-
jacent LiBH4 and Al2O3 crystallites, that is, engineering interfa-
ces in nanocrystalline, dispersed ion conductors is a promising
concept to design further ion conductors.
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Li diffusion parameters of a structurally disordered Li-Al-Si-oxide prepared by gas-phase synthesis
were complementarily investigated by both time-domain NMR techniques and impedance spec-
troscopy. The first include 7Li NMR spin-lattice relaxation (SLR) measurements in the laboratory
as well as in the rotating frame of reference. An analysis of variable-temperature NMR line widths
point to an activation energy Ea of approximately 0.6 eV. The value is confirmed by rotating-frame
SLR NMR data recorded at approximately 11 kHz. Above room temperature the low-temperature
flank of a diffusion-induced rate peak shows up which can be approximated by an Arrhenius
law yielding Ea = 0.56(1) eV. This is in very good agreement with the result obtained from 7Li
spin-alignment echo (SAE) NMR being sensitive to even slower Li dynamics. For comparison,
dc-conductivity measurements, probing long-range motions, yield Ea = 0.8 eV. Interestingly, low-
temperature SAE NMR decay rates point to localized Li motions being characterized with a very
small activation energy of only 0.09 eV.

1. Introduction

The precise measurement of diffusion parameters in solids is a vital topic in materials
science [1–4]. In particular, the investigation of Li dynamics over a wide length scale
turns out to be highly important to understand the underlying structure-property rela-
tionships governing ion transport in materials being relevant for battery applications [5–
15]. For instance, fast ion conductors are needed to develop powerful all-solid-state
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514 V. Epp et al.

lithium-ion batteries which are regarded to play a key role in the development of new
energy storage systems [16–18].

In many cases the introduction of structural disorder leads to an improvement of
the diffusion parameters. For example, Li diffusion in nanocrystalline LiNbO3 (and
LiTaO3), [19–21] which was prepared by high-energy ball milling, is enhanced by sev-
eral orders of magnitude compared to its structurally ordered crystalline counterpart.
Especially in the case of amorphous materials, offering both local movement modes
and long-range migration pathways, diffusion parameters such as jump rates and ac-
tivation energies might differ from each other when probed on different length scales
and time scales, respectively [20,22–24]. In order to draw a complete picture of the
different motions taking place in structurally disordered materials, dynamic parame-
ters should preferably be probed by complementary techniques being sensitive to Li
dynamics occurring on different time scales [10,13,25,26]. Here, exemplarily a gas-
phase synthesized (metastable) non-stoichiometric amorphous oxide composed of Li,
Si and Al served as a highly disordered model substance which was comprehensively
investigated by both variable-temperature NMR and impedance spectroscopy.

The present study aims at the comparison of diffusion and transport parameters, re-
spectively, obtained from quite different methods which are sensitive to short-range and
long-range Li motions. In particular, besides NMR line shape measurements, variable-
temperature 7Li NMR spin-lattice relaxation (SLR) rates in both the laboratory and
rotating frame of reference [24] have been measured. Whereas the first are sensitive to
very fast Li motions with jump rates in the order of the Larmor frequency used, which is
in the MHz range here, SLR rates probed in the rotating frame of reference are usually
sampled at locking frequencies in the order of some kHz. Thus, the latter measurements
are per se sensitive to much slower Li dynamic processes with jump rates in the order
of 104 s−1. Even slower Li jump processes were probed by the so-called NMR spin-
alignment echo (SAE) technique [22,23,27–32]. 7Li SAE NMR two-time correlation
functions were recorded at different temperatures by the use of the Jeener–Broekaert
pulse sequence. In this way, the method is sensitive to Li jump rates with values down
to 101 s−1 [7,28]. Finally, impedance spectroscopy measurements covering a frequency
range from 10 Hz to 1 MHz complement the study.

2. Experimental

The non-equilibrium oxide studied was synthesized via a gas-phase reaction in a three-
zone tube furnace resulting in a metastable, highly non-stoichiometric powder contain-
ing Li, Al, Si, and O. The precursors used for the studied sample were pure lithium
chloride (Sigma-Aldrich, > 99%), aluminum chloride (Sigma-Aldrich, 98%), and sil-
icon tetrachloride (Riedel-de-Haen, > 99%). A detailed description of the procedure
including the setup of the apparatus used for the gas-phase synthesis employed can be
found in Refs. [33,34]. Let us remark that the synthesis route chosen has the great ad-
vantage of providing a very easy way to adjust the sample stoichiometry. Up to now, we
were able to synthesize a series of non-stoichiometric samples with quite different com-
positions. These are included in Fig. 1a; here, exemplarily the sample numbered “57”
(marked with a cross) was studied. For comparison, the stoichiometric alumosilicates
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Fig. 1. (a) Li-Al-Si-O-phase diagram; so far, a series of non-stoichiometric samples, labelled with numbers,
have been prepared in our laboratory. P, O, S, and E highlight the compounds petalite, lithium orthoclase,
spodumene and eucryptite. (b) SEM image of sample “57”, see (a).

petalite LiAlSi4O10 (P), lithium orthoclase LiAlSi3O8 (O), spodumene LiAlSi2O6 (S)
and eucryptite LiAlSiO4 (E) are also included. Sample “57” is characterized by an
Al : Li : Si ratio of approximately 1 : 2.3 : 2.1 (see Fig. 1a). This ratio was determined
by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The sample
was found to be X-ray amorphous; scanning electron microscopy (SEM) images show
that it consists of globular particles with diameters ranging from 200 nm to 750 nm (see
Fig. 1b).

Solid-state 7Li NMR measurements, carried out to get insights into the Li dynam-
ics of the amorphous oxide, were performed by using a modified Bruker MSL-100
equipped with a Kalmus 400 W amplifier. The spectrometer is connected to a field-
variable Oxford cryomagnet which is operated at a (nominal) resonance frequency
ω0/2π of 77.7 MHz. A standard broadband probe (Bruker) was used to sample NMR
spectra and spin-lattice relaxation rates. The temperature in the direct neighbourhood
of the sample was monitored with an ITC4 temperature controller (Oxford) using
a Ni-CrNi thermocouple. All measurements were performed at temperatures ranging
from 173 K to 453 K. The temperature was either adjusted by a stream of heated air
(T > 300 K) or by freshly evaporated nitrogen (T < 300 K). Prior to the NMR meas-
urements the sample was extensively vacuum dried and then fire-sealed in a glass tube
(4 mm in diameter and 4 cm in length).

7Li NMR spin-lattice relaxation rates 1/T1 were acquired with the saturation re-
covery pulse sequence: 10×π/2− ti −π/2 [24,35]. The π/2 pulse length was approxi-
mately 7 μs; the first 10 pulses, separated by a delay time of 50 μs, are used to destroy
longitudinal spin magnetization Mz(t). The subsequent recovery of Mz(t) is recorded
as a function of 14 different delay times ti(i = 1. . .14). Similarly, 7Li NMR relax-
ation rates 1/T1ρ in the rotating frame of reference were measured. For this purpose
the spin-lock technique [35–41] was used to record Mρ(tlock) transients. The duration
of the locking pulse tlock was varied from 1 ms up to 40 s. The corresponding locking
frequency ω1/2π was estimated to be of the order of νlock = 11 kHz.
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As already mentioned above, 7Li NMR spin-alignment echoes were recorded using
the pulse sequence introduced by Jeener and Broekaert [42,43]: π/2X − tp −π/4Y − tm −
π/4X − tp − echo, where X and Y denote the phase shifts of the radio frequency (rf)
pulses used. In the ideal case, the first two rf pulses, separated by the preparation time tp

which has to be chosen as short as possible [30,44–48] (here tp = 10 μs was used), cre-
ate (quadrupolar) spin-alignment order. Li motions affecting quadrupole spin-order take
place during the mixing period determined by tm (1 μs < tm < 100 s). The third or read-
ing rf pulse of the Jeener–Broekaert pulse sequence transforms spin-alignment back
into an observable transverse coherent magnetization giving rise to a stimulated echo at
t = tp. Damping of the echo intensity S2 with increasing mixing time leads to a two-time
correlation function containing, in general, information on the dynamics [49,50] as well
as geometry [51] of the diffusion process studied. The recycle delay was set to at least
5× T1.

Impedance measurements were carried out at frequencies ranging from 5 Hz to
13 MHz with a home-built impedance cell connected to an HP 4192A RF impedance
analyzer. The cell was placed in a tube furnace controlled by an OMRON E5CK tem-
perature unit. For the impedance measurements, the powder sample was pressed into
a pellet without any binder by applying a uniaxial pressure of about 1 GPa. Pt electrodes
were applied by using platinum powder of high purity (Merck, 99.9%). The result-
ing pellet had a thickness of about 1 mm and a diameter of 8 mm. In order to exclude
the influence of water upon the measurements, the sample was heated above 400 K in
a dry nitrogen atmosphere for several hours. Subsequently, the impedance spectra were
recorded between room temperature and 670 K in the same atmosphere using a home-
built impedance cell with a four-terminal configuration.

2.1 Results and discussion

2.1.1 7Li NMR measurements

In many cases, a 7Li NMR line-shape analysis provides first insights into the short
time-scale Li ion dynamics of a given (diamagnetic) Li ion conductor. In Fig. 2a four
selected NMR spectra recorded under static conditions at the temperatures indicated
are shown. In the so-called rigid lattice regime of the sample, i. e., here at tempera-
tures below 320 K, the 7Li NMR spectra consist of a single dipolarly broadened, almost
purely Gaussian shaped line. At this temperature Li diffusion is too low to affect the
line width of the spectrum. This drastically changes when the Li jump rate reaches the
order of the NMR line width. As a result of rapid Li exchange processes taking place at
elevated temperatures, (homonuclear) dipole–dipole interactions are increasingly aver-
aged leading to the typical motional narrowing of the line. Here, with rising temperature
the shape of the NMR line gradually changes into a pure Lorentzian. At intermedi-
ate temperatures the NMR lines seem to show the characteristics of a two-component
line shape indicating distinctly mobile Li ions. As expected for an amorphous solid this
might point to a heterogeneous dynamics present being similar to that found in other
structurally disordered, glassy materials [19,22].

Plotting the NMR line width, i. e., the full width at half maximum (FWHM),
as a function of T , it can be seen that motional narrowing sets in at approximately
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Fig. 2. (a) Selected 7Li NMR spectra of the structurally disordered Li-Si-Al-oxide recorded at 77.7 MHz.
(b) 7Li NMR line width (full width at half maximum, fwhm) as a function of temperature. The onset of
motional narrowing is observed at Tmn ≈ 360 K and points to an activation energy of approximately 0.6 eV
when estimated using the relation introduced by Waugh and Fedin [52]. The solid line is drawn to guide
the eye.

Tmn = 360 K (see Fig. 2b). Since the rigid-lattice line width is in the order of some kHz,
this points to a mean Li jump rate of approximately 103 s−1 at Tmn. Using the expres-
sion introduced by Waugh and Fedin [52], an activation energy of about 0.58 eV can be
roughly estimated. The Waugh-Fedin expression relates the onset temperature of mo-
tional narrowing with the activation energy of the diffusion process and is given by:
Ea,mn/eV = 1.67×10−3 · Tmn/K.

In contrast to line shape measurements, 7Li NMR relaxometry provides a better
quantitative access to Li diffusion parameters in solids. In the Arrhenius diagram of
Fig. 3a 7Li NMR SLR rates recorded in the laboratory (1/T1) as well as in the ro-
tating (1/T1ρ) frame of reference are shown as a function of inverse temperature. In
each case the SLR NMR rate was obtained by fitting the corresponding magnetization
transients with stretched exponentials. As an example, in Fig. 3b typical (normalized)
magnetization transients Mρ(tlock) recorded at different temperatures are shown. The
solid lines show fits with Mρ(tlock) ∝ exp(−(tlock/T1ρ)

γ ). Interestingly, the stretching ex-
ponent γ turned out to scatter around a mean value given by γm = 0.5. Hence, all fits
were performed with a fixed stretching parameter γ = γm. Most likely, γm = 0.5 points
to localized relaxation centres such as paramagnetic impurities, see, e. g., Refs. [53,54].

Contrary to the SLRρ rates in the rotating frame of reference, the 1/T1 rates meas-
ured at 77.7 MHz are governed by non-diffusive background relaxation over almost
the whole temperature range covered (see Fig. 3a). This manifests in a weak tem-
perature dependence which can be described in terms of a power law 1/T1,nd ∼ T α

with α ≈ 0.6 (dotted lines in Fig. 3a). Most likely, it is, to a certain degree, caused by
spin-diffusion (i. e., flip-flop processes) due to paramagnetic impurities which are also
responsible for the stretching of the corresponding (non-exponential) transients. Fur-
thermore, lattice vibrations or localized (i. e., non-translational) motions, for example,
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Fig. 3. (a) 7Li NMR SLR rates in the laboratory (1/T1, �) and rotating (1/T1ρ , •) frame of reference
as a function of inverse temperature 1/T . Data have been recorded at a Larmor frequency of 77.7 MHz
and a locking frequency of 11 kHz, respectively. The corresponding transients Mρ(tlock) are shown in (b).
The rates reveal two regimes viz the diffusion-controlled flank of a 1/T1(ρ)(1/T ) rate peak and a non-
diffusive background contribution showing up below 250 K. The latter is characterized by a weaker-
than-activated temperature dependence following a power law 1/T1(ρ),nd ∝ T 0.6(2) (grey dotted lines). The
diffusion-induced low-T flank exhibits Arrhenius behaviour 1/T1(ρ),diff ∝ exp(−Ea/kBT ) and yields Ea =
0.56(1) eV (see dashed line). (b) 7Li NMR SLRρ magnetization transients Mρ(tlock) for four selected tem-
peratures plotted vs. duration of the locking pulse. The locking frequency νlock was set to ω1/2π = 11 kHz.
The solid lines represent fits of stretched exponentials with a fixed stretching exponent γ . See text for
further details.

might contribute to the low-temperature NMR SLR rates 1/T1 and 1/T1ρ, respectively.
Whereas for pure spin-diffusion, 1/T1,nd is expected to be independent of T , strictly lo-
calized motions, in the sense of being the analogy of the well-known nearly constant
loss (NCL) phenomenon in dielectric spectroscopy [55–59], would lead to 1/T1,nd ∼ T α

with α → 1 [60–62]. For comparison, NMR SLR solely induced by lattice vibrations is
expected to yield 1/T1,nd ∼ T 2 [63,64].

At temperatures above 410 K the SLR rates shown in Fig. 3a are increasingly in-
fluenced by translational Li ion diffusion processes. Therefore, the beginning of the
low-temperature flank of the corresponding rate peak shows up. Provided the SLR
NMR rates are induced by Li diffusion processes, reducing the Larmor frequency
should shift this flank towards lower temperatures. According to the model introduced
by Bloembergen, Purcell and Pound [65] the rate 1/T1 on the low-T flank, that is, in the
limit ω0τ � 1, is expected to show a quadratic frequency dependence.

The same dependency shows up when ω0 is replaced by ω1, i. e., when the resonance
frequency in the MHz regime is replaced by a locking frequency being in the order of
some kHz [24]. As can be clearly seen in Fig. 3a, at T > 265 K the corresponding NMR
SLRρ rates probed in the rotating frame of reference exhibit a pronounced diffusion-
induced low-T flank following Arrhenius behaviour 1/T1ρ,diff ∝ exp(−Ea/kBT ) with an
activation energy of approximately Ea = 0.56 eV (see the dashed line in Fig. 3a). How-
ever, up to T = 450 K no 7Li NMR SLRρ maximum shows up. This might emerge at
temperatures higher than 500 K. Below 250 K a non-diffusive background contribution
is observed; the corresponding rates 1/T1ρ,nd depend only weakly on temperature, which
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Fig. 4. (a) 7Li NMR SAE decay curves S2(tp, tm) recorded at the temperatures indicated. S2(tp, tm) has been
plotted in a semi-log representation as a function of tm. Data were measured at fixed preparation time,
tp = 10 μs and at 77.7 MHz. The solid lines are fits according to a stretched exponential using a fixed
stretching exponent γ = 0.5. (b) Corresponding 7Li NMR SAE decay rates (•) as a function of the inverse
temperature. The rates are a sum of two contributions viz a weakly temperature-dependent one showing up
at T < 280 K and a strongly thermally-activated one becoming apparent above 290 K. The latter shows Ar-
rhenius behaviour with Ea = 0.56 eV. For comparison, the 7Li NMR SLR rates 1/T1 (�), see Fig. 3b, are
also shown.

is practically the same behaviour as found for the SLR rates recorded in the laboratory
frame of reference (see above).

Assuming that the parameters describing the temperature dependencies of the SLR
rates found, viz Ea and α, i. e., of both the diffusion-induced and the non-diffusive con-
tribution, are the same for 1/T1 and 1/T1ρ a joint fit can be applied to the two data
sets. The solid lines in Fig. 3a represent such a fit using a sum of the two contribu-
tions 1/T1(ρ) = 1/T1(ρ),diff +1/T1(ρ),nd, linking the parameters Ea and α. Here, it turned
out that Ea = 0.57(1) eV and α = 0.6(2). However, since SLR NMR and SLRρ NMR
probe diffusion parameters on different length scales, the slope of the low-T flank of
the SLR NMR rates, being sensitive to short-range Li motions, might be smaller than Ea

found for the corresponding flank of the SLRρ NMR rate peak. Indeed, a dependence of
Ea on the time window used to study Li dynamics has also been found for spodumene
(LiAlSi2O6) studied by both NMR and ac impedance spectroscopy [66,67].

In Fig. 4a 7Li SAE NMR (normalized) decay curves S2(tp, tm) are presented which
have been recorded at fixed preparation time, tp = 10 μs. Normalization means that the
curves were scaled such that echo intensities range between 0 and 1. The echo ampli-
tudes S2(tp, tm) recorded at different temperatures can be well described by stretched
exponentials according to

S2(tp, tm) ∝ exp(−(tm/τ)γ ) with τ = f(T) . (1)

As in the case of the NMR SLRρ measurements, the (fractal) stretching exponent turned
out to scatter around a mean value γm = 0.5. Consequently, we used a fixed (tempera-
ture independent) stretching exponent (γ = γm, see solid lines in Fig. 4a) to extract the
echo decay rates 1/τ(T). These are shown in Fig. 4b using an Arrhenius representation.
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As can be clearly seen, the overall rate 1/τ is composed of two contributions and can
be well described as a sum of the individual rates 1/τ ′ and 1/τ ′′

1/τ = 1/τ ′ +1/τ ′′ . (2)

1/τ ′ as well as 1/τ ′′ follow Arrhenius behaviour 1/τ i ∝ exp(−Ei
a/kBT ). While 1/τ ′

shows a strong temperature dependence characterized by Ea = 0.56(3) eV which is,
within the error given, identical with that probed by SLRρ NMR (see above), the rates
1/τ ′′ dominating echo decay at low temperatures point to an activation energy of only
0.09(1) eV. Since an almost temperature independent decay rate would be expected to
account for spin-diffusion effects, as mentioned above, one might propose to identify
the rate 1/τ ′′ with a (quadrupolar or dipolar) SLR rate. Although such a rate is expected
to be larger than the independently measured rate 1/T1, the temperature dependencies
of these SLR NMR rates should be comparable. Here, however, 1/T1 (as well as 1/T1ρ)
reveals a much weaker temperature dependence (see above). Thus, 1/τ ′′ seems to con-
tain additional information on the Li dynamics present at low temperatures which are
masked in the case of 1/T1 (and 1/T1ρ). In view of the fact that the associated activation
energy is rather low (less than 0.1 eV), (weakly activated) localized (or caged) motions
rather than long-range transport might be responsible for the process characterized by
1/τ ′′. Interestingly, the activation energy probed is very similar to that of the strictly
localized two-site jump processes in crystalline spodumene (LiAlSi2O6) [44]. Further
SAE NMR measurements carried out at different resonance frequencies might help to
clarify the origin of the low-temperature echo decay.

2.1.2 Impedance spectroscopy

Long-range, i. e., end-to-end ion transport can be probed by conductivity measure-
ments. Typical impedance spectra of the gas-phase synthesized amorphous oxide are
shown in Fig. 5a where the real part, σ , of the complex conductivity is shown as a func-
tion of frequency. Typically, the spectra consist of three regimes. At low frequencies
polarisation effects, due to blocking electrodes applied, lead to a decrease of σ , while
at high frequencies a dispersive regime is observed. At intermediate frequencies distinct
frequency-independent plateaus show up being characteristic of successful ion hops in
the oxide studied.

The corresponding conductivity values, depicted in Fig. 5b, were read out at the
saddle point of the impedance spectra. In a good approximation they can be identified
with the dc-conductivities σdc. Let us remark that almost identical values were obtained
from an analysis of the corresponding Cole–Cole plots which can be constructed when
the (negative) imaginary part of the complex impedance, Z ′′, is plotted vs the real part,
Z ′. The intersection of the semicircle with the real axis is given by 1/σdc. As can be seen
in Fig. 5b, σdcT clearly follows Arrhenius behaviour according to

σdcT = σ0 exp(−Ea,σ/kBT ) . (3)

The fit shown (see the solid line in Fig. 5b) yields an activation energy Ea,σ of
0.80(1) eV. Clearly, this value is much larger than those probed by SLRρ and SAE
NMR. Note that SLRρ rates have been measured at frequencies comparable to those
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Fig. 5. (a) Impedance spectra (normalized to the sample geometry) recorded at the temperatures indicated.
The spectra are composed of a “dc-plateau” and a dispersive regime showing up at higher frequencies.
At lower frequencies, σ decreases due to ion blocking polarisation effects at the electrodes. (b) The tem-
perature dependence of σdcT shows Arrhenius behaviour with an activation energy Ea,σ = 0.8 eV. For
comparison, the respective Arrhenius lines of glassy and crystalline eucryptite (LiAlSiO4) as well as glassy
spodumene (LiAlSi2O6) are also indicated (data were taken from Refs. [71,72]).

where the conductivity values have been determined. In the case of SLR NMR one
might argue that the rates 1/T1 are influenced by correlation effects caused by Coulomb
interactions and/or structural disorder [68–70]. Such effects are known to lead to a re-
duced slope of the rate peak in the limit ω0τ � 1. This behaviour is accompanied with
a sub-quadratic frequency dependence of 1/T1 on the low-T side of the peak 1/T1(1/T).
However, since no discrepancy between the activation energies found by SLRρ NMR on
the one hand and SAE NMR on the other hand is found, correlation effects seem to play
a minor role in affecting SLR NMR rates measured in the low-T limit here. Instead,
ion blocking regions of the particle-assembled structure (see Fig. 1b) might contribute
to the dc-conductivities probed. In contrast, due to the much lower number density of
charge carriers in such near-surface regions, NMR data, even when sensitive to long-
range motions as in the case of the SAE technique, is mainly sensitive to Li dynamics
taking place in the bulk, i. e., in the interior of the particles.

For comparison, when results from bulk ion conductivities are compared with SAE
NMR data, quite often good agreement is found [25]. As an example, this similarity
has been shown to be valid for polycrystalline garnet-type Li7Zr2La3O12 [13,47] inves-
tigated quite recently by some of us.

Finally, in Fig. 5b the relatively low Li ion diffusivity and ion conductivity, re-
spectively, found here is compared with results on crystalline and glassy eucryptite
LiAlSiO4 [71] as well as glassy spodumene LiAlSi2O6 [72] (see also Refs. [73,74]).
Interestingly, although the sample studied turns out to be X-ray amorphous, ion con-
ductivities probed resemble that of crystalline LiAlSiO4 rather than that of the glassy
counterpart. Once again this might simply be explained by a large influence of ion
blocking regions between the globular particles. As indicated by the impedance spec-
trum recorded at 434 K, a second frequency-independent plateau might show up at
larger frequencies reflecting bulk data. Regarding the activation energies deduced from
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SLRρ NMR and SAE NMR, the value of 0.56 eV found for the non-stoichiometric
amorphous oxide studied here is reasonably consistent with the trend shown in Fig. 5b.

2.2 Conclusion and outlook

Li dynamics in a gas-phase synthesized non-stoichiometric Li-Al-Si-oxide was com-
plementarily investigated by NMR and impedance spectroscopy. The activation energy
deduced from 7Li NMR SLR rates probed in the rotating frame of reference (0.56 eV)
is in very good agreement with that probed by mixing-time dependent 7Li SAE NMR
being sensitive to long-range Li motions. Thus, the two methods do obviously probe
the same diffusion process in the metastable oxide. Together with results from NMR
line shape measurement, the findings reveal moderate Li diffusivity in the structurally
disordered oxide investigated. The analysis of variable-temperature impedance spectra
point to a Li transport process being characterized by an even higher activation energy
of approximately 0.8 eV.

Interestingly, the low temperature SAE NMR decay rates indicate weakly activated
localized Li motions characterized by 0.09 eV. Further frequency-dependent SAE NMR
measurements as well as the acquisition of low-T impedance spectra might help char-
acterize this dynamic process in more detail.
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4 Conclusion and outlook
In the course of this dissertation di�erent (classes of) materials have been investigated by
various solid-state nmr methods and impedance spectroscopy.�e compounds studied
were deemed interesting for their potential use in energy storage systems and can be roughly
categorized as (i) fast (structurally complex) ion conductors, (ii) structurally disordered ion
conductors, and (iii) ion conductors with structurally con�ned di�usion pathways. Some of the
materials turned out to indeed show promise for the usage as solid electrolytes in all-solid-state
batteries, viz. argyrodite-type Li6PS5Br (Sect. 3.2.2) and garnet-type “Li6.5La2.5Ba0.5ZrTaO12”
(Sect. 3.3.2).�ese show rather high Li di�usivities characterized by dc-conductivities at
room temperature in the order of 10−3 S/cm* and 10−4 S/cm, respectively. A further highlight
of this work can be certainly seen in the unequivocal identi�cation of a low-dimensional
di�usion process in hexagonal LiBH4 (Sects. 3.4.1 and 3.5.1) and the 3R modi�cation of
Li0.7NbS2 (Sect. 3.4.2) via temperature-variable and frequency-dependent 6,7Li slr nmr
experiments. Here, the high-temperature �ank of the di�usion-induced slrmaxima shows
a logarithmic frequency dependance characteristic for di�usion in two dimensions.
�e methods used to characterize di�usion parameters of the potential energy materials

can be regarded as very well suited for the task at hand. With the complementary techniques,
it was possible to study Li+ dynamics in these compounds over a wide range of time scales
and temperatures. As such, they certainly form an excellent basis for further measurements,
some of which are already underway in our research group.
For example, another structurally complex sul�de was prepared by DI Dominik Wohlmuth

and is now being characterized by him. Dominik is also investigating the e�ect of structural
disorder (introduced by high-energy ball milling) on di�usion parameters in LiAlO2. 7Linmr
sae experiments following up on the study on LiC6 (cf. Sect. 3.4.3) have been performed byDI
Julia Langer and are currently being evaluated and prepared for publication. Additionally, Julia
is also studying the in�uence of spatially con�ned structures on Li-ion dynamics in Li0.17SnS2,
a layer-structured lithium intercalation compound. Similarly to Julia’s measurements and
to the results presented in Sect. 3.4.2 (3R-NbS2), DI Bernhard Stanje is examining the 2H
modi�cation of NbS2 at di�erent lithiation states.
A�er the promising results obtained for the Li argyrodites (notably for Li6PS5Br), the

suitability for their use as solid electrolytes has to be further tested in the form of chemical
stability with respect to common cathodematerials, see e. g. Refs. [148–150]. Such experiments
are being currently prepared. A rather “exotic” material for future investigations is found in

* �e value for the lithium argyrodite was calculated from nmr-determined Li jump rates making use of both
the Einstein-Smoluchowski expression and the Nernst-Einstein equation.
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the low-temperature modi�cation of Li4C60, a fulleride polymer exhibiting a two-dimensional
structure. First measurements by Riccò et al. not only show it to be a very good ionic conductor
(10−2 S/cm at room temperature) but also suggest that the structural dimensionality may also
be re�ected in slrnmr data.[151] Here, a de�nitive answer could be given by a comprehensive
nmr study.



A Supplemental material

Below, supplemental material to the articles “Long-range Li+ dynamics in the lithium argy-
rodite Li7PSe6 as probed by rotating-frame spin–lattice relaxation NMR” (see pp. 47–56) and
“Highly Mobile Ions: Low Temperature NMR Directly Probes Extremely Fast Li+ Hopping in
Argyrodite-type Li6PS5Br” (see pp. 58–63) is given.

Reproduced by permission of�e PCCP Owner Societies.�e original article
and supplemental material can be found online at http://pubs.rsc.org/en/Content/
ArticleLanding/2013/CP/c3cp44379e#!divAbstract. ©2013�e PCCP Owner Societies.

Reprinted with permission of the American Chemical Society.�e original article
and supporting information can be found online at http://pubs.acs.org/doi/abs/10.
1021/jz401003a. ©2013 American Chemical Society.
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Experimental 

 

Solid state 7Li NMR measurements on Li-argyrodite samples with natural isotope abundance (7Li: 92.5%, 

6Li 7.2%) were carried out using an Avance III spectrometer connected to a 7 T cryo magnet (Bruker 

BioSpin GmbH, Germany), resulting in a nominal resonance frequency of ω0/2π = 116.6 MHz. For 

experiments at temperatures between 430 K and 210 K a ceramic high temperature probe head was 

employed, while a cryo probe gave access to temperatures as low as 13 K when using liquid helium (both 

probes, Bruker BioSpin GmbH). The output power levels of the probes were set so that the π/2 pulse 

length was about 3 µs and 4.5 µs, respectively. In the case of the ceramic probe the temperature was 

monitored by a Eurotherm temperature controller connected to a type T thermocouple, while the NMR 

cryo probe was operated in conjunction with a LakeShore temperature controller and Cernox sensors. 

Prior to the NMR experiments the powder samples were vacuum dried and fire-sealed in glass NMR 

tubes of the dimensions 5 mm by 3 cm. 

The 7Li NMR spectra shown here were obtained by Fourier transformation of free induction decay 

signals (FIDs) recorded by means of a simple one pulse experiment. The recycle delay was chosen to be 

sufficiently long for the spins to reach equilibrium state after each scan, e. g., at least 5 × T1, where T1 is 

the spin-lattice relaxation (SLR) time constant. 



7Li NMR SLR rates R1 = 1/T1 in the laboratory frame of reference were acquired utilizing the 

saturation recovery pulse sequence: n × π/2 – td – π/2 (acq.). Here, a train of n = 10 closely timed π/2 

pulses is used to destroy all contributions to the longitudinal magnetization Mz prior to the experiment 

(Mz(t = 0) = 0). Subsequently, the relaxation of Mz towards equilibrium Mz,eq is recorded as a function of 

the delay time td (Mz(td → ∞) = Mz,eq), using the last π/2 pulse as a detection pulse. The resulting 

magnetization transients were parameterized employing a stretched exponential of the form Mz(td) = 

Mz,eq[1 – exp(−(R1·td)
γ)]. Depending on the sample, the stretching exponent γ was found to be in the range 

of 0.84 and 1. In addition to 7Li NMR experiments 6Li SLR rates were recorded for Li6PS5Br at a Larmor 

frequency of ω0/2π = 44.2 MHz at temperatures ranging from 165 K to 353 K. 

Similarly, 7Li NMR spin-lattice relaxation was studied in the rotating frame of reference (SLRρ). Here, 

the relaxation is taking place in a much weaker magnetic field B1 (104 Hz) than it is the case in the 

laboratory frame (108 Hz), thus being sensitive to dynamics on longer time and length scales. The 

relaxation rates R1ρ were recorded employing the so-called spin-lock technique, whereby the equilibrium 

magnetization Mρ,eq = Mρ(0) is rotated onto the x-y-plane and “spin-locked” in the field B1 by a locking 

pulse of the duration tlock. Mρ is then recorded as a function of tlock as it relaxes to its new equilibrium 

value, which is essentially zero (Mρ(tlock → ∞) = 0). Here, the magnetization transients took the form 

Mρ(tlock) = Mρ,eq exp(−(R1ρ · tlock)
γ), with stretching exponents γ ranging from 0.46 to 0.94. The 

experiments were performed at two locking frequencies ω1/2π = 14 kHz and 45 kHz (see text for further 

explanations). As for the measurements of the NMR spectra a recycle delay of at least 5 × T1 was used. 

Note that with the NMR cryo probe employed we could not reach locking frequencies lower than 40 kHz. 

As can be seen from figure 2, in the case of 3D BPP-type behavior a slight decrease of the locking 

frequency does influence the low-T flank only. The peak maximum is expected to shift only slightly 

towards lower T. Even in the case of 45 kHz it is still expected to show up well below 200 K. 
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B.1 Apparatus

B.1.1 Solid-state nmr setup

�e main body of the nmrmeasurements has been performed on Bruker Avance III solid-
state nmr spectrometers. �ese were available in two (essentially same) con�gurations,
di�eringmainly in the nominal �eld strength of the shimmed cryomagnets connected to them.
While the Avance III 300 is equipped with a 7 T magnet, a 11 T magnet is used in conjunction
with theAvance III 500 (see Fig. B.1).�is corresponds to 7Li resonance frequencies of 116MHz
and 194 MHz, respectively.
�e probe heads employed were commercial solid-state broadband probes (Bruker) de-

signed for the operation in di�erent temperature ranges (see Fig. B.2). While the standard
te�on probe can be used for measurements between about 180 K and 450 K, the ceramic high-
temperature probe can accommodate temperatures up to 620 K. In both cases, a Eurotherm
temperature controller in connection with type T thermocouples was used. For measurements
at cryogenic temperatures, a cryoprobe was employed. Using liquid nitrogen, this allows for
measurements to be performed at temperatures as low as 100 K; with liquid helium, the limit
can be pushed down to about 13 K. Here, the temperature is controlled by a LakeShore 331
unit using two Cernox sensors: one in the cryostat and one in the vicinity of the sample.

Figure B.1: a) Photographs of the solid-state nmr spectrometer workstations: a) Bruker
Avance III 300. b) Bruker Avance III 500.
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Figure B.2: a) Photographs of the solid-state nmr probes used in this work (all commer-
cially available from Bruker): a) Standard solid-state nmr probe (te�on).�e accessible
temperature ranges from about 180 K to 450 K. b) High-temperature solid-state nmr probe
(ceramics).�e accessible temperature ranges from about 180 K to 620 K. c) Solid-state nmr
cryoprobe.�e cryostat is seen on the le�, the probe itself on the right.�e accessible tempera-
ture ranges from rt down to about 13 K.

Some early experiments were conducted on MSL 100 and MSL 400 solid-state nmr spec-
trometers (Bruker).�eMSL 100 was used with a 400WKalmus ampli�er and an unshimmed
�eld-variable cryomagnet (Oxford) usually operated at 4.9 T, which corresponds to a 7Li
resonance frequency of 78 MHz.�e MSL 400 was connected to a shimmed 9.4 T magnet
(Oxford), resulting in a 7Li resonance frequency of 155 MHz.�e probes used here were also
commercial broadband probe heads (Bruker) accommodating a temperature range of about
130 K ... 470 K.�e temperature was monitored with an ITC4 temperature controller (Oxford)
and Ni-CrNi thermocouples. More details (as well as pictures) can be found in Refs. [79, 90].

B.1.2 Impedance spectroscopy setup

Two setups have been used for impedance spectroscopic measurements.�e �rst one was
comprised of a HP 4192A rf impedance analyzer. Connected to a home-build impedance
cell, it allows the measurements to be performed at frequencies ranging from 5 Hz to 13 MHz.
�e cell was placed inside a tube furnace and the temperature monitored using an OMRON
E5CK controller with Ni-CrNi thermocouples. Here, the experiments can be performed at
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temperatures from rt up to about 1200 K. A detailed presentation of this setup (especially of
the impedance cell) can be found in Refs. [152, 153].
As the second setup the commercially available “turnkey” Concept 80 system (Novocon-

trol) has been used; see Fig. B.3.�is includes an Alpha-A rf impedance analyzer with an
active ZGS sample cell, providing a frequency range of 3 µHz ... 20 MHz. Alternatively, an
Agilent 4991E rf impedance analyzer with an rf sample cell can be used, giving access to
measurements at frequencies as high as 1 GHz.�e temperature is controlled by a Quatro
Cryosystem and allows measurements to be performed in the range of 113 K ... 620 K.

B.2 So�ware
Listed below is the so�ware used in the acquisition, processing and analysis of data presented
in this work.

TopSpin 3.1 (Bruker BioSpin GmbH): Execution of nmr experiments on the Avance III
spectrometers; calculation and phase correction of nmr spectra using the built-in Fourier
transformation routine.

Dmfit Program:[154,155] Conversion of the native Bruker �le format into ascii �les.
WSolids1:[156] Simulation of quadrupolar solid-state nmr spectra.

Figure B.3: a) Photograph of the impedance spectroscopy workstation Concept 80 (Novocon-
trol). Close-ups of the active ZGS sample cell (b) and the rf sample cell (c), respectively.
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WinDETA 5.73 (NOVOCONTROL Technologies GmbH & Co. KG): Execution of all impe-
dance spectroscopy experiments on the Concept 80 system and export of data.

LabView 6.0: Execution of the impedance spectroscopy experiments performed with the
home-build cell in Hannover.

IGOR Pro 6.34: Processing, analysis, and presentation of all data acquired.

Diamond 3.2: Visualization of crystal structures.

CorelDRAWX4: Graphical post-processing of �gures meant for publication.

TeX Live 2012: TEX typesetting distribution.

Mendeley Desktop 1.11: Management of references and generation of bibliographies.

B.3 nmr pulse sequences

B.3.1 Saturation recovery pulse sequence

nmr slr time constants T1 in the laboratory frame of reference have been recorded em-
ploying the saturation recovery pulse sequence shown in Fig. B.4a. Here, a train of usually
ten β1 = π/2 pulses in rapid succession is used to saturate the sample, i. e. to destroy the
macroscopic longitudinal magnetizationMz .�e subsequent recovery of the magnetization is
then probed by a detection pulse β2 = π/2 a�er varying delay times td.�e amplitude of the
resulting fids (free induction decays) is proportional to the magnetization and—when plot-
ted as a function of td—gives transients which are usually described by stretched exponentials
of the form

Mz(td) = Mz, eq [1 − exp (−[td/T1]γ
)] , (B.1)

where Mz, eq is the magnetization at equilibrium and γ the stretching exponent.�e phase
cycling employed is given in Tab. B.1.*
In the rotating frame, slrρ times T1ρ have been acquired by the spin-lock technique[157–160]

depicted in Fig. B.4b.�e �rst pulse β1 = π/2 rotates the equilibrium magnetization Mρ, eq
into the x-y plane, where it is “spin locked” by the locking pulse β2 of variable duration tlock
in a magnetic �eld B1. A�er switching o� the locking pulse the magnetization is recorded
in the form of fids, as usual. Since B1 is several orders of magnitude smaller than B0, the
magnetization will tend to relax towards its new equilibrium value, which is essentially zero.
�us, the transients recorded as a function of tlock can be parametrized by an appropriate
�tting function, viz.

Mρ(tlock) = Mρ, eq exp (−[td/T1ρ]γ) . (B.2)

* Simple nmr spectra were obtained by Fourier transformation of an fid recorded at a su�ciently long delay
time.
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In order to ensure that the system reaches its equilibrium state prior to each scan, a recycle
delay of at least 5 × T1 is chosen.

B.3.2 Solid-state echo pulse sequence

�e pulse sequence used to acquire solid-state echoes is shown in Fig. B.4c.�e �rst pulse
β1 = π/2 rotates the equilibrium magnetization into the x-y plane, where the spins involved
will dephase due to transverse relaxation (ssr) but also due to inhomogeneities (e. g. in the
static �eld B0), leading to the usual fid. A�er some time t = tp a refocusing pulse β2 = 64° is
applied, chosen thusly in order to emphasize quadrupolar contributions for spin-3/2 nuclei.
[160]�is will reverse the inhomogeneity e�ects, resulting in an echo at t = 2tp, whose time
evolution is solely governed by ssr.[41] A parametrization of the echo intensityMx ,y(tp) with
an exponential of the form

Mx ,y(tp) = M
eq
x ,y exp (−[2tp/T2]γ) , (B.3)

gives then access to the spin–spin relaxation time T2.�e transients are usually described by
single exponential functions (i. e. γ = 1), though stretched exponentials with γ < 1 are also
found.*

B.3.3 7Li nmr sae pulse sequence
7Li nmr stimulated-alignment echoes were recorded employing the Jeener-Broekaert pulse
sequence shown in Fig. B.4d and described in Sect. 2.3.4.�e appropriate phase cycling
used to generate pure quadrupolar spin-alignment states by suppressing unwanted signal
contributions is given in Tab. B.4.
�e echo amplitudes S2(tp, tm) have been recorded at a �xed preparation time (usually,

tp ≈ 10 µs) as a function of mixing time tm. In the case of single-spin correlation functions,

* Solid-state spectra can be derived from the echoes by Fourier transformation starting at the echo maximum.

Table B.1: Phase cycling employed in slr
experiments in the laboratory frame of
reference as shown in Fig. B.4a.
No. ϕ1 ϕ2 Receiver
1 +X +X +X

2 +X −X −X

3 +X +Y +Y

4 +X −Y −Y

Table B.2: Phase cycling used in the rotating
frame to record slrρ times T1ρ .�e corre-
sponding pulse sequence is illustrated in Fig.
B.4b.
No. ϕ1 ϕ2 Receiver
1 +X +Y +X

2 −X −Y −X
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Figure B.4: Schematic representation of nmr pulse sequences used in this work (cf. also Ref.
[99]). a) Saturation recovery pulse sequence used to record slr times in the laboratory frame.
�e pulse lengths are β1 = β2 = π/2 and the phase cycling is given in Tab. B.1. b) Spin-lock
pulse sequence used to study slrρ in the rotating frame of reference.�e �rst pulse is chosen
as β1 = π/2 and the second β2 is used to “spin-lock” the magnetization in the x-y plane.�e
corresponding phase cycling can be found in Tab. B.2. c) Solid-state echo pulse sequence
employed to record solid-echo spectra and ssr times T2. With β2 = 64°, the length of the
second pulse is optimized for spin-3/2 nuclei.�e phase cycling is given in Tab. B.3. d) Jeener-
Broekaert pulse sequence used to record spin-alignment echoes as a function of the mixing
time tm.�e pulse lengths are chosen as β1 = π/2, β2 = β3 = π/4 and the applied phase cycling
is reproduced in Tab. B.4.

the resulting decay curves can be commonly parametrized by stretched exponentials of the
form

S2(tp, tm) = Aexp (−[tm/τsae]
γ
) , (B.4)

where τsae is the sae correlation time and γ the stretching exponent. However, generally,
echo damping is also in�uenced by relaxation processes and spin-di�usion (cf. Sect. 2.3.4),
both of which can lead to a second decay step, see e. g. Refs. [98, 99] (pages 47�. and 65�.).
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Table B.3: Phase cycling employed in the acquisition of solid-echo spectra and ssr times T2.
See Fig. B.4c.
No. ϕ1 ϕ2 Receiver
1 +X +Y +X

2 +Y +Y −X

3 +X −X −Y

4 +Y −X +Y

5 +X −Y +X

6 +Y −Y −X

7 +X +X −Y

8 +Y +X +Y

Table B.4: Phase cycling employed in sae nmr experiments to record echo amplitudes
S2(tp , tm); cf. Fig. B.4d and Sect. 2.3.4.
No. ϕ1 ϕ2 ϕ3 Receiver
1 +X +Y +X −X

2 −X +Y +X +X

3 +X −Y +X +X

4 −X −Y +X −X

5 +Y +X +X +X

6 −Y +X +X −X

7 +Y −X +X −X

8 −Y −X +X +X

9 +X +Y +Y −Y

10 −X +Y +Y +Y

11 +X −Y +Y +Y

12 −X −Y +Y −Y

13 +Y +X +Y +Y

14 −Y +X +Y −Y

15 +Y −X +Y −Y

16 −Y −X +Y +Y

No. ϕ1 ϕ2 ϕ3 Receiver
17 +X +Y −X +X

18 −X +Y −X −X

19 +X −Y −X −X

20 −X −Y −X +X

21 +Y +X −X −X

22 −Y +X −X +X

23 +Y −X −X +X

24 −Y −X −X −X

25 +X +Y −Y +Y

26 −X +Y −Y −Y

27 +X −Y −Y −Y

28 −X −Y −Y +Y

29 +Y +X −Y −Y

30 −Y +X −Y +Y

31 +Y −X −Y +Y

32 −Y −X −Y −Y
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