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Abstract

The measurement of diffusion parameters like activatioergias and translational jump
rates of small cations plays a key role in materials sciekBspecially the in-depth inves-
tigation of Li diffusion in ionic conductors is of great im&st, because suitable ionic con-
ductors are needed for, €. g., the development of new segoiwtebattery systems. As the
standard tracer method is not applicable to study Li diffnglue to the lack of a suitable ra-
dioactive isotope, Li diffusion is alternatively probed $glid state NMR techniques. With
the different NMR methods being available, diffusion pgsas can be studied on different
length- and time-scales. In the present paper we use twe4gpim-alignment echo (SAE)
NMR for the direct, i. e., model independent, measuremeakwémely small translational
Li jump rates. To this end, different crystalline and glagsy conductors like LiTiSp,
Li4SiO4 as well as LiNb@ served as model substances to reveal the special features of
this technique. SAE-NMR, which was originally developed dieuterons, has also been
applied in a few cases to spin-3/2 nuclei, likg, before. The corresponding correlation
functions yield not only information about diffusion paratars but also about geometric
properties of the diffusion pathways, making SAE NMR a pdulemethod which com-

plements well-established NMR techniques.
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1 Introduction

Since its discovery exactly 60 years ago, nuclear magretmrance (NMR) spec-
troscopy has become a most powerful tool to investigatesitre and dynamics in
condensed matter. NMR spectroscopy has found extensiveaum also in the
field of solid ionic conductors (see, e. g., Refs. [1,2]).ffon studies are espe-
cially common for’Li because of the often great mobility of lithium cations in a
wide range of materials and the ease of observation of thiadigipole) nucleus.
Moreover, NMR is widely used to determine Li transport pnties due to the
fact that the standard tracer diffusion method is not apple as no suitable ra-
dioactive Li isotope is available. In most of the NMR studspm-lattice relaxation
ratesT{l and the overallLi linewidth versus temperature were measured [1,3].
However, NMR spectroscopy offers a much larger set of vareperiments with
their advantages and disadvantages in probing ionic m®tondifferent length-
and time-scales [2,4]. In particular, frequency dependgakation measurements
yield information about the dimensionality of the diffusiprocess under investi-

gation [5].
Although classical relaxation NMR can be applied easily targe variety of ma-
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terials and is able to reveal a great deal about Li dynamieswide ranges of tem-
perature [5—7], the interpretation of relaxation data eotletically complex and,
thus, oftentimes not independent of the theoretical mosdetidor the correlation
of experimental data with microscopic diffusion param&téfowever, a relatively
model-independent determination of jump rates is posgittlee maximum of the
diffusion inducedTlfl(l/T) peak at a given Larmor frequency can be recorded.
Whereas spin-lattice relaxation raf€s* in the laboratory frame are sensitive to
jump rates in the region of thi Larmor frequency being of the order of several
hundreds MHz, slower ionic motions with jump rates betwe@hst! and 1¢ s—1
can be probed by recording spin-lattice relaxation rEgg%in the rotating frame
[8]. However, one has to keep in mind that particularly at temperatures other re-
laxation mechanisms or local (within-site) cation moticas dominate spin-lattice
relaxation. These effects have almost no importance fog-tamge diffusion or

conductivity.

In general, solid echo NMR spectroscopy, i. e., the measemeof transverse re-
laxation timesT,, can reveal information about ionic motions with jump raies
the kHz range, depending on the modulation of interactie@ta/éen the nucleus
and the surrounding magnetic and/or electric fields thrahghdynamic process,
see, e. g., Ref. [9]. Extraction of data relevant for longge diffusion is difficult,

once again. Furthermore, ionic motions on the ultra-slovetscale, i. e., in the Hz
to sub-Hz range, are usually not accessible because theyt@dffect the lineshape

at all.

In the present work newly established stimulated edidNMR methods are used
to enable thelirect, i. e., model-independent, access to microscopic Li diffupa-
rameters. Furthermore, stimulated echo NMR allows the oreazent of extremely

slow Li jumps with rates in the kHz to sub-Hz range. Receralgp 2D exchange



6Li and ’Li NMR experiments were used for the study of Li jump rateshie kHz
range very successfully [10-12]. To our knowledge, so fdy timese few magic
angle spinning (MAS) 2D exchange NMR experiments have baemed out to
detect Li jumps between crystallographic distinct sitd3.exchange NMR is ap-
plicable if a direct exchange process of Li nuclei betwedfedint sites becomes
visible in the 2D NMR spectra, which could be due to differehémical shift or
hyperfine interactions of the Li nuclei. Stimulated echo NNMMBwever, is applica-
ble to a much broader class of crystalline and even amorpmaasrials. With the
spin-alignment echo (SAE) technique, originally devebbpa deuterons (spin-1
nuclei) by Spiess [13], the spins are labeled by the intemaaif the nucleus with
a non-vanishing electric field gradient (EFG), producedhaydistribution of elec-
tric charge carriers in the neighborhood of the nuclei. Beart SAE-NMR evolved
into a powerful technique to precisely study the dynamics@as geometric as-
pects of diffusion processes. Quite recently, stimulatbeNMR was also used
to study successfully Ag dynamics, using the spin-1/2 rus€’Ag, in crystalline

and glassy materials [14-16].

The present work is part of the on-going effort to apply theESAchnique system-
atically to spin-3/2 nuclei, likéLi, with quadrupole couplings comparable to that
of deuterons. The method has been applied before to detesloiv Be jumps in
glasses [17—-19] and also used to investigate Li diffusioranous crystalline ionic
conductors [20-25]. However, a comprehensive compari§dhiSAE-NMR re-
sults with data from 2D exchange NMR experiments and/orentwnal relaxation
NMR measurements, as presented here, is still miséingpin-alignment echoes
can be sampled with a common solid state NMR setup employiegleener-
Broekaert sequence 90-t,—45"y -t —45 —t, cf. Refs. [26,27]. Jumping of the

ion between siteg andk with different (angular) quadrupole frequenciag; and



wg, causes a time-dependencecad and thus leads to an echo decay from an
initial echo amplitude at,, = 0 to a final state amplitude &} > 0. In this way,
for fixed evolution timet, and variable mixing timeén, (10 us <ty < 100 g, an
ensemble averaged two-time single-particle correlatimttion S(ty,) of the ion
hopping process can be recorded [27], giving (in the ideséxdirect access to
the jump rater L. In order to suppress the creation of dipolar contributsinsul-
taneously with the generation of quadrupolar order, in theewmf’Li SAE-NMR
sufficiently short evolution time, < 20 us have to be used to record two-time
correlation functions [21,22,19]. This is in contrast torstlated echo NMR ofBe

being subject to relatively weak dipolar interactions.

2 Case studies

2.1 Lidiffusion in lithium titanium disulfide

Up to now, we used a number of crystalline and amorphous qglanaterials,
which serve as model substances to study the potential@fdeg Jeener-Broekaert
echoes [28]. For instance, the Li diffusion process in poig@lline layered LiTiSy
(Cdls structure, space gr0lR§m1, 0< x < 1) was investigated on different time-
scales in a comprehensive study by classical spin-gpjnapd diffusion induced
spin-lattice relaxation NMR in the laboratory;) as well as in the rotating frame
(T1p) on the one hand, and stimulated-echo NMR on the other haagered
LixTiS served as a singularly well-defined fast Li conductor [2Pf80the study

of cation translational diffusion being confined to two dmemns [31], i. e., in the
planes between the Tifayers. In the present paper we focus on the compound with

x = 0.7. A similar study of Li diffusion in layered LiliS, with x = 1.0 has been



TiS,-layer

VAV

2K
TN

Fig. 1. Crystal structure of LTiS, (space grou@gml). A Liion temporarily occupying a

tetrahedral site between two neighbouring octahedra ésstlewn.

already presented by us in Ref. [24]. The crystal structbite ,diS; is depicted in
Fig.1. Li ions preferentially reside on octahedral sitethwithe TiS layers [32].
No staging effects are known for [iSy. In Fig. 2 the decay of spin-alignment
echo amplitude$;(ty) with increasing mixing timé, is shown. Echoes were read
out att = tp with fixed evolution timet,. The echo decay can be clearly subdi-
vided into two parts and parameterized with a combinatiamofexponentials. At
relatively long evolution timest§ = 75 us) the first decay step follows a single-

exponential, S O exp(—(tm/T)), whereas at short evolution timetp & 15 us) a
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Fig. 2. Semilog plot of normalized spin-alignment echo ($amplitudesS(ty, tm,t = tp)

of Lig7TiS; at 188 K as a function of mixing timg, (echoes were recorded after exten-
sive phase cycling, amplitudes were read out at fixed ewslutmet = t, = 75 us). The
first decay step yields directly the Li residence time 1.55(3) x 10~2s, whereas the sec-
ond decay step simply reflects decay of spin-order due t@atita processes Wimfelcho

of the order of 10 s. The solid line represents a fit according to a combinatiotwof

exponentials.



stretched exponentiay O exp(—(tm/1)Y), with y ~ 0.8 is obtained. Presumably,
dipolar interactions contribute to the correlation funotat longet, [21], so that
its non-exponential decay behaviour is increasingly meéiski¢h increasing evolu-
tion time. However, this influence orr! is small, because the decay constant is
nearly independent of the evolution time betwégr- 10 us andt, = 150 us. In
this region the echo damping directly yields the Li jump raté. The second de-
cay is simply due to spin-lattice relaxation. Its decay tantis designated here as
leelchd here. The window to measure jump rates by SAE-NMR is given by the
spin-spin relaxation rat@{l and the spin-lattice relaxation raTgl as the upper
and lower limit, respectively. In the samples investigdtere, the rigid lattice value
of T, is about 10Qus. Ty is of the order ofT; ¢choranging between 8.8 and 19.9 s
(220 K to 150 K). Therefore, ultra-slow Li jumps in the kHz tabsHz range can be
detected by recording two-time spin-alignment echoes.juitm rates can be eas-
ily transformed into diffusion coefficien according td = a?/(2d - T), when the
dimensionalityd of the diffusion process and the jump distaa@e known. Li dif-
fusion in LikTiS; is two-dimensional, which was unambiguously shown by tke fr
guency and temperature dependence of NMR spin-latticgatte rates [31,33].
ais given by the distance between Liions in octahedral amdietral sites, as this
is the dominant mechanism of Li diffusion in a sample witk 0.7 (see below).
The so obtained diffusion coefficients and the correspangimp rates obtained
by SAE-NMR att, = 15 us are shown in the Arrhenius representation of Fig. 3
(see also Fig. 1 in Ref. [25]). To confirm that SAE decay cantstaan be identi-
fied with microscopic Li jump rateg,~ values obtained vidLi NMR relaxation
measurements in the laboratory and rotating frame are shamvaomparison, too.
The latter ones were determined via the maximum positiorieetorresponding
diffusion induced relaxation peak§ *(1/T), which were recorded for different

angular Larmor and locking frequencies, respectivelyd8B,Taken together, the



jump rates from the different methods obey an Arrhenius lath an activation
energy of 0.41(1) eV and a preexponential factor &(6) x 10*? s, being of
the order of phonon frequencies. The activation energy goid agreement with
values found in the literature [34,35] from macroscopicmoes. Interestingly, by
combining these quite different NMR techniques one and &meeslithium diffu-
sion process was probed over a dynamic range of almost 1@sooflenagnitude

with jump rates (cf. Fig. 3) between10 1 s~ and 78 x 108 51 (148 — 510 K).

In addition to the direct measurement of ultra-slow Li junapes, SAE-NMR in
general serves as a tool for the investigation of geometopgrties of diffusion
pathways [15,36]. The first decay step of the two-time catieh function of Fig. 2
leads to a final state amplitud@ of about 0.42 (dashed line in Fig. 2) at interme-
diatet,, of about 01 s. For sufficiently long evolution timeS, will attain the lim-
iting value /N, whereN is the number of (equally populated) distinct sites visited
by the jumping ion. ThusS, is similar to the elastic incoherent structure factor
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Fig. 3. Probing Li diffusion in Ly 7 TiS;, on different time-scales: Comparison of jump rates
obtained directly by SAE-NMRJ) with those deduced from the diffusion induced maxima
of the /Ty, (1/T)-peaks at different Larmok( 10...77 MHz) and locking frequencies

(e, 2.1...10 kHz). The straight line represents an activation enef@y41(1) eV.



(EISF) in neutron scattering. The evolution®f as a function ot is shown in
Fig. 4, indicating clearly a two-site jump process betwdenttvo only possible Li
sites in LiTiS,. Obviously, Li ions jump between equivalent octahedrasswith
the tetrahedral site as transitional position (Fig. 1),igwa different electric field
gradient [37]. Although Li ions occupy preferentially olctadral sites in LiTiS,,
the tetrahedral position is visited in each individual hioggprocess, so thit = 2
different quadrupole frequencies are involved in the difba process, disregarding

the different occupancy of the two sites.

The echo amplitud&, would not decay according to a two-step behaviour, if the
Li ions jump between two octahedral positions directly. licls a caseug would

not change, and the echoes would be simply damped by redaqatbcesses, only.

In LixTiS, with its two distinct Li positions, a two-step behaviour bétcorrelation
function is only consistent with a final state amplitulgtp, — o) of 1/2. Thus,

’Li SAE-NMR is well able to determine both the dynamics and geemetry of

a given diffusion process. The diffusion pathway found her@ agreement with

theoretical calculations on 4TiS; [38] as well as on isostructural \HiSe, [39].
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Fig. 4. Evolution of final state amplitudeS, with increasingt,. S, values were ob-
tained from two-time correlation functiors, recorded at a frequency of 155 MHz and

atT = 188 K. The dashed line is just to guide the eye.



2.2 Slow Li exchange in lithium orthosilicate

The low-temperature modification of lithium orthosilicdte;SiO4 served as an-
other interesting model case for the demonstration of déited-echo NMR spec-
troscopy as to be, besides 2D MAS-NMR, a complementary twotHe investi-
gation of slow Li dynamics in crystalline Li conductors. fpalystalline Ly SiO4

is interesting with respect to SAE-NMR because of the presef a relatively
large number of electrically inequivalent sites for Li caus. At low temperatures
the high-resolutioRLi MAS-NMR spectrum is composed of four resolved or par-
tially resolved peaks [40] due to Li in distorted three-, fodive-, and six-fold
coordination in agreement with the crystal structure. The &xchange process
between these different crystallographic sites was olesevia recording temper-
ature dependent 1PLi MAS spectra by Stebbins et al. [40]. At the coalescence
temperature of 363 K an overall jump rate of about 30 s was estimated by
the authors. Additionally, lithium dynamics in43iO4 was probed directly by 2D
exchange NMR spectroscopy by the Stebbins group [10]. lglineering work
on the detection of Li exchange processes in solid ion caodsi2D spectra were

recorded at two different temperatures and two differeximgitimes in each case.

Motivated by this work, we have studied the lithium diffusion polycrystalline
Li4SiO4 by two-time’Li stimulated echo NMR spectroscopy at different Larmor
frequencies. Slow Li motions were monitored between 300dK488 K by record-
ing spin-alignment echoes at short evolution timgs- 10 us as a function of
tm (Fig. 5). Similar to the case of kTiS,, the decay curves show biexponential
behaviour in this temperature range and can be fitted withngbamation of two
stretched exponentials. The arrow in Fig. 5 indicates tlggnipeng of the second

decay step. The echo amplitudes of the first decay step faHevstretched expo-
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Fig. 5. Typical SAE amplitude$; of Li4SiO4 att, = 10 us vsty, at 373 K. The echo decay
proceeds in two steps: The first decay step reflects slow Lpgubetween different sites in
Li4SiOy4; whereas the second one is presumably due to spin-latfimeat®on. The dashed
line represents the correlation function after correcfongthe contribution by spin-lattice

relaxation which is reflected by the second decay step.

nentialS (tm) 0 exp(—(tm/T)Y). The stretching exponent decreases fromt6 0.4
with the temperature increasing from 300 K to 433 K. The daseeofy might be
the consequence of dipolar contributions being averag#dingreasing tempera-
ture. These contributions seem to increasetthkevalues by a factor of two, if at

all, as has been shown in detail in Ref. [28].

Whereas the first decay step of tBecurve in Fig. 5 reflects directly ionic jumps,
the second one is due to the decay of echo intensity becausgirefattice re-
laxation effects. The temperature dependent decay cdastah(10st <171 <
2000 s'1) show Arrhenius behaviour with an activation energy of 0138 (Fig. 6).
As expected for jump rates, the measured values are independent of the Lar-
mor frequency (32 — 155 MHz) used to measure the alignmemtyd@ber ! val-
ues from’Li SAE-NMR are in very good agreement with those obtainedvixy-t
dimensionafLi exchange MAS-NMR by Xu et al. [10] (cf. Fig. 6). For instanc
from the’Li SAE-NMR decay at 363 Ktf, = 10 us) a Li jump rate of 380°st is

obtained (see Fig. 6). The 2D exchange rates shown in Figprésent the sum of

11



Li jumps between LiQ < LiO3, LiO4 < LiOg, LiOs « LiOg, as well as between
LiO3 « LiOg polyhedra. A final state amplitudg, of about 0.23(2) at 433 K cor-
rectly indicates already at a rather short evolution tina tbur to five Li sites are
involved in the diffusion process. In general, final statgphimdes containing geo-
metric information have to be sampled at latgeHowever, in the case of 15i0y4
the amplitudes,, decreases with increasing[28]. For example, df, = 100 s the
plateau value, is decreased to about 0.1. In the caséldfthe final state ampli-
tude is additionally affected by the number of dipolarly ptaa ’Li spins [22]. The
more spins are effectively coupled, and this might be the eddarge evolution

times in Li3SiOq4, the smaller becomes the plateau vaBie

It was also concluded from 2D exchange NMR that all Li sitedipi@ate in the
transport process [10]. Jumps between 4 #hd LiO, polyhedra which were not
guantitatively detected by 2D exchange NMR seem to be of mmportance for

the diffusion process.
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® 6Li 2D NMR
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Fig. 6. Comparison of jump rates recorded directly ‘lby SAE-NMR at 155 MHz and
tp = 10 us with those extracted frofLi 2D exchange NMR experiments carried out by
Xu et al. [10] at 58 MHz and two different temperatures. Thee€@hange rates are each
afflicted with a sampling error of about 10%. Independenteflti isotope and, of course,

of the frequency, nearly the same results were found.
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2.3 Lidiffusion in amorphous lithium niobate

In contrast to crystalline materials with a finite number dfedent electrically
inequivalent sites, in amorphous (or glassy) materialé whieir infinite number
of slightly different sites the echo amplitud8sgt,) decay to zero with increasing

mixing time. 'Li SAE-decay curves of amorphous LiNg@re shown in Fig. 7.
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Fig. 7. Two-time hopping correlation functiorg (tp,tm,t = tp) of LiINbO3 recorded at
t, = 10 us and different temperaturds The exponeny is not independent of temperature

but decreases with increasifig

The amorphous sample was prepared via sol-gel synthedisilef the sample
preparation are given elsewhere [41]. As in the case g5i0,, the echo decay
can be fitted with a stretched exponential and the stretapgnenty varies with

temperaturel (cf. listed values in Fig. 7). Once again, the non-exporadityi

of the correlation functions is increasingly masked by thpaontributions to the
stimulated echo. Spin-lattice relaxation proceeds on ahnhurager time scale and
has no influence on the echo damping. In the investigatedasahpe range the

ratesT, * take values between 46! and 10! s71 at 155 MHz.

Strongly stretched hopping correlation functions mighttfse consequence of a

distribution of jJump rates in disordered materials and/am intrinsically non-

13



exponential decay function, e.g., due to the presence otleded forward and

backward jumps. However, it has recently been showd%g NMR that non-

exponential hopping correlation functions in glassy Ag cemductors are due to

the existence of a broad distribution of jump rates rathantto correlated back-

and forth jumps [16]. Moreover, molecular dynamics simolas of Li dynamics in

LiPOs glass by Vogel [42] have shown that the probability of catedl back-and

forth jumps between neighboring sites is significantly tlfor the slow ions

within a distribution of jump rates.

In Fig. 8 SAE decay rates ' recorded at 77 and 155 MHz are shown y3 1As

expectedr 1 is also in this case independent of the resonance frequeheyeas

the spin-lattice relaxation ral‘l'q*1 strongly depends on the Larmor frequency [41].

Between 293 K and 418 K the jump rates take values frofstdup to 1¢f s~1.

Arrhenius behaviour with an activation energy of 0.41(1)&%und. Interestingly,

this value is more comparable to activation energies whiereweported from dc

conductivity measurements (0.4 to 0.6 eV, cf. Refs. [43)}-4&her than to those
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Fig. 8.7Li SAE echo decay rates ! vs reciprocal temperature. Values were recorded at

two different magnetic fields corresponding to resonaneguencies of 77 MHzaj and

155 MHz (©). As expected for a motional correlation tinreis field-independent.
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which can be obtained from the low-temperature flank of theRN&pin-lattice
relaxation peaer‘l(l/T). The latter measurements yield an activation energy of
about 0.25 eV [41]. However, this value is not in contradictio the one from
SAE-NMR, as the lowF flank of theTlfl(l/T) peak is influenced by short-range
Li diffusion [5]. Furthermore, correlation effects due to@omb interactions and
structural disorder will additionally reduce the slopetws tow-T flank resulting in

an apparent activation energy of about 0.25 eV. Unfortupateither the highF
flank of theTl‘l(l/T) peak nor the maximum of this peak can be reached experi-
mentally due to the heat-sensitivity of amorphous LiNbBExperiments have to be
restricted to below 450 K in order to avoid crystallizatidiis is in contrast to the
NMR studies performed on kTiS; which is stable up to very high-temperatures.
The slope of the high- flank of the peal&fl(l/T) would correspond to the ac-
tivation energy describing the long-range Li transport iNhO3. This activation
energy was predicted to be about 0.4 eV taking into accoentréguency depen-
dence of the diffusion induceﬁf1 rates on the low-temperature flank [41]. Thus,
we can identify the value obtained by SAE-NMR with the adiwa energy of
long-range Li transport in LINb@ This comparison makes SAE-NMR to be an
interesting alternative to conventional NMR relaxatiopesiments as it does not
require (extremely) high temperatures, so that tempexatansitive materials with

moderate Li diffusivities can be studied.

3 Conclusions

NMR spectroscopy offers a large set of experiments prolmngimotions on dif-
ferent time- and length-scales. In the present paper, we hsed'Li spin-align-

ment echo NMR spectroscopy to enlighten Li dynamics in sdudrion conduc-
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tors serving here as model substancés SAE-NMR can be used for thdirect
measurement of microscopic diffusion parameters. Resglte compared to those
of conventional relaxation NMR, 2D exchange NMR, as welledd-conductivity

data describing macroscopic transport, being found initeeature.

In the case of LiTiS, with x = 0.7, the mixing time dependeriti SAE-decay
was investigated over a dynamic range of about four dec@desctly obtained ex-
tremely slow jump rates are fully consistent with those oi&d via recording dif-
fusion induced spin-lattice relaxation peaks, probingynamics on much shorter
time-scales. Taken together, by the combination of thdtereint NMR techniques,
one and the same diffusion process was recorded over a dynangie of about ten
decades. The evolution time dependent measurements hanansieated the po-
tential of ’Li SAE-NMR to study geometric details of a given diffusioropess.
We found large evidence for a two-site jump process in laperetured Ly 7TiSy,

being in agreement with theoretical predictions found mltterature.

In the case of L4SiO4, we have shown that SAE-NMR is a time-saving alternative
to 2D exchange NMR. The main advantage over exchange NMReifath that it

is applicable to a much broader class of crystalline and emeorphous materials
because there is no need to record well-resolved Li spatteder to quantify the

exchange of Li ions between distinct sites.

The SAE-NMR measurements on amorphous LiNOinted out the possibility
to use’Li stimulated echo NMR for studying also heat-sensitiveeriats. In all
cases activation energies were found to be in fair agreewiimthose obtained by

macroscopic methods.

Altogether,’Li SAE-NMR is likely to become a powerful method which is akde

complement other already well-established and sophistiddMR techniques.
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