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ARTICLE INFO ABSTRACT

Keywords: LizLagZry012 (LLZO) garnet-type ceramics are considered as very promising candidates for solid electrolytes and
Garnets have been extensively studied in the past few years. Several studies report on an increase in ionic conductivity by
Single crystal doping with ions, such as AI** and Ga®", to stabilize the cubic modification of LLZO. Unfortunately, so far ion
gx::mics dynamics have mainly been studied using powdered samples. Such studies may suffer from chemical heteroge-
Conductivity neities concerning Al distribution. Here, we took advantage of Al-stabilized LLZO single crystals to throw light on

the elementary steps of ion hopping. We used 7Li nuclear magnetic resonance (NMR) spin-lattice relaxation
measurements and conductivity spectroscopy to probe dynamic parameters from both a microscopic and
macroscopic point of view. At 293K the total conductivity turned out to be 0.082mS cm™!, which is remarkably
good for LLZO exhibiting an Al-content of only 0.37 wt%. Most importantly, ’Li NMR spin-lock transients revealed
two overlapping diffusion-induced processes. Overall, activation energies from spin-lock NMR excellently agree
with that from conductivity measurements; both techniques yield values around 0.36 eV. The corresponding
diffusion coefficients deduced from NMR and conductivity measurements almost coincide. The magnetic spin
fluctuations sensed by NMR provide an in-depth look at the elementary jump processes, which can barely be
revealed by macroscopic impedance spectroscopy providing average values. In particular, we were able to pre-
cisely measure the local hopping barrier (0.20 eV) characterizing forward-backward jumps between the sites 24d
and 96h.

1. Introduction

By signing the Kyoto Protocol in 1999, 84 industrial nations agreed
on subsequent reduction of greenhouse gas emissions [1]. Achieving
these goals is accompanied by a drastic decrease of our annual fossil fuel
consumption. One possibility to reduce such emissions is to store energy
that is generated from renewable resources [2].

In recent decades, electrochemical energy storage devices have
proven to be suitable candidates for this purpose [3]. It is envisaged that
such devices will find applications in static power plants as well as in
automotive industry and the aviation sector. Li-ion batteries (LiBs)
belong to the so far leading products used in our daily life [4].

* Corresponding author.
** Corresponding author.

Improvements are, however, needed if we want to meet the current de-
mands formulated by automotive industry [5,6]. Materials for commer-
cial LiBs are continuously improved [7]. However, independent of their
size and energy density, they may suffer from stability issues caused by
flammable liquids used as electrolytes [8]. Solid electrolytes [9,10] may
significantly improve both safety and lifespan of batteries using Li* [11]
or even Na' [12] as ionic charge carriers.

To realize the next generation of Li batteries with ceramic electro-
lytes, battery research faces the request to explore electrochemically
stable and non-flammable ceramics that feature high Li-ion conductiv-
ities [11,13]. Replacing aprotic liquid electrolytes will, however, only be
successful if we have economically friendly ceramics at hand that offer

E-mail addresses: p.posch@tugraz.at (P. Posch), wilkening@tugraz.at (H.M.R. Wilkening).

https://doi.org/10.1016/j.ensm.2019.08.017

Received 18 March 2019; Received in revised form 15 August 2019; Accepted 26 August 2019

Available online 30 August 2019

2405-8297/© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nend/4.0/).


mailto:p.posch@tugraz.at
mailto:wilkening@tugraz.at
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ensm.2019.08.017&domain=pdf
www.sciencedirect.com/science/journal/24058297
www.elsevier.com/locate/ensm
https://doi.org/10.1016/j.ensm.2019.08.017
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ensm.2019.08.017
https://doi.org/10.1016/j.ensm.2019.08.017

P. Posch et al.

ion conductivities comparable to that of liquids [14,15]. Combined with
low activation energies for ionic transport such systems can be operated
over a large temperature range. Most importantly, they will withstand
higher temperatures than conventional batteries. Clearly, the most suit-
able candidates should also exhibit negligible electronic conductivity,
high chemical stability and low area specific resistances at the electro-
lyte|electrode interfaces [16]. From the broad variety of different ma-
terials, garnet-type [17,18] electrolytes are regarded as the most
promising ones for all-solid state LiBs.

Since the first report of Murugan et al. on LiyLa3Zr2012 (LLZO) garnet,
which exhibited a room-temperature ionic conductivity in the order of
1073 to 107*Scm™, the interest in garnet-type materials with cubic
symmetry grew rapidly [14]. The ionic conductivity of the cubic form of
LLZO is by two orders of magnitude higher than that of the tetragonal
polymorph (space group I41/acd) [19-21]. Stabilization of cubic LLZO is
possible by appropriate doping [22]. LiyLazZrpO;2 first prepared by
Murugan et al. was stabilized by Al>* doping [14]. Depending on the
dopants, such as AI** or Ga®*, cubic LLZO crystallizes with different
symmetries (space groups Ia3 d and I4 3d) [23]. Meanwhile a huge
number of studies can be found in literature that deal with the question
which dopants are best suited to achieve a high conductivity of the cubic
form [17,18,21-25]. These studies also investigate the possibilities to
substitute La>" and Zr>" by alio- and isovalent cations [22].

Aliovalent doping with AI**, i.e., substitution of 3Li* ions by one AI**
cation, became the most popular method to stabilize cubic-LLZO and to
create Li-ion vacancies [26]. Together with Li" the aluminium ions
occupy the tetrahedral 24d sites in an irregular manner [27]. As a
consequence, cation and bond disorder is produced affecting the site
preference of the Li ions. This effect is assumed to significantly boost
ionic conductivity [28].

In a recent comparison, Wachter-Welzl et al. address the interaction
between dopant quantity and synthesis conditions [29]. In numerous
reports [22], aluminium contents range from 0.17 to 0.35 AI** ions per
formula unit (pfu). Nonetheless, conductivities peak around 0.2 pfu [29].
Furthermore, co-doping with Ta further enhances Li* ion dynamics by
shifting the AI** ions to 96h sites resulting in a reduction of Li* diffusion
pathways blocked by the immobile AI** jons [30]. Quite recently, we
reported on a single long-range Lit ion transport process through the
lattice of Al-free single crystalline LigLagZrTaO;5 [31].

While doping is known to severely affect the Li ion transport behav-
iour, the preparation conditions also seem to have an enormous impact
on the properties of the final product. In 2014, an overview to which
extent the properties of LLZO may vary has been presented by Thanga-
durai et al. [22]. Synthesis routes like field assisted sintering technique
(FAST), hot isostatic pressing or sol-gel preparation lead to quite different
dynamic properties of the resulting material [25,32,33]. This can mainly
be attributed to the density of the material affecting grain boundary ionic
conductivities. As shown by Kim et al., lower sample density leads to
increased grain boundary resistance, and thus, lowers the overall con-
ductivity of the material [34].

To understand the elementary steps of ion hopping in Al-stabilized
LLZO independent of the preparation and post-preparation conditions
we take advantage of single-crystalline, Czochralski-grown LizLazZr01 2.
We used contactless "Li nuclear-magnetic resonance (NMR) spectroscopy
[20,31,35-41] to probe the electric and magnetic field fluctuations the Li
spins are exposed to during self-diffusion. The resulting
diffusion-induced “Li NMR spin-lattice relaxation rates, if studied as a
function of temperature, entail information on both local hopping pro-
cesses as well as long-range ion transport [16,38,39]. Throwing light on
the underlying diffusion mechanisms that govern fast translational Li ion
dynamics in Al-stabilized LLZO is expected to assist in the design of
improved LLZO ceramics [22]. We compare our NMR results with results
from alternating current (AC) conductivity measurements [42], which
are widely used to characterize long-range ion motions in solids [43-45].
This comparison helps us to describe the motional correlation functions
[37] controlling the fast cation exchange processes in LLZO-type
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materials.
2. Experimental
2.1. Sample preparation and characterization

The Al-stabilized LLZO single-crystal was grown directly from the
melt using the Czochralski method. The raw materials, Li;CO3 (5 N, Alfa
Aesar), LasO3 (4N5, Treibacher Industrie AG), Al,O3 (4 N, HAM) and
ZrOy (4N, Johnson-Matthey Chemicals), were dried and afterwards
mixed in a stoichiometric ratio. The powder was pressed isostatically at
2 kbar and calcined at 680 °C for 70 h. The so-obtained body was melted
in an inductively heated iridium crucible. On top of the crucible an active
afterheater closed by a ring disc was placed; this arrangement was
embedded in ceramic alumina insulation. The process chamber was
rinsed with 5N nitrogen at a rate of 21 1/h. An iridium wire served as
crystallization seed that was pulled with 1.5mmh~! and rotated at
10 rpm. Inductively coupled plasma mass spectrometry (ICP-MS) showed
that the aluminium concentration in our single crystal was
[Al]ls = 0.37 wt.-%. Comparing this value with the aluminium amount in
the initial melt, [Al];=0.92wt.-% gives a first estimate for the
aluminium distribution coefficient during the crystallization of the
garnet phase from the melt: ky; = [Al]s/[Al]l;, = 0.4. The concentration of
0.37 wt.-% yields a chemical composition of the crystal of Lig 46Alp 15
LasZr1.05011.g6. This formula is written such that it refers to 3 La®* ions
per formula unit; it illustrates the Al:La:Zr ratio. The exact oxygen stoi-
chiometry is, of course, difficult to obtain; it can directly lead to a change
in Li content. Such a change in Li content can influence the overall ionic
conductivity leading to somewhat lower values than reported in litera-
ture. Earlier reports have put emphasis on the influence of oxygen stoi-
chiometry on Li content and, thus, Li ion conductivity [29,46,47].

Here, we characterized out single crystals (space group symmetry
Ia3 d) by X-ray diffraction (see also Fig. S1); information on crystal data,
structure refinement, atomic coordinates, bond lengths and occupation
factors are shown in the Supporting Information (SI) section
(Tables S1-S3). Data from single X-ray diffraction at large q values pro-
vide very good estimates of site occupation numbers and bond length
even for Li. To our experience, these data are even superior to those from
powder neutron diffraction. All the crystals investigated turned out to be
single crystalline in nature and of good quality with sharp Bragg re-
flections. We found no evidence for any kinds of intergrowth or for
diffuse streaks indicative for chemical inhomogeneity. Altogether, we
have analyzed more than 15 small pieces, which were left over from
cutting a larger single crystal. All pieces reveal almost the same lattice
parameters. Furthermore, also optically there were no clouded regions or
even small changes in color within the large crystal. Hence, from X-ray
single diffraction we can safely conclude that the crystals investigated are
homogeneous with respect to Al distribution.

One of the larger, slightly yellow crystals (EK_Al3, see Tables S1 to S3,
SI) was cut into smaller pieces of approximately 5mm x 5mm x 1 mm.
These pieces were polished with a Struers LaboPol-25 device equipped
with 300, 800, 1200, 2400 grit SiC abrasive paper at a speed of 300 rpm.
Two gold electrodes, with a thickness of approximately 100 nm, were
applied on top and bottom of one sample by using a Leica sputter device.
For static ’Li NMR measurements another sample (EK_Al3, see SI) with
dimensions of 1 mm x 1 mm x 8 mm was polished and then fused in a
Norell SEPR250S quartz tube with a length of approximately 1.5 cm.

2.2. AC conductivity measurements

A Novocontrol Concept 80 broadband dielectric spectrometer was
used to investigate impedance properties at frequencies ranging from
10 MHz to 0.1 Hz. In order to reveal temperature dependent properties,
the device is equipped with a QUATRO cryosystem (Novocontrol) to vary
the temperature. Here, we recorded conductivity isotherms covering a
temperature range from 173K to 453K. The cryostat works by
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vaporization of liquid Ny that is stored in a dewar vessel. A heating
element is used to create a constant gas flow of Ny. This setup allows us to
control the temperature inside the sample cell with an accuracy of
+0.1K.

2.3. NMR measurements

7Li spin-lattice relaxation NMR measurements were performed using
an Avance III spectrometer connected to an Ultrashield 500-MHz wide-
bore magnet with a nominal field of 11 T. Additionally, we used an
Avance III spectrometer in combination with an Ultrashield 300-MHz
magnet (7 T). The magnetic fields correspond to ’Li Larmor frequencies
of wy/2n =194 MHz and 116 MHz, respectively. A ceramic probe head,
constructed to withstand high temperatures, was used for all experi-
ments. Depending on temperature, the 1/2 pulse length varied from 2.4
up to 3.4 ps maintaining a constant power output of 200 W throughout
the measurements. The well-known saturation recovery sequence was
used to acquire spin-lattice relaxation rates 1/T;. We also performed so-
called spin-lock spin-lattice relaxation NMR measurements to study the
temperature dependence of 1/T1,,. For this purpose we took advantage of
the spin-lock pulse sequence introduced by Lowe and Ailion. The locking
frequency w;/2n was set to 33.3 kHz.

3. Results and discussion
3.1. 7Li NMR motional line narrowing

The fastest method and, in most cases, the first step to probe Li ion
dynamics in solid materials is the acquisition of ’Li NMR line spectra [36,
48-50], see Fig. 1.

7Li is a spin-3/2 nucleus and consequently, as its quadrupole moment
is small compared to those of other nuclei, the NMR signal of a single
crystal is expected to be composed of a central line (spin quantum tran-
sition +1/2 « —1/2) and two quadrupole satellites (+1/2 < +3/2, —=1/2
< —3/2). In the case of a vanishing electric field gradient, because of
cubic symmetry around the Li nucleus, the Zeeman energy levels remain,
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however, undisturbed and the three lines collapse to a single one.

Here, only at low temperatures, particularly at T =213 K, we notice
quadrupole intensities of rather weak intensities. The intensities of the
lines do not change much even if we use spin echo experiments [35] to
overcome receiver dead time effects. If we decrease the temperature
down to 123K the satellite intensities are smeared out leading to a
broader distribution of intensities. These broad humps sharpen with
increasing temperature as both magnetic dipole-dipole interactions and
electric quadrupolar interactions become increasingly averaged (see
below). Finally, distinct satellite lines show up. We attribute these signals
to the electrically inequivalent Li ions sensing non-vanishing electric
field gradients (EFGs). In cubic LLZO the Li" ions reside on 24d and 96h
sites. Moreover, some of the ions sense the AP cations (24d) in their
direct neighborhood. Full averaging of the EFGs is only seen at suffi-
ciently high temperatures, i.e., when the Li jump rate reaches values
comparable to the quadrupolar splitting (50 kHz) [51]. Here, if temper-
atures up to 453 K are considered, they completely disappear.

The width of the central line is determined by homo- and hetero-
nuclear spin interactions; in the case of ’Li, homonuclear dipole-dipole
interactions play the dominant role. At sufficiently low temperatures,
i.e., at temperatures where the Li diffusivity is frozen with respect to the
NMR time scale, the width reaches its largest value, Avg. For many ma-
terials, dipolar coupling leads to values in the order of 3-15kHz [49].
The onset of diffusive motions with rates in the order of 10%s™}, that is,
hopping of Li ions between magnetic inequivalent (and equivalent) sites,
causes the line to narrow due to averaging of the effective dipolar cou-
plings. This effect is similar to that of Brownian motion in the liquid state.
Hopping between electrically inequivalent sites results in the
above-mentioned averaging of EFGs.

Here, the so-called rigid lattice regime of the "Li NMR central line of
single crystalline Al-LLZO is reached at 163 K. This regime features a
constant line width Avg of approximately 8.7 kHz, see Fig. 1 a). With
increasing temperature the full width at half maximum (fwhm) of the
NMR line continuously decreases, finally reaching a motionally narrowed
line at 350 K. The change in fwhm shown in Fig. 1 a) follows the behavior
predicted by Abragam [50,52,53]; it obeys the relationship
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Fig. 1. a) ’Li NMR line narrowing of Al-stabilized LiyLa3Zr,Oo. Line widths (full width at half maximum, fwhm) have been determined from 7Li NMR spectra
obtained with a single pulse experiment. The line width is independent of the external magnetic field used to acquire the spectra. To record lines at temperatures below
200 K we used a cryo-probe. The solid line represent a fit according to Abragam’s formula to describe averaging of homonuclear dipole-dipole interactions. Dashed,
dotted and dashed-dotted lines indicate the position of line narrowing curves of powdered tetragonal LLZO, powdered Ga-stabilized LLZO and LigLa3ZrTaO,» (LLZTO)
single crystals. b) “Li NMR spectra of Al-stabilized LLZO single crystals recorded at the temperatures indicated; see text for further explanation. Again, at temperatures

below 200K spectra have been recorded at a Larmor frequency of 116 MHz.
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_ Avg Eqa -
Au(T) = Avg {1 + (77 1)exp<kBT>} +D

which can be used to estimate a mean activation energy that governs
motional line narrowing. B is a fitting parameter and kg denotes Boltz-
mann’s constant. Here, E,  turned out to be in the order of 0.17 eV. This
value perfectly agrees with that seen by “Li NMR spin-lattice relaxation
measurements, which were carried out in the laboratory frame of refer-
ence, see below.

At the inflexion point of the narrowing curve, the mean Li" jump rate
(r’l) is expected to be in the order of

(€}

=

Avg X 21 2
With Avg =8.7 kHz eqn. (1) yields a rate of 7! ~ 5.5 x 10* jumps per
second at T= 233 K. The position of the whole narrowing curve of single
crystalline Al-LLZO is highly comparable to that seen for LigLazZrTaO;2
single crystals (see the dashed-dotted line in Fig. 1 a)), which has been
stabilized in its cubic form by replacing one half of the Zr (16¢) ions by
Ta. Both materials also exhibit very similar ionic conductivities.
Although similar in shape and in Awg, the corresponding curve of poly-
crystalline, tetragonal LiyLasZrpO15 [31], see the dashed line in Fig. 1 a),
is shifted toward much higher temperature; the onset of line narrowing
has been observed at T= 280 K pointing to the well-known difference in
ion conductivity by a factor of 100 when compared with Al-stabilized
LLZO. For comparison, also the motional narrowing curve of a
Ga-stabilized LLZO powder sample has been included in Fig. 1a), see the
dotted line. Depending on the kind and the amount of substituents, Ga>*
or AI**, the onset of the line narrowing curve can be shifted down to
temperatures as low as 150 K. Optimized garnet-type LLZO will then
exhibit ionic conductivities of at least 1 mS cm ™' at room temperature.

Energy Storage Materials 24 (2020) 220-228

3.2. 7Li NMR spin-lattice relaxation rates

To shed further light on the underlying Li™ diffusion mechanisms in
Al-LLZO single crystal, we recorded diffusion-induced ’Li NMR spin-
lattice relaxation rates (1/T;), see Fig. 2 a). At low temperatures
(T < 250K), the 1/T; rates recorded at wo/2n =116 MHz show a non-
diffusive, i.e., weaker-than-activated background regime (0.03 eV). All
the magnetization transients, some of them are shown in Fig. 2 b), follow
almost single exponential behavior. If we use stretched exponential to
approximate longitudinal recovery, we found the stretching exponents y;
to take values very close to 1, see the upper graph of Fig. 2a). Above
280K rates 1/T; pass into the so-called low-temperature flank of the
diffusion-induced rate peak 1/T1(1/T) that shows up at Tpax =500 K.
The activation energy E, nmr1 of the low-T flank is 0.20(1) eV, the same
value is, as expected, found for 1/T; measured at a higher Larmor fre-
quency of wo/2n =194 MHz. Most likely, E,nmr1 is to a large extent
influenced by local Li* jump processes in the garnet structure. Lit ions
jump have access to a 3D network of diffusion pathways generated by the
24d and 96h sites.

In the low-T regime characterized by wgr. > 1, with 7. being the
motional correlation time, the rate 1/T; depend on frequency. For 3D
uncorrelated motion the model of Bloembergen, Purcell and Pound [39,
54] predicts 1/T7 wp? with p=2. As wgr.~ 1 is valid at the tempera-
ture, Tax, at which the peak appears, the peak shifts toward higher T the
higher wg has been chosen. As with our setup we are limited in reaching
temperatures above 500 K, we could only detect the peak maximum at a
frequency of 116 MHz. According to wgz. ~ 1 we estimate that the mean
Li" jump rate 1/7, which is within a factor of 2 expected to be equal to
1/7., is in the order of 7.3 x 108571,

Slower Li motional processes can be probed if wg is drastically
reduced. Typically, the so-called spin-lock technique is applied to record
diffusion-induced spin-lattice relaxation rates at frequencies in the kHz
range. By using a locking frequency of 33 kHz the absolute rates increase
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Fig. 2. a) "Li NMR spin-lattice relaxation rates of single crystalline LLZO that were recorded in either the laboratory frame of reference 1/T; = R; (116 MHz and
194 MHz) or in the rotating frame of reference (1/T; = Ry, (33 kHz)). Dashed lines and dashed-dotted lines are to guide the eye. Solid lines show either Arrhenius fits
(Ry) or are used as a guide to the eye to illustrate the temperature behaviour of the spin-lock R;, rates. We used either stretched exponential functions or a sum of two
single exponential functions to parameterize longitudinal (R;) and transversal relaxation (Ry,). In the upper graph, the corresponding stretching exponents, y; and y,,
are shown. In b) and c) selected magnetization transients M and M, are depicted. Above room temperature the shape of M, is better described by a sum of two

stretched exponentials. See text for further explanation.
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and the peaks shift toward lower T. This change can be clearly seen in
Fig. 2a). We recorded 1/Ty, rates at temperatures above 200 K; below
this temperature we expect a similar non-diffusive regime as has been
observed for 1/T; (see above); see also our recent work on Li diffusion in
Lig sLasgZry 75Mog 25012. Here, if we parameterize the spin-lock magne-
tization transients with a single stretched exponential, we recognize that
the corresponding rates 1/T;, seem to pass through two relaxation peaks.
A similar behavior has recently been observed also for polycrystalline
Lig sLasZry 75sMo0g.25012. The peak at lower temperature, which appears
at 265 K, reveals an activation energy of 0.35 eV in the low-T regime. In
contrast to Ry (0.20 eV), relaxation in the presence of the much weaker
spin-lock field is sensitive to long-range ion transport rather than to
short-range motional processes in Al-stabilized LLZO. The value of
0.35eV agrees with the activation energy seen by conductivity mea-
surements which, per se, probe long-range ion transport. At Tpax = 265 K
the associated motional correlation jump rate can be calculated accord-
ing to w17, ~ 0.5; here we obtain 4.1 x 10°s7 1.

Interestingly, careful inspection of the spin-lock transients shows that
their shape can be best described with a two-step decay behavior. If we
do so and use a sum of two stretched exponential functions to parame-
terize M), we obtain the rates shown by crosses in Fig. 2 a). Obviously,
the rates 1/T;, corresponding to the slower spin-lock relaxation process,
marked as Mjgow in the two-step decay curve shown in Fig. 2 c),
represent the high-temperature flank of the rate peak located at
T=265K. Its high-T activation energy of 0.3 eV points to an almost
symmetric 1/Ty,(1/T) rate peak. Symmetric peaks, whose low-
temperature flank is characterized by a slope not smaller than that in
the high-T regime (wi7. < 1), are expected for uncorrelated Li ion
diffusion. If we extrapolate these rates to higher temperatures, we see
that they almost coincide with those of the 1/T1(1/T) peak recorded at
116 MHz. Hence, the 1/T1,(1/T) peak showing up at 265K corresponds
to the peak seen by the laboratory-frame spin-lattice relaxation
measurements.

The spin-lock peak seen at higher temperatures, viz. at T=336K,
points to an activation energy of 0.38 eV. This value is similar to that seen
by T;, NMR at low temperatures. The rates extracted from our analysis
with two stretched exponentials agree well with the rates obtained if we
simply use a single (stretched) exponential function. This agreement is
because the amplitude of this fast relaxation process, M) fas, is larger than
M, s1ow (see Fig. 2 ¢)) and, thus, dominates the fitting results when
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analyzing the transients this way. While M. is characterized by
stretching exponents ranging from 0.75 to 0.82; the exponents for M), sjow
range from 0.92 to 1. It is difficult to decide whether Mt is to a certain
extent already influenced by transversal spin-spin relaxation. Neverthe-
less, ’Li NMR spin-spin relaxation is expected to be governed by the same
activation energy as spin-lock relaxation in the regime w;7. <« 1. Again,
the activation energy of 0.38 eV, as seen in the limit w7, < 1, reflects
long-range Li ion transport in Al-stabilized Li;La3zZro01. This interpre-
tation is supported by the fact that conductivity measurements on the
same sample reveal a very similar value.

3.3. Conductivity measurements

In Fig. 3a) conductivity spectra ¢’(v) of Al-stabilized LLZO are shown.
While electrode polarization dominates the electrical response at low
temperatures and low frequencies, well-defined frequency independent
plateaus show up at higher frequencies. From these plateaus, which are
marked by arrows, we read off direct current ionic conductivities opc (see
Fig. 4 b)).

Permittivity spectra (see Fig. 3 b)) and Nyquist plots (Fig. 4 a)) reveal
that opc refers to capacitance values that are characteristic for bulk
electrical relaxation processes. ¢ (v — 0) shows values in the order of 100
as expected for bulk ion dynamics [55], see the dashed line in Fig. 3 b).
The curvatures seen at frequencies lower than the main dc plateau,
marked by a circle in Fig. 3 a), correspond to permittivities in the order of
10°. Thus, we do not attribute this response to bulk properties. As ex-
pected for such large permittivities (and capacitances) the corresponding
peak in electric modulus spectra is reduced by a factor of 10* compared to
the main peaks shown in Fig. 3 c). Most likely, a small poorly conducting
layer between the Au electrode and the LLZO single crystal, such as
Li»COs, is responsible for this response.

The opc plateaus pass into dispersive regions that roughly follow
Jonscher’s power law. Solid lines in Fig. 3 a) represent fits using ¢’(v) o<1/
to approximate the frequency dependence in these regimes. At 193 K we
obtained p = 0.6. Values ranging from 0.6 to 0.8 are typically expected
for 3D motions of the charge carriers [56]. In general, dispersive regions
are indicative for non-independent hopping of the ions [57]; further-
more, they point to time-scale dependent dynamic parameters. Here, at
least at low temperatures, the ions are subjected to correlated motions
involving the partly occupied 24d sites (occupation factor of

b)

O
-~

M" (arb. units)

Fig. 3. a) Conductivity isotherms of single crystalline Al-stabilized Li;La3Zr»0;5. Isotherms were constructed by plotting the real part ¢’ of the complex conductivity
versus frequency v. Solid lines show fits with Jonscher’s power law; p = 0.6 indicates 3D Li diffusion. At room temperature the frequency independent conductivity
plateau yields 8.3 x 10°°Sem L b) Permittivity spectrum of Al-stabilized Li;LazZr,01, recorded at 173 K. ¢) Electric modulus spectra; the characteristic frequencies at
the top of the peaks, if analyzed in terms of an Arrhenius diagram, reveal almost the same temperature dependence as opc, see Fig. 5 b).
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Fig. 4. a) Nyquist plots of Al-LLZO single crystals recorded at the temperatures indicated. Dashed lines show simulations with an equivalent circuit that is a com-
bination of a resistor shunt with a CPE, depicted in the in the center section of the graph. b) Temperature dependence of 6pcT and wmay, e€xtracted from conductivity
spectra and electric modulus peaks. The dashed lines show linear fits following an Arrhenius law.
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Fig. 5. a) Crystal structure of LLZO. The Li ions jump between the sites 24d and 96h. Also jumps directly between 96h, passing by the tetrahedral site 24d, which is
partly occupied by the immobile Al®* ions, are indicated, see also Fig. 6 a) that shows possible Li* pathways in more detail. b) Li jump rates as deduced from
conductivity and NMR spectroscopy. For comparison, characteristic hopping rates obtained from analyzing electric modulus spectra are also included; these rates have
been indicated by the dashed-dotted line. 1/7, has either been calculated with a = 1.67 A (+) or with a=2.50 A (x). The open symbol () refers to the 1/T1,(1/T)

NMR peak showing up at high temperatures.

approximately 0.58, see SI, Table S2 (EK_Al3)) and the 96h sites (occu-
pation factor of ca. 0.34, see also SI, Table S2) sites in LLZO. It is likely
that they sense a heterogeneous potential energy landscape and are
exposed to forward-backward jump processes [57]. Thus, depending on
the time scale the method used to study ion dynamics is sensitive to,
different results for activation energies and jump rates are expected [43].
From this point of view it is possible to understand why also R; and R,
recorded either at frequencies in the MHz or kHz range, deliver quite
different activation energies (0.2 eV (Ry) vs. 0.38 eV (Ryp)).

Dispersive regions in ¢’(v) result in (slightly) depressed semi-circles
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when impedance data are presented in a complex plane plot. In Fig. 4
a) the imaginary part, —Z", of the complex impedance is plotted against
its real part Z'. At the apex frequencies w, = 1/(RC) we estimate that the
capacitance associated with the electrical response is given by C = 7.5 pF,
R denotes the resistance that can be determined from the intercept with
the Z' axis. Values in the pF range show that any contributions from gain
boundary regions, which would be characterized by capacitances larger
than 100 pF [55], are absent, as expected for a single crystal. Solid lines
in Fig. 4 a) represent fits using an equivalent circuit consisting of the
resistance R connected in parallel to a constant phase element (CPE). The
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shape of the curves in the Nyquist plots does not vary much with tem-
perature. Thus, in the range of low temperatures no change in ionic
transport process is seen by impedance spectroscopy.

At room temperature, the ionic conductivity is slightly lower than
10°4Sem™?! (opc=8.3 x 10°5Sem™ ). Compared to values reported in
the literature for Al-LLZO [22,58], this value is lower presumably
because the amount of Al** in our single crystal corresponds to only
0.15 mol per formula unit (pfu), as determined by ICP-MS. The optimal
Al content to reach conductivities up to 10-3S em ™! should be between
0.2 and 0.3 AI** pfu. Moreover, also the Li content may influence the
overall conductivity of our sample, as mentioned above. As we anticipate
that most of the values presented in literature [22,29] refer to poly-
crystalline samples that could be affected by chemical inhomogeneities, a
straightforward comparison of data from single crystals and powder
samples is difficult. Regions with higher Al contents might act as
percolating pathways ensuring an increase in long-range ion transport,
while regions being low in Al concentration would hinder the ions to
move over long distances. To determine the optimum Al content a series
of AI-LLZO single crystals varying in Al content should be studied in the
future.

In Fig. 5 b) the temperature dependence of opcT is shown. The acti-
vation energy of E; pc = 0.36(6) eV is very similar to that seen by spin-
lock (R1p) NMR (0.35-0.38 €V, see above) showing that 7Li NMR spin-
lattice relaxation if carried out in the rotating-frame of reference is
able to probe long-range ion transport, as already mentioned above.
Both, opc and R, take advantage of a frequency window with values in
the kHz region to sense the electrical and magnetic fluctuations associ-
ated with ionic transport. A very similar activation energy is also ob-
tained if we analyze the temperature dependence of the characteristic
relaxation frequencies from the electric modulus peaks of Fig. 3 b). In the
upper graph of Fig. 4 the change of the rate wmax (= 2% Vpmax) With
increasing temperature is shown in an Arrhenius diagram. The fact that
Eapc is a bit higher than E, \ points to a temperature dependent charge
carrier concentration N. Obviously, N slightly increases with increasing
temperature.

3.4. Comparison of jump rates from NMR and with results from
conductivity spectroscopy

To further compare our results from conductivity measurements with
those from NMR relaxometry we converted opc into Li* jump rates using
the Nernst-Einstein equation which connects opc with the solid-state
diffusion coefficient Dy [16].

_O-DC kBT

D,
c qu

(3)

where q denotes the charge of the ions and N the number density of the
charge carriers. Dy is related to the macroscopic tracer diffusion coeffi-
cient via D; = (1/HR) Dy. Dy itself is linked to the self-diffusion coefficient
D, which is available by NMR, according to Dy=f D. Hg as well as f
represent the Haven ratio and the correlation factor, respectively [59].
With D =Dyyr = a®/(67), where a denotes the jump distance, we obtain

6 kgT
742 N& OpC

' =(Hr /f) “

1/7 rates from either opc or NMR have been plotted vs. the inverse
temperature in Fig. 5 b). If we first consider the jump rates only deduced
from the maxima of the two relaxation rate peaks associated to each
other, their position in Fig. 5 b) suggests an activation energy comparable
to that seen by opcT (0.36 eV). Results from molecular dynamics simu-
lations, suggesting concerted ion movements, agree with this value [60,
61].

The rates 1/7; were calculated by assuming two different jump dis-
tances. If we use the 24d-96h distance of 1.67 A the rates 1/7,, if refer-
enced to 1/7xyr(T1) are larger by a factor of Hr/f = 0.44 (x0.5), pointing
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to correlated ionic motion. Agreement between 1/7, and 1/7nyvr(T1) is
achieved if a is increased from 1.67 A to 2.5 A. The latter distance serves a
good approximation to also include jumps performing 24d-[96h]-24d
hopping processes and/or jumps between two 96h sites bypassing the
24d site (see below and Fig. 5 a) and Fig. 6 a)). The first pathway might
also include the involvement of the 48f position in between the two 96h
sites.

We also notice that 1/7nMr(T1p) takes a value that is lower than ex-
pected by 1/7yvr(T1) and 1/7,. This small difference can be explained by
the influence of local magnetic fields that need to be taken into account
when estimating rnyr Via @17nMr = 0.5 at the maximum of the 1/T7,(1/
T) peak. Replacing w; by an effective frequency wer = 20; increases 1/
7nMr(T1p) such that 1/7ymr agrees with 1/75 if calculated using a = 2.5 A.

3.5. Diffusion pathways and assignment of activation energies

Coming back to the activation energies seen by NMR spin-lattice
relaxation measurements, which range from 0.18eV to 0.38 eV, and
considering possible Li* diffusion pathways also discussed in the litera-
ture, we suggest the following assignment to the possible Li* jump pro-
cesses in Al-LLZO. In LLZO, the Li" ions are distributed over the 24d and
96h sites. Here, our data on several single crystals did not reveal any
evidences for additionally occupied Li" sites. From analyzing residual
electron density maps we do not find any indications for Li on other
positions (see also SI). This finding holds for the single crystal investi-
gated here but also for samples prepared by sintering at temperatures as
high as 1230 °C. Here, we do not find any indications that the 48g or any
other site is regularly occupied. However, as mentioned above, the 48g
site might act as a temporarily visited transition site when jumping be-
tween the 96 h sites. The 96h site is a so-called split-atom site; only one of
the neighboring 96h sites is occupied by one Li™ ion because of strong
repulsive interactions. Li™ moving in the 96h-96h (= [96h]) cage (see
Fig. 5 a) and 6 a)) is presumably characterized by activation energies
lower than 0.1 eV. This cage could also involve the 48g site connecting
the 96h sites (96h-48g-96h’) Such localized motional processes might
influence the 1/T; rates governing spin-lattice relaxation at temperatures
below 250K, as suggested before.

The 1/T; flank seen above 250 K is, however, assumed to reflect the
hopping barrier connecting the sites 96h and 24d (Fig. 5 a) and 6 a)). The
corresponding activation energy (0.18 eV-0.20 eV, 0.37 wt.-% Al*") is in
good agreement with calculated values that have been presented in
literature for Al-LLZO [62] or related structures [63].

If we compare activation energies extracted from the low-T flank of
the 1/T1(1/T) NMR spin-lattice relaxation peaks of Al-LLZO powder
samples with varying Al content, we see that lower activation energies
(0.12eV (0.9wt.-% AP [19]; 0.13eV (0.5wt.-% AI*™) [23]) are ob-
tained for samples with higher amounts of AI** ijons. Hence, AI**
incorporation does not only stabilize the cubic crystal structure, it also
seems to influence the mean activation energy of the elementary, local
24d-96h forward-backward jump process. However, this conclusion has
to be taken with great care as powder samples prepared by sintering may
suffer from chemical inhomogeneity. As has been shown recently for
powdered samples, Al>* tends to heterogeneously distribute over the
crystallites [29]. Such heterogeneous distribution has even been found
inside the pm-sized grains. Here, for the dense single crystal investigated
a homogenous distribution is present, as has been discussed above.

The activation energy seen by 1/T;, measurements in the limit w17, <
1 (0.3 eV) is expected to be governed by long-range transport processes,
thus taking into account 24d-[96h]-24d’ hopping processes through the
crystal lattice (Fig. 5a)). The activation energy of 0.3 eV agrees with those
calculated for this type of pathway [64].

Even higher values ranging from 0.35 to 0.38 eV, which perfectly
agree with E, pc, are anticipated to reflect similar exchange processes,
which might additionally include further pathways characterized by
somewhat higher barriers. Although still under debate, direct Li* jumps
between two [96h] voids (a =0.234 A), using a curved pathway, might
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Fig. 6. a) Li" jump processes using the
sites 24d and 96h. AI*" ions located at
24d block the pathway 96h-24d-96h. b)
Comparison of diffusion-controlled 7Li
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s o~ \\y\ \l\ Ref. [23] (x, 0.49 wt.-% AI*") and ref.

// \-\ \ “t [19] (+, 0.9 wt.-% AI*")) with those

/e L N measured in this study using a single
o \ 3 AN crystal (0.37 wt.-% A1*"). The extremel

w X \ t Y

/ \ \ N Y broad 1/T1,(1/T) rate peak seen for

\ powder “\ powder samples is, most likely, due to a

\.\ samples X heterogeneous distribution of AI** cat-
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contribute to the overall ion transport in Al-LLZO, too [62]. As has been
shown recently by Garcia Daza et al. [65] using molecular dynamic
simulations, Li* diffusivity in the direct neighborhood of AI** (see Fig. 6
a)) is decreased compared to the regions farther afield. They showed that
vacancies, generated by trivalent doping, remain in the direct vicinity of
AI®* without any effect in enhancing the Li* diffusivity of the adjacent
Li* ions. We also suppose that the second 1/T;, NMR peak yielding an
activation energy of 0.38 eV reflects less mobile Li" ions that are indeed
influenced by such a trapping or blocking effect of the AI>* ions. As AI**
is almost immobile with respect to the rapidly diffusing Li* ions, the
pathway 24d—[96h]—A13+(24d)—[96h]—24d in its direct vicinity might be
characterized by higher activation energies [66]. This blocking effect
might force the ions to bypass the 24d position, thus directly jumping
between two [96h] voids — possibly these jumps occur in the outer
spheres of the pathways blocked by Al**. We assume that such blocking
effects will lead to higher activation energies seen by conductivity
spectroscopy as this method probes averaged values. NMR, on the other
hand, is able to resolve the activation energies of the different jump
processes in Al-LLZO.

3.6. Single crystals versus powder samples

Finally, we compare 7Li NMR 1/Ty, data from powder samples with
that obtained in this study, see Fig. 6 b). It has been a mystery why the
response in powders samples prepared by solid-state reaction always lead
to an extremely broad 1/T;, “peak” [19,23]. Most likely, chemical in-
homogeneity concerning Al** distribution, as mentioned above, leads to
a superposition of several 1/T1,(1/T) peaks hindering the very accurate
determination of activation energies. For the single crystal studied here,
this distribution is much smaller leading to sharp diffusion-induced Li
NMR rate peaks.

Interestingly, heterogeneous Al”°" distribution is only reflected in
long-range ion dynamics, to which T;, NMR is sensitive. The shape of the
1/T1(1/T) rate peaks, on the other hand, seem to be less influenced by the
overall distribution of the trivalent cations.

13+

4. Conclusions

Ion dynamics in Al-stabilized Czochralski-grown single crystals of the
composition Lig 46Alp.15LasZry 95011.86 Was studied by both 7Li NMR
relaxometry, including line shape measurements, and broadband con-
ductivity spectroscopy. As compared to powder samples, which are
usually prepared by solid-state reaction and, thus, may suffer from
chemical inhomogeneities, we benefit here from a highly dense sample

3 4 5 6

1000/ T/ K

whose AI** distribution is assumed to be homogeneous. While conduc-
tivity spectroscopy probes long-range ion transport that is governed by an
overall activation energy of 0.36eV, ’Li NMR spin-lattice relaxation
measurements  provided details about activation energies
(0.18eV-0.38 V) that describe both local barriers of the elementary
jump processes and diffusion on a wider length scale. In particular, Li*
exchange between the vacancy-rich crystallographic sites 24d and 96h
turned out to be characterized by relatively low activation energies
ranging from 0.18 eV to 0.20 eV. From an experimental point of view, we
cannot exclude that also direct jumps between two neighboring 96h-96h’
voids bypassing the tetrahedral 24d sites do also participate in overall ion
dynamics. Of course such jump processes occur less frequently in Al-
LLZO and are expected to be characterized by higher activation energies.
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