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Abstract

This thesis contains fundamental studies on the Li ion dynamics in solid-state model systems which

are discussed as potential materials in electrochemical applications such as Li-ion batteries: the

garnet-type electrolyte Li7La3Zr2O12 (LLZ), and the Zintl phase Li12Si7. The Li ion dynamics

occurring in these materials is thoroughly characterized over a wide dynamic range corresponding

to a wide temperature range. With the help of atomic-scale nuclear methods, long-range nuclear

methods, long-range non-nuclear methods, and short-range non-nuclear methods, the macroscopi-

cally observed Li transport is traced back to the single correlated ionic hop. For a higher level of

understanding, the observed dynamics has to be correlated with structural features of the model

systems. For this purpose, comparative studies and/or high-resolution NMR studies are used.

Li ion dynamics, solid-state NMR, impedance spectroscopy, Li7La3Zr2O12, Li12Si7



Zusammenfassung

Diese Dissertation beinhaltet Grundlagenstudien zur Li-Ionendynamik in Festkörpern anhand

von Modellsystemen, die als potentielle Materialien für elektrochemische Anwendungen wie Li-

Ionenbatterien diskutiert werden: der Elektrolyt Li7La3Zr2O12 (LLZ) mit granatähnlicher Struktur

und die Zintl-Phase Li12Si7. Die Li-Ionendynamik in diesen Materialien wurde über einen großen

dynamischen Bereich charakterisiert und auf unterschiedlichen Längen- und Zeitskalen mit nicht-

nuklearen und nuklearen Methoden untersucht. Der makroskopisch beobachtete Li-Transport wird

auf den elementaren korrelierten Li-Sprung zurückgeführt werden. Für ein tieferes Verständnis der

Dynamik muss diese mit der Struktur der Modellsysteme korreliert werden. In diesem Zusammen-

hang werden vergleichende Studien sowie Hochauflösungs-NMR-Methoden herangezogen.

Li-Ionendynmaik, Festkörper-NMR-Spektroskopie, Impedanzspektroskopie, Li7La3Zr2O12, Li12Si7
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Chapter 1

Introduction

Understanding Li ion dynamics in solids is not only interesting from the point of view of funda-

mental research but also crucial for the characterization and development of new materials suitable

for electrochemical devices. Hereby, new technologies require new materials; the precondition for

the development of new materials is to understand existing materials and the structural properties

which determine their electrochemical performance. This underlines the importance of fundamen-

tal research in the field of solid state ionics. This thesis contains fundamental studies on Li ion

dynamics in ion-conducting solids of very different nature. These include purely ionic conductors

- potential electrolytes in Li-ion batteries (LLZ) - and mixed ionic-electronic conductors (Li12Si7)

which may serve as electrode materials in Li ion batteries. The studied model systems are discussed

as potential materials for future battery applications.

This work should not be considered as isolated research project but it is placed in the context of

prosperous developments in Li-ion research in Germany and beyond. Novel energy storage tech-

nologies are required for the transformation from economics depending on fossil energy towards a

renewable-energy based economy. Hereby, Li-ion batteries are considered to play a key role, espe-

cially in the framework of electro-mobility. Governmental projects (BMBF projects: “Hochenergie-

Lithiumionenbatterien (HE-Lion)”, Förderkennzeichen 03X4612N; “Steigerung der Kompetenz in

der Elektrochemie für die Elektromobilität - Kompetenzverbund Nord (KVN)”, Förderkennzeichen

13N9973) have brought additional impetus into the community of solid state ionics in Germany -

well beyond simple financing. New cooperations have been brought to life and networks of fun-

damental research, applied research and industry have been established. The cooperations within

the networks have also led to new strategic partnerships between research groups in the framework

of pure fundamental research and, altogether, to a more vivid scientific exchange. This is the

background that made this work possible.

Understanding Li ion dynamics contains three steps: (i) a thorough structural characterization

of the examined material, (ii) a characterization of the dynamic processes taking place on dif-

ferent time scales and length scales, and (iii), correlating structure and dynamics. Very often,

point (iii) is only possible in systematic studies of a series of materials, or, if possible, with the

help of high-resolution techniques. Additionally, theoretical studies may assist to understand the

structure-dynamics relations.
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The experimental part of this work is divided into two parts:

• Studies on various samples of the garnet-type electrolyte Li7La3Zr2O12 (LLZ). (i) LLZ crys-

tallizing with tetragonal symmetry at room temperature provided by Prof. Dr. V. Thangadu-

rai (University of Calgary, Canada). (ii) Al-doped cubic LLZ provided by Dr. F. Tietz (FZ

Jülich, Germany) (iii) Al-doped cubic LLZ provided by Prof. Dr. J. Janek (University of

Gießen, Germany), and (iv) mechanosynthesized Al-doped LLZ prepared by A. Düvel (Uni-

versity of Hannover, Germany) in a cooperation project of A. Düvel and myself. The LLZ

samples were studied by 7Li NMR relaxometry (sample (iii) also with 6Li NMR relaxometry)

and line shape analysis, impedance spectroscopy, and 7Li SFG NMR. The structural char-

acterization included temperature-dependent XRD, 27Al MAS NMR, and IR spectroscopy.

For sample (iii), under the coordination of Prof. Dr. J. Janek, various other methods for

the characterization were applied. For this sample, the Li dynamics was characterized over

a dynamic range of 12 orders of magnitude (from 118 K to 920 K).

The overall aim of the studies on LLZ was (a) to check the Li ion mobility in LLZ with a

nuclear method for the first time and (b) to contribute to the scientific process of under-

standing the high Li mobility in some samples of Al-doped cubic LLZ.

• A study on the Li ion dynamics in the binary Zintl-type silicide Li12Si7. While in oxidic solid

electrolytes like those described above, the bounding situations of Li varies only slightly (4-6

oxygen atoms as nearest neighbors) this is certainly not the case for the complex-structured

Zintl-type silicide Li12Si7 which contains two types of Zintl-anions, Si6−5 -rings and Si10−4 -

stars surrounded by Li ions. The different surrounding and binding situations of Li ions

on different crystallographic sites result in very different mean residence times of Li ions on

different sites as revealed by 7Li NMR relaxometry and line shape analysis, 1D and 2D 7Li

and 6Li MAS NMR, and, 7Li PFG NMR and SFG NMR. The different electronic surrounding

leads to distinct chemical shifts of the 6,7Li MAS NMR lines. One of the Li sites is a Li ion

sandwiched between two Si6−5 -rings. The chemical shift of this Li site amounts to -17.2 ppm.

This is the first experimental evidence of the aromaticity of a ring solely consisting of silicon.

With the help of recently published NMR studies on structural aspects of Li12Si7, a consistent

picture of the structure and dynamics occurring in Li12Si7 is obtained.



Chapter 2

Li Ion Diffusion in Solids

2.1 Hopping ion dynamics in solids

2.1.1 Diffusion in solids - theoretical background, diffusion parameters

Diffusion in solids is an ubiquitous phenomenon in nature. It most prominently becomes visible

in solid state reactions (including those taking place in electrochemical devices), many solid-solid

phase transitions or interdiffusion phenomena. But diffusion phenomena have an even more general

background: the dynamics of atoms or ions is an equilibrium property of any material and, as such,

it only depends on the external free variables of the considered thermodynamic system such as e. g.

temperature and pressure. In the framework of this study, by dynamic processes we mean atom or

ion dynamics, i. e. when the position of atoms or ions is subject to change with time. Atom/ion

dynamics may be classified into vibration, rotation, and translation (free translation with elastic

collisions or, for bound states, either tunneling or hopping processes). In this work we will define a

dynamic process as a diffusive process when the limit of the respective mean square displacement

for t = ∞ approaches infinity, i.e. a long-range translational process. In addition, there may exist

non-diffusive translational processes which are strictly localized.

In solids, diffusive processes of ions are usually thermally activated hopping processes according to

τ−1 = τ−1
0 · exp

(

− EA

kBT

)

. (2.1)

Hereby, τ−1 is the hopping or jump rate, τ−1
0 the so-called attempt frequency, EA is the activation

energy for the jump process, kB Boltzmann’s constant, and T the absolute temperature. In order

to get a rough picture of the physical meaning of the quantities determining ion dynamics in solids,

τ−1
0 and EA, let us consider an ion in a potential landscape such as in Fig. 2.1. Near the bottom

of a well, the potential can be considered as harmonic giving rise to vibrations according to the

harmonic oscillator whose eigenfrequency ω0 =
√

k/m is defined by the ion mass m and a force

constant k given by the curvature of the potential well. This vibrational eigenfrequency can be

identified with the attempt frequency τ−1
0 in Eqn. 2.1. Indeed, for solids, the attempt frequency is

expected to be in the order of phonon frequencies, i. e. the THz range. Experimental data pointing

to considerably lower attempt frequencies are due to (i) inappropriate interpretation of data, (ii)

inappropriate extrapolation of the jump rates from an extrinsic range, or (iii) a highly collective

jump process.

3
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Figure 2.1: Free diffusion on a lattice: understanding the parameters determining the jump rate

defects thermodynamically stable metastable

1D

Frenkel and Schottky defects

partially occupied site

dopant atom

partially occupied site

dopant atom

2D -

grain boundary

nanostructured materials

dislocation

3D solid solution

solid solution

inclusion, composite material

amorphous state

Table 2.1: Defects in solids I

The second relevant parameter determining the diffusion process, is the activation energy EA.

In the case of unhindered diffusion, it is simply given by the potential threshold the ion has to

overcome when jumping from one potential well to the other. The Boltzmann-term in Eqn. 2.1

then is a measure of the probability that, at a given temperature T , the vibrating ion has enough

thermal energy to overcome the barrier EA. Unlike the attempt frequency, in reality, the measured

activation energies for a diffusion process are regularly not equal to the hopping barrier in this

simple picture. This has a simple reason: clearly, the jump will only be possible if the adjacent

potential well is vacant. Therefore, the mean jump rate of the diffusing ions has to be rewritten as

τ̄−1 = γτ−1 (2.2)

Hereby, γ is the probability that there is a vacancy adjacent to the ion. Eqn. 2.2 underlines the

importance of defects in solid state diffusion phenomena - there is no diffusion without defects.

Understanding and engineering defects, therefore, is a crucial point in designing new materials

with high diffusivity. Solid state defects may be categorized into either their dimensionality (1D,

2D, and 3D) defects, or into thermodynamically stable ones and metastable ones. This is summa-

rized in Table 2.1. Obviously, sometimes, structurally very similar systems may be either stable

or metastable. However, it is the structural features which determine the ion dynamics of the

material - independent of it being stable or metastable. Additionally, dopant atoms in a crystal

(1D) can be considered as a solid solution (3D). Therefore we will try another categorization: Let

us first consider the thermally activated defects which occur in any material above 0 K for ther-

modynamical reasons. A Frenkel defect is formed by a jump of an atom into a nearby interstitial.

Thereby, an interstitial and a vacancy are formed. A Schottky defect occurs in ionic materials

and includes the formation of vacancies (anionic and cationic) without interstitials. The first step



5

defect type γ thermally activated resists high T stable/metastable

Frenkel, Schottky (F&S) yes yes stable

partially occupied site (POS) no yes both

aliovalent dopant no (POS) see phase diagram both

isovalent dopant yes (F&S) see phase diagram both

nanostructured materials ?? usually not metastable

amorphous state ?? up to Tg metastable

Table 2.2: Defects in solids II

in the formation are jumps on the surface of the material - it thus goes along with expansion of

the material. Afterwards, the defects diffuse into the bulk of the crystal. But what is the driving

force of the defect formation? To answer this question the defect formation reaction has to be

considered, here for the example of a Frenkel defect

Aocc + Ivac ⇋ Avac + Iocc (2.3)

whereby A is the regular crystal position and I is the interstitial position. Let us consider the

Gibbs free enthalpy (per number) for this reaction:

∆gf = ∆hf − T∆sf (2.4)

Hereby, the defect formation enthalpy ∆hf can be estimated to be in the order of the binding

energy of the given atom on the site. In ionic conductors, it is in the order of the jump barrier.

It is positive in sign. Therefore, the driving force for the defect formation must be the defect

formation entropy, ∆sf . Indeed, ∆sf is positive in sign, and its absolute value can be estimated

from the mixing entropies of occupied and vacant site Avac and Aocc, and of occupied and vacant

interstitial Ivac and Iocc. In the framework of this simple estimation, the number of interstitial

positions can be assumed to be in the same order of magnitude as the number of regular sites

(Aocc + Avac ≈ Iocc + Ivac). Then, the mixing entropy is obtained from simple statistics:

Smix = −kB

[

Aocc ln
Aocc

Aocc + Avac
+ Avac ln

Avac

Aocc + Avac
+ Iocc ln

Iocc

Iocc + Ivac
+ Ivac ln

Ivac

Iocc + Ivac

]

(2.5)

The fraction of vacant sites x = Avac/(Aocc + Avac) = Iocc/(Iocc + Ivac) will be very small and, as

a result, Aocc + Avac ≈ Aocc and Iocc + Ivac ≈ Iocc. Therefore, Eqn 2.5 reduces to

Smix ≈ −kB

[

Avac ln
Avac

Aocc + Avac
+ Iocc ln

Iocc

Iocc + Ivac

]

= −2kBx(Aocc + Avac) lnx (2.6)

and the reaction entropy of the vacancy formation can be calculated as

∆sf =
∂Smix

∂ξ
= −2kB lnx (2.7)

Hereby, ξ is the number extent of reaction for the defect formation reaction. Due to x << 1, the

defect formation entropy is positive in sign. This is the thermodynamic reason for the existence

of vacancies at equilibrium at any temperature above 0 K. With Eqn. 2.7, Eqn. 2.4 and the
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equilibrium condition ∆gf = 0, we obtain

∆hf = −2kBT lnx (2.8)

x(T ) = exp(−∆hf/(2kBT )) (2.9)

Although Eqn. 2.9 contains some simplifications, the characteristics are still maintained. The

fraction of vacant sites x in systems only containing Frenkel or Schottky defects, is Arrhenius-

activated. Therefore, going back to Eqn. 2.2, the effective mean hopping rate of the atoms which

determines the diffusivity is given as:

τ̄−1 = exp (−∆hf/(2kBT )) τ−1 = exp

(

− ∆hf

2kBT

)

τ−1
0 · exp

(

− EA

kBT

)

(2.10)

with τ−1 being the jump rate of the vacancy (or the jump rate of the atom/ion for unhindered

diffusion). For this class of materials, the activation energy measured in any diffusion experiment is

a function of both the hopping barrier AND the vacancy formation enthalpy. Since τ−1
0 varies only

slightly for different materials, we can already conclude that this class of materials will probably

not contain the best ionic conductors.

On the other hand, in most superionic conductors, the sites are only partially occupied. Then,

the vacancy concentration hardly depends on temperature and the measured activation enthalpy

is largely dominated by the actual hopping process. In this case, the hopping process can be

described with the mean hopping rate

τ̄−1 = γ · τ−1
0 · exp

(

− EA

kBT

)

(2.11)

whereby the constant γ = f(x, (1 − x)) is the effective fraction of mobile ions which does not

depend on the temperature.

In a 3D isotropic medium, these activated jumps give rise to long range diffusion, described by the

scalar self- or tracer diffusion coefficient via the Einstein-Smoluchowski equation:

D = f · a2

6
· τ̄−1 = f · a2

6
· γ · τ−1

0 · exp

(

− EA

kBT

)

(2.12)

with the correlation factor f which depends on the lattice geometry and usually lies between 0.5

and 1. In non-isotropic solids (symmetry lower than cubic), the diffusion coefficient is no longer

a scalar, but a 3 × 3 tensor. Then, the self-diffusion occurring in equilibrium is best described by

Einstein’s interpretation [1] of Fick’s second law which connects the probability density ρ to find

an ion at time t at its original site (t = 0) with the diffusion tensor D:

∂ρ

∂t
= D∆ρ (2.13)

Hereby, ∆ is the Laplacian.

2.1.2 Li-ion batteries

Although Li ion batteries are not directly in the focus of this thesis, the materials studied are con-

sidered for applications in Li-ion batteries. Therefore, this important application will be presented

in a brief manner that allows one to understand the requirements, materials have to meet in order

to be suited as a battery material.
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A Li ion battery most importantly consists of three parts, the anode, the cathode, and the elec-

trolyte. Both anode and cathode are materials with variable Li stoichiometry and they are both

electronic and ionic conductors. The Li uptake or loss reactions for the anode material A and the

cathode material (B) can be written as:

xLi + A ⇋ LixA (2.14)

xLi + B ⇋ LixB (2.15)

When Li is inserted (intercalated) into the respective material, the valence electrons of the Li

atoms occupy states in the band structure of the electron-conducting host material. Therefore,

the Fermi energy EF depends on the degree of intercalation. The Fermi energy range of an anode

material lies at higher energies than that of a cathode material(cf. Fig. 2.2A and B).

Let us now consider an anode material filled with Li LixA (maximum EF) and a deintercalated

cathode material B (minimum EF)(Fig. 2.2A). The potential difference (at zero current) U0 be-

tween the two materials is the difference of the two Fermi levels EF and determines the maximum

voltage of a battery built up of these two materials. Obviously, the two materials cannot coexist

in equilibrium. If the two materials are contacted, due to the difference of the Fermi levels, an

electronic current will occur from the anode to the cathode leading to a charge separation. Subse-

quently, Li ions will diffuse from the anode to the cathode in order to compensate for the negative

charge transported to the cathode by the electronic current. 1

So, if anode and cathode material are simply contacted the system will equilibrate simply by dis-

sipating thermal energy. Now, a battery contains a third component which allows the energy to

be used as electric energy: the electrolyte. The electrolyte separates anode and cathode (see Fig.

2.2E and F). It is an ionic conductor and an electronic insulator. Then, if the anode and cathode

are, additionally, contacted via an electronic conductor and ionic insulator, the electronic current

and the ionic current are perfectly separated. The electronic current (outside the battery) is used

to power devices, the ionic current occurs in the battery to account for the charge compensation.

In sum, Li atoms are transported from the anode to the cathode.

In rechargeable batteries, the process can be reversed by applying a reversed voltage (a little higher

than the voltage of the charged battery). Effectively, this shifts the energy of the electronic band

structure of the cathode to a higher level and that of the anode to a lower level such that the Fermi

niveau of the cathode (discharged state) is higher than that of the anode (see Fig. 2.2C). As a

result, an electronic current occurs from the cathode to the anode - followed by an ionic current

from the anode to the cathode until the Fermi levels are balanced again (see Fig. 2.2D and F).

When the charging voltage is disconnected, anode and cathode are in the original, charged state

(Fig. 2.2A and E).

The most important requirements for anode, cathode and electrolyte materials are summarized in

table 2.3. Hereby, the third row, the density of states (DOS) at Fermi level requires some extra

discussion. For the electrolyte, the large band gap above the Fermi level (=filled band) simply is

1usually, the electronic mobility is higher than the ionic one. Otherwise, due to the chemical potential gradient,

Li would diffuse to the cathode, followed by an electronic current to compensate for the charge. The effects of the

chemical potential of Li and the electric potential may be summarized with one physical quantity, the electrochemical

potential of Li. Indeed, more precisely, the voltage of a battery is the difference between the two electrochemical

potentials of the anode and cathode material. In equilibrium, the electrochemical potential of anode and cathode

material is equal. For the sake of clarity, Fig. 2.2 concentrates on the electronic potential, only.
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Figure 2.2: A-B: schematic picture of the electronic properties of charged and discharged anode

and cathode material. Both cathode and anode material have a high density of states (DOS) in

the working regime of the battery. The working regime of the anode is at higher E than the one

of the cathode. C-D: shifting the energy of the electronic states by applying an external voltage

as background for the recharging process. E-F: Basic principle of a rechargeable Li ion battery.
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Li stoichiometry DOS conductivity

anode variable high below EF mixed

cathode variable high above EF mixed

electrolyte fixed large band gap above EF purely ionic >10−3 S/cm

Table 2.3: Requirements for Li ion battery materials

the requirement for an electronic insulator even if contacted between anode and cathode (=large

electrochemical window). The unoccupied band (or LUMO) should lie at higher energies than

the Fermi level of the anode in the charged state in order to prevent reduction of the electrolyte;

the valence band (or HOMO) of the electrolyte should lie at lower energies than the Fermi level

of cathode in the charged state in order to prevent oxidation of the electrolyte.2 For anode and

cathode materials, which need to be electronic conductors, clearly, the Fermi level is in a band.

For a charged battery, the Fermi level of the anode is above a region with very high DOS, while

the Fermi level of the cathode in the charged state is below such a region. The high DOS of both

cathode an anode in the working regime of the battery guarantees that the battery has a nearly

constant voltage in the working regime (see Fig. 2.2A-D).

2.1.3 Fast Li-ion conductors

As mentioned above, Li electrolytes suitable for battery applications have to meet several require-

ments, the most important ones being (i) high room-temperature (RT) ionic conductivity (>10−3

S/cm), (ii) negligible electronic conductivity (iii) large electrochemical window resulting in stabil-

ity in contact with both anode and cathode materials. The solid-state electrolytes reported so far

don’t meet all requirements sufficiently well.

In the literature, many reviews on fast Li-ion conductors are found. Therefore I will not add

another complete review, here, but refer to Refs. [2–9]. Fig. 2.3 shows the conductivity Arrhenius

plots of a selection of electrolytes.

The fastest Li solid electrolytes known so far are phospho-sulfides of both amorphous and crys-

talline nature (see Ref. [10] and references therein). Some of these solid electrolytes have been

applied in all-solid state batteries already. [11] The Li mobility is often higher in sulfidic com-

pounds than in similar oxidic ones. This may be explained by (i) the higher polarizability of S and

(ii) by the lower binding energy of Li and S.

H-doped Li3N is known as a good solid electrolyte but it reacts with metallic Li. [12] The electro-

chemical window is too small for battery applications.

Heavily doped rocksalt-structured lithium chlorides and bromides are also very good Li ion con-

ductors in their high-temperature modification. [3, 4, 17]

The oxidic solid electrolytes shown here can be classified into the following sub-categories: (i) LISI-

CON electrolytes with the γ-Li3PO4 or the related Li4SiO4 structure [2, 4, 22–24] (ii) perovskite-

structured oxides [6, 14], (iii) Li2SO4, and related phases [13, 25] and, (iv) garnet-type solid elec-

trolytes [7, 18, 20, 21, 26].

2This would require band gaps of >4 eV for high-energy cells, a value that is hardly achievable and not possible

for organic-polymeric electrolytes. In reality, it will be sufficient to have kinetic hindering of the reduction.
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Figure 2.3: Conductivities of a selection of Li electrolytes: Li10GeP2S12 [10], Li2SO4 [13], LLTO

[14], Li3N [15], thio-LISICON, [16], Li3InBr6 [17], Al-doped cubic LLZ [18, 19], tetragonal LLZ

[20,21], LiSiPO ss this study and [22, 23], LISICON [24]. See text for discussion.

There seems to be a general "magic" limit of the conductivity in the oxidic Li ion conductors. This

"magic" limit is given by LiSiPO [22, 23], LISICON [24], undoped LLZ [20, 21] and many other

systems not shown here for the sake of clarity (see the above-mentioned review articles). The con-

ductivity is roughly characterized by an activation energy of 0.5 eV and a prefactor of the Arrhenius

law being in accordance with typical phonon frequencies. All these ion conductors share the two

structural features: a closest packing of oxygen atoms (or a very similar one) and stoichiometric Li

vacancies or readily available interstitials. Thus, this limit might represent correlated dynamics of

Li ions through an intact regular oxygen lattice with an extrinsic, nearly temperature-independent

concentration of effectively mobile Li.

The LLTO oxidic electrolytes which are characterized by a higher Li conductivity, show oxygen

deficiencies and clearly have strong distortions in the oxygen sublattice, thus making the different

diffusivity understandable. The higher conductivity in Al-doped LLZ [18,19,27,28] seems to have a

similar reason - as pointed out in this study. The Al-doping directly affects the garnet network and

most probably leads to considerable distortion of the oxygen sublattice. Whether oxygen vacancies

play a role or not still remains unclear. Al-doped LLZ has been successfully applied in prototype

all-solid-state batteries. [29–32]. An all-solid-state battery using Nb-doped LLZ [33] showed an in-

terfacial resistance comparable with liquid organic electrolytes and good cycling performance. [34]

The high conductivity in the high-temperature phase Li2SO4 seems to be connected with rotations

of the sulfate ion which facilitates the Li jumps. Similar behavior is found in Na3PO4 [25] and

LiBH4 [35, 36].
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Figure 2.4: Time scales and length scales of experimental techniques capable of determining hop-

ping ion dynamics in Li conductors. For a better readability, only the techniques used in this work

are included into the graph. See text for other available techniques. The yellow box for impedance

spectroscopy is explained further in the text.

2.2 Techniques to determine diffusion parameters

2.2.1 Overview: techniques and their length scales and time scales

Most generally, any measurement goes along with a perturbation of the system to be measured.

Therefore, it is not possible to truly study equilibrium. However, Linear Response Theory [37,38]

provides the theoretical foundation for the characterization of equilibrium dynamics via the re-

sponse of a dynamic system to a small perturbation. There are many techniques available for the

measurement of atom/ion dynamics. It is sensible to classify these into time scales and length

scales they are sensitive to. Fig. 2.4 provides such an overview for the techniques used in this

work. The graph should be read in the following way:

NMR relaxometry is sensitive to motions on the atomic length scale. NMR spin-lattice relax-

ation rate R1 measurements are sensitive to very fast motion with jump rates in the order of

τ−1 = 1010 . . . 107 s−1. R1ρ stands for NMR spin-lattice relaxation in the rotating frame, R2

for NMR spin-spin relaxation. The whole range of NMR relaxometry can also be covered by (i)

β-NMR [39–46] and (ii) field-cycling NMR [47, 48] (not shown for the sake of clarity). 2D (and

nD) NMR techniques (including 2D exchange NMR, spin-alignment echo (SAE) NMR, and many

others) are sensitive to much slower dynamics occurring on a time scale determined by the second

or third dimension in the pulse sequence. These techniques usually do not provide information on

the length scale of the underlying dynamics. Again, only NMR frequencies (which do not contain

spatial information) are correlated. Another technique being sensitive to the atomic length scale is

quasi-elastic neutron scattering (also not shown) which is sensitive to a similar time-scale like NMR

R1. From all these techniques, it is not possible to tell whether the observed dynamics give rise to a

long-range diffusive transport. Therefore, it is necessary to use long-range techniques such as tracer
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techniques. Since there is no suitable radioactive tracer for Li, the radioactive tracer method is

not applicable. Instead, (i) field-gradient NMR methods, or (ii) secondary ion mass spectroscopy

(SIMS) [49] or laser ablation mass spectroscopy with with 6Li-7Li diffusion couples [50] can be

used. Additionally, dc-conductivity can be used to determine long-range transport.

The yellow box for impedance spectroscopy requires some explanation: Although impedance spec-

troscopy is indeed sensitive to motions on very short and very long length and time scales, it is

only possible to extract the information on the time scale from the measurement without further

assumptions.

Clearly, understanding ion dynamics means to understand it from the single (correlated) hop to the

long-range dynamics measured in tracer-like diffusion experiments. Therefore, any fundamental

study on the ion dynamics must contain both short-range methods which are necessary to study

the single hop, and long-range methods which characterize the diffusion the successful single hops

give rise to.

2.2.2 Basics of impedance spectroscopy

Impedance spectroscopy (IS) is one of the most simple and direct techniques to obtain information

on ion dynamics in ionic conductors given that their electronic conductivity is negligible. It can be

understood as an extension of dc conductivity measurements to non-zero frequencies. This allows

one to study the dynamics of charges even in absence of long-range conductivity. The principle of

the measurement is outlined in Fig. 2.5.

An alternating voltage U(t) = U0 · exp(iωt) is applied to the sample studied. This results in

an alternating current I(t) = I0 · exp(iωt − iϕ) with ϕ being the phase angle between current

and voltage. Although there are different technical possibilities to build an impedance spectrom-

eter (impedance bridge, capacitance bridge) with different primary quantities measured, always

the same information is available. This information may be derived into several commonly used

complex quantities. The complex admittance Y ∗ is defined as

Y ∗ =
I0 · exp(iωt − iϕ)

U(t) = U0 · exp(iωt)
= |Y | · exp(−iϕ) = Y ′ + Y ′′ (2.16)

Figure 2.5: Principle of the impedance spectroscopy measurement of ionic conductors. The ionic

conductor is contacted with (usually ion-blocking) electronically conducting electrodes. Two con-

tributions are measured in parallel: the capacitor made up by the electrodes and filled with a

dielectric medium characterized by the permittivity ǫnon−ionic. Additionally, ion dynamics occur-

ring in the sample give rise to a dielectric answer.
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The respective normalized quantity is the conductivity σ∗. For a parallelepiped it is given as:

σ∗ = Y ∗ · d

A
(2.17)

with A being the area of the parallelepiped and d being the thickness.

Three other representations are commonly used: the complex resistivity

ρ∗ =
1

σ∗
(2.18)

(or the non-normalized complex impedance Z∗ = 1
Y ∗

), the complex dielectric constant (or permit-

tivity)

ǫ∗ =
σ∗

iωǫ0
, (2.19)

and the electric modulus

M∗ =
1

ǫ∗
= ρ∗ · iωǫ0. (2.20)

Which representation is the most suitable one for the analysis of data depends on the system stud-

ied. For ionic conductors, there is a clear preference to use the complex conductivity or permittivity

- simply because here, non-ionic effects only give rise to additive effects: it is intrinsic to the method

of impedance spectroscopy that in parallel to the ionic contribution non-ionic contributions to the

bulk permittivity affect the total dielectric response.

σ∗ = σ∗
ionic + iωǫ′non−ionicǫ

′
v (2.21)

Hereby, "‘ionic"’ means contributions due to ionic hopping, "‘non-ionic"’ includes e. g. ionic vibra-

tion and electronic excitation. σ∗
hop should not be mixed up with the definition of the conductivity

σ∗ above - it will be defined below. For this purpose, it is necessary to introduce the complex

susceptibility χ∗

χ∗ = ǫ∗ − 1 = χ∗
ionic + (ǫ∗non−ionic − 1) (2.22)

Now, σ∗
ionic is related to χ∗

ionic:

σ∗
ionic = iωǫ0 · χ∗

ionic (2.23)

The real part χ′
ionic and the imaginary part χ′′

ionic of the complex susceptibility reflect the part of

the electric field energy stored and lost per cycle in radians due to the ion dynamics. The two

quantities are not independent, but coupled via the Kramers-Kronig (KK) relation. [51]:

χ′′
ionic(ω) = −2ω

π
P

∫ ∞

0

χ′
hop(ω′)

ω′2 − ω2
dω′ (2.24)

χ′
ionic(ω) =

2

π
P

∫ ∞

0

ω′χ′′
hop(ω′)

ω′2 − ω2
dω′ (2.25)

whereby P is the principle value of the integral. These Kramers-Kronig relations, naturally, also

couple σ′
ionic and σ′′

ionic. The quantity measured in impedance spectroscopy, however, is σ∗ which

is related to ǫ∗. However, if the dielectric answer is simply given by the ionic response and a

frequency independent ǫ∗non−ionic which only appears in σ′′, not in σ′, we get the important result:

σ′ = σ′
ionic (2.26)

ǫ′ = χ′
ionic + ǫ′non−ionic (2.27)



14

Concluding, the real part of the conductivity σ′ contains the complete information on the ion

dynamics (unless covered by other effects). In real situations, however, the impedance data is

influenced by further effects such as: electrode polarization effects, grain boundary impedance

effects, possibly additional purely dielectric responses, etc. Therefore, in order to extract the ionic

bulk properties, it is necessary to look at the whole complex data set, e. g. in terms of σ′ and ǫ′.

The disadvantages of the ρ∗ and M∗ representations have been discussed in the literature, see

e. g. Roling et al. [52]: in these representations, non-ionic and ionic effects are mixed and, thus,

the graphical inspection of the data may be misleading. Nevertheless, by including the non-ionic

parameters - which can easily be extracted from the data, the data can be fitted, too. This

regression must (since the inversion is a conservative mathematical procedure) yield the same

results as in the non-inverted levels within the errors of the fit (cf. Macdonald et al. [53]. However,

this data does not contain additional information on the ion dynamics that would not be obtained

from the conductivity level.
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2.2.3 Basics of solid-state NMR spectroscopy

(i) Angular momentum in quantum mechanics and nuclear spin

The nuclear spin Î is a basic property of nuclei like e. g. mass or charge.3 The spin is the quantum-

mechanical analogue of the classical intrinsic angular momentum. Other angular momenta in

quantum mechanics like the orbital angular momentum and molecular rotations follow the same

equations which will be outlined in this section. The treatment of the angular momentum in

quantum mechanics provides the information necessary to understand the most basic principles in

chemistry, from the periodic table of elements to chemical bonding, from spectroscopy to statistical

thermodynamics.

In classic phyisics, the angular momentum is given as

~l = ~r × ~p (2.28)

Using the definition of the vector product, the following components are obtained:

~lx = ~ex (~y · ~pz − ~z · ~py) (2.29)

~ly = ~ey (~z · ~px − ~x · ~pz) (2.30)

~lz = ~ez (~x · ~py − ~y · ~px) (2.31)

~l2 = ~lx
2
+ ~ly

2
+ ~lz

2
;
∣

∣

∣

~l
∣

∣

∣ =
√

~l2 (2.32)

In quantum mechanics, the quantities are described by operators. The space coordinates are simply

product operators x· and the operator for the momentum is px = ~

i
∂
∂x

:

l̂x =
~

i

(

ŷ
∂

∂z
− ẑ

∂

∂y

)

(2.33)

l̂y =
~

i

(

ẑ
∂

∂x
− x̂

∂

∂z

)

(2.34)

l̂z =
~

i

(

x̂
∂

∂y
− ŷ

∂

∂x

)

(2.35)

l̂2 = l̂2x + l̂2y + l̂2z (2.36)

The unit of the angular momentum is the one of [~]=Js. In practical use in the framework of NMR

theory, however, it is very useful to define a new set of operators without ~.4 The nuclear spin

operators are then defined as

Îx =
1

i

(

ŷ
∂

∂z
− ẑ

∂

∂y

)

(2.37)

Îy =
1

i

(

ẑ
∂

∂x
− x̂

∂

∂z

)

(2.38)

Îz =
1

i

(

x̂
∂

∂y
− ŷ

∂

∂x

)

(2.39)

Î2 = Î2
x + Î2

y + Î2
z (2.40)

3Great parts of the NMR basics were taken from Ref. [54] - corrected and adjusted where necessary. Additionally,

the well-known textbooks Refs. [55–59] have been used. For a closed introduction into the treatment of angular

momenta in quantum mechanics with the help of group theory and irreducible tensor operators see Refs. [60–64]
4In atomic units, ~ = 1 anyway. However, in NMR theory, atomic units are not commonly used. Usually, the

Hamiltonians are given in frequency units (rad/s) and the ~ is introduced into the Hamiltonians and equations as

prefactors to compensate for the missing ~ in the definition of Î.
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The advantage of this definition is that this set of operators can be used to describe rotations in

spin space. The operators have the following commutators:
[

Îx, Îy

]

= iÎz (2.41)
[

Îy , Îz

]

= iÎx (2.42)
[

Îz , Îx

]

= iÎy (2.43)
[

Îx, Î2
]

= 0 (2.44)
[

Îy, Î2
]

= 0 (2.45)
[

Îz , Î
2
]

= 0 (2.46)

As the components of the spin do not commutate, only its absolute value and one component are

determined while the other two components carry quantum-mechanical uncertainty.

It is useful to define the step operators

Î+ = Îx + iÎy (2.47)

Î− = Îx − iÎy (2.48)

with the commutators
[

Îz , Î+

]

= Î+ (2.49)
[

Îz , Î−

]

= −Î− (2.50)
[

Î2, Î+

]

= 0 (2.51)
[

Î2, Î−

]

= 0 (2.52)

The product of the step-up and step-down operators is Hermitian:

Î−Î+ = Î2
x + Î2

y − Îz = Î2 − Î2
z − Îz (2.53)

Î+Î− = Î2
x + Î2

y + Îz = Î2 − Î2
z + Îz (2.54)

With these definition, all basic properties of the spin operators, all important properties can be

deduced. Let |I, m〉 be a normalized eigenfunction (EF) of Î2 and Îz . The expectation values are

defined as

→ 〈I, m| Î2 |I, m〉 = λ ≥ 0 (2.55)

〈I, m| Îz |I, m〉 = m (2.56)

Hereby, λ and m are simply parameters which will be characterized more accurately below. λ

is the eigenvalue (EV) of a squared Hermitian operator. It is real and positive since Hermitian

operators have real eigenvalues. Since Îz is a component of Î, it follows:

〈I, m| Î2 − Î2
z |I, m〉 = λ − m2 ≥ 0 (2.57)

→ λ ≥ m2 (2.58)

Thus, the maximum value of |m| is limited by λ. As a next step the effect of the step-up operator

on the EF is examined. Therefore, the above-given commutators will be used.

Î2Î+ |I, m〉 = Î+Î2 |I, m〉 = λÎ+ |I, m〉 (2.59)
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The step-up operator Î+ commutes with Î2 and therfore generates a new EF Î+ |I, m〉 of Î2 with

the same EV λ. On the other hand, Î+ does not commute with Îz . Nevertheless, Î+ |I, m〉 has to

be an eigenfunction also of Îz because of
[

Îz , Î
2
]

= 0. Using the commutator
[

Îz , Î+

]

= Î+, the

EV of Îz of the EF Î+ |I, m〉 can be easily deduced:

Îz Î+ |I, m〉 = Î+Îz |I, m〉 + Î+ |I, m〉 = (m + 1)Î+ |I, m〉 (2.60)

As expected, Î+ |I, m〉 is an EF of Îz but with an EV increased by 1. The effect of Î+ on |I, m〉
can be summarized as:

Î+ |I, m〉 = c+ |l, m + 1〉 (2.61)

For the step-down operator, we obtain, respectively

Î− |I, m〉 = c− |l, m− 1〉 (2.62)

Due to m2 ≤ λ, there must be a maximum and minimum value mmax = −mmin. Therefore,

applying the step-up operator to the EF |l, mmax〉 must yield zero:

Î+ |I, mmax〉 = 0 (2.63)

Î− |I, mmin〉 = 0 (2.64)

Applying the step-down operator Î− on Î+ |I, mmax〉 must still be zero:

Î−Î+ |I, mmax〉 = 0 (2.65)

As shown above, the product of step-down and step-up operators is a Hermitian operator:

Î−Î+ = Î2
x + Î2

y − Îz = Î2 − Î2
z − Îz (2.66)

From Eqns. 2.65 and 2.66 follows:

(Î2 − Î2
z − Îz) |I, mmax〉 = 0 (2.67)

→ (λ − m2
max − mmax) |l, mmax〉 = 0 (2.68)

→ λ − m2
max − mmax = 0 (2.69)

→ λ = mmax(mmax + 1) (2.70)

Accordingly, for the lower limit, one obtains:

λ = mmin(mmin − 1) (2.71)

Now, we define the spin quantum nuber I as:

I = mmax = −mmin (2.72)

The EV’s (= expectation value, since the EF’s were defined to be normalized) of the nuclear spin

operators Î2 and Îz are, thus, given as:

Î2 |I, m〉 = I(I + 1) |I, m〉 (2.73)

Îz |I, m〉 = m |I, m〉 (2.74)
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Figure 2.6: Zeeman splitting of an I = 1-nucleus with positive γ.

For simple reasons of symmetry, I is integer or half-integer; m assumes values of −I, (−I+1) . . . (I−
1), I. These are the most fundamental properties of angular momenta in quantum mechanics and

suffice e. g. to explain the periodic table of elements or the H-atom emission spectrum.

The nuclear spin quantum number I depends on the number of neutrons and protons of the nuclei

and on the nuclear state. In NMR, only the nuclear ground state is of any importance. Therefore,

I can be considered as an isotope-specific constant for most practical uses.

(ii) Interaction of an isolated nuclear spin with an external magnetic field

Since the nucleus is not a point charge, the nuclear spin goes along with a magnetic moment µ̂

µ̂ = γ · Î (2.75)

whereby γ is an isotopic constant (again, only for the nuclear ground state). The Hamiltonian

describing the interaction between the magnetic moment µ̂ and an external magnetic field B0 in

frequency units is - in complete analogy to the classical interaction energy of a magnetic moment

and an external field - given as:

Ĥ = −µ̂ · B0 = −γ · Î · B0 (2.76)

With the static field (by definition) aligned in the z-direction, Eqn. 2.76 reduces to:

Ĥ = −γ · Îz · B0 (2.77)

Accordingly, the expectation values of the energy are given as

〈I, m| Ĥ |I, m〉 = −γmB0 (2.78)

In the absence of an external field, the spin states are degenerate. In the presence of an external

field, the so-called Zeeman states have different energies. Two adjacent Zeeman states are separated

by

ω0 = γB0 (2.79)

ω0 is called the Larmor frequency. The Zeeman splitting energy in Joule is, accordingly, ~ω0. This

situation is depicted in Fig. 2.6
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(iii) The density operator

The density operator is of central importance for understanding the outcome of NMR experiments.

Therefore, I will give a short introduction into the nuclear spin density operator.

In a canonical ensemble of spins, the probability of finding a spin in the state |m〉 (I will be left

out from here on since it is constant for a given nucleus) corresponds to Boltzmann’s distribution:

pm =
exp(− Em

kBT
)

∑

n exp(− En

kBT
)

=
exp(− Em

kBT
)

Z
≈

1 + Em

kBT

Z
(2.80)

Thus, one EF is not sufficient to describe a spin in a canonical ensemble. Rather, it is necessary

to define a superposition state Ψ

Ψ =
∑

m

√
pm|m〉 (2.81)

Ψ is the quantum-mechanical wave function describing the canonical ensemble of, so far, non-

interacting spins in thermal equilibrium in a complete manner. Non-equilibrium states are included

in the more general definition

Ψ =
∑

m

cm|m〉 (2.82)

As usual, the expectation value of an operator Â is given as

〈Â〉 = 〈Ψ|Â|Ψ〉 (2.83)

The orthonormalized spin eigenfunctions |m〉 (for a fixed spin quantum number I) form an or-

thonormal basis of the spin space. Like for any complete set of basis functions, the following

completeness relation holds:
∑

m

|m〉〈m| = 1̂ (2.84)

Twice including Eqn. 2.84 into Eqn. 2.83 yields:

〈Â〉 =
∑

mn

〈Ψ|m〉〈m|Â|n〉〈n|Ψ〉 (2.85)

〈Â〉 =
∑

mn

c∗mAmncn (2.86)

Hereby, for the second step Eqn. 2.82 was used. Now, Eqn. 2.86 is the matrix formulation of Eqn.

2.83:

〈Â〉 = c∗Ac (2.87)

The matrix A is the projection of the abstract operator Â into the basis of the spin EF’s. The

eigenvector c is the projection of Ψ into the the basis of the spin EF’s. Now the (probability)

density operator ρ̂ is defined as the outer product of the abstract superposition state Ψ:

ρ̂ = |Ψ〉〈Ψ| (2.88)

The vector components of the projection of ρ̂ into the basis of the spin EF’s are:

ρnm = 〈n|Ψ〉〈Ψ|m〉 = cnc∗m (2.89)
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Now, clearly, Eqn. 2.86 can be reformulated:

〈Â〉 =
∑

mn

Amnρnm = Tr(Aρ) = Tr(Âρ̂) (2.90)

The density operator completely describes the canonical ensemble of spins - in a similar fashion as

the superpostion state Ψ. The time-dependent Schrödinger equation which describes the evolution

of Ψ relates to the Liouville-von Neumann equation which describes the evolution of the density

matrix operator:

∂ρ̂

∂t
= i[ρ̂, Ĥ ] (2.91)

For a time-independent Hamiltonian Ĥ , the following simple general solution is given:

ρ̂(t) = e−iĤtρ̂(0)eiĤt (2.92)

For time-dependent Hamiltonians, two main procedures are typically used to solve the Liouville-von

Neumann equation: (i) A unitarian axis transformation into a time-dependent coordinate system

(e. g. a rotating frame) in which the Hamiltonian is no longer time-dependent. If this procedure

still leaves us with time-dependencies, (ii) average Hamiltonian theory can be applied: Hereby, the

time-dependent (e. g. rotating-frame) Hamiltonian is developed as a Magnus expansion of time-

independent Hamiltonians.5 The first-order average Hamiltonian is simply the mean Hamiltonian

considered time interval (e. g. Larmor precession period), the higher order terms in the Magnus

expansion contain nth order commutators of the Hamiltonians acting on the spin system at differ-

ent times. The averaged commutators, then, yield the higher-order average Hamiltonians.

(iv) Density operator of an ensemble of non-interacting I = 1/2-nuclei in equilibrium

For non-interacting I=1/2-nuclei, the two EF’s |α〉 and |β〉 span the spin space which conclusively

can be described as a 2x2 matrix. Accordingly, the spin operators are

Îx =
1

2

(

0 1

1 0

)

(2.93)

Îy =
1

2i

(

0 1

−1 0

)

(2.94)

Îz =
1

2

(

1 0

0 −1

)

(2.95)

and the step operators are

Î+ = |α〉〈β| =

(

0 1

0 0

)

(2.96)

Î− = |β〉〈α| =

(

0 0

1 0

)

(2.97)

5Usually, the Magnus expansion deals with discrete time-dependences of the Hamiltonians. The transition to a

continuous time-dependence can be achieved by using integrals instead of sums.
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It is useful to define another pair of operators, the projection operators:

Îα = |α〉〈α| =

(

1 0

0 0

)

(2.98)

Îβ = |β〉〈β| =

(

0 0

0 1

)

(2.99)

Applying the projection operators on the density matrix yields the population of the respective

Zeeman state. The density matrix can be constructed from the projection operators and step

operators:

ρ̂ = ραÎα + ρ+Î+ + ρβ Îβ + ρ−Î− =

(

ρα ρ+

ρ− ρβ

)

(2.100)

The diagonal elements are called populations, the off-diagonal elements are called coherences.

Populations are the probability to find a spin in state |α〉 or |β〉 while coherences describe the

probability of transitions (step operators!!) between the the states. With Eqns.2.80 and 2.79, the

density matrix in thermal equilibrium is given as:

ρ̂(0) ≈ 1

Z

(

1 + ~ω0

2kT
0

0 1 − ~ω0

2kT

)

(2.101)

Below, I will use the abbreviation B for the population difference ~ω0

kT
. In NMR, thermal energy is

usually larger than the Zeeman splitting (~ω0 < kT ) which allows one to use the high-temperature

approximation Z ≈ 2. Therefore, the equilibrium densitiy matrix of an ensemble of non-interacting

spins can be written as:

ρ̂(0) =
1

2

(

1̂ + BÎz

)

(2.102)

From ρ̂(0) as a starting point, using the Liouville-von Neumann equation (Eqn. 2.92), the evolution

of ρ̂ can be calculated.

(v) The effect of an on-resonance RF pulse on the density matrix

The oscillating magnetic field of an RF pulse 2B1 cos(ω0t + ϕ) interacts with the spin system.

Usually, the RF coil is mounted perpendicular to the external field - let us define it to be aligned

along the x-axis. Then, the total Hamiltonian describing the interaction with the static field B0

along z and with the oscillating field 2B1 cos(ω0t) (for simplicity with phase ϕ = 0) can be written

as:

Ĥ = −ω0Îz − 2ω1Îx cos(ω0t) (2.103)

Hereby, ω0 = γB0 and ω1 = γB1. The linearly polarized RF field in Eqn. 2.103 can be written as

a superposition of two circularly polarized RF fields:

Ĥ = −ω0Îz − ω1

[(

Îx cos(ω0t) + Îy sin(ω0t)
)

+
(

Îx cos(ω0t) − Îy sin(ω0t)
)]

(2.104)

With the property of the dimensionless spin operators

e−iφÎz ÎxeiφÎz = Îx cosφ + Îy sinφ, (2.105)
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this can be rewritten as

Ĥ = −ω0Îz − ω1

(

e−iω0tÎz Îxeiω0tÎz + eiω0tÎz Îxe−iω0tÎz

)

(2.106)

The two components rotate along z with the angular frequencies ±ω0. It can be shown that only

the component rotating with −ω0 has significant impact on the spin system. Thus, the Hamiltonian

reduces to:

Ĥ = −ω0Îz − ω1e
iω0tÎz Îxe−iω0tÎz (2.107)

The total Hamiltonian is time-dependent. However, the time dependence can be eliminated with

the help of a unitarian transformation into the rotating frame using the unitarian operator

Û = eiω0tÎz (2.108)

In order to understand the axis transformation, let us first consider the unitarian transformation

of the wave function |Ψ〉 which is simply

|Ψ〉rot = Û †|Ψ〉 (2.109)

It follows for the densitiy operator ρ̂ = |Ψ〉〈Ψ|:

ρ̂rot = Û †ρ̂ Û (2.110)

When |Ψ〉rot is introduced into the Schrödinger equation (or the transformed density operator ρ̂rot

into the Liouville-von Neumann equation), the Schrödinger equation (or Liouville-von Neumann

equation) is fulfilled if the Hamiltonian is transformed according to:

Ĥrot = Û †ĤÛ + ω0Îz (2.111)

This is why the rotating-frame transformation is also called interaction representation or Zeeman

picture. Now, let us first transform ρ̂(0) into the rotating frame:

ρ̂rot(0) = e−iω0tÎz ρ̂(0)eiω0tÎz (2.112)

= e−iω0tÎz
1

2

(

1̂ + BÎz

)

eiω0tÎz (2.113)

=
1

2

(

1̂ + BÎz

)

(2.114)

ρ̂rot(0) = ρ̂(0) (2.115)

Since Îz commutes with Îz , the rotating-frame equilibrium density matrix is simply the laboratory-

frame density matrix.

As a next step, let us transform the Hamiltonian:

Ĥrot = e−iω0tÎz Ĥeiω0tÎz + ω0Îz (2.116)

= e−iω0tÎz

(

−ω0Îz − ω1e
iω0tÎz Îxe−iω0tÎz

)

eiω0tÎz + ω0Îz (2.117)

= −ω0Îz − ω1Îx + ω0Îz (2.118)

Ĥrot = −ω1Îx (2.119)
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In the rotating-frame, the Zeeman-Hamiltonian vanishes and the RF Hamiltonian has lost its time

dependence. Now, in the rotating frame, the Liouville-von Neumann equation is easily solved as

ρ̂rot(t) = e−iĤrottρ̂rot(0)eiĤrott (2.120)

= eiω1tÎxt 1

2

(

1̂ + BÎz

)

e−iω1tÎxt (2.121)

=
1

2

[

(1̂ + Beiω1tÎxtÎze
−iω1tÎxt

]

(2.122)

=
1

2

[

1̂ + B
(

Îz cosω1t − Îy sin ω1t
)]

(2.123)

=
1

2

[

1̂ + B

(

1

2

(

1 0

0 −1

)

cosω1t −
1

2i

(

0 1

−1 0

)

sin ω1t

)]

(2.124)

=

(

1
2 + B

4 cosω1t iB

4 sin ω1t

−iB

4 sin ω1t
1
2 + B

4 cosω1t

)

(2.125)

The x′-pulse (ϕ = 0) rotates the population difference B along the rotating-frame x′ axis. The

rotation angle α depends on the pulse duration tp:

α = ω1tp ω1 = γB1 (2.126)

The laboratory-frame density matrix after the pulse is obtained by transforming back to the lab-

oratory frame:

ρ̂(t) = Û ρ̂rot(t)Û
† (2.127)

= eiω0tÎz

(

1
2 + B

4 cosω1t iB

4 sin ω1t

−iB

4 sin ω1t
1
2 + B

4 cosω1t

)

e−iω0tÎz (2.128)

ρ̂(t) =

(

1
2 + B

4 cosω1t iB

4 sin ω1t · eiω0t

−iB

4 sinω1t · e−iω0t 1
2 + B

4 cosω1t

)

(2.129)

Hereby, only the coherences are time-dependent since Îz , and thus, the diagonal elements are

invariant under rotation along z.

(vi) The magnetization vector

The classical magnetization vector describes the macroscopic magnetization of a spin system. It

is the measurable quantity of the quantum-mechanic spin system. The magnetization vector is

proportional to the vector built up of the expectation values of the magnetic moment operators

µ̂x,y,z = γÎx,y,z:

~M(t) =









Tr(ρ̂(t)γÎx)

Tr(ρ̂(t)γÎy)

Tr(ρ̂(t)γÎz)









=
γ

2









ρ− + ρ+

iρ− − iρ+

ρα − ρβ









(2.130)

Conclusively, the equilibrium magnetization vector is obtained as:

~Meq =









0

0
γB

4









≡









0

0

M









(2.131)
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Figure 2.7: Evolution of the magnetization vector during a x′ pulse in A: the rotating frame and

B: the laboratory frame.

with the equilibrium magnetization M (to obtain the result in SI units, it has to be multiplied by

~).

Similarly, the rotating-frame and laboratory-frame magnetization vector during an x′ pulse is

obtained from the respective density operators (Eqns. 2.125 and 2.129) as:

~Mrot(tp) =









0

M sin ω1tp

M cosω1tp









(2.132)

~M(tp) =









M sin ω1tp sin ω0tp

M sinω1tp cosω0tp

M cosω1t









(2.133)

The evolution of the magnetization vector under the influence of an x′ pulse on resonance is depicted

in Fig. 2.7. It is possible to create defined non-equilibrium states by applying a pulse of defined

pulse length tp. After a π/2 pulse, e. g., the population difference is completely “rotated”into the

1-quantum coherences. After such a pulse, the magnetization vector in the laboratory frame is

obtained as

~M(tp) =









M sinω0tp

M cosω0tp

0









(2.134)

After a π/2 pulse, the magnetization rotates in the xy-plane and, thus, induces an alternating

voltage in the measuring coil. Thus, populations are not detected but the (-1)-coherence. The

Fourier-Transform of such a signal would be a delta-function at ω0. Spin-spin relaxation leads to

a decay of the oscillating magnetization and, as a result, to finite linewidths. Relaxation will be

dealt with below.

(vii) Nuclear spin interactions

Chemical shift The Larmor frequency of a spin depends on the local magnetic field at the

nucleus. The local field usually differs from the external field since the electronic structure sur-

rounding the nucleus shields or deshields the magnetic field due to induced ring currents. The
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Figure 2.8: Magnetization vector after a π/2 pulse in A: the rotating frame and B: the laboratory

frame.

resulting shift of the Larmor frequency is called chemical shift (CS). The CS Hamiltonian is linear

with Î. In frequency units (rad/s) it is given as:

ĤCS = γÎσB0 (2.135)

Generally, σ is a 3x3-tensor and belongs to the same point group as the nuclear site. The chemical

shift tensor is usually characterized by the following values

σiso =
1

3
Tr(σ) =

1

3
(σPAF

xx + σPAF
yy + σPAF

zz ) (2.136)

∆CS = σPAF
zz − σiso (2.137)

ηCS =
σPAF

xx − σPAF
yy

∆
(2.138)

whereby PAF stands for the principle axis frame. The z-axis of the PAF zPAF is defined for point

groups with rotation axes as the n-fold rotation axis Cn with the highest value of n. If there is

a rotation axis Cn with n > 2, the tensor is axialsymmetric and ηCS = 0. Otherwise, ηCS 6= 0.

Clearly, in the absence of a Cn axis, no PAF can be defined, and three parameters σiso, ∆CS

and ηCS are not sufficient to characterize the CS tensor, but it can be shown that the additional

antisymmetric components do not have a significant impact on the spectrum. [57, 65] The secular

CS Hamiltonian obtained from first-order perturbation theory (or zero-order average Hamiltonian

theory) is

Ĥ
(0)
CS = γÎzB0[σiso +

1

2
∆CS(3 cos2 Θ − 1 + ηCS sin2 Θ cos 2Φ)] (2.139)

Hereby, Θ and Φ are the polar angles determining the orientation of the PAF z-axis zPAF and the

magnetic field axis (=laboratory-frame z-axis). In the powder average, all possible orientations

occur with the same probability. Simulated rigid-lattice CS powder spectra are shown in Fig. 2.9.

For the simulation, the software WinSolids [66] developed by K. Eichele at the University of Tübin-

gen, Germany, was used. Since isolated nuclei are usually not accessible for NMR experiments,

chemical shift is always present. Therefore, the chemical shift scale δCS is defined in reference to

an arbitrary reference compound:

δCS =
νiso − νref

νref

(2.140)

Dipolar interaction The magnetic dipolar interaction is the interaction between the magnetic

moments of two adjacent nuclear spins. The interaction Hamiltonian in angular frequency units
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Figure 2.9: A: Shielding of the magnetic field and chemical shift. B: Powder spectrum for axial-

symmetric CS tensor. C: powder spectrum for a CS tensor with ηCS = 0.5 .

(rad/s) is given as:

ĤD = −2ÎDŜ (2.141)

Î is the spin operator of the considered spin, Ŝ is the spin operator of the interacting spin (not

necessarily the same nucleus) which is the source of the local field felt by spin Î. D is the dipo-

lar coupling tensor which is traceless and invariant under rotation along the PAF z-axis (= the

internuclear vector). With the definition of the dipolar coupling constant (in rad/s)

d = ~
µ0

4π

γIγS

r3
IS

(2.142)

the diagonal components of the symmetric dipolar coupling tensor in the PAF are

DPAF
xx = −d/2 (2.143)

DPAF
yy = −d/2 (2.144)

DPAF
zz = d (2.145)

Due to the r−3
IS dependence of the coupling constant, the dipolar interaction is a short-distance

interaction. The coupling with nearest neighbors will dominate the overall coupling.

The Hamiltonian for homonuclear dipolar coupling between the spin k and l can be split up into

spin-dependent and orientation-dependent operators according to

ĤD =

2
∑

q=−2

F̂
(q)
kl Â

(q)
kl (2.146)

with

Â
(0)
kl = −[Îzk Îzl − 1

4 (Î+
k Î−l + Î−k Î+

l )] F̂
(0)
kl = dkl(3 cos2 Θ − 1)

Â
(±1)
kl = − 3

2 [Îzk Î±l + Î±k Îzl] F̂
(±1)
kl = dkl sinΘkl cosΘkle

∓iΦkl

Â
(±2)
kl = − 3

4 Î±k Î±l F̂
(±2)
kl = dkl sin2 Θkle

∓2iΦkl

(2.147)

The operator Â
(q)
kl with q=0 describes energy-conserving interaction processes (giving rise to spin

diffusion or spin-spin relaxation) while the processes with q = ±1 and q = ±2 go along with a

net change of the longitudinal magnetization (and will give rise to spin-lattice relaxation). In the

low-temperature (or high-field) approximation, only the terms with q=0 affect the NMR line shape.
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From these terms (=secular terms), the first-order Hamiltonian for homonuclear dipolar coupling

is obtained as

Ĥ
homo,(0)
D = −d

2
[3ÎzŜz − ÎŜ](3 cos2 Θ − 1) (2.148)

For heteronuclear dipolar coupling, similarly, one obtains:

Ĥ
hetero,(0)
D = −dÎzŜz(3 cos2 Θ − 1) (2.149)

Hereby, the polar angle Θ is given by the orientation internuclear vector with respect to the exter-

nal field.

In solids with immobile spins (rigid lattice), the static dipolar interaction of all the spins gives

rise to a broad, approximately Gaussian-shaped NMR spectrum determined by the Â
(0)
kl operator

which describes the energy-conserving flip-flop processes leading to spin-spin relaxation, i. e. the

decay of the transversal magnetization. The coupling constant determines the mean interaction

rate (corresponding to the time scale of the interaction). If the spins become mobile at higher

temperatures, the line narrows (motional narrowing) once the jump rate is higher than the in-

teraction rate. Then, the nuclei do not reside adjacent to each other for a time long enough for

the interaction process to become effective. Less effective relaxation translates into a narrower line.

Quadrupolar Interaction All nuclei with I > 1/2 possess an electric quadrupole moment eQ

which is aligned along the spin axis. Therefore, the interaction of the electric quadrupole moment

with an electric field gradient gives rise to an energy shift of the Zeeman niveaus. The quadrupolar

Hamiltonian is given as:

ĤQ =
eQ

2I(2I − 1)~
ÎV Î (2.150)

whereby V is the traceless electric field gradient tensor (EFG) built up from the partial derivatives

of the electric field (e. g. V PAF
zz = ∂2V

∂z2

PAF

). The EFG belongs to the same point group as the nuclear

site. The PAF EFG is usually characterized by the quadrupolar coupling constant δQ (in angular

frequency units) and the asymmetry parameter ηQ:

δQ =
V PAF

zz eQ

~
(2.151)

ηQ =
V PAF

xx − V PAF
yy

V PAF
zz

(2.152)

Again, for a point group with a symmetry axis Cn with n > 2, the tensor is axial-symmetric

and ηQ = 0, otherwise ηQ 6= 0. In the rigid lattice, the site-specific point group determines the

point group of the EFG tensor while in the limit of fast diffusion, the mean EFG tensor shows the

same point group as the crystal. For istropic random-network glasses, a mean cubic symmetry is

expected. Residual EFG coupling points to a non-isotropic or non-random glass structure.

The first-order quadrupolar Hamiltonian of the secular parts is given as

Ĥ
(0)
Q =

δQ

8~I(2I − 1)
(3Î2

z − Î2)[(3 cos2 Θ − 1) + ηQ sin2 Θ cos 2Φ] (2.153)
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Table 2.4: Quadrupolar contribution to the Zeeman energies (I=1 bzw. I=3/2):

m ωQ

1, -1 ~δQ/8 · W
0 −~δQ/4 · W

1/2, -1/2 −~δQ/8 · W
3/2, -3/2 ~δQ/8 · W

Figure 2.10: Quadrupolar Interaction for I=1-nuclei. A: quadrupolar shifts of the Zeeman states.

B: single crystal spectrum at a given orientation. C: powder spectrum for ηQ=0 D: powder spec-

trum for ηQ=0.5

Hereby, Θ and Φ describe the relative orientation of the EFG PAF (=site PAF) and the external

magnetic field. The first-order angular frequency shifts of the Zeeman Niveaus are, accordingly:

ω
(0)
Q =

δQ

8~I(2I − 1)
(3m2 − I(I + 1))[(3 cos2 Θ − 1) + ηQ sin2 Θ cos 2Φ] (2.154)

≡ δQ

8~I(2I − 1)
(3m2 − I(I + 1)) · W (2.155)

with W being an abbreviation for the orientation-dependent term in brackets. Table 2.4 shows

the first-order quadrupolar shifts for I = 1 and I = 3/2 nuclei. Figs. 2.10 and 2.11 visualize the

impact of the quadrupolar coupling on the Zeeman states (A), on a single-crystal spectrum (B),

and on a powder spectrum (C and D) for I = 1 and I = 3/2-nuclei, respectively.

J-Coupling J-coupling has the same form as the dipolar interaction with the j-coupling tensor J

instead of the dipolar coupling tensor D. It is an indirect dipolar interaction mediated via electrons
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Figure 2.11: Quadrupolar Interaction for I=3/2-nuclei. A: quadrupolar shifts of the Zeeman

states. B: single crystal spectrum at a given orientation. C: powder spectrum for ηQ=0 D: powder

spectrum for ηQ=0.5

in covalent bonds. It is of central importance in NMR on organic molecules whereby in liquids the

tensor reduces to a scalar.

Dipolar interaction with electron spins Here, again, direct and indirect dipolar interactions

with the electron spin Ŝ are possible. The indirect spin-spin interaction with electron spins medi-

ated via bonds is called hyperfine interaction. Usually (at least in compounds with a high density

of paramagnetic centers), the spin-lattice and spin-spin relaxation of the electron spin occurs on a

shorter time scale than the dipolar coupling between the nuclear spin and the electron spin. Then,

the nuclear spin does not couple to single spin states |mS〉 but to a time-averaged spin state which

is the expectation value 〈Ŝz〉. [67]

The Knight shift is very similar to the hyperfine interaction: it is the interaction with unpaired

electrons (in s-states) on the Fermi surface in conductive materials. [68]

Higher-order energy shifts Higher order perturbation theory has to be considered when

the perturbations are not very small with respect to the Zeeman interaction. For instance, the

quadrupolar interaction is very often large enough to make in necessary to consider second-order

perturbation theory (or first-order average Hamiltionian theory). The higher-order terms are char-

acterized by a Larmor frequency dependence according to ω−n+1
0 with n being the nth order of the

perturbation. Thus, the higher-order effects are less pronounced in large magnetic fields.
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(viii) Relaxation

As shown above, by using RF pulses, defined non-equilibrium states of the spin system (and

the magnetization vector) can be created. Hereby, two different kinds of non-equilibrium can be

discerned:

• The populations (diagonal elements of the density matrix) do not follow Boltzmann’s distri-

bution. Then, the z-component of the magnetization vector does not show the equilibrium

value. The spin system has to exchange energy in order to return to equilibrium. The relax-

ation process is called longitudinal relaxation or spin-lattice relaxation (SLR) and occurs at

a rate R1, the SLR rate.

• The (-1)-coherences (off-diagonal elements in the density matrix) are non-zero which goes

along with a magnetization vector rotating in the xy-plane. Spin-interactions lead to a

loss of coherence and a decay of the transversal magnetization which is measured as free

induction decay (FID) in FT-NMR experiments. The transversal relaxation is called spin-

spin relaxation (SSR) and occurs at a rate R2, the SSR rate. Since the FID is the inverse

Fourier-Transform of the line shape, the SSR was indirectly introduced in the foregoing

section where the influence of the spin-interactions on the line shape were considered with

the help of the secular parts of the interaction Hamiltonians.

The Bloch equation phenomenologically describes the dynamics of the magnetization vector after

a pulse:

∂ ~M(t)

∂t
= γ ~M(t) × ~B(t) − R( ~M(t) − ~Meq) (2.156)

Hereby, the relaxation matrix R is a diagonal matrix with the components R2, R2, and R1. Very

often, the relaxation process back to equilibrium shows non-exponential behavior. Then, the Bloch

equations are not a suitable description of the dynamics of the magnetization vector.

Techniques to measure R1, R1ρ, and R2 The spin lattice relaxation rate can be e. g. mea-

sured by using the saturation recovery pulse sequence [n × (90◦ − τ) − tdelay − 90◦ − FID] shown

in Fig. 2.12A. The comb of n closely spaced pulses destroys the magnetization. Its return to equi-

librium is monitored by several experiments with different delay times tdelay. The amplitude of

the FID(tdelay) yields the relaxation transient. The relaxation process goes along with transitions

between the Zeeman states.

The so-called spin-lattice relaxation in the rotating frame enables the measurement of SLR for

much smaller Zeeman splittings. It is measured with the spin-locking pulse sequence shown in

Fig. 2.12B. An 90◦x′ pulse tips the magnetization to the −y′ axis. After that, the locking pulse

of variable length tlock and phase −y′ is applied. In the rotating frame, the locking pulse appears

as a constant magnetic field B1 giving rise to a Zeeman splitting with ω1 = 104 ≤ 106 s−1. The

population difference of the rotating-frame Zeeman states directly after the first pulse represents

Boltzmann’s distribution for the Zeeman splitting ω0 which is far too large for the much smaller

rotating-frame Zeeman splitting ω1. The system returns to equilibrium by transitions between the

rotating-frame Zeeman niveaus. The rotating-frame SLR transients are recorded by subsequent
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Figure 2.12: A: Top section: saturation recovery pulse sequence for the measurement of SLR

rates R1. Bottom section: population of the Zeeman states in the course of the experiment.

(1): equilibrium magnetization, Zeeman states populated according to Boltzmann’s distribution

(2) fully destroyed magnetization, Zeeman states equally populated. (2)→(3) SLR goes along

with transitions between the Zeeman states. B: Top section: spin-locking pulse sequence for the

measurement of R1ρ. Bottom Section: population of the locking-field Zeeman states in the course

of the experiment.
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measurements with different tlock.

The spin-spin relaxation rate R2 can be understood as the zero-locking-field limit of R1ρ. It

can be measured by the use of echo pulse sequences. In solids, the solid echo pulse sequence

[90◦ − τ − 64◦ − τ − echo] can be used. Hereby, τ is varied in a series of measurements. The

amplitude of the echo as a function of 2τ yields the SSR transients.

Diffusion-induced relaxation In the coming section, I will present a very rough picture which

provides qualitative understanding of diffusion-induced spin-lattice relaxation (see also the paper

“NMR relaxometry as a versatile tool to study Li ion dynamics in potential battery materials” which

is attached at the end of this chapter (page 40-46). Let us consider a non-equilibrium state created

by a series of π/2-pulses which fully destroy the magnetization as shown in Fig. 2.12. Now, the

system will tend to return back to equilibrium. Therefore, transitions between the Zeeman states

are necessary. Spontaneous emissions (∝ ν3) can be neglected in the radio-frequency regime, since

induced emissions occur at a higher rate. Resonant fluctuations of spin interactions, for example

due to hopping motion of the spins, induce Zeeman transitions. In solids, the energy is exchanged

with lattice phonons which is why the process is called spin-lattice relaxation. Now, it is necessary

to examine the fluctuations of the spin interactions. Clearly, it is expected that relaxation is most

efficient when the hopping rate is in the order of the NMR frequency which is an internal resonance

situation. But what is the situation like when the jump rate is smaller or larger than the NMR

frequency? Therefore, a description of the fluctuations due to the hopping dynamics is necessary.

The fluctuations of the spin interactions can be described (in a quite rough manner) by an NMR

frequency correlation function G(t):

G(t) = 〈∆ω (0) · ∆ω (t)〉 (2.157)

G(0) = 〈∆ω (0) · ∆ω (0)〉 ≡ M2 (2.158)

G(t) = M2 · g(t) (2.159)

Hereby, the bracket denotes the ensemble average. When the NMR frequency is altered due to a

jump, the NMR frequency correlation function G(t) decays. In the most simple case, g(t) can be

identified with the one-particle-two-time correlation function. G(0) is, according to the above-given

definition of the NMR frequency correlation function, the second moment of the interaction, also

called interaction strength. Now, we were interested in the fluctuations on resonance. These may

be obtained from the one-sided Fourier-Transform of G(t), the spectral density J ′ω:

J ′(ω) = M2 · Re

[∫ ∞

0

g(t)e−iωtdt

]

= M2 · j′(ω) (2.160)

Now, without any deeper theoretical foundation, one might assume that the diffusion-induced

NMR relaxation rates R1 and R2 are:

R1 ≈ M2 · j′(ω0) (2.161)

R1ρ ≈ M2 · j′(ω1) (2.162)

R2 ≈ M2 · j′(0) (2.163)

From these equations, the temperature dependence of diffusion-induced SLR rates R1 can be

understood qualitatively by assuming that g(t) and j′(ω) is equal to the one-particle-two-time
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Table 2.5: Limiting cases of diffusion-induced SLR and SSR.

limit R1

τ−1 << ω0 ∝ ω−2+n
0 τ−1+n

τ−1 = ω0 maximum

τ−1 >> ω0 ∝ τ

limit R2

τ−1 <
√

M2 =
√

M2

τ−1 =
√

M2 onset of narrowing

τ−1 >
√

M2 ∝ τ

correlation function describing the hopping dynamics. For example, in the case of Brownian motion,

the correlation function is a single exponential correlation function. Then, the SLR rate will show

the well-known symmetric BPP-behavior [69] and the SLR rate peaks when the correlation rate

equals the NMR frequency which is the internal resonance condition mentioned above:

τ−1 = ω0 (2.164)

Deviations from uncorrelated Brownian motion can often be well described by KWW-stretched

exponentials. The respective limiting cases of R1 for τ−1 >> ω0 and τ−1 << ω0 are summarized

in Table 2.5. The behavior of R2 will only apply at high temperatures, in the weak collisions regime

(τ−1 >
√

M2). At lower temperatures in the rigid lattice, the so-called strong-collisions regime,

flip-flop processes of interacting spins (= spin diffusion) occur at a constant rate defined by the

interaction strength
√

M2 for dipolar interaction. Thus, in the strong-collision regime, R2 =
√

M2.

An important result is obtained from this simplistic approach: the measurement of diffusion-

induced R1, R1ρ and R2 provides insight into the hopping dynamics. Absolute jump rates can

be determined from the maximum of R1 and from the onset of narrowing of R2. Since ω0 is in

the order of 107 . . . 109 s−1, R1 is sensitive to very fast hopping dynamics while R2 and R1ρ are

sensitive to relatively slow dynamics.

Clearly, the simplistic approach given above can only be valid in a qualitative manner because the

quantum-mechanic nature of the NMR interactions was neglected. Furthermore, (i) the reservoir

which the energy is exchanged with, the lattice phonons, was not included into the considerations,

(ii) most spin interactions are bilinear in Î (dipolar coupling, quadrupolar coupling) which leads

to the influences of two-quantum transitions.

Weak-collisions and strong-collisions regime For the treatment of diffusion-induced relax-

ation, two regimes have to be discerned: the strong-collisions regime where the jump rate of

mobile spins is smaller than the rigid-lattice SSR rate (R2,rl > τ−1) and the weak-collisions regime

(R2,rl < τ−1). In the strong collision regime, the spin-spin interaction rate (energy-conserving

flip-flop processes) is higher than the hopping rate, i. e. the so-called rigid lattice regime. Then,

between two successive hops of a spin, the spin system has a common spin temperature. This

theory has to be applied for the evaluation of SSR in the rigid lattice (as given above). Hereby,
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the SSR rate is determined by spin dynamics due to spin-spin interactions and not due to hopping

of the spins. Flip-flop processes which connect the homonuclear spin reservoir occur on a shorter

time scale than atomic jumps. The rate of the flip-flop processes is determined by the strength of

the spin-spin interaction. [59, 70]

Strong-collisions theory also has to be applied for diffusion-induced SLR at low temperatures

(R2,rl > τ−1) in small fields which is relevant for the rotating-frame SLR and field-cycling NMR.

[71–75]

At high temperatures (R2,rl < τ−1), in the motional-narrowing regime, the weak-collisions theory

can be applied for SSR and SLR in both high and low fields.

An attempt of a rigorous treatment of NMR relaxation which includes both regimes is given in

Ref. [71].

Homonuclear dipolar relaxation and quadrupolar relaxation Since the Hamiltonians

for the homonuclear dipolar interaction and quadrupolar interaction are both bilinear in Î, the

mathematical treatment of both interactions is parallel. The relaxation rates for homonuclear

dipolar relaxation and quadrupolar relaxation according to the weak-collisions theory are given

as [55, 65, 69, 75–79]:

R1 = M2 ·
[

2

3
j′(ω0) +

8

3
j′(2ω0)

]

(2.165)

R1ρ = M2 ·
[

j′(2ω1,eff) +
5

3
j′(ω0) +

2

3
j′(2ω0)

]

(2.166)

R2 = M2 ·
[

j′(0) +
5

3
j′(ω0) +

2

3
j′(2ω0)

]

(2.167)

Hereby, the effective locking frequency ω1,eff =
√

ω2
1 + M2 whereby

√
M2 = R2,rl = ωloc is the

mean local field due to the interaction.

In experimental situations, ω2
1 is regularly not much larger or even smaller than M2. Clearly, then,

the weak-collisions approximation is not valid any more and the strong-collisions theory applies,

instead. This has no effect on the slope of R1ρ low temperature flank but on its absolute value

which appears to be a similar outcome as if the effective locking field is altered. When the weak-

collisions expressions are used for the interpretation of experimental data, this leaves us with some

uncertainty of the maximum condition and of the apparent effective locking frequency. Around

the R1ρ maximum, the transition to the weak-collision regime occurs. [71–75,80]

Heteronuclear dipolar relaxation The NMR relaxation rates due to fluctuations of the het-

eronuclear dipolar interaction between the observed spin Î and the coupling spin Ŝ in the framework

of weak-collisions theory is given as [59, 65, 79, 81]:

RIS
1 = M IS

2 ·
[

3

2
j′(ωI) +

1

2
j′(ωI − ωS) + 3j′(ωI + ωS)

]

(2.168)

RIS
1ρ = M IS

2 ·
[

kIS · j′(ω1eff) +
3

4
j′(ωI) +

1

4
j′(ωI − ωS) +

3

2
j′(ωI + ωS) +

3

2
j′(ωS)

]

(2.169)

RIS
2 = M IS

2 ·
[

kIS · j′(0) +
3

4
j′(ωI) +

1

4
j′(ωI − ωS) +

3

2
j′(ωI + ωS) +

3

2
j′(ωS)

]

(2.170)
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Hereby, again, the effective locking frequency is ω1,eff =
√

ω2
1 + M IS

2 . kIS = 1 for ω2
1 >> M IS

2 , oth-

erwise kIS > 1. Concerning the applicability of the weak-collisions theory, the same considerations

as given above hold.

Relaxation due to coupling with the electron spins of paramagnetic impurities Hereby,

in principle, two different scenarios are possible. (i) the electron spin of the paramagnetic ion

possesses a relaxation rate Rp which is independent of the coupling with mobile nuclear spins. (ii)

the relaxation of the electron spin ion is due to coupling with mobile nuclear spins. [82]

The first case (i) is commonly considered in textbooks and publications on NMR theory. [55, 56,

77,82–86] This situation applies to paramagnetic materials [67] and to diamagnetic host materials

with paramagnetic impurities of, e. g., Fe [87] or Gd [82].

Considering the second case (ii) is - to my knowledge - not discussed in the literature6 although there

is a large amount of experimental data supporting this hypothesis for materials with paramagnetic

impurities of e. g., Mn2+ or Cr3+ [21,77,87–90]. In this case, the it should be justified to treat the

problem parallel to the usual heteronuclear dipolar coupling.

For the first case (i), the spin-lattice relaxation rate of the nuclear spin is given as: [55, 56, 77, 86]

R1 ∝ τp

1 + (ω0τp)2
· r−6 (2.171)

Hereby, τp = 1/Rp is the inverse of the independent spin-lattice relaxation rate of the electron spin.

Due to the r−6-dependence, nuclear spins close to the interacting ions will relax very fast while

in longer distance, the nuclei are unaffected. Now, let us consider mobile nuclear spins in a solid

with a very low concentration of such paramagnetic impurities. Then, at low temperatures, the

relaxation will be limited by the diffusion of the nuclear spins to the vicinity of the paramagnetic

ion, while at low temperatures, the contact time of the nuclear spin with the impurity limits the

rate. This leads to a relaxation rate maximum at a temperature where the jump rate equals

the relaxation rate of a spin residing adjacent to the impurity. [86] The low-temperature limit is

R1 ∝ τ−1, the high-temperature limit is R1 ∝ τ in the case of uncorrelated dynamics. [82,86] The

ω0 dependence enters via Eqn. 2.171.

In the second case (ii), the relaxation rate might follow the same behavior as heteronuclear dipolar

coupling (a suggestion of mine, a similar treatment of relaxation at paramagnetic impurities is

given in Ref. [91]). This leads to

Rpara
1 = Mpara

2 ·
[

3

2
j′(ωI)

]

(2.172)

Rpara
1ρ = Mpara

2 ·
[

kpara · j′(ω1eff) +
3

4
j′(ωI)

]

(2.173)

whereby the terms in ωS were neglected since the spectral densities in the relevant temperature

range will be nearly zero at ωS. Mpara
2 should be a function of the actual interaction strength near

the impurity, where the relaxation event takes place, and of the concentration of impurities and

nuclear spins. The SLR rate maximum in this case is τ−1 = ω0 and the paramagnetic impurity

centers simply enhance the relaxation.

The two scenarios as found in experimental data (see above) are depicted in Fig. 2.13:
6An exception is a paper by Abou-Ghaloun et al. [88] which has never been cited. There, the effect of param-

agnetic impurities on R1 is derived from the fluctuation of the local field the ions are exposed while diffusing past

paramagnetic impurities. This is quite parallel to the simplistic model to explain R1 given in this work, see above.
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Figure 2.13: The effect of paramagnetic impurities found in experimental data. black line: SLR

rate in the absence of paramagnetic impurities. red line, case (ii): enhanced relaxation due to the

paramagnetic centers, no effect on the form of the diffusion-induced SLR rate peak. green line,

case(i): additional peak due to paramagnetic ions which may appear as a shoulder.

Background relaxation and NCL-type relaxation Korringa relaxation and vibrational re-

laxation are typical background relaxations. The Korringa relaxation is due to coupling to unpaired

conduction electrons near the Fermi surface and roughly follows linear temperature dependence. [68]

Vibrational relaxation is due to fluctuations of the quadrupolar coupling due to lattice vibrations

and follows a T 2 dependence at temperatures above the Debye temperature and a T 7 dependence

well below the Debye temperature. [92] Both relaxation types (if present) are simply superimposed

to the diffusion-induced relaxation rates and appear at low and at high temperatures. A ”back-

ground ”that does not appear at high temperatures but at low temperatures is not a background

but associated with ionic motion - most probably NCL-type caged dynamics of the ion [93–96].

For NCL dynamics, at a certain temperature, the hopping correlation rate will exceed the corre-

lation rate of the NCL dynamics which does not allow the NCL to exist at higher temperatures.

For vibrational dynamics, however, the correlation rate will always be higher than the hopping

correlation rate.

(ix) Field-gradient NMR

Field-Gradient (FG) NMR is a powerful tool for the determination of tracer diffusion coefficients.

Two variants of the FG NMR can be used: pulsed field-gradient (PFG) NMR and static field-

gradient (SFG) NMR.

FG NMR techniques use (stimulated) echo pulse sequences, in the most simple case a Hahn echo

[90◦− τ −180◦− τ −echo]. During the two τ -periods, the magnetization is in the transversal plane

and will decay with R2 due to spin-spin interactions (flip-flop processes) which lead to frequency

fluctuations of the spins. Therefore, the refocused echo has a smaller amplitude than the FID has

after a single pulse. It is important to realize that the reason for the echo decay is the fact that

the spins do not carry an individual NMR frequency due to the interactions. Any fluctuation of

the NMR frequency whatever cause it has will cause the echo to decay. In FG NMR, the diffusion

of spins in a static or pulsed field gradient g = ∂B/∂z leads to z-dependent NMR frequency
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Figure 2.14: Pulse sequences for static and pulsed FG NMR. A: Hahn echo pulse sequence, B:

stimulated echo pulse sequence.

fluctuations and, thus, to an echo decay.

Commonly used pulse sequences for FG NMR are shown in Fig. 2.14. The respective decay of

the echo amplitude due to relaxation and 3D isotropic diffusion is given as:

For the Hahn echo and SFG NMR:

I/I0(2τ) = exp

(

−2τR2 −
2

3
Dγ2g2τ3

)

(2.174)

For the stimulated echo and SFG NMR:

I/I0(2τ1 + τ2) = exp
(

−2τ1R2 − τ2R1 − Dγ2g2τ2
1 (τ1 + τ2)

)

(2.175)

or the Hahn echo and PFG NMR:

I/I0(2τ) = exp

(

−2τR2 − Dγ2g2δ2(∆ − δ

3
)

)

(2.176)

For the stimulated echo and PFG NMR:

I/I0(2τ1 + τ2) = exp

(

−2τ1R2 − τ2R1 − Dγ2g2δ2(∆ − δ

3
)

)

(2.177)

Hereby, the meaning of the different time constants τ , τ1, τ2, ∆ and δ is visualized in Fig. 2.14.

D is the tracer diffusion coefficient, g is the field gradient and γ the gyromagnetic ratio of the

observed nucleus. R1 and R2 are the SLR and SSR rates. PFG NMR experiments are usually

performed with constant times τ1, τ2, ∆ and δ. The only quantity that is changed in a series of

measurements is the amplitude of the pulsed field gradient g. Then, the decay of the echo due

to relaxation does not play any role. This, of course, is not possible in SFG NMR. However, the

decay due to diffusion shows a different dependence on τ than relaxation. Therefore, from the

shape of the decay, it is possible to decide whether it is due to diffusion or relaxation. Measuring

the relaxation rates R1 and R2 at the same field but without a gradient in a separate experiment

allows one to reduce the quantity of adjustable fit parameters and usually leads to more accurate

diffusion coefficients.

For further details, see, e. g. Refs. [97–105]
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Figure 2.15: Scheme of the 2D exchange NMR and SAE NMR. See text for further details.

(x) Stimulated Echoes and 2D exchange NMR

Stimulated echo pulse sequences [90◦φ1 − τe − 90◦φ2 − tm − 90◦φ3 − τe − echo] with φ2 = φ1± 90◦ and

suitable phase cycling can be used to study exchange between sites with (i) different chemical shift,

and thus, different Larmor frequency ωδ = (1 − σ)ω0 or (ii) with different quadrupolar frequency

ωQ. The underlying principle is shown in Fig. 2.15: the first, say, x′ pulse rotates the magnetization

to the −y′ axis. Now, due to different site-specific frequencies ωi (ωδ or ωQ), the respective spin

packages Mi will acquire a phase shift ωiτe during τe. The second pulse rotates the components

Mi sin(ωiτe) into a longitudinal state. In the absence of exchange processes during tm (Fig. 2.15A),

the third pulse simply rotates the spin packages Mi sin(ωiτe) back into the transversal plane and

after τe, the echo is observed. However, if the spin packages have another frequency ωi after tm,

they will not be refocused at the echo after τe (Fig. 2.15B). In 2D exchange NMR, the evolution

time τe is varied. Performing a Fourier transformation along the direct dimension (echo decay)

and the in direct dimension τe yields the 2D spectra shown on the right-hand side of Fig. 2.15. In

the absence of exchange, only diagonal peaks (auto-correlations) are observed. Exchange (due to

jumps or spin diffusion) gives rise to off-diagonal peaks (cross-correlations). By varying the mixing

time tm, the exchange dynamics can be studied.

Clearly, to obtain resolved 2D spectra, single crystals or MAS conditions are required. However,

for powder samples it is still possible to study the decay of the amplitude at the echo top with

tm. Only the auto-correlations give rise to the amplitude at the echo top. In the case of Li, the

chemical shift range is not large enough to record Larmor-frequency auto-correlation functions, but

it is possible to record quadrupolar frequency auto-correlation functions, e. g. by using the Jeener-

Broekaert spin-alignment-echo (SAE) pulse sequence [106] [90◦φ1−τe−45◦φ2− tm−45◦φ3−τe−echo]
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with φ2 = φ1±90◦ and a suitable phase cycling generating the T̂20 (for the definition of irreducible

tensor operators, see e.g Refs. [60–64]) state during the mixing time. Then, the echo amplitude

(neglecting relaxation) is given as:

I/I0(tm, τe) =
〈sin(ωQ(0) · τe) sin(ωQ(tm) · τe)〉
〈sin(ωQ(0) · τe) sin(ωQ(0) · τe)〉

(2.178)

The decay of the echo function is the auto-correlation function of the quadrupolar frequencies. If

every jump goes along with a change of the quadrupolar frequency, the one-particle-two-time cor-

relation function is equal to this correlation function. Therefore, in many cases, the SAE technique

can be used to study slow Li dynamics. [26, 107–113]

Note that atomic jumps are not the only mechanism that can lead to an echo decay. Spin diffusion

(T-independent!) and relaxation may lead to an echo decay which is not related to atomic jumps.

Very fast fluctuations of the quadrupolar frequency (faster than SSR) are not observed since in this

case, the quadrupolar frequencies are already averaged during τe. This rules out an SAE decay due

to fast forward-backward jumps or (generally) jumps to sites with very short life time and limits

the technique to be used in and slightly above the rigid lattice. The same, clearly, holds for 2D

exchange.

(xi) Magic-Angle Spinning NMR

The secular components of the first-order Hamiltonians of the chemical shift interaction, magnetic

dipolar interaction, and the electric quadrupolar interaction show an orientation dependence con-

taining the term (3 cos2 Θ − 1). For Θ ≈ 54.74◦, the magic angle, this term is zero. In a powder

sample, there are always many different orientations of Θ, (i) due to different orientations of crys-

tallites and (ii) due to different orientations of the site-specific principle axis frames within one

crystallite. However, if the powder sample with many different orientations is rotated along the

magic-angle axis (with respect to the external field B0), averaged over a rotation period, all sites

are aligned at the magic angle. Therefore, if a sample is rotated along the magic angle fast enough

(much faster than the respective coupling constants), sharp lines and high resolution is obtained.

Line broadening due to dipolar interactions and chemical shift anisotropies can usually be elim-

inated by MAS NMR. In contrast, for many quadrupolar nuclei residing in non-cubic sites, the

quadrupolar coupling constants are larger than technically available spinning rates. However, for

half-integer nuclei, the central transition - which is not affected by the quadrupolar coupling to

first order - is often narrowed by the MAS technique. However, now, the intensities are no longer

proportional to the spin density in the sample. Additionally, in the case of very strong quadrupolar

coupling, second-order effects affect the central transition, as well. The second order interactions

have a different orientation dependence and therefore are not averaged to zero by the MAS tech-

nique. So, other NMR techniques like MQMAS NMR [114] or higher fields (which reduce the

second-order interactions) allow one to improve the resolution further.
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a b s t r a c t

NMR spin relaxometry is known to be a powerful tool for the investigation of Liþ dynamics in (non-

paramagnetic) crystalline and amorphous solids. As long as significant structural changes are absent in

a relatively wide temperature range, with NMR spin–lattice (as well as spin–spin) relaxation

measurements information on Li self-diffusion parameters such as jump rates and activation energies

are accessible. Diffusion-induced NMR relaxation rates are governed by a motional correlation function

describing the ion dynamics present. Besides the mean correlation rate of the dynamic process, the

motional correlation function (i) reflects deviations from random motion (so-called correlation effects)

and (ii) gives insights into the dimensionality of the hopping process. In favorable cases, i.e., when

temperature- and frequency-dependent NMR relaxation rates are available over a large dynamic range,

NMR spin relaxometry is able to provide a comprehensive picture of the relevant Li dynamic processes.

In the present contribution, we exemplarily present two recent variable-temperature 7Li NMR spin–

lattice relaxation studies focussing on Liþ dynamics in crystalline ion conductors which are of

relevance for battery applications, viz. Li7 La3Zr2O12 and Li12Si7.

& 2012 Elsevier Inc. All rights reserved.

1. Introduction

Materials being suitable for all-solid-state lithium-ion battery

applications benefit from a high Liþ self-diffusivity [1–3]. Inves-

tigating the Li ion dynamics by nuclear magnetic resonance

(NMR) methods helps to identify potential electrode and electro-

lyte materials. In particular, classical NMR spin–lattice relaxome-

try is a powerful and reliable tool to determine Li self-diffusion

parameters in (non-paramagnetic) ion conductors fairly indepen-

dent of a diffusion model [4–11]. A complete NMR spin–lattice

relaxation (SLR) study, if applicable, includes the temperature-

and frequency-dependent measurement of spin–lattice relaxation

rates in both the laboratory (R1) and rotating frame of reference

(R1r). While R1 measurements are sensitive to jump rates in the

order of the Larmor frequencyo0 ð � 109 s�1Þ, with the help of R1r

measurements, lithium jump rates in the order of the applied

locking frequency o1 ð � 105 s�1Þ can be probed. NMR spin–spin

relaxation (SSR) measurements, which are sensitive to slower Li

diffusion processes with rates of the order of approximately

104 s�1, complement an NMR spin relaxometry study. Even

slower Li hopping dynamics can be probed by analyzing stimu-

lated echoes generated with the Jeener-Broekaert pulse sequence

[10,12–19].

Since quantitative information is obtained from the maximum,

the slopes and the absolute value of the characteristic diffusion-

induced SLR NMR rate peaks, ideally a large temperature range

has to be covered. The informative value of a single SLR or SSR

measurement is very limited. As a result, the applicability of the

technique is restricted to materials which do not undergo

significant structural changes. Provided such changes are absent,

activation energies (EA) and jump rates ðt�1Þ of the under-

lying diffusion processes can be extracted from NMR relaxation

data. Usually, the jump rates ðt�1Þ follow Arrhenius behavior

according to

t�1 ¼ t�1
0 expð�EA=ðkBTÞÞ ð1Þ

with the pre-exponential factor t�1
0 being expected in the order of

phonon frequencies. Additionally, the analysis of the measured

NMR SLR rates yields information on the auto-correlation function
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describing the motional process. Moreover, by comparing features

of the NMR relaxation data with those expected from different

diffusion models, the dimensionality of a diffusion process can be

probed [4,5,14,20–26].

After presenting the basics of NMR relaxation measurements

in Section 2, in Sections 3 and 4, we showcase two recent NMR

SLR studies on Li ion conductors viz. garnet-like Li7La3Zr2O12 and

the Zintl-phase Li12Si7, respectively. While garnets are currently

investigated to be used as solid electrolytes, Li containing silicides

are considered to act as efficient (high-capacity) anode materials.

2. Basics of NMR relaxometry

2.1. Principle ideas of the most common measuring techniques

In a simplified view Fig. 1(A) depicts the basic idea of an NMR

SLR rate measurement. Let us consider a spin system exposed to a

homogeneous external magnetic field B
!

0. In thermal equilibrium,

the Zeeman levels are populated according to Boltzmann’s dis-

tribution giving rise to an equilibrium magnetization Mz

�!
¼M
!

eq

which is parallel to B
!

0. By using appropriate radio frequency (RF)

pulses, well-defined non-equilibrium states can be generated. For

example, a saturation comb, consisting of a number of ðp=2Þx0-
pulses, can be used to fully destroy the initial magnetization, see

Fig. 1(A). After this perturbation, the spin system will tend to

relax back to thermal equilibrium. In many cases, the correspond-

ing SLR transients MzðtvarÞ, reflecting the recovery of longitudinal

magnetization, follow exponential time behavior. The associated

rate constant is the so-called NMR spin–lattice relaxation rate R1
which is a measure of the transition probability of the spins

between distinct Zeeman levels. The transients MzðtvarÞ can be

recorded in several measurements by applying a detection pulse

after a variable delay time tvar.

The NMR SLR process is caused by transitions between the

Zeeman levels. Due to the low Zeeman splitting energy, only

induced transitions play a role. For example, resonant fluctuations

of spin interactions due to motional processes induce Zeeman

transitions. NMR SLR becomes effective, i.e., the transition prob-

ability is at its maximum, when the correlation rate of the

motional process t�1
c is similar to the Larmor frequency o

!
0

characterizing the splitting of the Zeeman levels according to

o
!

0 ¼�gm B
!

0. gm denotes the magnetogyric ratio of the nucleus

under investigation [20]. Therefore, in an external magnetic field

of several Tesla, an NMR SLR rate maximum is expected at a

temperature where the correlation rate of the motional process

t�1
c is in the order of o0 � 109 s�1. This is the regime of very fast

motion. Increasing or decreasing the magnetic field B0 (usually in

the range from 1 to 21 T) shifts the maximum of the diffusion-

induced rate peak R1(1/T) towards higher and lower tempera-

tures, respectively.

Owing to the bad signal-to-noise ratio at very low magnetic

fields it is not feasible to perform conventional NMR experiments at

B0 values smaller than 1 T. Therefore, slow motions are difficult to

extract with NMR SLR measurements performed in the laboratory

frame of reference. These might be probed by field-cycling NMR

techniques [27,28] which, to our knowledge, have up to now not

been applied to the study of Li ion dynamics with 7Li or 6Li probes.

Another NMR technique capable of measuring SLR rates in the

laboratory reference frame at B0ðo1 T is b-radiation detected

NMR ðb-NMRÞ [29]. A well suited probe is the b-active isotope 8Li

(t1/2¼0.8 s). The 8Li nuclei (spin quantum number I¼2) are

produced and spin-polarized in situ by capture of polarized

cold neutrons (I¼1/2) by 7Li (I¼3/2) in the sample to be studied.

The resulting 8Li spin polarization is, thus, not governed by

Boltzmann’s distribution, and its relaxation to equilibrium due

to, e.g., resonance with internal fluctuating fields can be readily

monitored via the angular b-radiation distribution. The measure-

ment of the spin–lattice relaxation rate is restricted to a window

of at most 0:01=t1=2oR1o100=t1=2 [29,30]. Investigations of Li

ion dynamics in quite a number of crystalline and amorphous Li

containing solids were carried out at an early date via 8Li b-NMR

SLR rate measurements (see Refs. [30,31] for reviews). While

these studies were mainly oriented towards fundamental aspects

of Li diffusion, some of the investigated model systems, e.g., LiC6,

[32,33] LiC12, [34] LiAl, [35], and LiMg [36] have also been

considered as Li battery materials. It is noted that in a study on

diffusion-induced 8Li SLR in Li metal [37] it was exemplarily

shown that the gap between the field/frequency ranges covered

by conventional 7Li NMR SLR measurements in (i) the laboratory

and (ii) the rotating reference frame (to be discussed below) can

be bridged by b-NMR.

Diffusion processes with jump rates in the order of 105 s�1 can

be studied by NMR SLR measurements using the spin-locking

technique being carried out in the rotating frame of reference

[38–43]. The principle idea of a R1 R measurement is depicted in

Fig. 1(B). The first ðp=2Þx0 pulse tips the magnetization to the

ð�y0Þ- axis. (The prime 0 denotes the axes of the rotating frame

which rotates at a frequency o0 along the magnetic field axis).

This pulse is followed by the so-called locking pulse with the

phase �y0. In the rotating frame, it appears as a static magnetic

field along the ð�y0Þ-axis and gives rise to Zeeman splitting along

the rotating frame quantization axis �y0. Usually, the pulsed field

B1 ¼o1=gm is in the order of some mT which is about three orders

of magnitude lower than the external field B0. Accordingly, the

corresponding Zeeman splitting is much smaller than that for

NMR SLR performed in the laboratory frame of reference. Because

the initial population difference is much higher than the expected

value for Boltzmann’s distribution, the spin system relaxes

towards the new state defined by the locking field B1 being

characterized by a much lower y0-magnetization. The associated

magnetization transients M�y0 ðtlockÞ, containing the temperature-

dependent rate constant R1 R, can be recorded by varying the

length tlock of the locking pulse. Since the residual transversal

magnetization, showing up after the locking pulse, directly gives

rise to a free induction decay (FID) no additional detection pulse

is needed.

Again, the (rotating frame) Zeeman transitions are induced by

fluctuating interactions of the spins with internal magnetic

dipolar or electric quadrupolar fields. In contrast to NMR SLR in

the laboratory frame, R1 R measurements are, due to the much

smaller Zeeman splitting, sensitive to fluctuations in the kHz

range, thus, useful to close the gap between NMR SLR and

methods able to probe motions with jump rates smaller than

104 s�1 [19,14].

(�/2) x

t = 0

B1-lockingfield

FID

t = tlock

M y
FID

[...]

n (�/2) x

t = 0 t=tvar

Mz

Fig. 1. (A) Principle of an NMR R1 measurement with the saturation recovery

pulse sequence: A comb of closely spaced rf-pulses ðp=2Þx0 (n� 10) destroys the

(initial) longitudinal magnetization (Mz ¼Meq) so that Mz¼0 at t¼0. The sub-

sequent recovery of Mz(t) is probed with a single p=2-pulse which is sent after a

variable relaxation delay t¼ tvar . In most cases, MzðtvarÞ can be approximated by a

(stretched) exponential function: MzðtvarÞ ¼Meq�expð�ðtvar � R1Þ
gÞ with 0ogr1.

(B) Principle of an R1R measurement: After a p=2-pulse the magnetization M�y0 is

locked by a B1-field. Compared to the preparation pulse, the corresponding locking

pulse is phase-shifted by �p=2. The decay of M�y0 is probed as a function of the

locking pulse length tlock .
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The spin–spin (or transverse) relaxation (SSR) rate R2 can be

understood as the limit of R1r for o1-0. It is, however, measured

differently, e.g., by using the well-known Hahn-Echo pulse

sequence or, as in the case of solids, by the solid-echo pulse

sequence.

2.2. NMR relaxation in terms of spectral densities jðoÞ

As mentioned in the foregoing section, fluctuating spin inter-

actions, being caused by diffusion processes, for example, are

responsible for NMR relaxation. These include homo- and hetero-

nuclear dipole–dipole couplings (also those to paramagnetic

centers) and, if nuclei with a spin-quantum number I larger than

1/2 nuclei are considered, the quadrupolar coupling to (non-

vanishing) electric field gradients. The various interactions influ-

ence the Zeeman levels resulting in distinct shifts Do of the

Larmor frequencies of the interacting spin(s). Since the interac-

tions depend on the (relative) positions of the spin(s), they are

altered by motional processes giving rise to the aforementioned

fluctuations of Do. In a simple approach, they can be described by

an NMR correlation function G(t):

GðtÞ ¼/Doð0Þ �DoðtÞS¼ Gð0Þ � gðtÞ ð2Þ

Hereby the brackets denote the ensemble average of a powder

sample. Let us note that G(t) is not identical with the motional

correlation function. However, the correlation function certainly

contains the temporal information on the dynamic processes

because it reflects the spatial and angular dependences of the

spin interactions described by the associated Hamiltonians. The

exact form of G(t) depends on both the (relevant) spin interac-

tions and the diffusion mechanism. For random dynamics, G(t) is

a function which monotonically decays from G(0) to zero with

G(0) being a measure of the interaction strength. In the most

simple case, i.e., for isotropic random motion, g(t) is a single

exponential (see also the next section) with the decay constant

being the correlation rate of the motional process t�1
c . Certainly,

the consideration of multiple interactions of the spins as well as

anisotropic and/or non-random (correlated) motion gives rise to

more complex correlation functions, see Section 2.3.

In order to describe an NMR relaxation process, we are

interested in the components of the spectral density function

jðoÞ at o¼o0 (and o¼o1). jðoÞ, which is directly proportional

to R1 (and R1R), is readily obtained by Fourier transformation of

the correlation function g(t):

jðoÞ ¼

Z 1

�1

gðtÞexpð�iotÞ dt ð3Þ

A stringent derivation and closed theoretical description based on

first order perturbation theory for (homonuclear) magnetic dipo-

lar (as well as electric quadrupolar) relaxation [5,20–22,44]

yields:

R1 ¼ Gð0Þ � ½13 jðo0Þþ
4
3jð2o0Þ� ð4Þ

R1 R ¼ Gð0Þ � ½12 jð2o1Þþ
5
6 jðo0Þþ

1
3jð2o0Þ� ð5Þ

R2 ¼ Gð0Þ � ½12 jð0Þþ
5
6 jðo0Þþ

1
3jð2o0Þ� ð6Þ

As mentioned above, G(0) reflects the interaction strength of the

spins with local magnetic fields or electric field gradients. In case

of homonuclear dipolar relaxation it is equal to the second

moment which can be either calculated using the well-known

van-Vleck formula [45] or determined from the static line in the

rigid lattice.

2.3. BPP model for 3D isotropic random diffusion

As mentioned above, the function g(t) introduced in Eq. (2), is

not identical with the motional correlation function; rather, it has

the character of an NMR (frequency) correlation function. There-

fore, also the angular dependencies of the interaction Hamilto-

nians have an impact on g(t) which is by no means negligible in

the case of anisotropic or even spatially confined motion. In such

cases, i.e., when NMR has to be used to collect information on

geometric properties of a given diffusion process, the predictions

of suitable diffusion models are helpful to interpret the data,

which, at the best, have been measured as a function of both

temperature and frequency.

When the diffusion process is isotropic, quite often, the

temperature and frequency dependence of NMR rates can be well

described with the model introduced by Bloembergen, Purcell and

Pound. In the so-called BPP-ansatz [20], which is valid for

uncorrelated three-dimensional motion, the corresponding

correlation function g(t) is given by a single exponential,

gðtÞ ¼ expð�ð9t9=tcÞÞ with the correlation rate t�1
c given by

t�1
c ¼ t�1

c,0 expð�EA=ðkBTÞÞ, which results in a Lorentzian shaped

spectral density term jðoÞðpR1ð1RÞÞ:

jðoÞ ¼
2tc

1þðotcÞ
2

ð7Þ

For example, in the case of R1ðo0Þ this yields

R1ðo0Þ ¼
2

3
Gð0Þ �

tc

1þðo0tcÞ
2
þ

4tc

1þð2o0tcÞ
2

" #

ð8Þ

Again, in the case of homonuclear magnetic dipolar interaction,

the interaction strength G(0) can be obtained from the van-Vleck

formula [45] by taking into account the distances and coordina-

tion numbers of the interacting spins in the structure. Alterna-

tively, the order of the dipolar coupling constant can be estimated

from the NMR line width or the R2 rate recorded in the tempera-

ture regime of the rigid-lattice ðR20 ¼
ffiffiffiffiffiffiffiffiffiffi

Gð0Þ
p

Þ. For comparison, the

interaction strength of electric quadrupolar coupling is related to

the different electric field gradients the nuclei are ‘‘sensing’’ while

diffusing. It is in the order of the squared quadrupole coupling

constant dq (see above) [21,46,47,44] that can also be extracted

from NMR spectra recorded at low T. Provided the orientation of

the corresponding quadrupole coupling tensor remains

unchanged, not the absolute value of dq but the difference of

two (or more) coupling constants at different crystallographic

sites lead to the fluctuations responsible for relaxation. If ion hops

between sites with practically the same dq are considered, then

the orientation dependence of the tensor determines spin–lattice

relaxation. For heteronuclear dipolar relaxation and dipolar

relaxation at paramagnetic impurity centers, the theoretical

description is more complicated [21,48,5,49] and will be briefly

discussed in the next sections where necessary.

Deviations from a single exponential NMR correlation function

g(t) are rather the rule than the exception. Quite often, such

deviations reflect correlated motion which may be caused by, for

example, (i) a vacancy diffusion mechanism, (ii) structural dis-

order, and (iii) Coulombic interactions of the spins. However,

irrespective of the microscopic origin, the deviations from uncor-

related motion can satisfactorily taken into account by replacing

the single exponential by a stretched exponential [50,4,51–54]:

gðtÞ ¼ expð�ð9t9=tcÞaÞ ð9Þ

The stretching exponent a ranges from 0 to 1. The corresponding

Fourier transform is given by

jðoÞ ¼
2tc

1þðotcÞ
1þa

ð10Þ
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As an example, in the Arrhenius diagram of Fig. 2(A), the

temperature dependencies of the various BPP-type NMR relaxation

rates are shown. The maximum conditions of the NMR rate peaks

are given byo0 � 0:6t�1
c and o1 ¼ 0:5t�1

c , respectively [20,42]. For

uncorrelated, three-dimensional motion, the rate peaks are sym-

metric with the slope representing the activation energy EA of the

motional process, see, e.g., Ref. [55]. In the low-temperature

ðotcb1Þ and high-temperature ðotc51Þ limit, the NMR SLR rates

are proportional to t�1
c o�2 and t, respectively. Additionally,

in Fig. 2 NMR SLR rates calculated using the modified BPP model

(see Eq. (10)), which accounts for deviations from uncorrelated

motion, are included. Note that the effects arising from correlated

motion appear on the low-temperature flank only. The corre-

sponding slope is reduced by a yielding E0A which is given by aEA.
This is in contrast to those effects which arise from diffusion in

confined dimensions. In such cases, characteristic deviations from

BPP-behavior appear on the high-temperature flank [5,4] It is

typical of low-dimensional diffusion that the flanks in the limit

otc51 reveal a smaller slope compared to the 3D BPP case [5].

Moreover, the diffusion-induced NMR SLR rates in the high-

temperature range depend on the Larmor (and locking frequency)

applied. The limiting cases are, however, sensitive to the exact

microscopic diffusion model.

Note that the foregoing results exclusively deal with spin-1/2

nuclei. However, both natural Li isotopes are quadrupolar nuclei

[Ið6LiÞ ¼ 1, Ið7LiÞ ¼ 3=2]. In this case, most prominently quadrupo-

lar relaxation can take place. Consequently, the relaxation tran-

sients are no longer governed by a single exponential but by the

sum of two exponentials [47] (see also ref. [36], the Appendix in

particular). Further effects leading to non-exponential relaxation

transients might include, for example, (i) the presence of two or

more dynamically separated spin reservoirs [56,57,4] or (ii) the

effect of inhomogeneous averaging when relaxation takes place at

localized relaxation centers and spin diffusion, i.e., magnetization

transfer among neighboring nuclei, is absent, which results in a

stretched exponential of the nuclear magnetization with g¼ 0:5,

see Refs. [58,59].

3. Case studies – probing Li jump rates by NMR spin–lattice

relaxation

3.1. Li NMR spin–lattice relaxation rates of garnet-type tetragonal

Li7La3Zr2O12

In Fig. 3(A), NMR relaxometry data for Li7La3 Zr2O12 crystal-

lizing with tetragonal symmetry are shown. The NMR SLR rates R1
were measured at two Larmor frequencies o0=2p (77.7 MHz and

155.4 MHz) using the saturation recovery technique (see above).

The corresponding NMR SLR rates in the rotating frame ðR1rÞ were

recorded at o0=2p¼ 77:7 MHz using the spin-lock technique with

a pulsed locking frequency o1=2p¼ 30 kHz. At first glance, the

diffusion-induced rate peaks are very similar to the calculated

ones shown in Fig. 2. From the maxima of the SLR peaks, the

motional correlation rates can be obtained which are within a

factor of two identical with the Li jump rates, see, e.g., Ref. [37].

The rates are included in the Arrhenius diagram of Fig. 3(B). For

comparison, Li jump rates deduced from dc-conductivity measure-

ments [60,11] are also shown. The solid line in Fig. 3(B) represents

an Arrhenius fit according to Eq. (1) and yields an activation

energy of EA ¼ 0:52ð2Þ eV, see Ref. [11].

A closer look at the NMR data shown in Fig. 3(A) exhibits an

interesting deviation from the behavior expected for pure homo-

nuclear dipolar relaxation (cf. Fig. 2). Interestingly, the R1r (and

R2) rates measured at high temperatures do not coincide with the

R1 rates. In this temperature range, the rates R2 are much larger

than expected from an estimation of the interaction strength from

R20. This is accompanied by a shift of the onset of the diffusion-

induced decrease of the R2 towards higher temperatures. For

comparison, the interaction strength, which can be estimated

from R20 under the assumption of homonuclear dipolar relaxa-

tion, turned out to be an order of magnitude too low to account

for the absolute rates measured in the narrowing regime. In

contrast to that, but as expected, 7Li NMR line narrowing sets in

Fig. 2. (A) Calculated relaxation rates R1, R1r , and R2 for homonuclear

dipolar relaxation and 3D, isotropic diffusion using o0=2p¼77.7 MHz and

o1=2p¼80 kHz. The Arrhenius parameters were chosen to be EA¼0.5 eV and

t�1
0 ¼ 5� 10�14 s �1. The rate R2 in the rigid-lattice was R20 ¼ 2� 104 s �1. While

the solid lines represent uncorrelated motion (a¼ 1), the dashed line shows the

behavior found for correlation effects, here a¼ 0:5. (B) Arrhenius plot illustrating

how NMR correlation rates can be determined from the curves shown in (A). Li

jump rates can be extracted from the corresponding NMR SLR rate peaks and the

temperature dependence of R2. Within a factor of two, the Li jump rate t�1 is

identical with the correlation rate t�1
c , see, e.g., Ref. [37].
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at much lower temperatures (cf. Ref. [49]). Note that in samples

with a large concentration of paramagnetic centers, even a

motional broadening may be observed [5]. For the sake of

completeness, the Li jump rate estimated from 7Li NMR line

narrowing, taken from Ref. [11], is also included in Fig. 3(B).

Here, the ratio of R1r (or R2) and R1 found is approximately

R1r/R1¼4. This result is expected for dipolar relaxation at para-

magnetic centers when spin-3/2 nuclei are considered, see Refs.

[61,5]. Furthermore, the ratio R1(
7Li)/R1(

6Li)� 2, which has been

measured at comparable Larmor frequencies o0, also suggests a

dipolar rather than a quadrupolar NMR relaxation mechanism in

the garnet studied. The corresponding ratio in the case of quad-

rupolar NMR spin–lattice relaxation is expected to be much

larger, see, e.g., the study of Pietrass et al. on LixSnS2 [62].

The suggestion that dipolar relaxation at paramagnetic centers

is the relevant relaxation mechanism, is corroborated by analyz-

ing the different NMR SLR rates with a global-fit procedure as

described in [11]. A satisfying joint fit, by which the SLR rates are

linked with each other, is only obtained if o1 ¼olock is replaced

by an effective locking field o1 eff ¼olockþolocal. By comparing

the rates R1 and R2, a local field olocal can be estimated which is

larger than the pulsed one. Therefore, relaxation events taking

place in the vicinity of paramagnetic impurities, characterized by

their large magnetic moments, dominate the relaxation rates

measured. For comparison, in Fig. 3 the corresponding Li jump

rate associated with the R1rð1=TÞ-peak is estimated using

o1t� 0:5 as well as o1 efft� 0:5 (see the unfilled square in

Fig. 3). Here, it turned out that o1 eff � 3o1, see Ref. [11]. The

global fit is represented by solid lines in Fig. 3(A). It takes into

account a stretched exponential correlation function g(t) and

yields EA � 0:5 eV, t0 � 1� 10�14 s�1, and a� 0:5. Relaxation of

spin-3/2 nuclei at paramagnetic impurities, i.e., R2=R1 ¼ 4 in the

limit o0t51, was taken into account by multiplying the spectral

density terms in o0 and 2o0 by the factor of four. As mentioned

above, the local field was estimated from the interaction strength

obtained from fitting the R1 and R2 data only.

For comparison, in Fig. 3(B) Li jump rates deduced from both

NMR rate maxima (R1(1/T), R1rð1=TÞ) and dc-conductivity mea-

surements (see Ref. [11]) are shown. The Arrhenius line drawn,

reflects the result obtained from the NMR global fit. The good

agreement of the rates deduced from quite different methods

suggests that NMR and conductivity measurements are sensitive

to the same long-range Li diffusion process in tetragonal

Li7La3Zr2O12.

3.2. Investigation of Li dynamics in Li12Si7 by NMR spin–lattice

relaxation solely induced by distinct diffusion processes

Polycrystalline Li12Si7 serves as an interesting model substance

to study fast Li dynamics in Zintl phase anode materials having a

complex crystal structure. Fig. 4(A) shows the 7Li NMR SLR rates

R1 and R1r of crystalline Li12Si7 measured at two Larmor frequen-

cies o0 as well as two locking frequencies o1. Remarkably, the

data, which were recorded over a wide temperature range, reveal

at least three diffusion-induced NMR rate peaks. As described

above, from the NMR SLR rate maxima, lithium jump rates can be

deduced in a rather straightforward way. The corresponding jump

rates are shown in the Arrhenius diagram in Fig. 4(B). First, let us

consider the diffusion process which belongs to the maxima in

R1r as well as to the corresponding maxima in R1. showing up at

the lowest temperatures.

Here, four Li jump rates are obtained from the four maxima

(see the lines connecting Fig. 4(A) with (B). An Arrhenius fit yields

an activation energy of approximately 0.18 eV. However, the

slope of the high-temperature flank leads to 0.09 eV only, as

visible from the R1r data [63]. Additionally, the rates in the limits

o0t51 and o1t51 measured at different frequencies do not

coincide, i.e., they show a frequency dependence. As pointed out

recently, see Ref. [63], these are indications for a spatially

confined diffusion process. While the extraction of jump rates

from NMR SLR rate peaks is rather independent of a diffusion

calculated with 1

calculated with 1,eff

line narrowing

Fig. 3. (A) 7Li NMR SLR rates R1 and R1r of tetragonal Li7La3Zr2O12 measured with

the saturation recovery pulse sequence at 77 and 155 MHz. Data were taken from

Ref. [11] where the experimental details are described. The solid lines represent a

global fit with the Arrhenius parameters given by the Arrhenius line in (B). The

dashed-dotted line indicates the temperature dependence of R2. (B) Li jump rates

extracted from the NMR spin–lattice relaxation data. For comparison, correspond-

ing Li jump rates deduced from conductivity data, see Awaka et al. [60] and Kuhn

et al. [11], are also shown. The solid line represents the Arrhenius line obtained

from the global fit analysis, see also Ref. [11], of the NMR relaxation rates. Note

that the rates deduced from R1r measurements were either calculated by using

o1t� 0:5 or by using an effective locking frequency, o1 efft� 0:5, taking into

account local magnetic fields.

A. Kuhn et al. / Solid State Nuclear Magnetic Resonance 42 (2012) 2–86



45

model, information on the exact dimensionality of the hopping

process (1D or 2D), however, can be extracted only with a suitable

hopping model. Certainly, the behavior of the NMR SLR rates

found here might also be explained by assuming several addi-

tional diffusion processes.

Additionally, Li NMR line narrowing of the dipolarly broadened

central transition of Li12Si7 can be used to roughly estimate a Li

jump rate t�1. As shown in Ref. [63], motional narrowing of the
7Li NMR line yields t�1 � 1� 105 s�1 at 150 K (see Fig. 4). This is

in good agreement with the fast diffusion process probed by NMR

SLR measurements.

Wen and Huggins [66] reported a value for the self-diffusion

coefficient of Li in Li12Si7 measured at 688 K using the galvano-

static intermittent titration technique (GITT). Additionally, we

carried out preliminary pulsed field gradient (PFG) NMR mea-

surements at 298 and 313 K from which diffusion coefficients D

have been deduced [64]. Interestingly, the data from GITT and

PFG NMR, after conversion into jump rates, are in good agreement

with those obtained from NMR relaxometry corroborating the

small activation energy of approximately 0.2 eV found. Since

(macroscopic) tracer-like diffusion coefficients are available from

GITT and PFG NMR the consistency found serves as a good

indication that the very fast diffusion process probed by NMR

SLR measurements is indeed of long-range nature.

Certainly, it is worth noting that the conversion of tracer-like

diffusion coefficients used here is based on several simplifica-

tions. Here, we assumed a correlation factor f¼1 connecting the

macroscopic diffusion coefficient D from GITT and PFG NMR with

the microscopic Einstein–Smoluchowski diffusion coefficient Dsd

available by NMR spin–lattice relaxation, D¼ f Dsd. Note that Dsd

depends on the dimensionality d of the diffusion process and is

given by D¼ a2=ð3dtÞ where a represents the jump distance.

However, even if good agreement between Dsd and D is found,

this does not allow a clear conclusion on the dimensionality of the

dynamic process. Some uncertainties may easily give rise to a

factor of two describing the difference of the jump rates esti-

mated from the various methods. For example, the effective jump

distance used for the estimate might be different from than that

one simply deduces from the crystal structure. Such a false

estimation might be easily rationalized by considering a diffusion

pathway where the jumping ion transitionally occupies intersti-

tial positions. Moreover, the NMR correlation rate might differ

from the exact (mean) Li jump rate.

Going back to Fig. 4, at least two additional jump processes in

Li12 Si7 can be extracted from the NMR relaxation data. These are

clearly characterized by the features expected for 3D diffusion [4].

In particular, the NMR SLR rates in the limit o0ð1Þt51 turn out to

be independent of frequency [63]. As illustrated in Fig. 4 the

activation energies (viz 0.32 eV and 0.55 eV) obtained from the

Arrhenius plot t�1ð1=TÞ are very similar to those which can be

obtained from the respective high-temperature NMR flanks

R1 Rð1=TÞ. Note that for the faster of the 3D processes the R1
maximum is also visible as a slight shoulder (see the NMR SLR

rates measured at 77.7 MHz, arrow in Fig. 4(A). Due to tempera-

ture limitations, for the slower 3D process the NMR SLR rate

maxima are only visible in the R1r data.

For comparison, in Fig. 4(B), Li jump rates obtained from

preliminary 2D (magic angle spinning) MAS exchange NMR

measurements are also included [65]. Based on the assignments

of the NMR lines to the crystallographic positions in Li12Si7, see

Refs. [67–69], the rates deduced from 2D MAS NMR, carried out at

ambient bearing gas temperature, reflect Li exchange processes in

which the Li6 and the Li3 sites are involved. The Li6 ions are

located between the Si6�5 rings in Li12 Si7; the Li3 ions reside in the

direct neighborhood of the Li6 ion. Expectedly, the Li6 ions are

more tightly bound as compared to other Li ions in Li12Si7. Hence,

}

Fig. 4. (A) Arrhenius plot of the 7Li NMR SLR rates R1 and R1r of polycrystalline

Li12Si7. Data were recorded at the frequencies indicated. Dashed lines mark the

diffusion-induced NMR rate peaks which belong to the same (extremely fast) Li

diffusion process in Li12Si7. The dashed-dotted and solid line represent Arrhenius

fits in the limito1t51 in order to determine the activation energy EA of the slower

diffusion processes showing up at higher T. (B) Li jump rates extracted from the

diffusion-induced NMR SLR data shown in (A). For comparison, the Li jump rates

which can be extracted from static 7Li NMR line narrowing ð%Þ as well as from

preliminary 2D exchange MAS NMR ðnÞ and PFG MR measurements ð’Þ are also

included [64,65]. While the dashed line represents an Arrhenius fit yielding 0.18 eV

for the fastest process (see text for further details), the other Arrhenius lines were

drawn using the activation energies deduced from the high-temperature flanks of

the NMR SLR rate peaks shown in (A). Data were partly taken from Ref. [63].
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this easily rationalizes the low exchange rate and the higher

activation energy found.

Finally, let us comment on the SLR relaxation mechanism in

Li12Si7. In contrast to the situation in Li7La3Zr2O12, the ratio R1(
7Li)/

R1(
6Li)� 40 suggests that 7Li NMR relaxation is dominated by a

quadrupolar mechanism. R1rðolockÞ reveals that local fields are

much smaller than in the case of Li7La3Zr2O12. An analysis of the

interaction strength is not as clear-cut as in the case of the garnet

studied. An estimation shows that the apparent interaction

strength, which can be obtained from a global-fit procedure, is

highest for the fastest process and diminishes for the slower

processes. Note, not all of the ions take part in the respective jump

processes at the same time. Finally, by fitting the data with the

modified BPP expression (see above), also the stretching exponents

a of the underlying motional correlation function can be obtained.

Interestingly, the three diffusion processes seem to be governed by

non-exponential correlation functions characterized by a¼ 0:7,

a¼ 0:5, and a¼ 0:6. This shows that Li diffusion in the silicide

Li12Si7 is considerably influenced by correlation effects [54] due to

Coulomb interactions, for example. In particular, the observed

deviation from random motion for the slower diffusion processes

found might be explained by preferences of backward jumps of

those ions which are more tightly bound than others (see above).

4. Conclusions

7Li NMR spin relaxometry is a reliable – though sometimes time-

consuming – tool for profound investigations of Li dynamics in solids.

Certainly, the method is highly applicable provided the samples

under study do not undergo significant structural changes. Exem-

plarily, two recent NMR studies of our group have been presented

highlighting the capabilities of NMR SLR rate measurements to study

Li jump rates and activation energies. In the ideal case, an NMR SLR

study includes both R1 and R1r measurements preferentially carried

out over a wide temperature and frequency range. In such cases, the

data are expected to contain comprehensive information on the

dynamic processes present. While variable-temperature NMR spin-

relaxometry gives access to dynamic parameters, frequency-depen-

dent measurements may help clarify the dimensionality of a diffu-

sion process. Moreover the detailed analysis of the shape of

diffusion-induced NMR rate peaks offers the possibility to obtain

valuable information on the underlying motional correlation func-

tions determining the dynamic process. These information, as

exemplarily outlined for Li7La3Zr2O12 and Li12Si7, might be of great

help to characterize further (non-paramagnetic) materials being

relevant as components for battery applications.
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Chapter 3

Li Ion Dynamics in Garnet-type Li

Electrolytes Li7La3Zr2O12

3.1 Garnet-type Li electrolytes and LLZ

In the recent years, garnet-type Li electrolytes - first introduced by the Weppner group - have at-

tracted a lot of attention due to their high ionic conductivity combined with a large electrochemical

window. [115–136] In 2007, Murugan et al. [18, 137] reported on the garnet-type electrolyte of the

composition Li7La3Zr2O12 (LLZ) crystallizing with cubic symmetry (space group Ia3̄d). Cubic

LLZ was found to exhibit a RT conductivity of 3×10−4 S/cm, an activation energy as low as 0.34

eV, and chemical stability of the material against molten Li. These promising results can be consid-

ered as a breakthrough towards all-solid-state Li secondary batteries. Eversince this publication,

LLZ has been in the focus of many research group and corporates. [20, 21, 27–31, 33, 34, 138–152]

However, it took the community more than 4 years to reproduce the high conductivity of Murugan

et al. and to begin to understand its origin. This chapter can be understood as contribution of

this scientific process.

3.2 LLZ crystallizing with tetragonal symmetry ↔ LLZ crys-

tallizing with cubic symmetry

In 2009 Awaka et al. published a consistent study on Li7La3Zr2O12 (LLZ) containing single crys-

tal diffraction data, Rietveld analysis with a structural model, and impedance spectroscopy data.

Most probably, the authors were attempting to reproduce the results published by Murugan et

al. earlier. In contrast to the LLZ sample published by Murugan et al., the LLZ sample obtained

by Awaka et al. crystallized with tetragonal symmetry (space group I 41/acd (142), see Fig. 3.1).

The RT conductivity of this tetragonal LLZ sample was about 2 orders of magnitude lower than

the one reported for the cubic modification. The activation energy was roughly 0.5 eV. Thus, the

conductivity of the tetragonal LLZ is in the range typical of oxide Li superionic conductors (cf.

section 2.1.3). Clearly, the behavior of this LLZ sample was rather expected than the extraordinar-
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Figure 3.1: The structure model of tetragonal LLZ Li7La3Zr2O12 (space group I 41/acd (142)).

The picture is taken from Ref. [20].

ily high conductivity of the cubic LLZ. The differences between these two modifications are rather

small, i. e. - most prominently - a slight distortion of the lattice parameters below 2% leading

to the lower tetragonal symmetry. Already at this point, it can be assumed that some additional

structural changes must be the reason for the high conductivity in the cubic sample of.

Clearly, before attempts should be made to understand the unusual situation of cubic LLZ, the

exact characterization of the usual situation found in tetragonal LLZ should be considered. This

was done here for a tetragonal LLZ sample provided by V. Thangadurai by means of impedance

spectroscopy, 7Li NMR relaxometry/line shape analysis, and 7Li SAE NMR was part of this the-

sis. The results are already published [21, 26]; the papers are presented below (pages 50-68). The

results of Awaka et al. were corroborated, a single isotropic diffusion process was observed. More

recent results on this LLZ sample (SFG NMR, re-evaluation of all measurements) follow the two

papers presented below.

In 2011, Geiger et al. reported that tetragonal LLZ undergoes a gradual phase transition to

cubic LLZ at temperatures above 400 K. [28] Indeed, this phase transition was also observed for

our tetragonal LLZ sample, see Fig. 3.2. Interestingly, this phase transition did not lead to any

observable changes in the Li mobility, neither in conductivity nor in relaxometry - a first hint

that the cubic modification alone is not the reason for the high conductivity of some cubic LLZ

samples. A second LLZ sample provided by V. Thangadurai was a mixture of cubic LLZ and two

tetragonal LLZ phases with slightly different lattice constants. This sample showed exactly the

same diffusivity as the tetragonal sample.

In the same study, Geiger et al. emphasized that small amounts of Al stabilize the cubic modifi-

cation at room temperature. The same result was also suggested by Japanese researchers in a US

patent [139]. Indeed, the samples provided by V. Thangadurai were free of Al as corroborated by
27Al MAS NMR.

In the framework of the BMBF project KVN, F. Tietz (FZ Jülich, Germany) provided a cubic LLZ

sample. The XRD pattern is in very good agreement with those reported in the literature [18,28].

The 27Al MAS NMR spectrum showed the same lines as reported in Ref. [28] for the Al-doped

LLZ. The Li diffusivity as measured by impedance spectroscopy and NMR relaxometry, however,
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Figure 3.2: Temperature-dependent XRD patterns of the LLZ sample provided by V. Thangadurai

that is tetragonal at RT. The sample undergoes a gradual and reversible phase transition to the cu-

bic modification. The measurement was performed with a Bruker D8 Advance X-ray diffractometer

and a high-temperature cell (HTK-1200N, Anton-Paar).

was hardly distinguishable from that found for the tetragonal LLZ sample. The results of this

study are summarized in the paper shown below (pages 71-83). At least now, it was clear that the

cubic modification is not a sufficient condition for the high Li diffusivity.

As a next step a Al-doped cubic LLZ sample which indeed showed the high conductivity as re-

ported in Ref. [18] was examined. The sample was provided by H. Buschmann (group of Prof. Dr.

J. Janek, University of Gießen). The high Li mobility could be corroborated by means of 7Li NMR

relaxometry and true dc conductivity measurements. The results have been published and the

paper is shown below (page 84-98). For the LLZ prepared by H. Buschmann, after the publication

of this first paper, a complete 6Li NMR relaxometry study, an impedance spectroscopy study, and

an SFG NMR study were performed in order to get more insight into the dynamics occurring in

the Al-doped cubic LLZ. The global fit analyses of all data point to a intragrain diffusivity char-

acterized by roughly 0.3 eV. These results directly follow the mentioned paper (Buschmann et al.,

Ref. [19] and pages 84-98).

Trying to understanding why one of the Al-doped LLZ samples showed the high Li ion conductivity

and the other did not, led to a cooperation project with A. Düvel (a PhD student in the same group)

who focused on mechanochemical synthesis during his PhD. A. Düvel developed a mechanochemi-

cal synthesis route for the cubic LLZ which includes a milling step and a low-temperature reaction

step. The mechanochemical synthesis allows the exact adjustment of the cationic ratios which

is not possible for the high-temperature necessary in conventional synthesis. This allows a sys-

tematic study of the effect of Al on structure and dynamics. From the XRD and 27Al results I

concluded that Al does not only replace Li - as assumed in the literature before - but also Zr and

La. Thus, Al doping affects the garnet network of LLZ and most probably goes along with strong

local distortions of the lattice. The Li dynamics was studied by means of NMR line narrowing

for all samples (more than 30) and, for selected samples, by means of additional techniques. The

manuscript (submitted to J. Phys. Chem. C) of this study is added below (pages 105-115).
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Li self-diffusion in garnet-type Li7La3Zr2O12 as probed directly by diffusion-induced
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Li self-diffusion in garnet-type Li7La3Zr2O12, crystallizing with tetragonal symmetry at room temperature,

is measured by temperature-variable 7Li spin-spin as well as spin-lattice relaxation (SLR) nuclear magnetic

resonance (NMR) spectroscopy. The SLR NMR rates which were recorded in both the laboratory and the rotating

frame of reference pass through characteristic diffusion-induced rate peaks allowing for the direct determination

of Li jump rates τ−1, which can be directly converted into self-diffusion coefficients Dsd. The NMR results

are compared with those obtained from electrical impedance spectroscopy measurements carried out in a large

temperature and wide frequency range. Taken together, the long-range diffusion process, being mainly responsible

for ionic conduction at ambient temperature, is characterized by an activation energy of approximately 0.5 eV,

with τ−1
0 ≈ 1 × 1014 s−1 being the pre-exponential factor of the underlying Arrhenius relation.

DOI: 10.1103/PhysRevB.83.094302 PACS number(s): 66.30.−h, 76.60.−k, 82.56.−b, 82.47.Aa

I. INTRODUCTION

Crystalline solids with a high Li-ion conductivity1–5 but
a vanishing electronic conductivity are of great importance in
current developments of new chemically resistant electrolytes.
Such materials are urgently needed in the field of clean and safe
energy storage systems such as powerful supercapacitors as
well as advanced high-energy density lithium-ion batteries.6–10

Recently, garnet-type Li7La3Zr2O12 crystallizing with cubic
symmetry11 has attracted great attention9,10,12 because of
its high ionic conductivity.11 At room temperature the bulk
conductivity of a sample with cubic symmetry is reported to be
high enough to make the development of all-solid-state Li-ion
batteries feasible.11,12 The tetragonal phase of Li7La3Zr2O12

shows an Li-ion conductivity in the order of 10−6 S cm−1

at ambient temperature.13 This value is comparable to that
of most oxide ceramics belonging to the group of good
Li-ion-conducting solids, which includes also those of the large
family of structurally complex garnet-type compounds studied
during the past years.2,9,10,14–19

So far, Li transport properties in garnets of the composition
Li7La3Zr2O12, as well as others,9 have been exclusively
studied by (alternating-current) impedance spectroscopy.11–13

Alternatively, Li nuclear magnetic resonance (NMR)
techniques20–28 can be used to provide direct insights into
Li dynamics and to quantify the ion diffusivity in solids
precisely over a large dynamic range.29–32 NMR is a non-
destructive and noncontact method, making it advantageous
over other techniques capable of studying ion dynamics.
For example, no elaborate postpreparation of the samples
including sintering procedures to minimize influences of, for
example, blocking grain boundaries, or the application of
electrodes, as in the case of impedance spectroscopy, are
necessary when NMR techniques are used.

Although a huge number of NMR studies have been
published dealing with Li diffusion properties in solids,
to our knowledge, only few studies33–36 employing NMR
spectroscopy to probe structural as well as diffusion
parameters in Li-containing garnets can be found in the

literature. While Koch and Vogel34 used 7Li stimulated-echo
NMR spectroscopy to trace slow Li dynamics in garnet-type
Li5La3Nb2O12, van Wüllen et al.33 took advantage of
6Li 2D exchange NMR spectroscopy to reveal details
on the migration mechanism in the same sample. Such
investigations are indispensable in order to determine local
Li environments, as well as to enlighten the origins of fast Li
dynamics in solids. Additionally, the reliable measurement of
Li self-diffusion parameters from a microscopic point of view,
as it is possible in the case of most of the NMR techniques,21

provides valuable information to help identify as well as
purposefully modify those candidates having the potential to
be used as solid electrolytes.

In the case of Li7La3Zr2O12 [space group I41/acd (tetrago-
nal phase),13 Ia3d (cubic phase)37], Li spin-lattice relaxation
(SLR) NMR relaxation experiments (see, e.g., Refs. 20,21
and 38–45) are ideally suited to probe Li jump rates which
can be directly converted into Li self-diffusion coefficients
by applying the Einstein-Smoluchowski equation.21,32,46–48 In
the present contribution, purely diffusion-induced 7Li SLR
NMR rates of Li7La3Zr2O12 in both the laboratory and rotating
frame of reference were recorded over a large temperature
range. The sample studied shows tetragonal symmetry at room
temperature. The NMR results are comprehensively compared
with those obtained from electrical impedance spectroscopy
measurements, leading to a consistent picture of Li dynamics
in highly pure Li7La3Zr2O12.

II. EXPERIMENT

Tetragonal Li7La3Zr2O12 was prepared by conventional
solid-state reaction. Stoichiometric amounts of the starting
materials (Li2CO3, La2O3, and ZrO2) were mixed, put in an
alumina crucible, and heated at 1173 K in air for 24 h. An ex-
cess (10 wt%) of Li2CO3 was added to compensate for any loss
of lithium due to volatilization. After that, the mixture was air-
quenched and analyzed by x-ray powder diffraction (XRPD)
using a D8 Advance diffractometer (Bruker) operating

094302-11098-0121/2011/83(9)/094302(11) ©2011 American Physical Society
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with Cu Kα radiation at 40 kV and 40 mA (see Fig. 1). Some
XRPD patterns were recorded in situ using a high-temperature
cell HTK-1200N (Anton-Paar) at elevated temperatures. For
the NMR measurements performed under static conditions the
polycrystalline sample was fire-sealed in quartz tubes under
vacuum.

6Li magic angle spinning (MAS) NMR spectra (Fig. 2)
as a function of delay time were recorded with a single-pulse
experiment. For that purpose an Avance III NMR spectrometer
(Bruker) connected to a precisely shimmed cryomagnet with
a magnetic field of 14.1 T was used. The field strength corre-
sponds to a resonance frequency of approximately 88 MHz. A
standard MAS NMR probe (2.3-mm rotors) was employed.
The spinning frequency νrot was 30 kHz. As in the case
of the 7Li NMR data, a single room-temperature 6Li NMR
SLR rate was estimated with the help of a saturation recovery
experiment.21,49 For comparison, some 6Li MAS NMR spectra
were recorded at 73 MHz and νrot = 39 kHz. The spectra
shown in Fig. 2 were referenced to 1 M LiCl.

7Li SLR NMR rates in both the laboratory as well as the
rotating frame of Refs. 21 and 49 were recorded with an MSL
100 spectrometer (Bruker) which is connected to an Oxford
cryomagnet with a magnetic field of 4.7 T. This corresponds
to a 7Li resonance frequency of 77 MHz. A standard probe as
well as a home-built high-temperature probe were used for the
7Li SLR NMR measurement. The temperature in the sample
chamber was monitored by an Oxford ITC4 with an accuracy
of about ±0.5 K. The ITC controls the output of a heater
placed inside the probe and its interplay with a stream of either
freshly evaporated nitrogen or ambient air. Additional 7Li
SLR NMR measurements were carried out using an MSL 400
spectrometer with the same setup and at a resonance frequency
of 155 MHz (9.4 T). 7Li SLR times (T1) were recorded
using the saturation recovery pulse sequence.21,49 Analogous
measurements in the rotating frame of reference (T1 ̺) were
acquired with the spin-lock technique49 at a locking frequency
of ω1/2π ≈ 30 kHz. The recycle delay was at least 5T1. In both
cases the transients were fitted with stretched exponentials.
Presumably, such a time behavior is an indication of coupling

FIG. 1. (Color online) XRPD of Li7La3Zr2O12 proving its tetrag-

onal symmetry at room temperature. Vertical lines indicate intensities

and diffraction angles calculated on the basis of the neutron diffraction

study of Awaka et al. (Ref. 13).

FIG. 2. (Color online) (Left) 6Li MAS NMR spectrum of garnet-

type Li7La3Zr2O12 recorded at νrot = 30 kHz and a resonance

frequency of 88 MHz. The solid line shows a spectrum obtained

from 16 scans which were accumulated at an interval of 2400 s; for

the second spectrum (dashed line) 12 scans were accumulated and

the delay time was set to 9000 s so that full 6Li NMR SLR is ensured

(see text). The main signal can be attributed to Li ions occupying the

distorted octahedral sites 16f and 32g. The signal with much lower

intensity reflects Li ions residing in the tetrahedral interstices. (Right)
6Li MAS NMR recorded with the same relaxation delays but at 73

MHz and νrot = 39 kHz. Up to 64 scans were accumulated.

of the hopping Li ions with paramagnetic impurities. 7Li NMR
spectra (155 MHz) were obtained by Fourier transformation
of the free induction decays (FIDs) measured with a 90◦ pulse
applying the quadrature detection technique.49 Additionally,
(fully relaxed) 7Li-stimulated echo (here spin-alignment echo)
NMR spectra were recorded at the same frequency with the
Jeener-Broekaert pulse sequence20,24,50–52 in order to enhance
the NMR signal of satellite intensities. Up to 512 scans were
accumulated to obtain a satisfying signal-to-noise ratio. Mix-
ing and preparation time were chosen as short as possible.53

Li-ion conductivities were measured with a Novocontrol
impedance spectrometer which is equipped with a BDS
1200-sample cell and a Beta analyzer (Novocontrol). The
latter is capable of measuring impedances down to 10−14 S at
frequencies ranging from a few µHz to 20 MHz. Temperature
regulation and controlling within an accuracy of about 0.5 K
was carried out with a Quattro cryosystem (Novocontrol)
using dry nitrogen gas. The root-mean-square ac voltage was
typically 0.1 to 1.0 V. Prior to the measurements the powder
samples were uniaxially cold pressed at 1 GPa to cylindrical
pellets (8 mm in diameter and ca. 1 mm in thickness). The
thickness of each pellet was measured with a vernier caliper.
Electrodes were applied either by Au evaporation using an
Edwards 306 or by pressing the uncoated pellet between Pt
powder according to a sandwich configuration.

III. RESULTS AND DISCUSSION

A. Characterization of the sample by 6Li MAS NMR

Prior to the temperature-variable NMR measurements, the
as-prepared sample was characterized by XRPD as well as
(high-resolution) 6Li MAS NMR spectroscopy carried out at
ambient bearing gas pressure corresponding to approximately
308 K. It shows the typical XRPD pattern of phase-pure
tetragonal Li7La3Zr2O12 (Fig. 1), as shown in Ref. 13. Similar
to a very recently published study37 on Li7La3Zr2O12, which
motivated us to carry out some additional in situ XPRD

094302-2
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measurements, the crystal structure slightly changes and the
symmetry gradually increases from tetragonal to cubic at
elevated temperatures. Whereas in Ref. 37 the transformation
starts at approximately 400 K, in the present study it is shifted
by almost 200 K toward higher T . Presumably, this reflects the
higher purity of the sample investigated here. Li7La3Zr2O12

showing purely cubic symmetry is expected to be formed at
temperatures larger than 623 K in the present case. However,
as we show below, these gradual changes in local structure
seem to have almost no effect on the Li jump rates measured,
which strictly follow Arrhenius behavior over a wide dynamic
range.

The room-temperature 6Li MAS NMR spectra shown in
Fig. 2 are dominated by a signal which can be attributed to
Li ions on the distorted octahedral interstices 16f and 32g in
the garnet-related-type structure of tetragonal Li7La3Zr2O12.
Only at sufficiently long delay times does a second component
show up which is shifted to negative ppm values by about
1.2 ppm (see Fig. 2). The signal with low intensity can be
attributed to Li ions occupying the tetrahedral 8a sites in
the tetragonal garnet. In the case of a fully relaxed spectrum
recorded at a delay time of 9000 s, the corresponding area
fraction is approximately 14(1)% of that of the total area. This
is in perfect agreement with the crystal structure proposed by
Awaka et al.13 The 8a sites are fully occupied by Li ions;
i.e., 14.3% of the Li ions reside on tetrahedral interstices.13

The assignment of the two signals is also consistent with
that reported by van Wüllen et al.33 who observed two 6Li
NMR signals for Li5La3Nb2O12 having a related structure to
tetragonal Li7La3Zr2O12. Since the two components are well
separated, two individual 6Li SLR times T1 can be measured.
Interestingly, T1 of the main component is approximately 5 s
at 88 MHz, whereas that of the other component is on the
order of at least 1200 s at 308 K. Thus, from a dynamic
point of view the two spin reservoirs are also well separated
(cf. Refs. 33 and 36). At room temperature the Li ions
representing the minor component are much less mobile
than those residing on the octahedral sites. This is in good
agreement with the result of van Wüllen et al. who analyzed
6Li 2D exchange NMR spectra.33 Provided these features do
not change much with increasing temperature,54 in the case of
the 7Li NMR SLR rate measurements presented below, the
rates are exclusively determined by the fast Li ions on
the octahedral positions. This is due to the circumstance that
the rates were recorded using delay times of up to 5T1 = 200 s
(at 230 K; see below). For comparison, at 77 MHz the 7Li SLR
NMR time turned out to be 2.4 s (308 K), indicating that the
diffusion-controlled relaxation mechanism, when probed at
ambient temperature, is mainly of dipolar nature for which
T1(7Li)/T1(6Li) ≈ 1/2 is expected (see, e.g., Ref. 55 for an
analogous estimation).

B. Temperature-variable (static) 7Li NMR spectra

Simultaneously with the measurements of 7Li SLR NMR
rates (see below) we have recorded 7Li NMR spectra (Fig. 3)
under static conditions and over a wide temperature range.
They provide rough information on the diffusion parameters
controlling Li hopping at low temperatures in phase-pure
Li7La3Zr2O12. Moreover, when a larger temperature range is

regarded they might provide information on possible structural
changes upon heating. The complete 7Li (spin-quantum
number I = 3/2) NMR line of a powdered sample consists
of two components, viz. a first-order quadrupole distributed
satellite contribution (±3/2 ↔ ±1/2) and the central one
(1/2 ↔ −1/2), which is only broadened by nuclear dipole
interactions of the spins. At first, the focus is directed
toward the central transition of the Li NMR spectra. Satellite
intensities, are expected if the 7Li nuclei are placed in sites
with a nonvanishing electric field gradient. Such contributions,
if they span a wide range of frequencies corresponding to a
large quadrupole coupling constant, can be made visible by
using suitable NMR echo techniques (see the spectra labeled
(a), (b) and (c) shown in the insets of Fig. 3). Satellite
intensities are difficult to detect when the spectra are simply
obtained by Fourier transformation of the free induction decays
(main spectra of Fig. 3). These difficulties are simply caused
by receiver dead time effects cutting off sharply decaying
components at the initial part of the FID.

1. 7Li NMR spectra: Central lines

Below 260 K the shape of the dipolarly broadened 7Li
NMR central line is Gaussian-like and shows a width (full
width at half maximum) of approximately 8.6 kHz. This
value represents the so-called rigid lattice line width δ0; in
this regime Li motions are characterized by jump rates much
smaller than 103 s−1. With increasing Li motions 7Li-7Li
dipole-dipole interactions are increasingly averaged, resulting
in a narrowing of the width δ which is already decreased to
1.2 kHz when T reaches 333 K. As expected, the narrowing
process is accompanied by a change of the line shape from a
Gaussian to a Lorentzian. At approximately 400 K the regime
of extreme narrowing (T → ∞) is reached where δ = δ∞ is
solely determined by inhomogeneities of the external magnetic
field. In that region, dipole-dipole interactions are completely
averaged due to sufficiently fast Li diffusion, indicating an
average jump rate on the order some tens of kHz in this
temperature range.

In Fig. 4 the NMR line width δ is plotted as a function
of temperature, exhibiting a typical motional narrowing (MN)
curve. A few approaches can be found in the literature aiming
at the analysis of δ(T ) curves in order to estimate the activation
energy of the underlying Li diffusion process. If the full
δ(T ) curve cannot be determined, the activation energy of
the underlying Li hopping process can be estimated by using
the empirical expression of Waugh and Fedin,56

EWF
a = 1.617 × 10−3 · Tc/K, (1)

where Tc, denotes the so-called onset temperature of MN.
With Tc ≈ 290 K, EWF

a amounts to be approximately 0.47 eV,
which is here in good agreement with the value probed by SLR
NMR, as shown below. The dashed line in Fig. 4 shows a fit
according to the ad hoc formalism introduced by Abragam57

for motional averaging of dipole-dipole interactions:

δ(T ) =

√

δ2
0

2

π
arctan

[

ςδ(T )τ0 MN exp

(

EMN
a

kBT

)]

+ δ2
∞,

(2)
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FIG. 3. Temperature-variable 7Li NMR spectra of polycrystalline

garnet-type Li7La3Zr2O12 recorded at a resonance frequency of

155 MHz. The spectra were obtained directly from the FIDs

of the 7Li SLR NMR measurements in the laboratory frame

of reference. The insets (a), (b), and (c) represent NMR

spectra obtained after Fourier transformation of 7Li NMR

spin-alignment echoes beginning from their top. See text for further

details.

where ς is a fit parameter here chosen to be one. kB

denotes Boltzmann’s constant and τMN
0 represents the pre-

exponential factor of the corresponding correlation time τMN
c .

The activation energy EMN
a turned out to be approximately

0.43 eV, thus underestimating the precise value Ea obtained
from SLR NMR by approximately 10% (see below). The same
activation energy is obtained when τMN

c (δ) values are cal-
culated and plotted vs the inverse temperature 1/T (see the
inset of Fig. 4). However, analyzing the data according to the
phenomenological equation of Hendrickson and Bray, which
is given in Ref. 58, yields a much higher activation energy,
although the resulting fit, which is not shown for the sake of
clarity here, nearly coincides with that shown in Fig. 4. This
difference clearly indicates that in some cases the extraction of
quantitative information from temperature-variable line widths
measurements is fraught with large difficulties. Even within a
given approach these difficulties appear; the solid line in Fig. 4
represents an alternative fit according to Eq. (2), however, with
the fit parameter EMN

a being fixed at 0.5 eV. This is roughly
the activation energy probed by impedance spectroscopy
(see below). The very small differences of the two fits reveal
that irrespective of the validity of these models for spin-3/2
nuclei, highly precise line width measurements are required to
give accurate results. Obviously, small errors in measurement
could have a large impact on the resulting parameters of
interest.

Nevertheless, line-shape measurements are highly valuable
for a rough estimate of diffusion parameters in ionically
conducting solids.32,33,59–63 Here, the results indicate that the
maximum of the diffusion-induced 7Li SLR NMR rate peak
[R1̺(1/T )], when recorded at a locking frequency ω1/2π in
the kHz range, should show up between 300 K and 400 K.
Indeed, this is exactly found for the garnet-type oxide studied
here (see below).

FIG. 4. (Color online) 7Li NMR line widths δ of the central line

versus temperature. The dashed line represents a fit according to

Eq. (2) with no restrictions for the adjustable parameters. The solid

line shows the same fit, however, with Ea being fixed at 0.5 eV. (Inset)

Arrhenius plot of the correlation rates τ−1
a of Eq. (2). The solid line

shows a fit according to the corresponding Arrhenius relation and

yields Ea ≈ 0.43 eV.
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2. 7Li NMR spectra: Quadrupole intensities

In order to study the temperature behavior of the quadrupole
intensities (see above), complete NMR spectra were recorded
by using the stimulated echo technique. Exemplarily, in the
insets of Fig. 3 7Li spin-alignment echo NMR spectra are
shown which were acquired with the Jeener-Broekaert pulse
sequence. Besides its central line, the room temperature 7Li
NMR spectrum of tetragonal Li7La3Zr2O12 exhibits a powder
pattern of satellite intensities. In the tetragonal phase of
Li7La3Zr2O12 the Li ions occupy distinct crystallographic sites
being characterized by different electric field gradients. Most
likely, the quadrupole intensity is composed of distinct patterns
belonging to the Li ions residing on the distorted octahedral
sites13 (see above). However, distinct patterns are difficult to
resolve because of dipole-dipole interactions broadening the
spectrum. From the outer wings an average coupling constant
Cq of approximately 108 kHz can be estimated.

At a sufficiently large Li jump rate, on the order of τ−1 ≈
105 s−1, quadrupole interactions are expected to be averaged
to a great extent provided an isotropic diffusion process is
present in which all Li sites participate equally. In fact, in the
NMR spectrum recorded at 333 K (see inset (b) of Fig. 3)
any significant contributions from quadrupole interactions are
absent. However, as can be seen from the Fourier transforms
of the FIDs in Fig. 3, a new quadrupole powder pattern
emerges characterized by a much smaller coupling constant
of C ′

q ≈ 4.6 kHz. This is more apparent in the stimulated
echo NMR spectrum (inset (a) of Fig. 3). In general, in
single-phase materials this reflects incomplete averaging of
quadrupole couplings and indicates an anisotropic diffusion
process; for comparison, see also Ref. 39. Here the change
from tetragonal to cubic symmetry (see Ref. 37) might also be
related to this observation. When the temperature is increased
to 663 K the intensity of these residual satellite contributions
finally decreases. At even higher temperatures a single NMR
resonance is expected due to complete averaging. Most likely,
besides the main diffusion process causing line narrowing,
averaging of quadrupole interactions governing the spectrum
at room temperature (inset (c) of Fig. 3) as well as NMR SLR
(see below), the ions seem to get access to further diffusion
pathways if the temperature is sufficiently high. However,
owing to the small value of C ′

q this additional process has
to be characterized by a very small exchange rate since full
averaging is not reached at 663 K yet. It might reflect Li
exchange between the two spin reservoirs made visible in
Fig. 2, which are also present in Li7La3Zr2O12 with cubic
symmetry. While the majority of the Li ions in the octahedral
interstices govern the diffusion properties of Li7La3Zr2O12,
Li ions occupying tetrahedral sites take part in the diffusion
process at higher temperatures only. However, the latter has
a negligible influence on the overall jump rates measured
below.

C. 7Li NMR spin-lattice relaxation rates

1. Basics of 7Li NMR spin-lattice relaxation

Within an NMR relaxation experiment the equilibrium state
of a spin system exposed to an external magnetic field B0 is
perturbed in a specific way by a short external radio frequency

pulse. Immediately after excitation the spin system will start
to return to its state of thermal equilibrium. The recovery
of longitudinal magnetization Mz, that is, the magnetization
aligned with the external magnetic field, is called spin-lattice
relaxation. This process can be recorded when the recovery
of Mz along the axis z defined by the magnetic field B0

is monitored as a function of waiting (or delay) time t .
Usually, the transient Mz(t) follows an exponential containing
the temperature-dependent SLR NMR rate R1 = 1/T1 (or
R1 ̺ = 1/T1 ̺), being a measure of the transition probability
of the spins between distinct Zeeman levels.

In general, if SLR is solely induced by diffusion processes,
the rate R1 (̺) is proportional to the spectral density function
J (ω), which is the Fourier transform of the correlation function
G(t). G(t) contains the temporal information of the atomic
diffusion. It describes the internal fluctuating dipolar magnetic
or quadrupolar electric fields due to the motion of the ions.
Transitions between the energy levels of the spin system
will be induced and SLR becomes effective, when J (ω) has
components at the transition frequencies ω = ω0 and ω = ω1,
respectively. The SLR NMR rates may be expressed in terms
of the Lorentzian-shaped spectral density functions J (q)(ω0(1))
given in, for example, Refs. 57 and 64:

R1 ∝ J (1)(ω0) + J (2)(2ω0), (3)

R1 ̺ ∝ J (0)(2ω1) + 10J (1)(ω0) + J (2)(2ω0). (4)

J (q)(ω0(1)) with q = 0, 1, 2 denote spectral densities which
result in transitions of spin pairs where the combined angular
momentum changes by qh̄. h̄ is Planck’s constant divided by
2π . The phenomenological SLR NMR model introduced by
Bloembergen, Purcell, and Pound (BPP) considers random
jump diffusion. The correlation function is assumed to be an
exponential,65

G(t)(q) = G(q)(t = 0) exp(−|t |/τc), (5)

leading to a Lorentzian-shaped spectral density function,

J (q)(ω) = G(q)(t = 0)
2τc

1 + (ωτc)β
with β = 2 (BPP). (6)

The temperature dependence of the correlation time τc or
the corresponding rate can be described by an Arrhenius
relation,

τ−1
c = τ−1

c,0 exp[−Ea/(kBT )]. (7)

Altogether, the diffusion-induced relaxation rate R1, measured
at ω = ω0 (or ω = ω1), first increases with increasing T

(low-T range, ω0τ ≫ 1), passes through a maximum at a
specific temperature Tmax, and then decreases [high-T range,
ω0τ ≪ 1)]. Taking into account the frequency dependence of
R1(ω0(̺),T ), the behavior can be summarized as follows:

R1 (̺) ∝







exp[Ea low/(kBT ))], if T ≫ Tmax,

ω
β

0(1) exp[−Ea high/(kBT )], if T ≪ Tmax.

(8)

Tmax = f (ω0(̺)) decreases with decreasing Larmor and
locking frequency, respectively. The absolute value of ω0 is
linked to the external homogenous magnetic field B0 via ω0 =
γB0, where γ is the magnetogyric ratio of the probe nucleus.
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FIG. 5. 7Li NMR SLR rates of garnet-type Li7La3Zr2O12

recorded in both the laboratory (•) and the rotating frame of reference

(◦). The solid lines show fits according to Eqs. (3) and (4). Data

points marked with a dot were excluded from the fit (see text for

further details). The dashed-dotted line illustrates the deviation of the

rate peak R1 ̺(1/T ) from simple BPP-type behavior characterized by

β = 2.

Usually B0 has a value of several teslas so that ω0/2π is of the
order of 100 MHz. At the temperature Tmax(ω0) where the rate
maximum appears, the correlation rate τ−1

c , which is within a
factor of two identical with the mean Li jump rate τ−1, is of the
order of ω0 meaning ω0τc ≈ 1. The temperature dependence
of τ−1 is given by an Arrhenius relation being analogous
to that of the correlation rate: τ−1 = τ−1

0 exp (−Ea/kBT ) .

Thus, SLR NMR measurements allow for the determination
of extremely fast Li jump processes characterized by rates on
the order of 109 s−1. If the diffusion-induced maximum is
recorded, τ−1(1/Tmax) can be directly determined. Regarding
SLR NMR measurements performed in the rotating frame of
reference,49,66 ω0 has to be replaced with the locking frequency
ω1 and B0 with the radio-frequency magnetic field B1. The
locking field B1 corresponds to ω1/2π values in the kHz range,
making the method ideal for the detection of slower Li motions
with jump rates on the order of 105 s−1.

2. Arrhenius plot of the 7Li SLR NMR data and analysis of the

diffusion-induced rate peaks

7Li SLR NMR rates of Li7La3Zr2O12 measured at ω1/2π =
30 kHz as well as ω0/2π = 77.8 MHz are plotted in the
Arrhenius diagram of Fig. 5. As indicated by the line
widths analysis (see above), the rate maximum shows up at
approximately Tmax = 325 K and 530 K, respectively. The
mean Li jump rates at these two temperatures turn out to be
1.9 × 105 s−1 and 4.9 × 108 s−1, respectively. As expected,
the SLR NMR rate peak recorded at ω0/2π = 155.5 MHz
is slightly shifted to higher temperatures. While its shape
equals that of the peak recorded at the lower field, the
maximum shows up at 570 K. The jump rate can be easily
converted into the self-diffusion coefficient Dsd by means
of the Einstein-Smoluchowski equation. In the case of 3D

diffusion Dsd is expressed by Dsd = a2/(6τ ), where a is the
jump distance which can be identified with the average Li-Li
distance.13 With a being of the order of 2 Å the diffusion
coefficient at Tmax = 325 K amounts to 1.3 × 10−17 m2 s−1

and increases to 3.3 × 10−14 m2 s−1 when T is raised to 530 K.
Interestingly, an asymmetric rate peak R1 ̺(1/T ) is ob-

tained; that is, the slope of the low-temperature flank (T <

330 K) is lower than that of the high-temperature side, leading
to Ea low < Ea high. Analyzing just the data points on the
flanks of this peak, the corresponding activation energies are
Ea,low = 0.32(3) eV [the same value is found for the R1(1/T )
peak] and Ea,high = 0.48(3) eV, respectively. Asymmetric rate
peaks are predicted by several BPP-based relaxation models
taking into account correlation effects such as Coulomb inter-
actions and/or structural disorder.21 In particular, this holds for
amorphous (glassy) ion conductors with an irregularly formed,
time-dependent potential landscape the ions are exposed to
while diffusing. Li diffusion in such materials is governed by
nonexponential correlation functions reflecting a distribution
of jump rates (as well as activation barriers).32,67,68 In general,
in the regime τcω1 ≫ 1, i.e., on the low-temperature side of
R1̺(1/T ), only few Li jumps are sampled in the time interval
set by ω1. Therefore, Li motions taking place on a shorter
length scale mainly cause SLR in this temperature regime.
This is in contrast to the situation on the high-temperature
flank, where τcω1 ≪ 1 holds (see above) and long-range Li
diffusion parameters are probed, which reasonably implies
Ea,low < Ea,high.

The asymmetry of a SLR NMR rate peak is taken into
account in Eq. (6) when the exponent β is allowed to adopt
values in the interval 1 < β � 2.21 The original BPP model,
which has been developed for uncorrelated jump diffusion,
contains a quadratic dependence of the SLR NMR rate on
frequency [β = 2; see Eq. (6)], leading to symmetric rate
peaks; that is, Ea low = Ea high = Ea . Solid lines in Fig. 5
represent fits according to Eqs. (3) and (4) for R1 and R1 ̺,
respectively. The angular frequencies ω0 and ω1 were kept
constant. The spectral density functions J (q)(ω0(1)) are defined
in Ref. 64 considering exponential correlation functions.
The functions J (q)(ω0(1)) are of the form of Eq. (6) taking
into account 1 < β � 2 leading to R1(̺) ∝ ωβ in the limit
ω0(1)τc ≪ 1. On the high-temperature flank of the diffusion-
induced rate peak the SLR rate is independent of frequency.
In the case of R1 ̺ NMR measurements the fit shown in
Fig. 5 yields Ea = 0.47(2) eV and β = 1.7(1). The same
parameters can be used to describe the R1 peak. The results
fulfill the relation Ea,low = (β − 1) · Ea,high given in Ref. 21.
As an illustration the dashed-dotted line of Fig. 5 indicates the
shape of R1 ̺(1/T ) for uncorrelated motion. This means that it
represents the behavior for β = 2 leading to a symmetric rate
peak.

Let us mention that the data points marked by dots
were excluded from the fits shown. The R1 rates recorded
below approximately 260 K are increasingly governed by
nondiffusive background effects caused, for example, by
lattice vibrations or coupling of the spins with paramagnetic
impurities. Above 530 K the R1 ̺ rates are already influenced
by R1 [see Eqs. (3) and (4)]. Hence, the measured rate turned
out to be larger than expected without this contribution. It is
roughly taken into account in the global fit shown below.

094302-6



56

Li SELF-DIFFUSION IN Li7La3Zr2O12. . . PHYSICAL REVIEW B 83, 094302 (2011)

FIG. 6. (Color online) Temperature dependence of the 7Li NMR

SSR rates R2 of Li7La3Zr2O12. The dashed line represents a fit

according to an Arrhenius law yielding an activation energy of

0.50(3) eV. For comparison, the rates R1 of Fig. 5 are shown, too.

3. Brief analysis of 7Li spin-spin relaxation NMR rates

Compared with Ea = 0.47(2) eV obtained from SLR NMR
performed in the rotating frame of reference, a very similar
activation energy can be deduced from temperature-variable
spin-spin relaxation (SSR) NMR rate measurements when the
temperature regime of MN is analyzed. SSR NMR rates R2,
which were recorded at a resonance frequency of 77 MHz, are
plotted in the Arrhenius diagram of Fig. 6. For comparison,
the corresponding rates R1 are shown, too. In terms of spectral
densities J (q) the rate R2, when governed by homonuclear
dipole-dipole interactions, reads21

R2 ∝ J (0)(0) + 10J (1)(ω0) + J (2)(2ω0). (9)

If the Li jump rate τ−1 is much smaller than ω0, the rate R2 is
approximately given by

R2 ∝ J (0)(0) ∝ τ, (10)

which holds for J (0)τ ≪ 1 or G(0)τ 2 ≪ 1 (MN regime; see
above). This condition is violated at very low temperatures
where τ−1 ≪ R2 (rigid lattice), that is, in the limit G(0)τ 2 ≫ 1.
As mentioned above, the spins experience slightly different
dipolar interactions, leading to a Gaussian distribution of
frequencies around the mean value ω0. The rigid-lattice result

is given by R20 =
√

G(0) = const. Here, 1/R20 = T20 turns out
to be about 45 µs. In the present case Eq. (10) is valid in the
temperature range from 300 K to 430 K. From the dashed line
in Fig. 6 an activation energy of approximately 0.5 eV can
be deduced, which is in good agreement with that probed by
impedance spectroscopy (see below). As in the case of R1 ̺,
at much higher temperatures, that is, in the so-called extreme
narrowing regime, J (1)(ω0) and J (2)(2ω0) increasingly start to
contribute to transverse relaxation (see the deviations of the
data points in Fig. 6 with respect to the dashed line).

FIG. 7. (Color online) 7Li NMR SLR rates R1 as well as R1̺

recorded at ω1/2π = 30 kHz and at 77 and 155 MHz. The solid lines

represent a global fit according to Eqs. (3) and (4). The dashed-dotted

line indicates the position of the SSR rates R2 shown in Fig. 6. At

higher T the R2 rates follow the behavior of R1 ̺. Note that the fitting

functions were modified such that dipolar relaxation is taken into

account (see text for further details). Furthermore, ω1 was replaced

by an effective locking frequency ωeff taking into account the coupling

of the Li spins with paramagnetic centers. The data points marked by

dots were excluded from the fit.

4. Global analysis of the NMR relaxation rates

Careful inspection of the NMR rates shows that at the
highest temperature, i.e., in the limit ω0τ ≫ 1, the ratio
R2/R1 is approximately given by R2/R1 ≈ 4. This is in
good agreement with the prediction R2/R1 = (I + 1/2)2

for (magnetic dipolar) coupling to paramagnetic impurities
which is obtained for half-integer spins (I > 1/2) when
only the central transition is regarded.69 Such couplings
are taken into account by the so-called global fit shown in
Fig. 7, where all the fitting parameters of the three curves,
that is, Ea , τ−1

0 , β, as well as the other prefactors, are
linked to each other. In other words, a single diffusion
process with a set of temperature-independent parameters is
assumed.

The R2/R1 ratio is implemented in the fit by multiplying
the respective J (i)(ω0) terms in Eq. (4) with a factor of four.
It is important to note that a successful joint fit can only
be obtained when ω1 is replaced by an effective locking
frequency ωeff taking into account local magnetic fields caused
by paramagnetic impurities. Comparing the prefactor of Eq. (3)
with that one deduced from the second moment yields ωeff ≈
2ω1. The corresponding jump rate (see the above estimation
using ω1 instead of ωeff) increases accordingly.

Taken together, the joint fit of Fig. 7, which also makes
use of an exponent β with 1 < β � 2 (see above), yields
an activation energy of 0.54(4) which is slightly larger than
that obtained by analyzing the rate peaks independently of
each other (see Fig. 6). From the global fit a β value of
1.5(1) is obtained which might indicate that a nonexponential
correlation function governs Li diffusion in the garnet. The
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pre-exponential factor amounts to approximately τ−1
0 = 1.4 ×

1014 s−1, which is in the typical range of phonon frequencies.

D. Comparison with results from impedance spectroscopy

For the comparison of Li jump rates deduced from SLR
NMR with results from impedance data (presented in Fig. 8),
the measured conductivity values σ ′ characterizing the bulk
response of Li7La3Zr2O12 have been converted into jump rates
τ−1.

This has been done by means of the Nernst-Einstein and
Einstein-Smoluchowski equations. The first one connects σ ′ =
f (T ), which is the real part of the complex conductivity σ̂ ,
with the tracer diffusion coefficient Dtr via the Haven ratio HR,

Dtr = HR

σ ′kBT

Nq2
. (11)

Here we have assumed HR = 1. q in Eq. (11) represents the
charge of the Li ions and N denotes the number density
of charge carriers in the garnet. The macroscopic diffusion
coefficient Dtr is related via the correlation factor f to
the microscopic self-diffusion coefficient, Dtr = f Dsd. The
correlation factor f reflects the degree of correlated motion
of the charge carriers. It ranges between 0 and 1. f = 1 is
obtained for uncorrelated motion. Using Dsd = a2/(6τ ) (see
above) τ−1 and σ ′ are connected to each other according to
the following expression:

τ−1 = HRf
6kBT

Nq2a2
· σ ′. (12)

Here σ ′ equals the so-called dc conductivity σ ′
dc which is

obtained when the conductivity, which is measured as a
function frequency ν, is extrapolated to ν → 0. Figure 8(a)
shows some typical impedance spectra σ ′(ν), illustrating
the difficulty to determine σ ′

dc characterizing Li transport
in the bulk of polycrystalline Li7La3Zr2O12 prepared as a
powder sample. These difficulties arise from the presence
of very pronounced blocking effects being caused by grain
boundaries as well as metallic electrodes [Fig. 8(a)]. In the case
of cold-pressed and nonsintered pellets these contributions
dominate the impedance spectra at high temperatures and
(or) low frequencies, in particular. Determination of ion
conductivities using Cole-Cole plots is fraught with the same
uncertainties. The different contributions of the electrical
response can also be distinguished by plotting the real part
of the capacity as a function of frequency. The bulk response
is characterized by a capacitance of approximately 4 pF while
those associated with grain boundary processes and electrode
effects are in the order of 100 and 107 pF, respectively. In
Fig. 9 the τ−1 rates calculated from the bulk σ ′

dc values which
were read out from the ac-conductivity isotherms shown in
Fig. 8(a) (nonsintered pellet) are plotted versus the inverse
temperature. For this estimation, we have simply assumed
f = 1.

For a direct comparison with NMR results, the Li jump
rates obtained from the diffusion-induced rate peaks are also
included in Fig. 9. Note that in the case of R1 ̺ the upper value
is calculated using ωeff while the other one simply by the use
of ω1. The data point labeled by MN corresponds to a Li jump
rate estimated from the inflexion point of the MN curve shown

in Fig. 4. At the corresponding temperature the jump rate
can be estimated according to the relation τ−1 ≈ 2πδ0. The
consistency of the absolute values shows that both methods
obviously probe the same Li dynamics in Li7La3Zr2O12. While
conductivity measurements can be regarded as a tool probing
transport in a macroscopic way, SLR NMR spectroscopy is
capable of measuring the same parameters from a microscopic,
that is, atomic-scale point of view. It takes advantage of
internal dipolar-magnetic as well as quadrupolar-electric field
fluctuations caused by the diffusive motion of the spins. While
NMR is sensitive to Li motions characterized by residence
times of the order of the inverse Larmor or locking frequency
given by ω−1

0 ≈ 1 ns and ω−1
1 ≈ 1 µs, respectively, σ ′

dc values
were measured in the frequency range from 0.1 s to 1 µs. Thus,
SLR NMR performed in the rotating frame of reference as well
as impedance spectroscopy probe Li jump rates on the same
time scale, however, in a quite different manner. The solid line
shown in Fig. 9 represents an Arrhenius fit using all the data
points shown except the one at the lowest temperature. The
so-called long-range activation energy, being relevant for the
application of the material in lithium-ion batteries, turned out
to be Ea = 0.52(2) eV and the pre-exponential factor τ−1

0 is
on the order of 1 × 1014 s−1. The activation energy deduced
is in good agreement with that one probed by analyzing the
diffusion-controlled NMR relaxation rate peaks as well as
temperature-variable NMR SSR rates. From the fit of Fig. 9
the room-temperature diffusion coefficient Dsd turned out to be
1.8 × 10−18 m2 s−1. Interestingly, the gradual transition from
a tetragonal to a cubic phase37 (see above) is hardly reflected by
the data. Thus, slight local changes in the structure do not show
a significant influence on the dynamic parameters governing
Li hopping in highly pure garnet-type Li7La3Zr2O12.

In order to prove in another way that the low-frequency
part of the impedance spectra shown in Fig. 8(a) is not
related to bulk processes, the impedance pellet was annealed
in air at high temperatures. Sintering the pellet at 1098 K (or
1148 K) leads to impedance spectra which are, particularly
at low temperatures, increasingly dominated by the electrical
response of the bulk material. Hence, σ ′

dc can be easier read
out from the ac-conductivity isotherms shown in Fig. 8(b).
As expected, the bulk response remains nearly unaffected by
this annealing process. Presumably, small differences might
be explained by slight structural changes (see above), as well
as a possible loss of lithium after the material was exposed to
very high temperatures. Here the corresponding rates (or σ ′

dc

values) of the sintered material nearly coincide with those of
the as-prepared sample. The results obtained from the latter,
which was investigated by NMR, are shown in Fig. 9. At high
frequencies and low temperatures the σ ′

dc plateau reflecting
bulk conductivity merges into the (frequency-dependent)
dispersive regime of σ ′(ν). Below approximately 135 K σ ′(ν)
becomes independent of temperature and tends to follow the
power law σ ′(ν) ∝ νs . For structurally disordered materials
the fractional exponent s takes values in the range from 0.5
to 0.8 in most cases (universal dynamic response).70 Here, s

turned out to be 0.77 at T = 135 K.
Finally, in the Arrhenius plot of Fig. 8(c) bulk ion

conductivities of Li7La3Zr2O12 are shown. For comparison,
the corresponding conductivity values of the low-frequency
plateau of Fig. 8(a) are also included. At ambient temperature

094302-8



58

Li SELF-DIFFUSION IN Li7La3Zr2O12. . . PHYSICAL REVIEW B 83, 094302 (2011)

FIG. 8. (Color online) (a) Impedance spectra σ ′(ν) of Li7La3Zr2O12 recorded at the temperatures indicated. The spectra are composed of

different contributions reflecting electrode polarization, grain boundary, and bulk response (see, e.g., the highlighted spectra recorded at 298 K).

The latter becomes most evident at low temperatures and merges into a dispersive regime at higher frequencies. σ ′
dc of the bulk response is read

out at the corresponding inflexion points. The uncertainty is somewhat less than half an order of magnitude (see also Fig. 9). At the lowest

frequencies and highest temperatures, polarization effects showing up being characteristic for metallic electrodes blocking Li-ion transport.

(b) Impedance spectra σ ′(ν) of Li7La3Zr2O12 obtained after sintering the pellet at 1148 K. For comparison, the spectrum recorded at 298 K

recorded before annealing is also shown. (c) σ ′
dc (plotted as σ ′

dcT vs 1/T ) of the bulk response [see (b), sintered sample] as well as of the

low-frequency conductivity plateau of the nonsintered sample [cf. panel (a)]. The solid line shows a fit according to σ ′
dcT ∝ exp [−Ea/(kBT )],

yielding Ea = 0.47(2) eV (bulk). The dashed line corresponds to Ea = 0.87(2) eV. For comparison, the data published recently by Awaka

et al. are also shown (Ref. 13).

the lithium-ion dc conductivity of the bulk process is about
1.2 × 10−6 S cm−1. This is in very good agreement with that
one reported by Awaka et al.13 The data follow an Arrhenius
law characterized by an activation energy of approximately
0.46 eV. Almost the same value is probed by diffusion-
induced 7Li NMR SLR when the high-temperature flank of
the diffusion-induced rate peak R1 ̺(1/T ) is analyzed.

FIG. 9. (Color online) Temperature dependence of the Li jump

rate in garnet-type Li7La3Zr2O12 as obtained from various NMR

methods as well as ionic conductivity measurements. The jump

rates deduced from R1 NMR measurements were obtained at two

different Larmor frequencies (see Sec. III C 1). For comparison, the

conductivity data of Awaka et al. (Ref. 13), which were converted into

Li jump rates according to Eq. (12), are also included. See Ref. 13

for details concerning these data points.

IV. CONCLUSIONS AND OUTLOOK

Polycrystalline garnet-type Li7La3Zr2O12, which was pre-
pared by conventional solid-state synthesis, was investigated
by temperature-variable NMR relaxation techniques particu-
larly by monitoring purely diffusion-induced NMR SLR rate
peaks in both the laboratory and the rotating frame of reference.
While NMR line-shape measurements provide first insights
into the Li dynamics in Li7La3Zr2O12, the fully recorded
rate peak at a locking frequency of 30 kHz allowed, besides
the observation of correlation effects, the precise and direct
determination of Li self-diffusion parameters around ambient
temperature. Altogether, the parameters characterizing Li
dynamics, viz. jump rates and activation energies obtained
by NMR, are in good agreement with those deduced from
macroscopic conductivity measurements carried out in this
study, as well as those reported in the literature quite recently.
Let us note that the latter are often fraught with difficulties due
to the unavoidable postpreparation of the sample specimens.
In contrast, NMR is a noncontact method. Taken together,
at ambient temperature the Li self-diffusion coefficient is
in the order of 10−18 m2 s−1. Li hopping in the garnet
structure is thermally activated characterized by Ea ≈ 0.5 eV.
Interestingly, when the tetragonal garnet is used as starting
material, the smooth transformation to a cubic phase, whose
structure is very similar to that of the tetragonal phase, has
negligible influence on the Li jump rates deduced (see Fig. 9);
their temperature behavior can be described by a single
diffusion process. Thus, from a dynamic point of view the
highly pure garnet-type Li7La3Zr2O12 investigated here acts
like a single-phase material.

This is corroborated by recent NMR measurements in
our laboratory. Ongoing NMR experiments of a mono-
clinic distorted Li7La3Zr2O12 does not show any significant
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differences compared to the sample studied here. SLR NMR as
well as frequency-dependent conductivity measurements on a
sample, which was prepared such that it shows cubic symmetry
at ambient temperature, are in progress in our laboratory. First
results indicate that NMR SLR rates of a relatively pure, nonan-
nealed sample are very similar to those presented in this work.
Thus, slight structural changes seem to have no measurable
influences on ion conductivity in the pure three-component
system Li2O:La2O3:ZrO2. It has to be checked in detail what
the origins are for the large increase in ion conductivity
observed for a cubic sample of Li7La3Zr2O12 previously.11 At
least partially, it might be due to the incorporation of impurities
such as Al cations, as proposed quite recently.37
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6A. S. Aricó, P. G. Bruce, B. Scrosati, J.-M. Tarascon, and W. V.

Schalkwijk, Nature (London) 4, 366 (2005).
7P. G. Bruce, B. Scrosati, and J.-M. Tarascon, Angew. Chem. Int.

Ed. Engl. 47, 2930 (2008).
8M. Whittingham, Chem. Rev. 104, 4271 (2004).
9E. J. Cussen, J. Mater. Chem. 20, 5167 (2010).

10A. Ramzy and V. Thangadurai, ACS Appl. Mater. Interfaces 2, 385

(2010).
11R. Murugan, V. Thangadurai, and W. Weppner, Angew. Chem.

Intern. Ed. 46, 7778 (2007).
12M. Kotobuki, H. Munakata, K. Kanamura, Y. Sato, and T. Yoshida,

J. Electrochem. Soc. 157, A1076 (2010).
13J. Awaka, N. Kijima, H. Hayakawa, and J. Akimoto, J. Solid State

Chem. 182, 2046 (2009).
14V. Thangadurai, S. Adams, and W. Weppner, Chem. Mater. 16, 2998

(2004).
15V. Thangadurai and W. Weppner, J. Am. Ceram. Soc. 88, 411

(2005).
16V. Thangadurai and W. Weppner, Adv. Funct. Mater. 15, 107 (2005).
17R. Murugan, W. Weppner, P. Schmid-Beurmann, and V. Thangadu-

rai, Mater. Res. Bull. 43, 2579 (2008).
18V. Thangadurai and W. Weppner, J. Power Sources 142, 339

(2005).
19V. Thangadurai, H. Kaack, and W. Weppner, J. Am. Ceram. Soc.

86, 437 (2003).
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51R. Böhmer, T. Jörg, F. Qi, and A. Titze, Chem. Phys. Lett. 316, 419

(2000).
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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

10953-8984/12/035901+08$33.00 c© 2012 IOP Publishing Ltd Printed in the UK & the USA
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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
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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



67

J. Phys.: Condens. Matter 24 (2012) 035901 A Kuhn et al

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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[25] Bräunling D, Pecher O, Trots D M, Senyshyn A,
Zherebtsov D A, Haarmann F and Niewa R 2010 Z. Anorg.
Allg. Chem. 636 936

[26] Aatiq A, Ménétrier M, Croguennec L, Suard E and
Delmas C 2002 J. Mater. Chem. 12 2971

[27] Wilkening M, Romanova E E, Nakhal S, Weber D,
Lerch M and Heitjans P 2010 J. Phys. Chem. C 114 19083

[28] Heitjans P, Schirmer A and Indris S 2005 Diffusion in
Condensed Matter—Methods, Materials, Models 2nd edn,
ed P Heitjans and J Kärger (Berlin: Springer)
chapter 9, pp 369–415
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Figure 3.3: 7Li SFG NMR transients of the tetragonal LLZ sample. At the five highest tempera-

tures, diffusion coefficients could be deduced from the data.

3.3 SFG NMR on the tetragonal LLZ

3.3.1 Results

7Li static-field-gradient NMR measurements were performed in the static field gradient of a 14.1-T

cryomagnet (B0=9.4 T, g=69 T/m, quadrupolar echo pulse sequence). The SFG echo transients

of the tetragonal LLZ sample (provided by V. Thangadurai) are shown in Fig. 3.3. The solid lines

represent regressions according to Eqn. 3.1

I/I0(2τ) = exp

(

−2τR2 −
2

3
Dγ2g2τ3

)

(3.1)

with the pulse separation τ , the spin-spin relaxation time R2, the diffusion coefficient D, the gy-

romagnetic ratio γ and the magnetic field gradient g. Note that the decay due to diffusion follows

a different time dependence (cubic exponential) than that due to relaxation (single exponential).

Therefore, it is easy to distinguish between both cases. In the present case, above 423, it is possible

to extract diffusion coefficients from the data.

The tracer-diffusion coefficients obtained from the regression of the transients were translated

into jump rates (τ−1 = 6D/a2) assuming a jump distance a of 3 Å (in contrast to Ref. [21] where

a = 2 Å was assumed), see turquoise diamonds in Fig 3.4. Hereby, the error bars of the SFG rates

marked by the horizontal lines are the errors of the regression, the vertical ones the maximum un-

certainty of the method (uncertainty of the field gradient). The original graphic shown in Fig. 3.4

was taken from Ref. [21] and the new results were added. The conductivity data (red squares) was

shifted according to the new assumption of the jump distance a = 3 Å. The purple line represents

the global fit of the NMR relaxometry data. Additionally, the correlation rates obtained from SAE

NMR (see Ref. [26] and pages 61-68) are included. SAE rates measured at a field of 77 MHz are

also added. These were recorded with two different evolution times τe (12 µs and 25 µs). For both

evolution times, the same SAE rates were obtained. Therefore, the points represent both evolution

times.
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Figure 3.4: Arrhenius plot of the Li jump rates obtained from various methods under the assump-

tion of a jump distance a = 3 Å. purple line: NMR relaxometry global presented in Ref. [21]).

Red squares: conductivity (a = 3 Å, HR = 1, f=1). Turquoise diamonds: calculated from SFG

NMR tracer diffusion coefficients (a = 3 Å, f = 1) obtained from the transients shown in Fig. 3.3.

Points: SAE correlation rates measured at 116 MHz and 77 MHz. The figure was taken from [21]

and modified accordingly.

3.3.2 Concluding remarks

Comparing the nuclear microscopic method NMR relaxometry (purple line) and SFG NMR, clearly,

the Li jump process seen in NMR relaxometry and SAE NMR is of long-range nature. The activa-

tion energy and absolute values (under the assumption of a = 3 Å) are in good accordance for these

long-range and short-range nuclear methods. Under the assumption of a = 3 Å, HR = 1, f=1,

the non-nuclear long-range technique dc-conductivity yields jump rates that are in good agreement

with the jump rates obtained from the nuclear methods. The conductivity seems to be due to a

single, well-defined, Arrhenius-activated Li hopping diffusion process. With the methods available,

no anisotropy in the diffusivity could be observed.
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Spin-Lattice Relaxation

Lithium-ion dynamics in the garnet-type solid electrolyte “Li7La3Zr2O12” (LLZ) crystallizing with
cubic symmetry was probed by means of variable-temperature 7Li NMR spectroscopy and ac
impedance measurements. Li jump rates of an Al-containing sample follow Arrhenius behavior
being characterized by a relatively high activation energy of 0.54(3) eV and a pre-exponential factor
of 2.2(5)× 1013 s−1. The results resemble those which were quite recently obtained for an Al-free
LLZ sample crystallizing, however, with tetragonal symmetry. Hence, most likely, the significantly
higher Li conductivity previously reported for a cubic LLZ sample cannot be ascribed solely to
the slight structural distortions accompanying the change of the crystal symmetry. Here, even Al
impurities, acting as stabilizer for the cubic polymorph at room temperature, do not lead to the
high ion conductivity reported previously.

1. Introduction

In recent years, Li containing garnets have attracted large interest due to their po-

tential usage as electrolytes in all-solid-state Li secondary batteries [1–8]. The high

lithium-ion conductivity of such ceramics showing good electrochemical stability to

lithium metal makes them promising candidates to be used, for example, in thin-film

batteries [9].

* Corresponding author. E-mail: kuhn@pci.uni-hannover.de



72

526 A. Kuhn et al.

In particular, garnet-type Li7La3Zr2O12 (LLZ) crystallizing with cubic symmetry

has captured the attention of the materials science community due to its extraordi-

narily high room-temperature lithium-ion conductivity which is 3×10−4 S cm−1 [10].

Interestingly, the corresponding Li conductivity of the tetragonal modification [11] is

only 1.6×10−6 S cm−1. However, the structural differences of the two modifications

are rather small with respect to the garnet-type network [La3Zr2O12]
−7 [11,12]. This

raises the question whether the distortion of the lattice, which amounts to less than

2%, is solely responsible for the large difference in ion conductivity observed. Quite

recently, Geiger et al. assumed that traces of Al ions incorporated during the high-

temperature synthesis of cubic LLZ play an important role in the enhancement of the

conductivity observed [12]. Note that an Al-containing sample of cubic LLZ, which

was complementarily investigated by some of us using impedance measurements and

NMR spectroscopy [13], indeed showed the extremely high lithium-ion conductivity

mentioned above. Doping with Al might create additional vacancies at the regularly oc-

cupied Li sites, for example. However, in view of the large fraction of unoccupied Li

sites already present in (phase-pure) cubic LLZ [12], the effect of additionally gener-

ated Li vacancies on the Li ion conductivity might be too small to solely account for

the enhancement found.

Irrespective of such an effect, evidences have been found that the Al3+ ions incor-

porated do stabilize the cubic modification relative to the tetragonal one [12]. Whereas

an Al-free sample with cubic symmetry is reported to be the non-quenchable high-

temperature form [12], the tetragonal modification can be obtained at much lower syn-

thesis temperatures [11,14] or, alternatively, by the use of Pt crucibles, for example [12].

In agreement with these observations, Al-free tetragonal LLZ reversibly transforms into

the cubic polymorph at elevated temperatures as reported recently [12,14]. However,

as has been shown by some of us [14], no change in ion conductivity is associated

with this phase transformation. This indicates that the slight structural changes coming

along with the increase of the symmetry do not alter the Li transport parameters sig-

nificantly. These readily follow a single Arrhenius line over a large dynamic range of

several orders of magnitudes [14].

Whereas the studies available so far give evidences that incorporation of Al is ben-

eficial to stabilize the cubic modification at room temperature as mentioned above,

the corresponding influence on lithium ion dynamics is still unclear. The investiga-

tions published until now bring up the question whether the increased ion conduc-

tivity observed can solely be ascribed to Al doping. In the present study, lithium-ion

dynamics of an LLZ sample, which is slightly contaminated with Al ions, is com-

prehensively studied by both time-domain 7Li NMR measurements and ac impedance

spectroscopy, i. e., from a microscopic and macroscopic point of view [15–17]. The

results are compared with those of an Al-free sample crystallizing with tetragonal

symmetry [11,14]. Surprisingly, although the sample studied here expectedly shows

the typical X-ray powder pattern of a garnet crystallizing with cubic symmetry, the

lithium-ion conductivity turns out to be rather low and is very similar to that of

the (Al-free) tetragonal modification [11,14]. Thus, stabilization of the cubic modi-

fication by appropriate doping with a trivalent cation such as Al might be not the

only reason of the enhanced conductivity found in some of the LLZ samples studied

so far.
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2. Experimental

Li7La3Zr2O12 crystallizing with cubic symmetry was prepared by a conventional solid-

state reaction. Highly pure Li2CO3, ZrO2 and La2O3 were used as starting materials.

With regard to the stoichiometric mixture, an excess of 10 wt. % of Li2CO3 was used

to compensate for any Li loss expected at high temperatures. After grinding, the mate-

rials were placed in an alumina crucible and calcined at 1253 K for several hours and,

following a second grinding step, heated at 1500 K for 1 h once again. The amount of

Al introduced into the sample during this procedure has been determined by inductively

coupled plasma optical emission spectroscopy (ICP-OES 750, Varian) to be 1.1 wt. %.

X-ray powder diffraction (XRPD) data were recorded on a Bruker D4 Endeavor

diffractometer using a reflection geometry, Cu Kα1,2 radiation and a secondary Ni fil-

ter. 4000 data points were collected with a step width of 0.02◦ in the 2Θ range from

10 to 90◦. XRPD data were analyzed by TOPAS 4.2 (Bruker AXS) software. During

refinements, the general parameters such as scale factors, background parameters and

zero point errors were optimized. Profile shape calculations were carried out on the

basis of standard instrumental parameters using the fundamental parameter approach

implemented in the program, also varying the average crystal size (integral breadth)

of the reflections. The phases have been considered in the total pattern calculations ei-

ther as crystal structures or hkl phases. Energy-dispersive X-ray (EDX) mapping was

performed with a Jeol 6390 scanning electron microscope equipped with a JEOL JED-

2300 Analysis Station in order to get insight into the elemental distribution in different

crystallites.

Static 7Li NMR line shape and spin-lattice relaxation (SLR) rate measurements

were performed with a modified Bruker MSL 100 and an MSL 400 spectrometer each

connected to an Oxford cryomagnet with nominal fields of 4.7 T and 9.4 T, respec-

tively. Both commercial and home-built probes (designed for high temperatures) were

used. 7Li SLR NMR rates were recorded with the standard saturation recovery pulse

sequence, 10×π/2 – tdelay – π/2 – acquisition, using 14 different delay times tdelay . The

magnetization transients were in satisfying agreement with single-exponential relax-

ation. Alternatively, the transients were fitted with stretched exponentials in order to

account for small deviations from single-exponential behavior. The rates obtained from

the two fits yielded comparable results.

High-resolution, i. e., magic angle spinning (MAS), 27Al and 6Li NMR measure-

ments were performed on an Avance III spectrometer (Bruker) connected to a Bruker

cryomagnet with a nominal field of 14.1 T. A commercial 2.5 mm-MAS probe (Bruker)

was employed which allowed spinning speeds of up to 30 kHz. NMR spectra were

referenced to an 1N aqueous solution of Al(NO3)3.

Ac impedance measurements were performed with a Novocontrol impedance spec-

trometer Concept 80 equipped with a BDS 1200 sample cell and an Alpha analyzer

(Novocontrol) in the frequency range from 0.1 Hz to 10 MHz. Impedance spectra were

recorded at temperatures ranging from 198 K to 523 K. Pt electrodes were applied to the

non-sintered pellets which were 8 mm in diameter and approximately 1 mm in thick-

ness. The measurements were performed under a stream of heated nitrogen. Prior to

the first measurement, the sample was dried at 523 K for 30 min in order to remove any

moisture.
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Fig. 1. XRD pattern of the cubic LLZ sample investigated which contains a small amount of Al. The main

peaks of the impurities detected (LiAlO3, Li2Zr2O7, Li2CO3) are additionally highlighted (see legend).

Note that these do overlap with some of the peaks of LLZ. For comparison, the XRD pattern of tetragonal

LLZ according to Ref. [11] is shown.

3. Results and discussion

3.1 Sample characterization

3.1.1 X-ray powder diffraction

Analysis of the XRPD pattern of the prepared LLZ sample (Fig. 1) reveals the cubic

modification as described by Geiger et al. [12] to be the main phase with a content of

approximately 97 wt. %. Some additional peaks with low intensity point to impurities

such as La2Zr2O7, LaAlO3, and Li2CO3. The actual amount of Li2CO3 determined by

Rietveld analysis is uncertain due to the low crystallinity of the sample which leads to

rather broad peak widths.

3.1.2 27Al and 6Li MAS NMR spectra

In order to further characterize the prepared sample and to study its structure from an

atomic-scale point of view, 27Al and 6Li MAS NMR spectra were recorded at ambient

bearing gas temperature. In Fig. 2, 27Al MAS NMR spectra of cubic LLZ with about

1.1 wt. % Al and the Al-free tetragonal LLZ studied recently [14] are shown. While the

latter does not reveal any 27Al NMR intensities, the first is composed of at least three

different lines showing up at 12 ppm, 64 ppm, and 80 ppm. The signal with an isotropic

chemical shift of δ = 12 ppm indicates Al ions residing in octahedral sites. Thus, most

likely, it can be attributed to LaAlO3 which has also been detected by XRPD (see above

and the study by Geiger et al. [12]) The NMR intensities showing up at approximately

65 ppm and 80 ppm point to tetrahedrally coordinated Al ions [18] in the LLZ struc-

ture. Most probably, the broad signal at 65 ppm reflects Al ions on the Li(1) site in cubic
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Fig. 2. a) 27Al MAS NMR spectrum of the (Al-doped) cubic LLZ sample investigated. The spectrum was

recorded at 14.1 T using an MAS spinning speed of 30 kHz. While the line at 12 ppm might be attributed

to LaAlO3, the intensities showing up in the range from 50 to 90 ppm indicate Al ions incorporated into

LLZ. b) For comparison, the 27Al MAS NMR spectrum of the Al-free tetragonal LLZ sample [14] is also

presented.

LLZ [12] while the line with a larger chemical shift value might be related to the re-

placement of La and Zr by Al [19]. Most likely, Al resides on a tetrahedral site near

a La or Zr vacancy. In order to further check the distribution of Al in the different phases

occurring in the sample, an EDX elemental mapping was performed using a SEM mi-

croscope equipped with a JEOL JED-2300 Analysis Station. The results are shown in

Fig. 3. The large particle contains La, Zr and traces of Al and most probably is the LLZ

phase. Smaller particles show higher amounts of Al and La and probably resemble the

LaAlO3 minor phase.

The 6Li MAS NMR spectrum of cubic LLZ (not shown here) is composed of

two lines which are characterized by quite different NMR SLR rates. The main line

at 1.1 ppm (referenced to 1 N aqueous LiCl), comprising approximately 90% of the

total integral, presumably reflects the Li ions in LLZ while the minor component at

−0.1 ppm might be attributed to a separate phase such as Li2CO3 as detected by XRPD

(see above). Additionally, carbonate modes are also seen in the corresponding transmis-

sion infrared (IR) spectra recorded. At room temperature the corresponding 6Li NMR

spin-lattice relaxation time is in the order of 1000 s whereas that of the main compon-

ent is less than 10 s. Li2CO3 might either stem from the preparation route chosen or

from the reaction with ambient air as also found in the case of lithium lanthanum ti-

tanate (LLT) [20]. Note that the replacement of Li+ by H+, which is the key reaction

for the formation of Li2CO3 in the case of LLT, was reported at least for the related

garnet-type electrolytes Li5La3Nb2O12 and Li5La3Ta2O12 [21]. IR spectra in the men-

tioned work revealed the characteristic bands of carbonate ions. Interestingly, Nyman

et al. [21] showed that the 6Li MAS NMR line in question, which shows up at approxi-
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Fig. 3. Left: SEM micrograph of the cubic LLZ sample. Right: EDX mapping (JEOL JED-2300 Analysis

Station) of the same image section for the elements Al, La, and Zr. The overlay of the elemental distribu-

tion is also included.

mately 0.2 ppm, disappears when the sample is treated with acids. Concomitantly, the

IR bands reflecting the carbonate modes disappear.

3.2 Bulk ion conductivity

Unlike the case of NMR SLR measurements, small amounts of impurities such as

Li2CO3, when located on the surface of the grains, might affect the resistance attributed

to the grain boundary regions. However, the respective impact on the bulk conductiv-

ities might be less significant as long as the grains are large enough and the volume

fraction of the insulating impurities is low. Here, bulk conductivities (see Fig. 4) of

the cubic sample were read out from the frequency-independent plateau showing up at

higher frequencies in the corresponding conductivity isotherms [14].

The conductivity spectra were constructed by plotting the real part of the conduc-

tivity σ ′ vs. frequency f . The plateau analyzed here is related to the process with the

lowest capacity; it reflects the electrical response of the bulk. In Fig. 4 the correspond-

ing bulk conductivities of cubic LLZ are shown (red dots). At room temperature the

ion conductivity amounts to 3(1)×10−7 S/cm. The activation energy derived from the

Arrhenius plot shown turns out to be 0.53(2) eV.

For comparison, literature data of cubic and Al-free tetragonal LLZ [14] are also

included in Fig. 4. The conductivities probed here are in very good agreement with

those of the tetragonal sample studied by Awaka et al. [11]. However, significant dif-

ferences become apparent when the present data are compared with the results reported

by Murugan et al. [10] for cubic LLZ. Thus, although the sample investigated crys-

tallizes with cubic symmetry, no enhancement is found compared to the tetragonal

form. Even more important, the incorporated Al ions seem to have no effect on the Li

mobility.



77

Li Ion Dynamics in Al-Doped Garnet-Type Li7La3Zr2O12 Crystallizing with Cubic Symmetry 531

Fig. 4. Temperature dependence of the bulk lithium-ion conductivities of Al-doped, cubic LLZ (plotted as

log10 σT vs. temperature). For comparison, literature data for cubic [10] and tetragonal LLZ [11,14] are

also shown.

3.3 Variable-temperature 7Li NMR line shapes

In addition to impedance spectroscopy, static 7Li NMR lines (see Fig. 5a) were recorded

to study the Li diffusivity in the cubic sample prepared. At low temperatures, the lines

are dipolarly broadened and show a Gaussian shape. With rising temperature the Li

jump rate τ−1 increases. At a given temperature, here at approximately 290 K, τ−1

becomes comparable to the dipolar coupling constant. Dipolar interactions are then in-

creasingly averaged resulting in the so-called motional narrowing (MN) of the NMR

line. At high temperatures, i. e., in the regime of extreme narrowing, the line width sim-

ply reflects the inhomogeneity of the external magnetic field used. The two-component

line shape showing up in the intermediate T range might indicate heterogeneous dy-

namics taking place in the cubic sample. Alternatively such effects might be explained

by coupling of the spins with paramagnetic impurities leading in some cases to a slight

line broadening [23]. As expected for cubic symmetry, the NMR line recorded at

high temperatures (533 K) does not reveal any indications for satellite transitions (see

Fig. 5a). Note that this is in contrast to the tetragonal sample studied recently [14]. In

general, at high temperatures the fast diffusing Li ions are exposed to a mean electric

field gradient (EFG) of all visited sites. This leads to a vanishing mean EFG in the case

of cubic LLZ and a non-vanishing one in tetragonal LLZ. Incorporation of isotropically

distributed dopant atoms such as Al is expected not to change this situation.

As pointed out above, the temperature-dependent narrowing of the NMR (central)

transition line can be used to roughly estimate the Li diffusivity. In Fig. 5b the result-

ing MN curve is shown, which is obtained by plotting the line width (full width at half

maximum fwhm) vs. temperature. Obviously, the data points are very similar to those of
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Fig. 5. a) Temperature-dependent static 7Li NMR lines of the Al-doped, cubic sample of LLZ. Inset: The

spectrum recorded at 553 K does not reveal any quadrupole satellites as expected for a material with cubic

symmetry. For comparison, the spectrum of tetragonal LLZ (533 K) which shows quadrupole satellites is

included (grey line) [14]. See text for further explanation. b) Motional narrowing (MN) of the central tran-

sition of the 7Li NMR line of cubic LLZ (black dots). The dashed line, shown for comparison, represents

a fit [22] through the MN data of the tetragonal modification of LLZ studied recently [14].

the Al-free sample crystallizing with tetragonal symmetry. This result corroborates the

similarity of the two samples found by impedance spectroscopy presented above. At the

temperature of the inflection point the mean Li jump rate is given by ∆ωrigid lattice ≈ τ−1

where ∆ωrigid lattice/2π refers to the line width in the rigid lattice regime. Here, τ−1

amounts to approximately 5.5×104 s−1 at 300 K.

3.4 7Li NMR relaxometry

A more detailed insight into the Li ion dynamics in solid electrolytes can be obtained

by variable-temperature NMR relaxometry [14,24–28]. Provided the jump rates follow

a single Arrhenius law

τ−1 = τ−1

0 · exp

(

−
EA

kBT

)

(1)

then the same diffusion process can be studied over a wide dynamic range being tan-

tamount to a wide temperature range. Here, kB denotes Boltzmann’s constant. Whereas

NMR SLR rate (R1) measurements performed in the laboratory frame are sensitive to

jump rates in the order of τ−1 ≈ 10
9

s−1, lower values of τ−1 (approximately 10
5

s−1)

can be probed by SLR rate measurements carried out in the rotating frame of reference

(R1ρ). Typical locking frequencies of the latter are of the order of some tens of kHz.

Here, the combination of the two methods [14,29] yields a comprehensive picture of the

Li dynamics taking place in cubic LLZ.
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Fig. 6. Top: Arrhenius plot of the 7Li NMR SLR rates of Al-doped LLZ. The rates were probed in both the

laboratory frame (R1) and in the rotating frame R1ρ of reference. For comparison, 7Li NMR spin-spin re-

laxation rates (R2) are shown, too. Bottom: Arrhenius plot of the Li jump rates extracted solely from the

SLR rate maxima.

In Fig. 6, 7Li NMR SLR rates R1 measured at two different Larmor frequencies

(ω0/2π = 77.7 MHz and ω0/2π = 155.4 MHz) are shown in an Arrhenius plot. The

corresponding SLR rates R1ρ, measured in the rotating frame of reference at a locking

frequency ωlock/2π of 30.0 kHz, are also included in Fig. 6. The R1 rates pass through

a maximum at rather elevated temperatures, i. e., slightly above 570 K. From each rate

maximum, an absolute Li jump rate can be calculated using the maximum condition

τ−1 ≈ ω0 [24]. For the R1ρ rate peak, the maximum condition τ−1 ≈ 2ωlock holds [30].

The so obtained Li jump rates are shown in the Arrhenius plot of Fig. 6 (bottom). The

solid line represents a fit according to Eq. 1 and yields EA = 0.59(4) eV. Here, the

error given is estimated from the uncertainty of the exact positions of the diffusion-
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induced rate maxima. The value is in fair agreement with that probed by impedance

spectroscopy (vide supra).

A more detailed analysis of the NMR relaxometry data collected includes a joint fit

requiring a suitable relaxation model. According to the model of Bloembergen, Purcell

and Pound [24] developed for 3D isotropic diffusion (of spin-1/2 nuclei), in the case of

homonuclear dipolar relaxation the SLR rates R1 and R1ρ are given by [23,31]

R1 = M2 ·
[

1

3
j(ω0)+ 4

3
j(2ω0)

]

, (2)

R1ρ = M2 ·
[

1

2
j(2ω1)+ 5

6
j(ω0)+ 1

3
j(2ω0)

]

. (3)

Here, M2 is the second moment of the interaction in the rigid lattice and

ω1 =

√

ω2
lock +ω2

local

denotes the effective locking frequency where ωlocal represents the frequency corres-

ponding to the local internal field. j(ω) is the Fourier transform of the normalized NMR

correlation function g(t) which decays from 1 to 0. g(t) describes the random fluctua-

tions of an interaction due to motional processes of the spins. If the motional process is

a Brownian one, i. e., assuming the jump process is uncorrelated, the correlation func-

tion can be represented by a single exponential decay function

g(t) = exp[−t/τc] (4)

where τc is the motional correlation time. Deviations from uncorrelated motion can of-

ten be sufficiently well described by replacing the single exponential by a stretched

exponential one. This is independent of the assumed nature of the microscopic reason

of the correlation such as structural disorder, Coulomb interactions or the presence of

cooperative motion. Hereby, the stretching parameter 0 < β ≤ 1 is introduced.

g(t) = exp[−(t/τ ∗)β] (5)

There is no general analytical expression for the Fourier transform of the stretched ex-

ponential function but the following expression is a good approximation (with τ and

〈τc〉 = τ∗

β
·Γ

(

1

β

)

being of the same order of magnitude):

j(ω) =
2τ

1+ (ωτ)1+β
. (6)

Equations 1, 2 and 6 can be used to fit the NMR relaxometry data with the only fit pa-

rameters being (i) those describing the Arrhenius-activated jump process τ0 and EA,

(ii) the stretching exponent β, and (iii) the external and internal experimental parame-

ters. The latter include the NMR frequencies used, the local field ωlocal, and the inter-

action strength M2 of the fluctuating interaction which is responsible for the relaxation

process.

Here, the obtained ratio R1(
7Li)/R1(

6Li) ≈ 2 points to a dipolar relaxation mech-

anism. Interestingly, the interaction strength for dipolar interaction between 7Li nuclei,
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Fig. 7. Li jump rates (left axis) and diffusion coefficients (right axis) of Al-doped cubic LLZ. The rates

were obtained from bulk conductivity and 7Li NMR measurements as indicated. The solid line shows

an Arrhenius fit yielding an activation energy of approximately 0.55 eV and a pre-exponential factor of

2×1013 s−1.

which is obtained from spin-spin relaxation rate (R2) measurements (see Fig. 6) carried

out in the rigid lattice regime, is too low to explain the absolute value of the rates. This

difference might be ascribed to a relaxation mechanism governed by dipolar interac-

tions of the diffusing 7Li spins with immobile paramagnetic impurities [23]. The cor-

responding interaction strength is expected to be higher due to the much larger magnetic

moment of the relaxation center. Besides this difference observed, the diffusion-induced
7Li NMR SLR rates recorded in the laboratory and rotating frames of reference do not

seem to coincide at high temperatures. Here, the found ratio of R1ρ/R1 = 4 also points

to the assumed relaxation mechanism taking into account the spin-quantum number

I = 3/2 of 7Li, see [23,32].

The assumption of relaxation at paramagnetic centers is also in agreement with

the observation that the R1ρ(1/T) rate peak cannot be satisfactorily well fitted with

ω1 = (ω2
lock +ω2

local)
1/2, i. e., when solely homonuclear 7Li–7Li dipole interactions are

considered. Replacing ω1 with ω1 eff, corresponding to an effective field, does yield

a reasonable fit. Here, ω1 eff can be estimated from a comparison of the R1 and R2 rates

(Fig. 6), and it turned out that it is of the same order of magnitude as the pulsed locking

field.

Taking these parameters, a joint fit can be performed with only three free variables

being τ0, EA and β which fully describe the motional process. In Fig. 6, the joint fit is

indicated as dashed lines yielding EA = 0.55 eV, τ0 = 2.2×1013 s−1 and β = 0.45.
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3.5 Comparison of conductivity data and NMR results

Finally, in order to compare conductivity data with those deduced from NMR, the

conductivity values probed have to be converted into jump rates using both the Nernst-

Einstein equation and the Einstein-Smoluchowski equation. A combination of the two

yields

τ−1 = HR/ f ·
6σDCkBT

Nq2a2
. (7)

HR is the Haven ratio and f denotes the correlation factor, see e. g. Ref. [17].

Here, HR/ f is assumed to be 1. N is the charge carrier density and q is the charge

of the Li ions. a denotes the jump distance estimated from the crystal structure.

In Fig. 7, the so obtained jump rates τ−1 are shown in an Arrhenius plot together

with those deduced from NMR. Obviously, the two methods are sensitive to the

same motional process. Taken together, Li diffusion in cubic LLZ turned out to

be characterized by EA ≈ 0.54(3) eV and τ−1
0 ≈ 2.2(5)×1013 s−1. Interestingly, these

values are very similar to those recently reported for the tetragonal modification of

LLZ [14].

4. Conclusions

Dynamic parameters of Li dynamics in Li7La3Zr2O12 crystallizing with cubic symmetry

were studied by both impedance spectroscopy and 7Li NMR relaxometry. The sam-

ple was prepared in alumina crucibles at high temperatures; it contains a small amount

of aluminium which has been detected by 27Al MAS NMR. Presumably, the incorpo-

rated Al stabilizes the cubic modification. Impedance data and NMR SLR rates point to

the same Arrhenius-type transport process being characterized by EA ≈ 0.54(3) eV and

a pre-exponential factor of τ−1
0 ≈ 2.2(5)×1013 s−1. Interestingly, the same result was

obtained for phase-pure (Al-free) LLZ crystallizing with tetragonal symmetry. There-

fore, in the present case neither the change in crystal symmetry nor the fact that Al

has been incorporated leads to the enhancement of the Li ion conductivity as found

for other (Al-doped) samples, recently. This indicates that the reasons for the enhance-

ment in ionic conductivity observed in some cases are still unclear. Presumably, the

oxygen stoichiometry might also influence the ion conductivity which has to be taken

into account in further experimental studies to elucidate Li dynamics in garnet-type

LLZ.
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Figure 3.5: Comparison of 7Li NMR relaxometry results (R1 measured at 77.7 MHz and R1

measured at approx. 30 kHz) A: LLZ911, LLZ911a and tetragonal LLZ of Ref. [21]. Non-sintered

LLZ911a shows a similar Li diffusivity like the tetragonal LLZ. B: LLZ911 and LLZ14 show nearly

identical behavior.

3.4 Recent results on cubic LLZ

3.4.1 Samples

Altogether, three samples provided by H. Buschmann were studied. The sample LLZ911 has been

thoroughly studied in the above-shown paper with 7Li NMR relaxometry. This sample was ob-

tained by sintering a pellet of the powder LLZ911a which showed a lower diffusivity comparable to

that of the tetragonal modification although from XRD it was not distinguishable from LLZ911.

The sample LLZ911a is also mentioned in Ref. [19] (see also pages 84-98), where the 27Al spectrum

of LLZ911a is shown (page 88) . The NMR relaxometry results of LLZ911, LLZ911a are shown in

Fig. 3.5A together with the NMR relaxometry results from the tetragonal LLZ (Ref. [21] and pages

50-60). Obviously, the cubic LLZ911a is characterized by a similar diffusivity like the tetragonal

LLZ.

The third sample studied was LLZ14. This sample was prepared in the same way as LLZ911 but

origins from another batch. This sample was studied thoroughly by means of 6Li NMR relaxom-

etry, 7Li SFG NMR, and impedance spectroscopy. A complete 7Li NMR relaxometry study was

omitted since it showed the same behavior as LLZ911 in test measurements (shown in Fig. 3.5B).

Therefore, I assume that the 7Li NMR relaxometry results of LLZ911 can be compared with the
6Li NMR relaxometry results of LLZ14 - at least in the temperature range above room temperature.

3.4.2 Impedance spectroscopy on LLZ14

Impedance spectroscopy measurements were performed on two pellets of sintered LLZ14. One

pellet had a thickness of 3 mm, the other one of 0.6 mm. The crystallite diameter in the sintered

LLZ14 was typically around 1-2 mm. The crystallites showed slightly different colors ranging from

transparent colorless to slightly yellowish opaque ones. For the thin pellet, mostly one-grain pro-
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Figure 3.6: A: log-log plot of conductivity isotherms of the thin LLZ14 sample. The Jonscher

power exponent amounts to approx. n = 0.5. At high frequencies, a transition to a ν2-frequency

dependence is observed. B: log-log plot of conductivity isotherms of the thick LLZ14 sample. C:

Arrhenius plot of the conductivities read out from the respective plateaus. Red squares: thin

pellet, bulk plateau (from red line in graph A), green diamonds: thick pellet, long-range plateau

(from green line in graph B) and short-range plateau (from green dashed line in graph B), red

points: high-temperature conductivities of the thin pellet obtained with a different experimental

setup, see text for details. The right axis represents jump rates calculated under the assumption

of a jump length of a = 3 Å and HR = f = 1. The dashed blue line represents the conductivity of

tetragonal LLZ. [20, 21]
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cesses play a role. The situation is different for the thick sample where Li ions have to surpass at

least 2-3 crystallites and the respective grain boundaries to give rise to a true dc conductivity.

For the measurements, Au electrodes were evaporated on the surfaces of the samples. The mea-

surements were performed with a Novocontrol impedance spectrometer. For the usual impedance

frequency range from (0.1 Hz . . . 10 MHz), a BDMS1200 cell and a Alpha AN Analyzer (Novocon-

trol) were used. For frequencies from 1 MHz to 3 GHz, a RF analyzer (Agilent 4991) and a RF

extension line (Agilent) were used. In both cases, the measurements were performed under a flow

of heated nitrogen. The temperature was controlled by a QUATRO cryosystem. Additionally, for

the thin pellet, high-temperature measurements were performed using a HP 4192A Impedance an-

alyzer, a Loba oven, and an Eurotherm 818 Temperature Controller with a home-built impedance

cell under a constant flow of nitrogen. At high temperatures, evaporated Au electrodes did not

adhere to the sample. Therefore, as an alternative, carbon electrodes (carbon paste) were used.

This slightly changed the shape of the conductivity spectra for frequencies lower than the bulk

plateau but had no effect on the bulk conductivity.

Fig. 3.6A and B show the conductivity isotherms of the LLZ14 samples (A: thin, B: thick) in

a log-log plot (Au electrodes, Novocontrol spectrometer; see above). At low frequencies, in both

cases, a plateau is observed which one might assign to a grain-boundary process. However, true dc

conductivity measurements using Li electrodes on the same sample yielded conductivities related

to the bulk process marked by the lines. [19] Therefore, the first plateau already represents an

electrode-related process. This is discussed in detail below but first, I will concentrate on the bulk

response.

At high frequencies and low temperatures, in both cases, the conductivity appears to be propor-

tional to the square of the frequency σ′ ∝ ν2. This is typical of any localized process occurring

on a much faster time scale. Here, (if the observed behavior is not an artifact), it probably repre-

sents the low-frequency flank of vibrational conductivity. Interestingly, LLZ14 does show Jonscher

behavior but no NCL behavior. There is a direct transition from a strongly sub-linear power law

(n ≈ 0.5) characterizing correlated hopping dynamics to the ν2-dependence.

But let us focus on the bulk hopping processes, first: For the thin pellet (Fig. 3.6A), reading

out the bulk plateau leads to the red squares shown in Fig. 3.6C (and to the red circles for the

high-temperature measurements). Hereby, the left axis shows the conductivities, and the right

axis shows the jump rates calculated via the Nernst-Einstein relation and Einstein-Smoluchowski

relation: τ−1 = 6σ0kBT
Nq2a2 (a = 3 Å, HR = 1, f = 1). At low temperatures, the conductivity is char-

acterized by an activation energy of 0.29(1) eV. At higher temperatures, there is a slight threshold

but the activation energy at high T , is again roughly 0.30 eV. The threshold can be explained as

follows: at low T , some grains do not surpass the pellet but there are blocking grain boundaries.

These regions of the sample do not contribute significantly to the dc conductivity at low T and

therefore can be considered "dead" volume. As the blocking effect diminishes at high T , these

regions also contribute to the overall dc conductivity.

In Fig. 3.6B, for the thick pellet, two bulk-related plateaus are visible. Reading out the two

plateaus leads to two Arrhenius-activated processes marked by the green diamonds. The process

connected to the first plateau is activated with 0.35(1) eV while the second process appears to be

identical to the one found in the thin pellet. Thus, this process probably represents intragrain

conductivity while the one activated with 0.35 eV marks the intergranular (=grain boundary) re-
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sistance. In the thin sample, the bulk processes and the grain boundary processes are parallel. In

thick sample, however, the processes are in series, and therefore, the slowest process dominates the

true dc conductivity. At high frequencies (representing a shorter time-scale and a shorter length

scale), the intragrain properties are visible again as the second slight plateau. For comparison, the

dashed blue line represents the data for the (tetragonal) LLZ sample provided by V. Thangadu-

rai. [20, 21]

3.4.3 6Li, 7Li NMR relaxometry and 7Li SFG NMR on LLZ14/LLZ911

Fig. 3.7A and B shows the 6Li NMR relaxometry results of the LLZ14 sample and LLZ911 sample,

respectively. From Fig. 3.5B, it was assumed that LLZ14 shows the same behavior as LLZ911

and the whole time-consuming 7Li relaxometry study was omitted. From hereon, we will treat the

data as if they resulted from LLZ14. The blue lines in the graph represent a global fit according

to Eqns. 2.1731 with the parameters determining long-range Li hopping dynamics EA = 0.30(1)

eV and τ−1
0 = 1.7(5) · 1011 s−1. The Jonscher exponent was n = 0.52 for 6Li and n = 0.56 for 7Li,

in good accordance with the value found in the conductivity spectra.

Clearly, the rotating-frame SLR rates and the SSR rates show significant deviations from the fit

at temperatures above the maximum pointing to the presence of a second jump process present.

Looking at Fig. 3.5B gives an idea what that process might be: higher-activated jump processes as

those that occur in tetragonal LLZ or cubic Al-doped LLZ with low Al concentration. Obviously,

in LLZ14, these jump processes don’t give rise to long-range conduction paths but they still occur

as localized jump processes in the structurally disordered Al-doped LLZ.

It has to be noted that the appearance of the rates point to well-separated spin reservoirs. The rates

shown here, were all determined from the magnetization transients using stretched-exponential

regression. Especially for the 7Li rotating-frame SLR rates for T < Tmax, the stretching exponents

were as low as 0.5-0.6 which is not expected in that temperature range from theory for a single

process. Probably, a double-exponential regression would have been more suitable, here.2

Fig. 3.7C shows the 6Li and 7Li relaxometry global fit together with the jump rates obtained

from dc conductivity already shown in Fig. 3.6C. The latter ones have been calculated from the

conductivity under the assumption of a = 3 Å and HR = f = 1. Clearly, the short-range nuclear

method NMR relaxometry and the long-range non-nuclear method dc conductivity probe the same

bulk Li ion hopping process.

Fig. 3.7D shows the 7Li SFG NMR measurements (B = 9.4 T, g = 69 T/m, quadrupolar echo

pulse sequence). 7Li SFG NMR allows the determination of Li tracer diffusion coefficients from

the diffusion-related echo decay. The procedure of the measurement and the analysis is described

above for the tetragonal LLZ and will not be reiterated here. The diffusion coefficients obtained

from the regressions are given in the graph. These were transformed into jump rates assuming

a jump distance of a = 3 Å and a correlation factor of f = 1 and included into Fig. 3.7C. The

1Fitting procedure: 1) from the low-temperature flanks of the 6Li relaxometry data, the local field was determined.

2) With this information, the effective fields for 6Li and 7Li were determined. 3) With these parameters, the global

fit with only diffusion-relevant parameters was performed.
2Therefore, new experiments with delay-times covering several orders of magnitude would be required to ensure

reasonable fitting of both processes.
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Figure 3.7: A: 6Li NMR relaxometry results of the LLZ14 sample (ω0: 59 MHz and 88 MHz, ω1 =

6.6 kHz and 88.4 kHZ). B: 6Li NMR relaxometry results of the LLZ911 sample as already published

in Ref. [19] (LLZ14 shows the same results at least in the diffusion-induced regime, cf. Fig. 3.5B).

In graph A and B, the blue lines represent a global fit with EA = 0.30(1) eV, τ−1
0 = 1.7(5) · 1011

s−1. For 6Li the Jonscher exponent amounts to n = 0.52, for 7Li a better fit is obtained with

n = 0.56. C: Arrhenius plot of the bulk process jump rates obtained from conductivity, 6Li and
7Li NMR relaxometry, and 7Li SFG NMR from graph D. D: 7Li SFG NMR echo decays with the

respective fits yielding the displayed diffusion coefficients and the jump rates in graph C. For all

calculations, a = 3 Å and HR = f = 1 were assumed.
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long-range nuclear method 7Li SFG NMR ultimately clarifies that all techniques are sensitive to

the same Li dynamics.

3.4.4 Conclusion

The Li dynamics in the bulk of LLZ14 is traced back to a strongly correlated Li hopping process

being characterized by an activation energy of 0.29(1) eV and a preexponential factor τ−1 in the

order of 1011 s−1. The Jonscher exponent which describes the deviation from uncorrelated motion

amounts to n ≈ 0.5. The hopping process was characterized over a dynamic range of 12 orders of

magnitude in a temperature range from 118 K to 920 K by long-range non-nuclear methods, long-

range nuclear methods, and atomic-scale nuclear methods. The measurements point to a Haven

ratio and correlation factor in the order of unity. The hopping barrier over grain boundaries of the

sintered pellets of LLZ14 amounts to 0.35(1) eV.
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ABSTRACT: Various polycrystalline samples of Al-doped garnet-like Li7La3Zr2O12

crystallizing with cubic symmetry were synthesized from the binary oxides Li2O, ZrO2,
Al2O3, and La2O3. The synthesis of phase pure samples was carried out following a two-step
preparation route. It consists of an activation step by high-energy ball milling and a
subsequent annealing step at elevated temperatures. The synthesis route chosen allows the
precise adjustment of the cationic ratios, leading to a garnet which is best described by the
formula Li7−3x+zAlx+y+zLa3−yZr2−zO12. As confirmed by X-ray powder diffraction and 27Al
magic angle spinning nuclear magnetic resonance (NMR), at low Al concentrations the
incorporated Al3+ ions act as an aliovalent dopant by replacing three Li+ ions. However, with
increasing Al content, La3+ and Zr4+ ions are progressively replaced by Al ions. It turned out
that, in particular, the substitution of La3+ and Zr4+ with Al3+ ions stabilizes the cubic
modification of the garnet and greatly affects the corresponding Li ion dynamics. The latter
has been probed by both impedance and 7Li NMR spectroscopy. The high ion conductivity (10−4 S cm−1 at 293 K) found does
not only depend on the stoichiometry and the annealing conditions chosen but also on the exact kind of Al distribution on the
different sites in Li7La3Zr2O12.

I. INTRODUCTION

Li-containing garnet-type oxides are considered to act as
promising fast ion-conducting electrolytes in, e.g., all-solid-state
lithium-ion batteries. These are expected to be one of the key
technologies to store electrical energy in the next years.1−7

Hence, previously a number of studies have been published
which are concerned with profound investigations of the
structure−property relations of crystalline garnet-type oxides
(see, e.g., refs 6 and 8−14). In particular, the garnet with the
nominal composition “Li7La3Zr2O12” (LLZ) crystallizing with
cubic symmetry attracted large interest. In contrast to the
tetragonal counterpart, which is characterized by an ionic bulk
conductivity in the order of 10−6 S cm−1 (300 K),16,22 some of
the samples with cubic symmetry investigated so far show an
extraordinarily high Li+ conductivity in the order of 10−4 S
cm−1 (300 K).1,7,14−21 Currently, much work is in progress to
identify the origins causing the high lithium ion conductivity.
The results of recently published studies provide strong

evidence that Al3+ ions, which were unintentionally incorpo-
rated into LLZ during the high-temperature synthesis
procedure using alumina crucibles, at least stabilize the cubic
modification against the tetragonal one.14,17,20,23 For compar-
ison, the preparation of Al-free LLZ usually leads to the
formation of the tetragonally distorted garnet.17,19,23 It is worth
noting that Al-free tetragonal LLZ transforms into the cubic
modification at elevated temperatures.23 However, as some of

us showed quite recently, the phase transformation is not
accompanied by a significant enhancement of the ionic
conductivity.16 Obviously, merely increasing the symmetry
does not lead to the enhancement of the Li+ conductivity
observed for some of the samples studied (see also ref 24). As
already discussed by Geiger et al., at low dopant levels the
incorporation of Al may influence the number fraction of Li
vacancies and, thus, the Li ion conductivity. Further
investigations focusing on the role Al plays in influencing the
Li ion dynamics parameters might be useful to understand and,
in the best case, to improve Li ion transport in LLZ.
Here, we present a systematic study addressing in depth the

effects of Al incorporation on both structural and dynamic
properties of LLZ. For this purpose we developed a soft
synthesis route avoiding high temperatures and enabling the
precise adjustment of the contents of all cations in LLZ.
Alternatively, sol−gel procedures25−28 may certainly be used for
similar investigations. However, the necessary temperatures for
the latter procedures are still higher than the temperatures
needed for the synthesis routine described here.
In the present study, various polycrystalline samples of cubic

LLZ with different amounts of Al were prepared from mixtures
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of the binary oxides Li2O, ZrO2, La2O3, and Al2O3 by high-
energy ball milling29−32 and subsequent annealing of the
mechanically activated mixtures. While the final composition of
the samples can easily be controlled by precisely adjusting the
amounts of the starting materials used, a low annealing
temperature prevents Li loss usually taking place when LLZ
is prepared according to high-temperature ceramic synthesis
routes. Sample characterization was carried out by X-ray
powder diffraction (XRPD) and 27Al magic angle spinning
(MAS) nuclear magnetic resonance (NMR) spectroscopy. In
particular, 27Al NMR spectroscopy has been used to roughly
correlate the distinct NMR lines of Al-doped LLZ17,23 with the
doping mechanisms identified. Ion transport properties were
probed by variable-temperature 7Li NMR line shape measure-
ments as well as impedance spectroscopy. The latter take
advantage of measurements carried out at frequencies up to the
gigahertz range.

II. EXPERIMENTAL DETAILS

A series of polycrystalline samples with the nominal
composition Li7−3x+zAlx+y+zLa3−yZr2−zO12 were prepared by
high-energy ball milling from the corresponding binary oxides,
viz. dry Li2O (99.5%, Sigma-Aldrich), γ-Al2O3 (99.997%, Alfa
Aesar), La2O3 (99.99%, Fluka), and ZrO2 (99.99%, Sigma-
Aldrich).
For the conventional solid-state synthesis routines reported

in the literature an excess of Li is used (vide supra). To
elucidate the effect of the Li2O ratio on the structure as well as
on the ion dynamics, three series of samples with different Li2O
ratios were prepared. The first one, labeled series A, has the
nominal stoichiometry Li7−3xAlxLa3Zr2O12. Series B, which is
Li 7−3 xAl xLa 3Zr 2O 1 2 + 0.75x(Li 2O) and ser ies C
(Li7−3xAlxLa3Zr2O12 + 1.25x(Li2O)) were preapred with a
slight excess of Li2O.
Here, mixtures with a total mass of 2 g were high-energy ball

milled in an argon atmosphere using a planetary mill P7
premium line (Fritsch) in combination with a vial set made of
tungsten carbide (45 mL beaker, 100 balls with a diameter of 5
mm each). The mixtures were milled at a rotational speed of
600 rpm for 8 h at ambient temperature. Afterward, a pellet (8
mm in diameter and ∼1 mm in thickness) was prepared from
each of the milled powders by cold-pressing at ∼1 GPa. The
pellet and the residual powder were placed in quartz shuttles
and annealed at 873 K using a constant flow of synthetic air
(Linde). After 6 h, the samples were cooled down to a
temperature of about 773 K. After that, the shuttles were
removed from the oven and quenched to ambient temperature
by putting them on a fire brick. For comparison, for one of the
samples the annealing step was replaced by a reaction step; i.e.,
the powder was kept for 15 h at 1500 K in a corundum crucible.
The obtained powders were characterized by XRPD using a

D8 Advance diffractometer (Bruker) operating with Cu Kα
radiation at 40 kV. Further characterization was carried out by
27Al MAS NMR spectroscopy using a Bruker Avance III
spectrometer connected to an Ultrashield Plus 600 MHz
magnet (Bruker) with a nominal field of 14.1 T. NMR spectra
were acquired with a Bruker 2.5 mm double-resonance MAS
probe using a single excitation pulse with a length of ∼2 μs.
The spinning rate νrot was set to 30 kHz using room-
temperature bearing gas. Chemical shift values δiso were
referenced to an aqueous solution of aluminum nitrate.
Variable-temperature 7Li NMR measurements, including the

acquisition of (i) line shapes under nonrotating, i.e., static

conditions, and (ii) spin−lattice relaxation (SLR) rates, were
performed with an MSL 400 spectrometer (Bruker) in
combination with a 9.4 T cryomagnet (Oxford). Prior to
these measurements the samples were dried at 373 K for at
least 12 h in vacuum and then heat-sealed in glass ampulla. The
resonance frequency was 155.4 MHz. For the measurements
presented a standard high-temperature probe (Bruker) was
used. The π/2 pulse length was 2 μs. SLR NMR rates were
measured with the saturation recovery pulse sequence where a
comb of closely spaced π/2 pulses was used to destroy any
longitudinal magnetization M(t).33,34 The subsequent recovery
of M(t) was probed with a single π/2 pulse as a function of
waiting time. Additionally, some preliminary solid echo NMR
measurements were recorded by taking advantage of the static
field-gradient of a cryomagnet (14.1 T of an Avance III
spectrometer (Bruker)). Macroscopic lithium diffusion coef-
ficients were estimated from the obtained echo decay curves.
Additionally, ac impedance spectra (0.05 Hz to 20 MHz)

were measured with a Novocontrol Concept 80 broadband
dielectric spectrometer which is equipped with an Alpha-AN
analyzer in connection with a ZGS active sample cell test
interface (Novocontrol). The sample temperature was
controlled (±0.1 K) with a Novocontrol QUATRO using a
gas-flow of heated nitrogen which was freshly evaporated. After
annealing the impedance pellets as mentioned above electrodes
were applied by Au evaporation using an Edwards 306
evaporator. In order to remove any residual moisture, prior
to the measurements all pellets were kept several hours inside
the sample cell at 390 K under a constant flow of nitrogen gas.
The ac impedance data, recorded at frequencies up to 3 GHz,
were measured using a (microwave) rf extension line
(Novocontrol) connected to an Agilent 4991 rf analyzer.
For selected samples the amount of Al and Li was measured

by inductive coupled plasma (ICP) optical emission spectros-
copy (OES) using a Varian 715 spectrometer. Here, 25 mg of
the samples was mixed with an equimolar solution of 3 mL of
concentrated nitric acid and concentrated phosphoric acid. The
mixture was placed in a Teflon autoclave which was heated
inside a microwave oven at 523 K for about 25 min. Calibration
curves were measured using LiOH and Al2O3. It turned out that
the losses of Li and Al, occurring during annealing at 873 K for
6 h after mechanical activation, were as low as ca. 1 and 2 wt %,
respectively.

III. RESULTS AND DISCUSSION

A. Mechanosynthesis of Al-Doped Li7La3Zr2O12.
Exemplarily, in Figure 1 the XRPD patterns of mechanosynthe-
sized Al-doped LLZ with x = 0.3 (series B) before and after the
annealing step are shown. Judging from XRPD the two-step
synthesis route yields phase-pure LLZ crystallizing with cubic
symmetry. Directly after high-energy ball milling, the
polycrystalline powder is composed of nanometer-sized
crystallites of LLZ as well as ZrO2. The XRPD pattern of
ZrO2 (Joint Committee on Powder Diffraction Standards
(JCPDS) number 37-1484) is indicated in Figure 1a by vertical
bars. The broad humps detected point to amorphous milling
products. Thermal annealing of the activated powder for 6 h at
873 K completes the mechanically initiated reaction. The
pattern obtained for the final product (Figure 1b) is in perfect
agreement with the data reported by Geiger et al.23

Without the assistance of thermal annealing, merely by
increasing the milling time (up to 48 h) no complete
conversion of the starting materials has been observed. Thus,
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soft annealing is a necessary preparation step in the synthesis of
cubic LLZ. Here, the complete transformation of a mechan-
ically activated mixture advantageously occurs at a significantly
lower temperature as compared to conventional synthesis
routes (see also ref 29).
B. Aliovalent Doping: Replacement of 3Li+ with Al3+.

It is assumed that a replacement of Li with Al according to 3Li+

⇒ Al3+, which leads to LLZ with the composition
Li7−3xAlxLa3Zr2O12, takes place. This doping mechanism, in
the following denoted by (α), was already discussed by Geiger
et al.23 (vide supra). At first glance, one might assume that the
substitution of Al3+ for 3Li3+ could explain the enhanced

conductivity usually observed for cubic “Li7La3Zr2O12”.
However, it seems questionable whether the associated
formation of additional vacancies on the lithium sites further
facilitates Li transport since, from the outset, the regular Li sites
are only partially occupied in cubic LLZ.
In order to get further insight into the role that Al plays, in a

first approach we prepared aliovalently exchanged LLZ samples
with the nominal composition of Li7−3xAlxLa3Zr2O12 (0 ≤ x ≤

1.2) by using the exact stoichiometric ratios of the starting
materials (series A, vide supra). Figure 2a shows the
corresponding XRPD patterns recorded with the Al contents
x as indicated. For all values of x, LLZ is obtained as a major
phase. Up to an Al amount of x = 0.25, the products are phase-
pure on the XRD level, and the aliovalent exchange turns out to
be successful.
For x < 0.20 the obtained powders do not crystallize well

with cubic symmetry. This is in good agreement with the
results of Rangasamy et al.14 The patterns show broad and
asymmetric peaks presumably caused by very small crystallites
and/or increased lattice strain. Moreover, a partial reduction of
the crystal symmetry might be responsible for the broadening
observed. In Figure 5, the width of the most intense XRPD
peak, showing up at 2θ ≈ 17°, of the three series is shown as a
function of x. Except for a few samples (notably the ones with x
= 0.60 of series A and C), the peak width almost continuously
decreases with increasing Al content. Obviously, the relevant
substitution processes taking place (see below) stabilize the
cubic crystal structure.
The aliovalent exchange goes along with the emergence of a

27Al MAS NMR line around 64 ppm (see Figure 2b). With
increasing Al content several impurity phases such as La2Zr2O7

(JCPDS 17-450), LaAlO3 (JCPDS 31-22), γ-LiAlO2 (JCPDS

Figure 1. XRPD patterns of a mechanosynthesised sample of LLZ
with x = 0.30 (series B, see text for further details): (a) XRPD directly
recorded after 8 h of mechanical treatment in a high-energy ball mill;
(b) final XRPD pattern of phase-pure cubic LLZ which was obtained
after annealing the material for 6 h at 873 K.

Figure 2. (a) XRPD patterns of a series of Li7−3xAlxLa3Zr2O12 samples (series A) with the nominal Al contents x as indicated. (b) Corresponding
27Al MAS NMR spectra which were recorded at a magnetic field of 14.1 T and an MAS spinning rate of 30 kHz. See text for further explanation.
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38-1464) and La2Li0.5Al0.5O4 (JCPDS 40-1167) show up.
However, no clear trend in the formation of these phases is
observed. At least for x > 0.6, La2Zr2O7 seems to be the main
side product formed. An important consequence is that the
stoichiometry of the LLZ phase is altered. For example, when
La2Zr2O7 is formed, the garnet phase contains less La and Zr.
Accordingly, when LaAlO3 shows up, LLZ is reduced in Al and
La. Obviously, Al replaces not only Li but also La and Zr.
The corresponding 27Al MAS NMR spectra of the samples

(Figure 2b) comprise several lines viz. at 11, 64, 78, 82, and 93
ppm. The signal at 11 ppm shows up when LaAlO3 is formed.
The associated isotropic chemical shift value δiso is in
accordance with literature data for pure LaAlO3.

23,35 The
corresponding chemical shift of γ-LiAlO2 can be calculated
from the quadrupolar and isotropic shift values given in the
literature.39 It turns out to be ∼75 ppm at 14.1 T. Here, a slight
shoulder is indeed observed at 75 ppm when LiAlO2 is formed.
However, it is covered by the intense NMR line at 78 ppm
which represents Al in the LLZ phase. Interestingly, the line at
78 ppm is observed in La or Zr deficient LLZ. Therefore, it
might represent Al residing on the La and/or Zr sites in the
garnet. This assumption will be checked in detail below.
Interestingly, some of the samples investigated by 27Al MAS
NMR reveal a slight shoulder at 82 ppm. Probably, this NMR
line also represents Al in LLZ (see also below).
The NMR line at 93 ppm is only observed for x = 0.6. At first

glance it might be assigned to Al ions in La2Li0.5Al0.5O4 wherein

Al is assumed to be coordinated by oxygen forming an
elongated octahedron.36 Because there are no NMR data in the
literature available, we prepared almost phase pure
La2Li0.5Al0.5O4 by mechanosynthesis. The corresponding 27Al
MAS NMR spectrum of an annealed sample (6 h at 873 K) is
composed of a single line at 12 ppm which shows a relatively
low intensity. This might explain the absence of such an NMR
line with this chemical shift in the 27Al MAS NMR spectrum of
the LLZ sample with x = 0.60 (see Figure S1, Supporting
Information). Thus, the NMR intensity located at 93 ppm
seems to represent Al on an unknown site in the garnet (see
also ref 37).
The effect that incorporated Al does stabilize the cubic

modification over the tetragonal one has already been discussed
in refs 17 and 23. In the present study, this effect can also be
monitored via the change of the XRPD peak widths with
increasing x. The peak widths are significantly reduced with the
incorporation of Al (see Figure 5). Certainly, when impurity
phases are present (series A), the trend is less clearly visible.
The samples of series B and C, which were prepared with an
excess of Li2O, proved to be more suitable to show the effect.
The additional amount of Li2O seems to provide a reaction
medium where the growth of the LLZ phase is favored. For
example, this might be due to an improved contact between
crystallites in the ball-milled precursor material. However, in
the case of series B and C, the only significant minority phase
found is La2Zr2O7.

Figure 3. (a) XRPD patterns of a series of Li7−3xAlxLa3Zr2O12 + 0.75 x(Li2O) samples (series B) with the nominal Al contents x as indicated. (b)
Corresponding 27Al MAS NMR spectra which were recorded at a magnetic field of 14.1 T and an MAS spinning rate of 30 kHz. See text for further
explanation.
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The corresponding XRPD patterns and 27Al MAS NMR
spectra of series B are shown in Figure 3. The XRPD data point
to phase-pure LLZ up to a value of about x = 0.3. The
incorporation of small amounts of Al in the LLZ phase goes
along with the emergence of a 27Al MAS NMR line at 64 ppm,
which again represents the aliovalent exchange of Al for Li. At
higher Al levels, XRPD peaks of a second phase, viz. La2Zr2O7,
are observed. Again, this results in a garnet phase depleted in La
and Zr. Concomitantly, the NMR line at 78 ppm emerges with
both increasing x and the formation of La2Zr2O7 (see above).
Exemplarily, a Rietveld refinement of the sample with x = 1.2
revealed that it is composed of ∼33 wt % La2Zr2O7 and ∼66 wt
% Al-doped LLZ. With these values the actual stoichiometry
Li7−3x+zAlx+y+zLa3−yZr2−zO12 of the sample can be determined to
be Li6.68Al1.54La2.55Zr1.26O12 with x ≈ 0.35, y ≈ 0.45, and z ≈

0.74. These values are in good agreement with those estimated
from 27Al MAS NMR: the three distinct NMR lines showing up
at 64, 78, and 82 ppm are assumed to be related to three
distinct doping mechanisms (α), (β), and (γ). While (α)
denotes aliovalent doping (see above), (β) is described by La3+

⇒ Al3+ and (γ) denotes Zr4+ ⇒ Li+ + Al3+. Assuming x + y + z
= 1.54, as calculated from Rietveld analysis, a rough
deconvolution of the corresponding 27Al MAS NMR spectrum
of the sample with x = 1.2 (series B) yields x = 0.33, y = 0.42,
and z = 0.80.
It should be mentioned that 27Al MAS NMR signals around

80 ppm were also observed by Geiger et al.23 From their 27Al
MQMAS NMR measurements they concluded that these
signals result from a single NMR line which is perturbed by
second-order quadrupolar effects. However, judging from the
27Al MAS NMR spectra of some of our samples (see below),
we may not rule out that these signals could also originate from
two separate NMR lines representing different crystallographic
sites in the structure of the garnet.

Compared with series B, the samples of series C show very
similar results (see Figure 4a): phase-pure LLZ is obtained but
up to Al levels of x = 0.6; at even higher values of x the
formation of La2Zr2O7 is observed. Interestingly, the

27Al MAS
NMR line at 78 ppm (and 82 ppm) emerges with significant
intensity although the XRPD patterns do not reveal any
indications for the formation of La2Zr2O7, see Figure 4b. This
might be considered as an argument against the above-given
assignment that this NMR line reflects the replacement of Zr
and La with Al. It is worth noting that no residual Li2O can be
detected by XRPD which does not rule out that it may be X-ray
amorphous. However, assuming that the excess of Li2O has
been incorporated into the garnet and disregarding the
formation of oxygen vacancies, the LLZ formed should be
characterized by smaller ratios of Al, La, and Zr. In the case of
series C with Li7−3xAlxLa3Zr2O12 + 1.25x(Li2O) this would lead
to [(12 + 1.25x)/12]Li(7−0.5x)[12/(12+1.25x)]Alx[12/(12+1.25x)]·
La3[12/(12+1.25x)]Zr2[12/(12+1.25x)]O12. This assumption would
explain why for series C garnet-type LLZ is obtained phase
pure up to higher Al contents (x = 0.60) than for series A (x =
0.25) and B (x = 0.30) as well as for series B compared to series
A. This might be considered as another argument for the
existence of the doping mechanisms La3+ ⇒ Al3+ and Zr4+ ⇒

Al3+ + Li+, respectively.
C. Mixed Doping Mechanisms. In order to check the

assumption that Al replaces La and Zr in LLZ as mentioned
above, we synthesized several LLZ samples with very high Al
contents, which can be described with the formula
Li7−3x+zAlx+y+zLa3−yZr2−zO12. Indeed, it is possible to synthesize
nearly phase-pure LLZ with nominal Al contents up to n(Al) =
x + y + z ≈ 2 whereby considerable amounts of La and Zr are
replaced by Al. Selected results are shown in Figure 6.
In Figure 7 three different compositions with very high Al

contents are presented. Interestingly, both the XRPD pattern
and 27Al MAS NMR spectrum of a sample with the nominal

Figure 4. (a) XRPD patterns of a series of Li7−3xAlxLa3Zr2O12 + 1.25x(Li2O) samples (series C) with the nominal Al contents x as indicated. (b)
Corresponding 27Al MAS NMR spectra which were recorded at a magnetic field of 14.1 T and an MAS spinning rate of 30 kHz. See text for further
explanation.
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composition “Li6.95Al2La2.15Zr1.15O12” are very similar to those
of the sample with x = 0.60 of series A. However, in the case of
Li6.36Al1.78La2.26Zr1.38O12 besides a small amount of γ-LiAlO2

almost phase pure LLZ is obtained. The corresponding 27Al
MAS NMR spectrum reveals a signal with a very low intensity
at 11 ppm (see inset in Figure 7). It probably indicates the
formation of a small amount of LaAlO3. Increasing the nominal
amounts of La and Zr up to a composition of approximately
Li5.73Al1.78La2.36Zr1.47O12, the formation of La2Zr2O7 can be
observed. Hence, the maximum amount of Al which can
substitute La and/or Zr in the LLZ seems to be n(Al) ≈ 1.78
while n(Al) = 2 leads to the formation of, e.g., γ-LiAlO2 and
La2Li0.5Al0.5O4. Interestingly, the XRPD peaks of these three
samples are considerable broader than those found for the
other LLZ samples with a large Al content. Therefore, it seems
plausible to assume a characteristic Al content at which the
stabilization of the cubic LLZ is at its maximum. If the amount
of Al is increased further, the cubic LLZ is destabilized once
again.
For comparison, the aliovalently Al-doped sample (mecha-

nism (α) assumed) with x = 1.20 (series B) is also shown in
Figure 6. Note that the intensity of the NMR line at 82 ppm of

this sample is higher than those found for the other samples
(see Figure 6). Assuming that the signal at 82 ppm reflects
mechanism (γ) Zr4+ ⇒ Li+ + Al3+, a very large amount of Al has
been substituted for Zr, which is in agreement with the
calculated chemical formula Li6.68Al1.54La2.55Zr1.26O12 (vide
supra). However, this seems to be an exception since generally
we observed a preference of the substitution mechanism
connected to the 27Al NMR line at 78 ppm over that one
ascribed to the signal at 82 ppm.
From the results presented up to here, two main conclusions

can be drawn: (i) the doping mechanisms La3+ ⇒ Al3+ and Zr4+

⇒ Al3+ + Li+ do take place, and (ii) the 27Al NMR lines
showing up at 64, 78, and 82 ppm result from Al residing on
different crystallographic sites in the garnet. Hereby, the line at
64 ppm represents the replacement of Li by Al while the other
lines reflect the replacement of La and Zr. NMR chemical shifts
of the three signals lie in the range being typical of tetrahedral
coordination. The signal at 64 ppm might well be Al on the
tetrahedral Li1 position. For the substitution of Al for La and
Zr the situation is probably different. In garnet-type LLZ La
resides in a dodecahedral site and Zr in an octahedral site. The
27Al NMR lines with chemical shifts of 78 and 82 ppm, which
emerge with the exchange of La and Zr by Al, rather point to 4-
fold oxygen coordination.40 Therefore, Al probably does not
occupy the La or Zr sites but resides on tetrahedral sites next to
a vacancy created. So far, the correct assignment of the various
NMR signals turns out to be a difficult task because no clear
relation between isotropic 27Al MAS NMR chemical shifts and
both the coordination number and the Al−O distance d can be
found in the literature.38

By comparing the different doping mechanisms, there is a
qualitative difference between the aliovalent doping mechanism
and the mixed doping mechanism. This can be rationalized by
considering the structure of the garnets stuffed with Li.
Li7La3Zr2O12 should be understood as Li7

+[La3Zr2O12]
7−, i.e., a

negatively charged garnet network being filled with Li ions
compensating for the negative charge. The aliovalent doping
mechanism then leads to Li7−3x

+Alx
3+[La3Zr2O12]

7−. In this
case, the stoichiometry of the garnet network is not affected by

Figure 5. Width of the XRPD peak (full width at half-maximum
(fwhm)) at 2θ ≈ 17° (see Figures 2a, 3a, and 4a) as a function of Al
content x. The solid line is drawn to guide the eye.

Figure 6. (a) XRPD patterns of a sample of series B with x = 1.2 as well as of selected samples systematically reduced in La and Zr. (b)
Corresponding 27Al MAS NMR spectra recorded at a field of 14.1 T and an MAS spinning rate of 30 kHz. The inset shows a magnification of a part
of the NMR spectra of the sample with the composition Li6.36Al1.78La2.27Zr1.36O12. It exhibits a small amount of octahedrally coordinated Al (see
text).
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doping, and a significant impact on the Li dynamics is not to be
expected. The replacement of La and Zr by Al, however,
directly affects the garnet network itself, leading to
Li7−3x+z

+Alx
3+[La3−yAlyZr2−zAlzO12]

z−7. It is obvious that this
kind of doping will more likely have a significant impact on the
garnet structure as well as on the Li ion dynamics.
D. Li Ion Dynamics As Probed by NMR and

Impedance Spectroscopy. 1. NMR Line Narrowing. Li ion
dynamics of the samples were roughly characterized by static
7Li NMR line narrowing measurements. Such measurements
are useful when short-ranged dynamics have to be studied. As
an example, in Figure 8a the 7Li NMR lines of the sample with
x = 0.30 of series B are shown. At low T the NMR line is
dipolarily broadenend and can be described with a Gaussian
line shape. At higher temperatures, as the jump rate of the Li
spins exceeds the dipolar coupling constant, the dipole−dipole
interactions are averaged, resulting in a motionally narrowed
NMR line.41 Here, a two-step narrowing is observed pointing
to a hetergeneous Li ion dynamics.11,17

By plotting the line width (full width at half-maximum,
fwhm) vs T, a so-called motional narrowing (MN) curve is
obtained which can be used to roughly estimate the Li+

diffusivity. In Figure 8b, the corresponding narrowing curve
of cubic LLZ (series B, x = 0.30) is shown together with those
of the previously studied tetragonal16 and cubic17 LLZ prepared
by conventional solid-state synthesis. The Li diffusivity of the
mechanosynthesized material is nearly as high as that of cubic
LLZ synthesized conventionally but significantly higher than
that of the Al-free LLZ crystallizing with tetragonal symmetry.
At the inflection point (T = TMN) of the NMR MN curve the

mean Li jump rate τMN
−1 is approximately given by the relation

τMN
−1 ≈ Δωrl, where Δωrl denotes the rigid lattice line width in

radians. Here, Δωrl(T→0) is approximately 5.7 × 104 s−1. In
Figure 8b, the temperature TMN is marked by a vertically drawn
dashed line. To compare the dynamic properties of the samples
prepared, in Figure 8c TMN is shown as a function of n(Al)
(which is x for series A, B, and C) together with the TMN values
of both cubic LLZ17 and Al-free tetragonal LLZ16 prepared via
high-temperature solid-state synthesis. Most of the samples
prepared exhibited TMN values ranging from 235 to 315 K and,

Figure 7. (a) XRPD patterns of three samples systematically reduced in La and Zr but with a very high Al content. (b) Corresponding 27Al MAS
NMR spectra recorded at a field of 14.1 T and an MAS spinning rate of 30 kHz.

Figure 8. (a) 7Li NMR lines of mechanosynthesized, aliovalently
doped LLZ with x = 0.30 (series B). Data were recorded under static
conditions at ω0/2π = 155.4 MHz. (b) Motional narrowing (MN) of
the corresponding line width (red data points). For comparison, the
MN curves of cubic (dashed black line, data taken from ref 17) and
tetragonal (dashed blue line, data taken from ref 16) LLZ prepared by
conventional solid-state syntheses are included as well. (c) TMN

(deduced from the curves shown in (b)) as a function of the nominal
composition n(Al). Series D marks the samples systematically reduced
in La and Zr. The data point at n(Al) = 1.78 refers to the sample
Li6.36Al1.78La2.26Zr1.38O12. The green and blue triangles mark the
inflection points of cubic and tetragonal LLZ.16,17
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thus, show higher diffusivities than the samples free of Al (see
Figure 8c).
Regarding TMN(n(Al)), the characteristic temperature seems

to pass through a broad minimum located between n(Al) =
0.20 and n(Al) = 0.60 for the samples of series A and B. It
points to a maximum Li ion diffusivity for samples with these
compositions. At n(Al) ≈ 1.00 there seems to be a minimum of
the Li diffusivity for these two series. Interestingly, the Li
diffusivity increases once more when the Al content is increased
further. For comparison, the value of a very fast sample with a
nominal composition of Li6.67Al0.38La2.86Zr1.90O12 is also shown.
Obviously, the Al content itself is not the only parameter

determining the Li ion dynamics. Possible explanations could
be (i) a correlation with the Li concentration,42 (ii) the
occurrence of oxygen vacancies as presumed by Murugan et
al.,42 or (iii) a strong influence of the relative contributions of
the different doping mechanisms. As to (i), we did not observe
a clear correlation between the Li content and the ion
diffusivity of the samples prepared which was evaluated by
comparing the integrals of the 7Li NMR lines. Concerning (ii),
with the analytical tools available we are not able to decide
whether oxygen vacancies, which have been assumed in, e.g.,
refs 26 and 42, are present to a significant extent. As to (iii), it is
important to consider the different types of doping which
definitely have a different impact on the garnet structure as
pointed out above.
It is worth mentioning that some of the samples were

prepared several times in different batches to check the
reproducibility of the results. It turned out that TMN varied by
up to ∼140 K for some equally prepared samples. Exemplarily,
in Figure 9a the XRPD patterns of two samples with x = 0.30 of
series B are shown.
The sample labeled as “F” (fast) is characterized by TMN =

240 K while the slower one labeled as “S” is shifted toward
higher T, yielding TMN = 380 K (see Figure 8c). Interestingly,
the XRPD peak widths of sample “F”, which is also included in
Figure 5, are larger than those obtained for sample “S”. In
Figure 9b, the corresponding 27Al MAS NMR spectra are
shown to check for any differences of the two samples. Whereas
the NMR spectrum of sample “S”, which has already been
included in Figure 3b, reveals a distinct signal at 78 ppm
presumably reflecting the doping mechanism (β), in the

corresponding NMR spectrum of sample “F” a signal at 81 ppm
shows up. Tentatively, the latter can be ascribed to doping
mechanism (γ). Independently of these differences, the two
spectra show very similar NMR intensities at 64 ppm ascribed
to the aliovalent doping (α). Thus, as already proposed above,
the relative contributions of the different doping mechanisms
(β) and (γ) seem to significantly affect Li ion dynamics in LLZ.
However, it should be mentioned that there are also some

samples with a similar composition prepared more than one
time which revealed besides similar XRPD patterns very
comparable dynamic properties.
Since some of the samples of series B reveal the highest Li

diffusivities observed in this study, only samples of these series
were chosen for additional conductivity measurements and
NMR experiments.

2. 7Li NMR Spin−Lattice Relaxation Rates.When plotted as
a function of inverse temperature, the 7Li NMR spin−lattice
relaxation (SLR) rate R1 passes through a maximum at the
temperature at which the Li jump rate τ−1 is in the order of the
Larmor frequency: τ−1 ≈ ω0. Exemplarily, in Figure 10 the SLR

Figure 9. (a) XRPD patterns of two different samples of series B with x = 0.30. The XRPD peak widths of the sample labeled as “F” are broader than
those found for the sample labeled as “S”. (b) 27Al MAS NMR spectra of the two materials which were recorded at a field of 14.1 T and a spinning
rate of 30 kHz.

Figure 10. 7Li NMR SLR rates R1 of LLZ with x = 0.30 (series B)
recorded at ν0 = ω0/2π = 155.4 MHz. For comparison, those of cubic
and tetragonal LLZ prepared by a solid-state synthesis are also
included (data were taken from refs 16 and 17).
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rates R1 of LLZ with x = 0.30 (series B) are shown. The
diffusion-induced NMR SLR rates are very similar to those of
conventionally synthesized cubic LLZ which has been studied
by some of us quite recently (see ref 17). For comparison, the
corresponding data are indicated in Figure 10 by a dashed line.
Below 180 K the rate R1 is governed by nondiffusion induced
background relaxation, which is characterized by a very weak
temperature dependence. At elevated temperatures the low-T
flank of the diffusion-induced rate peak R1(1/T) is visible. For
the sake of completeness also the NMR SLR rates recently
obtained for Al-free LLZ crystallizing with tetragonal
symmetry16 are included (see dashed-dotted line).
Independent of n(Al), diffusion-induced rate maxima show

up between 573 and 623 K pointing to jump rates in the order
of 109 s−1 (see the Arrhenius plot of Figure 12 where τ−1 is
plotted vs 1/T). Taking into account the estimated jump rate
from NMR motional narrowing measurements, which has also
been included in Figure 12, an activation energy Ea of 0.33(2)
eV can be deduced. This value is in good agreement with the
results from recently published studies on cubic LLZ.1,17 For
comparison, the corresponding Arrhenius lines of cubic and Al-
free tetragonal LLZ are also shown in Figure 12 (see the dashed
lines).
3. Static Field-Gradient NMR Measurements. The Li jump

rate deduced from 7Li SLR NMR is very similar to that
extracted from preliminary static field-gradient (SFG) NMR
measurements which were exemplarily carried out using the
mechanosynthesized sample with x = 0.30 (series B). In
general, SFG NMR probes macroscopic Li diffusion coefficients
D in the micrometer range.43−46 In order to compare D with
the Li jump rates probed by SLR NMR, the diffusion
coefficients recorded at various temperatures were converted
into τ−1 values with the help of the Einstein−Smoluchowski
equation. Here, we assumed uncorrelated motion and a jump
distance of ∼0.25 nm. Although the absolute value of the so-
obtained rates included in Figure 12 is fraught with an
uncertainty of up to a factor of ∼5, good agreement is found
with the data obtained from motional narrowing and SLR
NMR (see, e.g., ref 47 for comparison with other studies).
For the sake of completeness, additional SFG NMR

measurements were carried out on cubic and Al-free tetragonal
LLZ studied in refs 17 and 16, respectively. Once again, the
values probed are in very good agreement with the
corresponding Arrhenius lines of Figure 12.
4. Impedance Measurements. Impedance spectroscopy

measurements were carried out at room temperature for
selected samples. In Figure 11, the real part σ′ of the complex
impedance of the sample with x = 0.30 (series B) is shown as a
function of frequency f. While at low frequencies σ′ is
influenced by the effects of ion-blocking electrodes, at f = 1
Hz the conductivity reaches a plateau which passes into a
dispersive regime. At even higher frequencies ( f > 10 MHz) a
second plateau shows up which reflects the bulk conductivity
being in the order of 10−5−10−4 S cm−1. The exact value of σ′
associated with this shallow plateau turns out to depend on
n(Al) as well as the synthesis conditions chosen. A similar
behavior of σ′ was found for all the samples prepared by
sintering the high-energy ball milled powders at 873 K for 6 h.
Most likely, the low-frequency plateau observed is governed

by grain boundary effects significantly blocking long-range ion
transport in LLZ. This can be easily verified by sintering the
samples at temperatures much higher than 873 K. As an
example, in Figure 11 the impedance spectrum of a

mechanosynthesized sample of LLZ with x = 0.40 is shown
which was annealed at 873 K for 6 h. For comparison, the
electrical response of a sample with n = 0.40 is included which
has been annealed at 1500 K for 15 h. Its composition is
“Li7.75Al0.40La3Zr2O12”, i.e., an excess of Li was intentionally
added to compensate for Li loss during annealing (see Figure
S2 in the Supporting Information for the XRPD pattern and the
corresponding 27Al MAS NMR spectrum). As can be clearly
seen in Figure 11, sintering drastically changes the impedance
response: the plateau associated with the bulk conductivity is
significantly shifted toward higher frequencies dominating σ′ in
the range from 10 kHz to 10 MHz. σ′(T) of the bulk response
follows Arrhenius behavior with an activation energy of 0.28(3)
eV (see Figure S3, Supporting Information), which is in fair
agreement with literature data.1,17 Conversely, when the pellet
sintered at 1500 K is thoroughly ground in an agate mortar and
the obtained powder is cold pressed to a new pellet, a
conductivity spectrum very similar to the original one is
obtained. For comparison, samples which were not annealed
after mechanical activation show a rather low Li diffusivity and
conductivity, respectively.
Finally, coming back to the sample with an Al content of

n(Al) = 0.30, in analogy to ref 16, the conductivity values of the
two plateaus seen in Figure 11 have been converted into Li
jump rates using the Nernst−Einstein equation and the
Einstein−Smoluchowski equation. The values calculated are
included in the Arrhenius plot of Figure 12. It is evident that
the plateau showing up at higher frequencies reflects the fast
transport process. The solid line included in the figure
represents a least-squares fit taking into account also NMR
data. The activation energy turned out to be ∼0.33 eV.

IV. CONCLUSIONS

Phase pure Al-doped Li7La3Zr2O12 crystallizing with cubic
symmetry with an Al content of almost up to n(Al) = 1.78 can
easily be prepared by high-energy ball milling and subsequent
annealing carried out at rather low temperatures. In contrast to
conventional high-temperature solid-state synthesis the low-
temperature mechanosynthesis avoids Li loss and allows the
precise adjustment of the samples' stoichiometry. This turned
out to be beneficial to study the effect of various kinds of

Figure 11. Impedance spectra of mechanosynthesized LLZ with x =
0.30 (red circles) measured at ambient temperature. For comparison,
the black squares represent two impedance spectra of a sample with a
nominal Al content of x(Al) = 0.40. As indicated by the arrow,
sintering at 1500 K for 15 h, which was immediately carried out after
the milling step, significantly affects the electrical response.
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doping on both structural and dynamic properties of garnet-
type LLZ. The comprehensive structural investigation of
various Al-doped LLZ samples by XRPD and 27Al MAS
NMR reveals that the three distinct NMR lines showing up
appear to be connected to three different doping mechanisms
whereby Al replaces Li (preferred at low dopant concen-
trations), La, and Zr. The impact of the Al dopant on the
stuffed garnet Li7

+[La3Zr2O12]
7− is not restricted to the Li

sublattice but does directly affect the garnet network itself,
leading to Li7−3x+z

+Alx
3+[La3−yAlyZr2−zAlzO12]

z−7 or
Li7−3x

+Alx
3+[La3−yAlyZr2−zAlzO12−2z]

7−. This rationalizes the
large impact of Al doping on the Li ion diffusivity as well as
ion conductivity of cubic LLZ.
Appropriate Al doping results in highly conducting LLZ with

a bulk conductivity in the order of 10−4 S cm−1 similar to that
reported by Murugan et al.1 Using an LLZ sample with n(Al) =
0.30 (series B), the fast Li diffusion process was exemplarily
probed by various NMR techniques and impedance spectros-
copy altogether covering a dynamic range of many decades. In
agreement with recent investigations, the activation energy
turned out to be ∼0.3 eV. Impedance spectroscopy measure-
ments revealed that the grain boundaries of a cold-pressed
nonsintered powder sample have a significant blocking effect on
Li ion transport. This can be overcome by appropriate high-
temperature sintering of the garnets.48

Certainly, further studies are needed to investigate the
relationship between synthesis conditions and the relative
contributions of the various doping mechanisms taking place.
Small variations of the preparation parameters seem to have a
significant effect on this ratio which, in turn, is expected to
affect Li ion transport.
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Chapter 4

Structure and Dynamics in the

Binary Zintl-type Silicide Li12Si7

4.1 The Li-Si system

The binary phase diagram (see Fig. 4.1) of Li and Si contains of 5 stable compounds: LiSi [154,155],

Li12Si7 [156, 157], Li7Si3 [158–160], Li13Si4 [161], Li21Si5 [162]. Additionally, amorphous Li-

Si [163–166] and the metastable Li15Si4 compound [167–170] which occur in electrochemical lithi-

ation [166, 171–173] have been reported. The Zintl-type silicides contain different types of Zintl-

anions. With increasing Li content more electrons are provided and the net charge per Si atom of

the Zintl ions occurring in the silicides increases with increasing Li content as shown in Table 4.1.

The lithium silicides are not only interesting from a fundamental point of view: silicon might

replace carbon as anode materials in Li-ion batteries in future battery concepts. Silicon as an an-

ode material has been proposed 30 years ago already [163,164,171,172,174–177]. The theoretical

specific capacity of silicon-based anodes is by nearly a factor of 10 larger than that of carbon-based

ones, but the high volumetric changes led cracks in the material and, thus, to large irreversible

capacity losses in the first cycles already. This problem is likely to be overcome in new Si-based

anode concepts working with nano-wires, nano-particles, or nano-composite materials. [178–183]

The future has to show whether it is possible to upscale the fabrication of these new prototype

batteries.

In spite of the promising prospect of Li-Si materials, until a few years ago, hardly any data on the

Li diffusivity in these materials were found in the literature. In 1960, the diffusion of Li atoms

Zintl anion net charge per Si LiSi Li12Si7 Li7Si3 Li13Si4 Li21Si5 Li15Si4

[Si−]n-network -1 × − − − − −
Si6−5 -rings -1.2 − × − − − −
Si10−4 -stars -2.5 − × − − − −

Si4−2 -dumbbells -2 − − × × − −
isolated Si−4 -4 − − − × × ×

Table 4.1: Zintl anions in binary lithium silicides
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Figure 4.1: The binary phase diagram of Li and Si. Redrawn after Ref. [153] with corrected

stoichiometry of the Li-richest compound Li21Si5.

in bulk Si was determined, [184, 185] in 1981, a GITT-study (galvanostatic intermittent titration

technique) at high temperatures was presented. [186] RT-data on the Li diffusivity in Si half cells

was added only recently. [187,188] A fundamental study on the Li ion dynamics from a microscopic

point of view was completely missing.

4.2 Li dynamics in Li12Si7

In this work, the binary silicide Li12Si7 was examined with 7Li NMR relaxometry. The results

are already published (A. Kuhn et. al., “Li Ion Diffusion in the Anode Material Li12Si7: Ultrafast

Quasi-1D Diffusion and Two Distinct Fast 3D Jump Processes Separately Revealed by 7Li NMR

Relaxometry”, J. Amer. Chem. Soc. 133 (2011) 11018, Ref. [189] and pages 121-125). The paper

is shown below (page 122). Hereby, three dynamic processes occurring on well-separated time

scales could be extracted. The NMR SLR rates of the fastest process exhibit properties typical of

1D diffusion processes. [78]

With the atomic-scale NMR relaxometry technique, it is neither possible to relate the process to

structural features of the compound nor to decide whether the observed dynamic process is a local

Li jump process or whether it gives rise to long-range Li diffusion - although the fastest process

seen in NMR relaxometry was in good agreement with the high-temperature diffusion coefficient

from the GITT study in the literature. [186]

Therefore, as a next step, FG-NMR measurements were performed. This nuclear method is capable

of determining tracer-diffusion coefficients. In a first attempt, MAS-PFG-NMR were conducted in

cooperation with Prof. Dr. D. Freude (University of Leipzig). However, here, the equipment was

not sensitive enough to determine diffusion coefficients in the temperature range accessible with the

probe. Therefore, I cooperated with Dr. M. Kunze (MEET, University of Münster) for PFG-NMR

measurements with a commercial static PFG-probe (Bruker, Diff 30). Here, Li tracer diffusion

coefficients could be determined at 298 K and 313 K. The results corroborated the assumption
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that the fast diffusion process is of long-range nature. Very recently, I additionally performed SFG

NMR measurements at high temperatures. These results are summarized in the poster presented

on page 134 (Kuhn et al. “Insight into the Li ion dynamics in Li12Si7: Combining PFG NMR,

1D/2D MAS NMR, and NMR relaxometry”) shown below. The FG-NMR measurements did not

show clear indications of a 1D diffusion process. On a macroscopic scale, the Li dynamics seems

to be rather of 3D nature. Nevertheless, diffusion-time dependent PFG-NMR measurements are

needed to clarify this beyond doubt. Hereby, the time-dependence of typical of single-file diffu-

sion [190] which seems translate into SLR NMR might be detected.

4.3 Structural aspects of Li12Si7

In order to connect the processes observed in NMR relaxometry with the structural features of

Li12Si7, 7Li and 6Li MAS NMR measurements were performed in December 2010. I observed the

same 7Li NMR lines in the spectrum as already reported by Key et al. (see Ref. [191]) in 2007.

Interestingly, a line appears at very low ppm-values, namely -17.2 ppm. Key et al. attributed it

to an impurity. However, in my view, an alternative explanation was an aromatic shift of the

Li6-position in Li12Si7 residing between two possibly aromatic Si6−5 -rings. This aromaticity has

been proposed in theoretical studies ever since the compound was known. [157,192–195] Using 6Li

and 7Li exchange NMR, I could show that the Li line at -17.2 ppm belongs to the same lattice as

the other lines observed. Therefore, it could not be an impurity. The most reasonable assumption,

thus, was the aromaticity of the Si6−5 -rings. The Si6−5 Zintl ions also occur in the ternary silicide

Li8MgSi6 [196,197]; the 7Li MAS spectrum of this compound also shows a line with a large upfield

shift (about -16 ppm) which further corroborates the assignment of the shifted line to the Li

site between the (aromatic) rings. This was the first experimental evidence of aromaticity of an

per-sila ring - the publication is added on page 126 (A. Kuhn et al., “Li NMR Spectroscopy on

Crystalline Li12Si7: Experimental Evidence for the Aromaticity of the Planar Cyclopentadienyl-

Analogous Si6−5 -rings” Angew. Chem. Int. Ed. 50 (2011) 12099, Ref. [198] and pages 126-133).

The publication was recognized in scientific media (Science 334 (2011) 739, Nachr. Chem. 60

(2012) 107), Nachr. Chem. 60 (2012) 260).

As a next step, I performed 29Si NMR on enriched samples as well as temperature-dependent
7Li MAS NMR. Some results are shown in Fig. 4.2. For a deeper understanding of the spectra,

HETCOR NMR measurments are required. To this end, we profit from recent publications on

structural NMR on Li12Si7 by the groups of C. P. Grey (Cambridge, UK) and H. Eckert (Münster,

Germany). They mainly focused on resolving structural aspects of Li12Si7 with the help of advanced
29Si and 6,7Li MAS NMR techniques. [199, 200]



119

Figure 4.2: A: Room-temperature 29Si MAS NMR spectrum of Li12Si7 measured at 14.1 T and a

spinning rate of 30 kHz. The assignment of the lines to the Zintl anions was assumed from the

integrals. B: Low-temperature 7Li 2D NOESY spectrum measured at 150 K, 11.7 T, a spinning

rate of 20 kHz and a mixing time of 100 ms. Dipolar coupling and/or exchange is observed between

all lines except the impurity at 0 ppm. This spectrum was recorded in the Bruker BioSpin labs by

Dr. S. Wegner.
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Figure 4.3: Li jump processes occurring in Li12Si7 as derived from various 7Li NMR techniques.

The fastest process activated by roughly 0.2 eV is relevant for long-range Li transport in Li12Si7.

The other processes connect less mobile Li sites with the fast diffusing ion reservoir.

4.4 Correlating Structure and Dynamics in Li12Si7

Taking together my results and those of the Refs. [199] and [200], a consistent picture of the

structure and dynamics of Li12Si7 is obtained. This is outlined in the poster on page 134 already

mentioned above (Kuhn et al. “Insight into the Li ion dynamics in Li12Si7: Combining PFG NMR,

1D/2D MAS NMR, and NMR relaxometry”). Here, additionally, exchange rates obtained from

mixing-time dependent 7Li MAS 2D exchange NMR measurements are added. Fig. 4.3 summa-

rizes the progress in understanding the Li dynamics which has been obtained, so far.

Only few measurements are required to complete the picture: Low-temperature CP-MAS mea-

surements would allow one to assign one more NMR line to a crystallographic site. However,

due to principle technical limitations the 9 Li positions which take part in the very fast diffu-

sion process cannot be resolved experimentally, so far. Here, MD simulations might be necessary

in order to obtain a clearer picture of the single jump processes underlying the overall Li dynamics.
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ABSTRACT: The intermetallic compounds LixSiy have
attracted considerable interest because of their potential
use as anode materials in Li ion batteries. In addition, the
crystalline phases in the Li�Si phase diagram turn out to be
outstanding model systems for the measurement of fast Li
ion diffusion in solids with complex structures. In the
present work, the Li self-diffusivity in crystalline Li12Si7
was thoroughly probed by 7Li NMR spin�lattice relaxation
(SLR) measurements. Variable-temperature and -frequency
NMR measurements performed in both the laboratory and
rotating frames of reference revealed three distinct diffusion
processes in Li12Si7. The diffusion process characterized by
the highest Li diffusivity seems to be confined to one
dimension. It is one of the fastest motions of Li ions in a
solid at low temperatures reported to date. The Li jump
rates of this hopping process followed Arrhenius behavior;
the jump rate was∼105 s�1 at 150 K and reached 109 s�1 at
425 K, indicating an activation energy as low as 0.18 eV.

Silicon is intended to be used as negative electrode material for
Li ion batteries. This is mainly due to its extraordinarily high

specific capacity, which is a factor of 10 higher than that of
conventionally used carbon anodes. Technological problems
due to the high volumetric change of Si-based anodes and the
resulting loss of capacity during cycling are likely to be over-
come.1�4 In general, high Li diffusivity in electrode materials is
greatly favorable for the development of rechargeable batteries
with optimum performance. However, in spite of the technolog-
ical significance of Si-based anodes within the scope of energy
storage, data on the diffusion of Li in LixSiy are still rare.

5�7 In
particular, there have been no studies of the jump processes by
microscopic (i.e., atomic-scale) methods such as NMR
spectroscopy.8,9 The available solid-state NMR techniques are
capable of reliably probing Li diffusion parameters over a wide
dynamic range.8�11 In addition to the aforementioned techno-
logical relevance in battery research, lithium silicides provide
interesting model systems for fundamental 7Li NMR diffusion
studies. The phase diagram of lithium and silicon shows five
crystalline intermetallic Zintl-like phases: Li21Si5, Li13Si4, Li7Si3,
Li12Si7, and LiSi.2,12,13 A metastable crystalline phase with the

composition Li15Si4 and amorphous LixSiy also exist. The latter
phases are obtained by electrochemical lithiation.14,15

Here we report on the Li self-diffusivity in crystalline Li12Si7,
which among the lithium silicides shows the most interesting
crystallographic structure, containing a one-dimensional (1D)
silicon backbone, in particular, which is filled with and surrounded
by lithium ions on 13 different crystallographic sites.16�18 Li12Si7
was prepared from a melt of the elemental starting materials in
a niobium tube under dry argon (see below). As confirmed by
powder X-ray diffraction (XRD), a pure, crystalline product of
orthorhombic Li12Si7 (space group Pnma) was obtained.

7Li NMR spectroscopy performed under static conditions
(i.e., on nonrotating samples) was used to probe microscopic Li
diffusion parameters in the mixed conductor Li12Si7.

7Li NMR
line shape measurements are highly useful for classifying materi-
als as ionic conductors in a qualitative manner.19�21Quantitative
information on the diffusive jump process can be obtained in a
rather direct way via variable-temperature 7Li NMR spin�lattice
relaxation (SLR) measurements. From diffusion-induced NMR
SLR rates, dynamic parameters (i.e., absolute jump rates and
activation enthalpies) can be deduced.19 Moreover, frequency-
dependent NMR SLR rate measurements, even when performed
on a powder sample, contain valuable information on the
dimensionality of the jump process under investigation.22

7Li NMR spectra (Figure 1) were recorded over the tempera-
ture range from 125 to 723 K at a resonance frequency (ω0/2π)
of 155.4 MHz. At 125 K, the line is broad and has a complex
shape due to (i) nonaveraged dipole�dipole interactions of the
7Li nuclei, (ii) chemical shift anisotropies, and (iii) interactions of
the quadrupole moment of 7Li with the electric field gradients at
the various crystallographic Li sites in Li12Si7. At low tempera-
turesT, the line widthΔω/2π of the central transition is given by
the so-called rigid lattice valueΔωrl/2π, which is∼16 kHz in the
present case. With increasing temperature, dipole�dipole inter-
actions are progressively averaged as a result of the thermally
activated motion of the 7Li ions. Significant line narrowing sets in
when the Li jump rate (τ�1) becomes comparable to the spectral
width Δωrl/2π. In the case of Li12Si7, the onset of this motional
narrowing was observed at a very low temperature of ∼130 K
(see Figure 1B). From the inflection point of the corresponding

Received: March 4, 2011
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narrowing curveΔω(T) [obtained by plottingΔω for the central
transition (see below) as a function ofT], it is possible to obtain a
rough estimate of the Li jump rate at the respective temperature
via the relation τ�1

≈Δωrl. It turned out that the rate τ
�1was on

the order of 105 s�1 at 150 K.
The 7Li NMR spectra at 188, 258, and 723 K showed the

typical shape of the powder spectrum for a spin 3/2 nucleus,
consisting of a central transition line and quadrupolar satellite
intensities. As can be clearly seen in Figure 1 A, the quadrupolar
powder pattern (and thus the mean field gradient experienced by
the Li ions) changed with increasing temperature. If it is assumed
that the asymmetry parameter of the quadrupolar coupling
tensor vanishes, the mean quadrupolar coupling constants δQ
can be determined from the corresponding spectral distances
Δωsat/2π (marked in Figure 1 A by vertical lines pointing to the
singularities of the powder pattern) as δQ = 2�Δωsat/2π. In the
present case, δQ did not exhibit a gradual change with increasing
temperature, as might be ascribed to thermal expansion of the
material. Here, as T increased, the satellite intensities gradually
vanished, and new ones emerged at even higher temperatures.
This behavior can be explained by a stepwise averaging of electric
quadrupolar interactions due to Li jump processes between the
distinct crystallographic sites in Li12Si7. Thus, at least three
different jump processes, each one leading to a specific mean
coupling constant δQ, were subsequently activated in the silicide,
resulting in an intermittent reduction of the electric quadrupole
interaction. The mean coupling constants δQ were found to be
47.4, 10.8, and 5.6 kHz at 188, 258, and 723 K, respectively.

NMR SLR measurements gave even clearer insight into
the lithium dynamics of crystalline Li12Si7. In the Arrhenius

plots shown in Figure 2, 7Li NMR SLR rates in the laboratory
and rotating frames of reference (T1

�1 and T1F
�1, respectively)

are shown. The rates were recorded at different resonance
(ω0/2π = 77.7 and 155.4 MHz) and locking (ω1/2π = 12.4
and 39.0 kHz) frequencies, respectively. Here the NMR SLR is
induced solely by local fluctuations of magnetic dipolar or electric
quadrupolar interactions due to the motion of the Li spins. As is
well-known,21 these temporal fluctuations can be described in
terms of a correlation function G(τ0), and the NMR SLR rate is
proportional to the Fourier transform of G(τ0) [i.e., the spectral
density J(ω0(1))] at or close to the respective NMR frequency.
When purely induced by diffusion processes, the NMR SLR rate
passes through a maximum at a characteristic temperature Tmax

at which 1/τ0, the correlation rate of the jump process (which is
essentially the average jump rate τ�1), equals the NMR fre-
quency (i.e., ω≈ τ�1). If the NMR SLR rates are measured as a
function of T at different resonance frequencies, an absolute
jump rate τ�1(Tmax) can be deduced from each recorded rate
peak T1(F)

�1(1/T). With the use of NMR SLR in the laboratory
and rotating frames of reference, both the megahertz and kilo-
hertz ranges can be covered, allowing the determination of the
activation energies EA and the lithium jump rates. The value of
τ�1(1/T) is expected to follow Arrhenius behavior according
to the equation τ�1 = τ0

�1 exp(�EA/kBT), where τ0
�1 is the

pre-exponential factor and kB is Boltzmann’s constant.
Obviously, the global maxima of the two T1

�1(1/T) curves
and the low-temperature maxima of the two T1F

�1(1/T) curves
in Figure 2 belong to the same ultrafast diffusion process. The
corresponding flanks of the four SLR rate peaks show the same

Figure 1. (A) 7Li NMR spectra recorded at various temperatures (125,
188, and 258 K at ω0/2π = 155.4 MHz and 723 K at 77.7 MHz). The
spectral distances of the quadrupolar satellites (Δωsat/2π) are indicated.
(B) Motional narrowing of the line width (full width at half-maximum)
of the central 7Li NMR transition.

Figure 2. Arrhenius plots of the 7Li NMR SLR rates in the laboratory
frame, T1

�1, at ω0/2π = 155.4 and 77.7 MHz and those in the rotating
frame, T1F

�1, atω1/2π = 39.0 and 12.4 kHz. Dashed lines are guides to
the eye. See the text for further explanation.
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slope. The jump rates associated with the peak maxima can be
obtained using the maximum conditions ω0 ≈ τ�1 and 2ω1 ≈

τ�1 (see above).19,22,23 The resulting rates τ�1(T = Tmax) are
shown in Figure 3 in an Arrhenius plot (red data points). The
dashed line represents an Arrhenius fit to the four points, yielding
EA = 0.18 eV. The value of τ0

�1 turned out to be on the order
of 1011 s�1. For comparison, a Li jump rate deduced using
galvanostatic intermittent titration technique (GITT) measure-
ments (see ref 5) is also included.

The behavior of the NMR SLR rate flanks [i.e., for tempera-
tures above that of the rate maximum (τ�1

. ω) or below it
(τ�1

,ω)] requires a model-dependent examination. The high-
temperature (HT) and low-temperature (LT) limits of J(ω)
according to models for 1D,22 2D,22,24 and 3D19,22 diffusion in
solids are listed in Table 1 (see ref 8). In the case of 3D diffusion,
the NMR SLR rate in the high-temperature limit (τ�1

. ω) is
proportional to τ. As a result, the activation energy derived from
that flank should be equal to that obtained from the jump rates
τ�1(Tmax) obtained from the maxima of the SLR rate peaks.
Furthermore, the NMR SLR rate on the HT flank is expected to
be independent of the resonance frequency applied.19,22 How-
ever, in the present case, neither of these predictions was met for
the four diffusion-induced SLR rate peaks mentioned above and

highlighted in Figure 2 by dashed lines. Interestingly, the NMR
SLR rates in the HT limit (τ�1

. ω) revealed a distinct
frequency dependence. The corresponding HT flanks of the
four rate peaks in Figure 2 seem to be parallel (cf. the dashed
lines). The apparent activation energy deduced from the HT
flanks was approximately half the actual activation energy that
was obtained from the jump rates derived from the rate maxima
(see the dashed line in Figure 3). These findings are clear
indications that the ultrafast diffusion process observed for
Li12Si7 is of a low-dimensional nature. According to the theore-
tical description for 1D diffusion given by Sholl,22 the diffusion-
induced NMR SLR rate on the HT flank is proportional to
τ0.5ω�0.5. Hereby, the factor τ0.5 is responsible for the smaller
slope on the HT flank, which is expected to be half the slope in
the Arrhenius plot. The factor ω�0.5 brings about the frequency
dependence. Although there are many systems in which (quasi)
1D diffusion occurs, in none of these, except for the related
phenomenon of 1D diffusion of electron spins,25 could the
theory be checked until now. Essentially, the lack of suitable
data stemmed either from the circumstance that the HT flank
was not accessible because the diffusion process was too slow or
the fact that the HT flank was masked by strong interactions of
Liþ with paramagnetic ions dominating the NMR SLR rate. In
the latter case, the NMR SLR rate would no longer be governed
solely by Li diffusion. However, in the case of Li12Si7, the two
predictions for 1D diffusion were met with satisfying agreement.
The apparent activation energy (0.09 eV; see Figure 2) was
approximately half the actual one, and the frequency dependence
of the SLR rate on the HT flank turned out to be ∼ω�0.4,
whereby a frequency range of more than 3 orders of magnitude
was covered. Therefore, we assume that this diffusion process is a
quasi-1D one. Preliminary considerations with regard to the
crystal structure and electronic bonding properties of Li12Si7 (see
refs 13, 18, and 33)make our assumptions plausible. In particular,
the extended structural analysis by Nesper et al.18 clearly showed
the existence of two well-separated 1D infinitesimal partial
structure elements along the [100] direction, corresponding to
the compositions [Li12Si4] and [Li6Si5]. These findings support
our conclusion about the quasi-1D or at least strongly anisotropic
diffusion process. For comparison, the experimental verification
of the predicted spectral density function for LixTiS2 showing
pure 2D diffusion was previously reported by our group.26

Apart from this low-dimensional and very fast dynamic
process in Li12Si7, the T1F

�1(1/T) data revealed two additional
jump processes showing up as two well-separated 7Li NMR SLR
rate peaks at higher temperatures (see Figure 2). The jump rates
derived from the corresponding rate maxima are also included in
Figure 3 (see the solid and dashed-dotted lines).

The underlying motional processes of the two T1F
�1(1/T)

rate peaks exhibit the characteristics of 3D diffusion, since in both
cases the rates on the HT flanks coincide (i.e., the diffusion-
induced SLR rates are independent of the locking frequency
used). The faster of the two processes caused the T1F

�1 rate to
pass through characteristic peak maxima near room temperature
(at 3.5 K�1 on the 1000/T scale; see Figure 2). Presumably, the
same process led to the slight shoulder appearing at 1000/T ≈

1.5 K�1 on the HT flank of the rate peak T1
�1(1/T) measured at

77.7 MHz (see the arrow in Figure 2). For measurements at
155.4 MHz, only temperatures up to 633 K were accessible with
our equipment. This was not high enough to clearly reach the
corresponding rate maximum at the largest resonance fre-
quency used. Still, the respective incipient rate peak seems to

Figure 3. Li jump rates τ�1 extracted from the NMR SLR rate maxima
of Figure 2; these jump rates are represented by circles. For comparison,
the square shows a jump rate derived from literature data (GITT
measurements5), the star a Li jump rate estimated from the 7Li NMR
line narrowing (see Figure 1), and the triangle a Li jump rate from a first
2D exchange MAS NMR measurement.

Table 1. High-Temperature (HT) and Low-Temperature
(LT) Limits of the Spectral Density Function J(ω) for 1D, 2D,
and 3D Diffusiona

HT limit LT limit

1D (τ/ω)0.5 τ�1ω�β

2D τ ln(1/ωτ) τ�1ω�β

3D τ τ�1ω�β

aThe model parameter β ranges between 1 and 2 and accounts for
correlation effects due to Coulomb interactions of the jumping ion or to
structural disorder (see ref 8).
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be indicated in the SLR rates measured at the highest tempera-
tures and 155.4 MHz. The activation energy of the faster 3D
jump process obtained from the three rate maxima (dashed-
dotted line in Figure 3) and the one taken from the slope of the
HT flank of the rotating-frame SLR rates (solid line in Figure 2)
are identical within experimental error (0.32 eV). Beyond doubt,
this is expected for a 3D diffusion process (see above and Table 1).

The second 3D process, which is characterized by the highest
activation energy, was visible only in the T1F

�1(1/T) data (see
Figure 2). The corresponding Arrhenius line in Figure 3 (black line)
is not a fit through the two points obtained from the SLR rate
maxima. Here, the activation energy was taken from theHT flank of
the rotating-frame SLR rates, yielding EA = 0.55 eV for this 3D
process. The Arrhenius line for this jump process is in very good
agreement with the Li jump rate deduced from a first measurement
by 2D exchange magic-angle-spinning (MAS) NMR spectroscopy.27

As also found for the quasi-1D process, the pre-exponential
factors τ0

�1, which are interpreted as attempt frequencies of the
two 3D processes, were on the order of 1011 s�1. This value is∼2
orders of magnitude lower than the optical phonon Li modes of
Li12Si7 obtained from ab initio calculations.13 Generally, the
tendency to have lower pre-exponential factors in the Arrhenius
relation in comparison with the phonon frequencies can be
understood in terms of cooperative motions or strong anharmo-
nicities of the potential landscape next to a vacancy; the latter
might lead to lower vibrational frequencies than in the vacancy-
free bulk (for a discussion of low pre-exponential factors
obtained by NMR spectroscopy, see, e.g., refs 24, 28, and 29).

In summary, the low-dimensional hopping process found for
polycrystalline Li12Si7 (EA = 0.18 eV) is one of the fastest Li
diffusion processes in solids known in the literature. Its quasi-1D
nature has been revealed by frequency-dependent NMR SLR
measurements. The fast 3D Li jump process (EA = 0.32 eV),
although much slower than the quasi-1D process, is nonetheless
comparable to diffusion processes in typical superionic Li
conductors.30�32The slower 3D process has an activation energy
of 0.55 eV, which is similar to that for self-diffusion in lithium
metal.33 To our knowledge, this is the first system in which three
distinct Li jump processes, which are activated one after the other
according to their increasing jump barriers, have been separately
characterized using diffusion-induced NMR SLR measurements.

Subsequent studies will include the identification of the diffusion
pathways and sites related to the revealed jump processes. From the
structure, even manymore than those three distinct jump processes
are expected. Presumably, exchange processes between comparable
crystallographic sites show similar jump barriers and therefore are
not separately seen in NMR relaxometry. 1D and 2D MAS NMR
measurements carried out at very low temperatures might help
identify the crystallographic sites connected to the three main
diffusion processes probed by NMR SLR.
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Since the pioneering work of West et al. in 1981[1] that

questioned the well-known double-bond rule, chemists work-

ing in the field of organometallics have been trying to

synthesize silicon analogues of organic compounds containing

p bonds. However, most of these compounds inherently lack

thermodynamic stability, thus making their preparation a very

challenging task. In these compounds, Si=Si p bonds have to

be kinetically stabilized by large, sterically hindering groups.

Very recently, Abersfelder et al.[2] reported the synthesis of a

tricyclic isomer of hexasilabenzene containing a Si6 ring.

Theoretical calculations suggest a nonclassical “dismuta-

tional” aromaticity of the nonplanar hexasilabenzene.[3]

However, classical benzene-like aromaticity is characterized

by planarity and equal bond lengths that lead to an optimum

overlap of the p orbitals to result in a cyclic electron

delocalization. This effect increases the corresponding dia-

magnetic susceptibility.

Nuclear magnetic resonance (NMR) spectroscopy is a

powerful technique that can be used to experimentally assess

whether a structure should be regarded as aromatic or not.

Aromatic compounds show characteristic and relatively large

chemical shifts diso , which are explained by a ring current

induced by the magnetic field.[4] A probe nucleus residing

inside the anisotropic cone above or below the aromatic ring

will be subjected to a shielding effect (upfield shift) that

causes the NMR signal to appear at lower diso values. To the

best of our knowledge, classical aromaticity characterized by

the criteria mentioned above has not been reported to date

for a structural unit solely composed of Si. Lee and

Sekiguchi[5] previously reported two probably aromatic,

positively charged complex ligands containing Si3 and Si4

rings. The Si4 ligands are nearly planar and their formal

charge agrees with the H�ckel rule;[6] these features are a

good argument for the aromaticity of these compounds.

However, the ultimate proof of their (carbon-like) aromatic-

ity is still missing.

In this work, the crystalline Zintl phase Li12Si7 was

investigated by both 1D and 2D 6Li as well as 7Li high-

resolution, that is, magic angle spinning (MAS) NMR

spectroscopy. The crystal structure of the binary silicide

contains semi-infinite 1D 1
1

LiSi10=2
� �

sandwich complexes

(Figure 1).[7] Remarkably, the corresponding Li MAS NMR

spectrum exhibits a distinct signal that is shifted upfield to

�17.2 ppm. As we will show here, there is strong evidence

that this NMR signal belongs to the Li ions sandwiched

between the cyclopentadienyl-analogous Si5
6� rings in Li12Si7.

The suspected aromaticity of the planar Si5
6� units, see for

example Ref. [7b,c], results in a pronounced shielding of these

Figure 1. a) Crystal structure of the Zintl phase Li12Si7 (Pnma). In the

right-hand unit cell, all Li atoms apart from Li6 are removed. b) Semi-

infinite 1D sandwich complexes of 1
1

LiSi10=2
� �

in Li12Si7. The notation

follows that of Nesper et al., see Ref. [7b].
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Li ions. These rings, which are solely composed of silicon

instead of carbon, meet the structural and magnetic criteria

that are necessary for classical aromaticity.

Long before the work ofWest et al. ,[1] a large variety of Si-

containing Zintl phases that show all kinds of Si–Si bonding

situations were reported (see, for example, Ref. [8]). In a

simple picture, in Zintl-type silicides, the silicon substructure

is “forced” to distribute the additional electrons obtained

from the electropositive metal. This process leads to a variety

of different bonding situations including the formation of

p bonds. While Si=Si p bonds in organometallic molecular

compounds need to be kinetically stabilized and protected

from electrophilic attack by large sterically hindering groups,

Si=Si p bonds in Zintl-phase compounds are stabilized

because of the mere absence of any electrophilic atom or

group. Therefore, these compounds are not only kinetically

stabilized but thermodynamically stable as long as the pure

compound is considered.

Planar silicon rings[7a, 9] can be found in some of these

phases. In particular, this is the case for the (nonparamag-

netic) Zintl-type binary silicide Li12Si7 containing linear semi-

infinite chains of 1
1

LiSi10=2
� �

sandwich complexes (Figure 1.[10]

It is noteworthy that the latter structural motif is also present

in the ternary compound Li8MgSi6
[9] (see the Supporting

Information). The unit cell of the Zintl phase Li12Si7 is best

described as (Li6
6+[Si5]

6�)2 (Li12
10+[Si4]

10�)2 and gives rise to

two distinct arrangements of Si atoms, that is, planar Si5 rings

and �Y�-shaped Si4 stars (see Figure 1). This structural model

(Zintl ion concept) attributes the 26 electrons (20Si+ 6Li) to

the Si5
6� ring, thus satisfying H�ckel aromaticity.[6] Theoret-

ical studies predicted the aromaticity of the Si5
6� ring (see

Ref. [10] and references therein), however, this aromaticity

has not been experimentally proven to date.

The Li NMR spectra shown here were recorded on a

highly pure, polycrystalline Li12Si7 (natural abundance, 92.5%
7Li, 7.5% 6Li), which was prepared under Ar atmosphere in a

niobium ampoule (for experimental details see the Support-

ing Information). The product was characterized by X-ray

powder diffraction, and shows orthorhombic symmetry

(Pnma). The refined lattice parameters are a= 860.3(2), b=

1976.9(4), c= 1434.9(4) pm. These values are in very good

agreement with the reported values. Variable-temperature Li

MAS NMR spectra were recorded using a Bruker Avance III

spectrometer in combination with a commercial 2.5 mmMAS

probe (Bruker BioSpin). The spectrometer is connected to a

cryomagnet with a shimmedmagnetic fieldB0 of 14.1 T. NMR

spectra were recorded at a spinning frequency of 30 kHz.
7Li and 6Li MAS NMR spectra of Li12Si7 measured at

room temperature (bearing gas temperature) are composed

of four clearly resolved signals (Figure 2). Not all the

crystallographic sites are resolved at room temperature

because of extremely fast exchange processes of the Li ions

residing outside the chains[11] shown in Figure 1. In particular,

the 7LiMASNMR spectra recorded at temperatures as low as

140 K (not shown here for the sake of brevity) show that the

signal with the highest intensity (see Figure 2) is a coalesced

signal with a mean chemical shift of d= 16.1 ppm at room

temperature. As mentioned above, the Li NMR spectra show

a clearly recognizable signal at diso=�17.2 ppm, which is

independent of temperature (140–335 K). In general, the

chemical shifts of Li+ ions in nonparamagnetic and non-

metallic compounds are very small (i.e., well below� 10 ppm;

see, for example, Ref. [12]). In our opinion, the existence of a

ring current in the cyclopentadienyl-like Si5
6� units in Li12Si7,

which are isoelectronic with P5
� ,[13] is the simplest explanation

for an upfield shift as large as �17.2 ppm. This explanation is

in good agreement with previous considerations of Nesper,

von Schnering, and Curda[7b] (see also Ref. [7c]). Indeed, the

reported calculated values are in the same range as inves-

tigated here: the calculated so-called nucleus-independent

chemical shift NICS(1)[14] of isoelectronic P5
� amounts to

values between �16 and �18 ppm depending on the proce-

dure for calculating applied; the NICSzz(1) value is reported

to be �39.2 ppm.[15] The corresponding NICSzz(1) value of

Si5H5
� (�32.1 ppm) is similar to that of Cp� (�33.7 ppm;

Cp= cyclopentadienyl) while the calculated diamagnetic

shielding in slightly distorted (nonplanar) Si5H5
� was much

smaller (�19.3 ppm).[16] Based on these results, we conclude

that the chemical shift of �17.2 ppm found in Li12Si7 is largely

due to an aromatic ring current.[17] Thus, the signal has to be

identified with that of Li6 (see Figure 1b), representing the Li

site between the Si5
6� rings. For comparison, the experimental

value diso of 6Li in LiCp2
� amounts to �13.1 ppm.[18] This

assignment is further corroborated by the fact that the

integral under the corresponding NMR line amounts to

8(1)%, which is in excellent agreement with the expected

value of 8.3% determined from the crystal structure. The

same explanation is valid for the similarity of the correspond-

ing Li NMR spectrum of ternary Li8MgSi6
[9] to that of Li12Si7

(see the Supporting Information).

Finally, in order to exclude that the signal observed at

diso=�17.2 ppm belongs to a second phase that is possibly

present, 2D exchange Li MAS NMR experiments were

carried out. The room-temperature 7Li NMR spectra as well

as 6Li exchange NMR spectra of Li12Si7, which were recorded

Figure 2. 1D 7Li and 6Li MAS NMR spectra of Li12Si7 at room temper-

ature (bearing gas temperature) recorded at an external magnetic field

B0 of 14.1 T and a spinning frequency nrot of 30 kHz. The integral under

the NMR signal at �17.2 ppm amounts to 8(1)% of the total integral

of the spectrum. The arrow denotes a minor decomposition phase

arising from unavoidable air contact in the MAS rotor.
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at mixing times of 100 ms (7Li) and 1 s (6Li), respectively, are

shown in Figure 3. Off-diagonal intensities clearly indicate

slow chemical exchange between all of the peaks visible in the

NMR spectrum. Cross-peaks are either caused by spin

diffusion or translational jumps of the Li ions from one

crystallographic site to another. Irrespective of their nature,

their appearance unequivocally proves that the Li sites

involved belong to the same structure. If the NMR signal at

�17.2 ppm belonged to a separate phase, as recently assumed

by the NMR study of Key et al.,[19] no off-diagonal intensities

would be expected.

A comparison of results from 7Li with those from 6Li 2D

NMR shows that the cross-peaks detected are mainly due to

Li jump processes rather than spin diffusion. The latter

process is largely suppressed in the case of 6Li 2D NMR

because of the spatial separation of the 6Li nuclei leading to a

reduction of homonuclear dipole–dipole interactions. This

enables the estimation of the Li exchange rate from mixing-

time-dependent 2D NMR spectra. Here, as expected, the

exchange rate associated with the signals that appear at

�17.2 ppm and 16.1 ppm (see Figure 3a) turns out to be

rather low and amounts to be 70(5) s�1. Obviously, the Li6

ions are locked by multiple interactions with the Si5 rings to

result in such a small jump rate.

In conclusion, the Li MAS NMR spectrum of the Zintl

phase Li12Si7 shows a distinct signal at �17.2 ppm. Usually,

such a large upfield shift serves as a criterion for aromaticity.

Indeed, the NMR signal can be unambiguously assigned to

the Li6 ions located between the cyclopentadienyl-like Si5
6�

rings. These units are characterized by the typical structural

and magnetic features of classical aromaticity known for

carbon compounds, namely planarity, (nearly) equal bond

lengths, and overlap between the p orbitals perpendicular to

the Si5
6� ring. Thus, the chemical shift observed experimen-

tally confirms earlier studies that predict classical H�ckel

aromaticity of these rings that are composed solely of silicon

instead of carbon.
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Preparation details (as already described in ref. [S1]) : 

The starting materials for the preparation were lithium rods (Merck, >99%) and silicon lumps 

(Wacker, >99.9%). The lithium rods were cut into smaller pieces under dry paraffin oil and 

washed with n-hexane. They were kept in Schlenk tubes under argon prior to the reaction. Argon 

was purified with a titanium sponge (900 K), silica gel, and molecular sieves. The lithium pieces 

and silicon pieces were mixed in the required stoichiometric ratio under flowing argon and then 

arc-welded
[S2]

 in a niobium ampoule under an argon pressure of about 700 mbar. Subsequently, 

the niobium ampoule was placed in a water-cooled sample chamber
[S3]

 of an induction furnace. 

At first, the sample was rapidly heated to 1170 K, kept at that temperature for 20 min, and then 

quenched to 900 K. The sample was annealed at that temperature for another 3 h, followed by 

quenching, i. e., by switching off the power supply. The brittle product could easily be separated 

from the niobium tube. No reaction with the container was observed.  

The polycrystalline sample was analyzed on a Guinier camera (equipped with an image plate 

system Fujifilm BAS-1800) using Cu KD1 radiation and D-quartz as an internal standard. The 

powder data was analyzed using the programs LAZY PULVERIX
[S4]

 and a standard least-squares 

routine. The obtained product is crystalline and pure up to the level of x-ray diffraction and has 

an orthorhombic unit cell, space group Pnma, with the refined parameters a = 860.3(2), b = 

1976.9(4), c = 1434.9(4) pm, which is in good agreement with the reported data.
[S5] 

Experimental details: 

6
Li and 

7
Li magic angle spinning (MAS) NMR measurements were performed with a Bruker 

Avance III spectrometer connected to a shimmed Bruker cryomagnet with a nominal field of 14.1 

T. A commercial Bruker standard probe (rotor diameter 2.5 mm, MAS spinning rate 30 kHz) was 

used. The 
7
Li MAS NMR spectrum at 140 K (see below) was recorded in the laboratory of 

Bruker BioSpin using a magnet of 11.7 T and a newly developed ultra-low-temperature MAS 

probe (MAS spinning rate 20 kHz). 
6
Li and 

7
Li

 
1D MAS NMR spectra were recorded using a 

single, short S/2-pulse and a suitable phase cycle. 
6
Li and 

7
Li 2D exchange MAS NMR spectra 

were performed with the pulse sequence described in, e. g., ref. [S6]. All Li NMR spectra were 

referenced to a 1N aqueous solution of LiCl. 

  

 

 

 

 

 

� 1
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Additional data: 

 

Figure S1. 7Li MAS NMR spectra of Li12Si7 measured at 298 K and 140 K (bearing gas temperature). Note that the 

line at í17.2 ppm is hardly affected by temperature. 

 

Figure S2. 7Li MAS NMR spectra of Li12Si7 and Li8MgSi6
[S7] measured at 298 K (bearing gas temperature) and a 

spinning rate of 30 kHz. The aromatically shifted line appears as well for the Mg-containing compound which 

exhibits the same semi-infinite sandwich complexes. In the Mg compound, the lines are somewhat broader, probably 

due to the disorder present in the Mg sub-lattice. The lines connected to the Li positions outside the sandwich 

complexes appear at 25 - 30 ppm at room temperature. Most probably, this is due to (i) lower electron density in the 

surroundings of these ions leading to deshielding and (ii) aromatic downfield shifts for the ions outside of the rings. 

In the case of Li12Si7, the Si4-stars give rise to additional upfield shifts (as compared to the Mg containing 

compound) whose origin still needs to be clarified in combination with theoretical calculations. Note that also for 

these stars, aromaticity was suggested by some theoretical studies (cf. ref. [S8]). 
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Chapter 5

Conclusion

The Li ion dynamics occurring in model systems being relevant for battery applications (the elec-

trolyte LLZ, and the anode material Li12Si7) was thoroughly characterized from a fundamental

point of view over a wide temperature range covering a vast dynamic range. The combination of

long-range and short-range methods, nuclear and non-nuclear methods allowed one to unequivo-

cally trace back the macroscopic Li transport to the single correlated Li hop with Haven ratios

and correlation factors in the order of unity.

The garnet-type electrolyte Li7La3Zr2O12 (LLZ) crystallizes in tetragonal symmetry at room tem-

perature unless it is doped with Al. The diffusivity of Li in pure LLZ is very similar to that of

many other oxide-based electrolytes: the Li ion dynamics is traced back to correlated hops acti-

vated by roughly EA ≈ 0.53 eV; the prefactor τ−1
0 ≈ 1014 s−1 is in the range typical of phonon

frequencies as confirmed over 10 orders of magnitude via 7Li NMR relaxometry and 7Li SAE NMR

(short-range nuclear methods), 7Li SFG NMR (long-range nuclear method), and dc conductivity

(long-range non-nuclear). The parameter n describing the deviation from random hopping within

the KWW-stretched-exponential model amounts to n ≈ 0.5. The diffusion process seems to be

nearly 3D isotropic. The phase transition to cubic symmetry which occurs at temperatures above

400 K, does not seem to have an influence on the ion dynamics. This is corroborated by a study

on an Al-doped LLZ crystallizing with cubic symmetry at room temperature which showed nearly

the same diffusion parameters as the tetragonal LLZ.

Nevertheless, there exist Al-doped samples of Li7La3Zr2O12 (LLZ) which show a decisively higher

Li diffusivity at low temperatures. The dynamics in a highly conductive Al-doped LLZ sample

was thoroughly studied by means of 6Li NMR relaxometry and 7Li NMR relaxometry (short-range

nuclear methods), 7Li SFG NMR (long-range nuclear method) and dc conductivity (long-range

non-nuclear). Over a dynamic range of 12 orders of magnitude, the macroscopic Li transport can

be traced back to correlated Li hops activated with EA ≈ 0.29 eV. The prefactor is in the order

of τ−1
0 ≈ 1011 s−1. This value is lower than usual phonon frequencies which might e. g. reflect

cooperative dynamics. In the studied regime, the motional correlation function is well described

by a KWW stretched exponential with n ≈ 0.5.

In addition to this long-range jump process, jump processes which are characterized by similar

values as the long-range dynamics in pure LLZ occur in the material. These do not give rise to
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long-range dynamics, i. e. the jump process is not percolated but occurs either isolated on an

atomic scale (as an alternative to the lower-activated jump process) or in slightly larger domains

in the material.

The grain-boundaries in well-crystallized Al-doped LLZ cause a slightly higher long-range activa-

tion energy of roughly 0.35 eV in polycrystalline LLZ.

An important result of this study is also that electrode polarization processes may contain ther-

mally activated processes which lead to plateaus in the conductivity that can be mistaken for

grain-boundary processes. Additional care has to be taken in interpreting impedance spectroscopy

results. True dc conductivity measurements with reversible Li electrodes should be considered for

all materials that are stable against Li.

In a systematic study, the influence of Al on the structure and dynamics in LLZ was examined.

Using XRD and 27Al MAS NMR, it could be shown that Al replaces not only Li but also La and

Zr in the garnet. Thus, the garnet network is altered by Al. Presumably, the oxygen sublattice

is considerably distorted by the incorporation of Al. This might explain the high conductivity

in Al-doped samples of LLZ. The exact distribution of Al in the lattice seems to have a decisive

impact on the ion dynamics. This might be understood as follows: if it is not the simple phase

transition to cubic symmetry that is responsible for the extraordinarily high Li diffusivity but

local distortions of the lattice, percolation of these defects is necessary for an effect on long-range

dynamics.

Further studies on the structural features of Al-doped LLZ are required to clarify the exact rea-

sons for the high diffusivity. Hereby, IR and Raman spectroscopy might be useful. 27Al NMR

relaxometry might also be helpful. The possible role of oxygen vacancies has to be ruled out or

corroborated by experiments, e. g. TG, oxygen partial pressure dependence of diffusivity.

The Zintl phase Li12Si7 which transitionally occurs in Si anodes under charging and discharg-

ing shows a rather complex structure with two types of Zintl anions, Si6−5 -rings and Si10−4 -stars

surrounded by Li. The Li ions reside on 13 different crystallographic sites with very different

binding energies. 9 of the Li sites take part in a very fast long-range Li jump process activated

by roughly 0.2 eV with a prefactor in the order of τ−1
0 ≈ 1011 s−1 as determined over a dynamic

range of 6 orders of magnitude with 7Li NMR relaxometry (the short-range nuclear method) and
7Li SFG NMR and 7Li PFG NMR (long-range nuclear methods) - in good accordance with GITT

measurements from the literature (long-range non-nuclear method). In NMR relaxometry, this

jump process seems to show characteristics of single-file diffusion. Presumably, this is connected to

motion on diffusion pathways confined by the Zintl-anionic network and less mobile Li. With the

measurements available it is hard to exactly determine the expected anisotropy of the diffusivity.

Li residing on the other sites (Li6, Li3, Li11(?), and Li12 or Li13) is bound more tightly to the

anionic network with binding energies between 0.34 and 0.55 eV. Jumping over these barriers con-

nects the Li ions with the fast diffusing ion reservoir. The respective jump processes are observed

in 7Li NMR relaxometry, 6Li MAS NMR line coalescence, and 6,7Li 2D exchange NMR.

Li is most tightly bound on the Li6 site between two Si6−5 -rings in a η5-sandwich coordination.

The large upfield shift (-17.2 ppm) of Li on this site points to the aromaticity the Si6−5 -rings which

is the first experimental evidence of the aromaticity in a ring solely composed of Si. Interestingly,

the aromaticity of a third-period element occurs even in thermodynamically stable compounds
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and thus is not a chemical oddity like some organometallic compounds violating the double bond

rule. The same Si6−5 -ring occurs in Li8MgSi6. As expected, here again, a similar upfield shift is

observed.

Altogether, a rather consistent picture of structure and dynamics in Li12Si7 is obtained. Low-

temperature CP-MAS studies should clarify whether Li12 or Li13 is more tightly bound and

whether the assignment of Li11 is correct. Furthermore, theoretical studies on the hopping barri-

ers between each site and the neighboring sites will be required to determine the exact diffusion

pathways.
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Appendix A

Experimental

A.1 Equipment

A.1.1 Impedance spectroscopy measurements

• Novocontrol Concept 80 broadband impedance spectrometer:

for usual frequency range (0.1 Hz . . . 10 MHz):

- BDMS1200 cell

- Alpha AN Analyzer (Novocontrol)

for high frequencies (1 MHz . . . 3 GHz):

- RF extension line (Agilent)

- shielded RF cell (Agilent)

- RF Analyzer 4991 (Agilent)

- temperature control: QUATRO cryosystem

• home-built impedance setup:

- home-built impedance cell

- HP 4192A Impedance analyzer

- Loba oven

- Eurotherm 818 Temperature Controller, thermocouple Type K

A.1.2 NMR spectroscopy measurements

• MSL 100 spectrometer (Bruker), Kalmus RF amplifier (500 W)

tunable Oxford cryomagnet (0-8 T, here 4.7 T)

- Oxford ITC4 temperature controller, thermocouple Type K, resistive heater with EA-PS

8360-15 T dc supply

- Bruker broad-band probe (Teflon, 150 K...350 K)

- home-built high-temperature probe (RT...1250 K, see Fig. A.1)

• MSL 400 spectrometer (Bruker)

Oxford cryomagnet (9.4 T)

- Oxford ITC4 temperature controller, thermocouple Type K, resistive heater with EA-PS
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8360-15 U dc supply

- Bruker broad-band probes (Teflon: 150 K...350 K, ceramic: 150 K...623 K)

• Avance III spectrometer (Bruker)

Bruker Ultrashield Plus cryomagnet (14.1 T)

- Bruker BVT temperature unit

- Bruker 2.5 mm MAS probe (35 kHz) probe (213 K...343 K)

- Bruker broad-band probe (Teflon, 150 K...350 K)

- for SFG: ceramic broad-band probe from MSL 400, temperature equipment from MSL 400

• Avance III spectrometer (Bruker), at MEET, University of Münster

Bruker Ultrashield Plus cryomagnet (4.7 T)

- Bruker BVT temperature unit - Bruker Diff 30 PFG probe

A.1.3 Miscellaneous

• XRD: Bruker D8 Advance x-ray diffractometer (Cu Kα radiation at 40 kV and 40 mA)

• IR: Tensor 27 (Bruker)

• planetary mill P7 premium line, ZrO2 vial set, 140 balls of 5mm diameter (Fritsch)

• muffle oven Typ LM 412 (Linn High Therm)

• Au evaporator (Edwards 306)

• pellet pressing set, press (P-O-Weber)

• quartz tubes, borate glass tubes for NMR measurements

• Ar-filled glove box (Braun)
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A.2 Pulse sequences

• single pulse 90◦φ1 − FIDφ2

φ1: 0213

φ2: 0213

• spin-lock 90◦φ1 − lockingpulseφ2 − FIDφ3

φ1: 02

φ2: 13

φ3: 02

• echo 90◦φ1 − Φφ2 − echoφ3

Hahn echo (Φ = 180◦):

φ1: 0022

φ2: 1313

φ2: 0022

solid echo (Φ = 64◦):

φ1: 03210321

φ2: 32101032

φ3: 32103210

quadrupolar echo (Φ = 64◦):

φ1: 01010101

φ2: 11223300

φ2: 02310231

• stimulated echo 90◦φ1 − Φφ2 − Φφ3 − echoφ4

NOESY, used for 2D exchange (Φ = 90◦):

φ1: 0202020202020202

φ2: 0000000022222222

φ3: 0022113300221133

φ4: 0220133120023113

spin-alignment echo (SAE) for I = 3/2 (Φ = 45◦):

φ1: 02021313020213130202131302021313

φ2: 11330022113300221133002211330022

φ3: 00000000111111112222222233333333

φ4: 20020220311313310220200213313113

stimulated echo used in SFG/PFG NMR (Φ = 90◦):

φ1: 0000222211113333

φ2: 1302130213021302

φ3: 1302130213021302

φ4: 0022220033111133

0 = X , 1 = Y , 2 = −X , 3 = −Y



150

A.3 Software

• LaTeX, MIKTEX, TeXnicCenter, JabRef, and the template of “DissOnlineTutor” (DFG-

project, HU Berlin, Deutsche Nationalbibliothek)

• Igor Pro 6.22 A (wavemetrics)

• HATARI (V. Epp, TU Graz, program for Igor)

• Corel Draw X3

• WinSolids (Dr. Eichele, Universität Tübingen

• TopSpin 3.0 (Bruker BioSpin)

• WinDeta (Novocontrol)

• Office 7 (Microsoft)

• EC-Lab demo (Bio-Logic Science Instruments)

• LabView 6.0 student version

• 1DWinNMR (Bruker BioSpin)

• DMFit2007 [201]

• Diamond 3.2 (crystal impact)
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Figure A.1: Home-built high-temperature probe (cooperation project of B. Ruprecht and me). The

preexisting but not functioning probe (originally built by W. Franke) was restored and improved.

The probe was stabilized mechanically, the electrical circuiting was completely replaced, and the

thermal isolation of the passive elements (glimmer capacitor, carbon resistors) was improved.

Either an Ag-coated Cu coil (for temperatures below 1000 K) or a Pt coil (for temperatures

up to 1300 K) were used. The photographs show anticlockwise:top section of probe head with

NMR coil and circuit elements, bifilar heating coil inside alumina insulation, complete probe. The

circuit of the probe is also shown. Cs1 is a glimmer capacitor of 15 pF, R are 3-6 parallel non-

magnetic carbon resistors of 3.3 Ω, L is a coil with 6 turns and a diameter of 10 mm, Cp1 and Cs2

are tubular capacitors whose capacity can be adjusted (approx. in the range from 10-30 pF by

inserting quartz tubes as dielectric medium. Like this, the probe is adjustable for 60-90 MHz. By

adequately replacing L or Cx, the range can be extended easily. For much lower frequencies, the

first series capacitor should replaced by a parallel one.
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