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Abstract

Lithium self-diffusion in the low-temperature modification of polycrystalline
lithium ortho-silicate Li;SiOy is investigated by "Li two-time stimulated echo
NMR spectroscopy. Extremely slow Li exchange processes were directly
monitored between 300 and 433 K by recording spin-alignment echoes as a
function of mixing time varying over six decades from 107 to 10 s. In
the investigated temperature range the hopping correlation functions show
biexponential behaviour. Whereas the first decay step reflects directly Li jumps
between electrically different sites, the second one is simply induced by the
decay of alignment order due to quadrupolar relaxation. The echo decay rates
=1 (10" s7! < 7! < 10* s7!), which can be identified with Li jump rates,
show Arrhenius behaviour with an activation energy of 0.53(1) eV. The directly
measured jump rates are in good agreement with those obtained recently by
one- and two-dimensional °Li exchange MAS NMR reported in the literature.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Diffusion of small cations like Li* plays an important role in materials science. In particular,
for the systematic development of powerful Li ion batteries with high energy density [1, 2],
the exact knowledge of Li transport properties is required. For this purpose, cation dynamics
of a large number of Li containing materials have been investigated until now. Among other
techniques solid state nuclear magnetic resonance (NMR) is increasingly used to characterize
the properties of electrode materials; see, e.g., [3]. Besides these application-oriented
investigations, NMR is also used to study fundamental aspects of cation diffusion. NMR
studies with this aim have been especially common for Li ions [4-7] because of their often
high diffusivity and the ease of observing 'Li NMR. However, only a few Li investigations
have been reported so far [8—11], where microscopic diffusion parameters were measured by
NMR directly, i.e., without involving a specific theoretical model.
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Classical solid state NMR offers a number of techniques probing microscopic as well as
macroscopic properties of Li transport [6]. Whereas macroscopic diffusion parameters, in
particular the tracer diffusion coefficient, can be measured by static or pulsed field gradient
NMR techniques, the analysis of NMR lineshapes and spin—lattice relaxation rates Tfl provide,
in general, access to the atomic jump rate. Although relaxation NMR can be easily applied to
a large variety of materials and is capable of revealing information about Li dynamics over
wide ranges of temperature 7', see, e.g., [12], the interpretation of relaxation data is often
theoretically complex. A relatively direct access to the cation jump rate is given only when
the diffusion induced relaxation rate maximum at 7 = T, on a plot of log Tl_] versus 1/T
can be monitored. If the maximum cannot be reached due to thermal instabilities and/or phase
transitions of the material, only the low-temperature flank of the TI*1 (1/T)-peak is accessible.
Relaxation data on the low-T side are sensitive to short-range, i.e. local or within-site, cation
motions with low activation energies rather than to long-range diffusion, which is probed on the
high-T side [7]. Furthermore, the slope of the low-7 flank of a Tl_] (1/T)-peak is influenced by
correlation effects due to Coulomb interactions of the moving particles and structural disorder
of the material [13—15], so that commonly an activation energy is observed which is less than
that obtained by macroscopic techniques. The latter value rather corresponds to the slope of
the high-7 flank, if accessible [7].

The aim of the present paper is to help to establish new NMR techniques which enable a
direct, i.e. model independent, measurement of the elementary jump processes.

Two-dimensional (2D) magic angle spinning (MAS) exchange NMR spectroscopy is one
approach which can be used to study directly cation dynamics. To our knowledge only a
few 2D NMR exchange experiments have been carried out up to now to detect Li diffusion
in detail taking advantage of Li chemical shifts [§—11]. However, 2D NMR is applicable
only if the exchange process of the Li nuclei between different sites becomes clearly visible
in the NMR spectra. Much less time consuming than 2D experiments and applicable to a
much broader class of Li containing crystalline and even amorphous or glassy materials is
the direct measurement of translational Li jumps via stimulated echoes. The so-called spin-
alignment echo (SAE) technique was developed for deuterons (spin-1 nuclei) by Spiess [16]
and recently applied also to spin-3/2 quadrupole nuclei like *Be [17-19] and "Li [20-25] with
quadrupole coupling constants similar to that of deuterons. The method gives direct access to
extremely slow cation exchange rates on the kHz to sub-Hz timescale, as was quite recently
demonstrated by us in a comprehensive NMR study about Li dynamics in layer-structured
Li, TiS; [26]. Moreover, the evolution time dependence of final state amplitudes of stimulated
echo correlation functions contains information about geometric parameters of the diffusion
pathway [27].

In the present paper polycrystalline lithium orthosilicate, Li4SiO4, serves as a model
substance for the demonstration of stimulated-echo NMR spectroscopy to be, besides 2D
exchange MAS NMR, an additional tool for the direct investigation of Li dynamics in
crystalline ion conductors. Li dynamics in Li4SiOy4 has already been probed by 2D NMR by Xu
et al [8]. Additionally, the lithium cation exchange process between different crystallographic
sites in LisSiO4 was previously observed by Stebbins er al [28] via recording temperature
dependent 1D °Li MAS spectra. ’Li spin-lattice relaxation NMR measurements on Li;SiOy4
and related materials were carried out by Smaihi ef al [29, 30]. The presence of a relatively
large number of electrically inequivalent sites, being occupied by Li cations, makes the material
an interesting model substance for "Li SAE NMR. In LisSiO4, 56 Li ions are distributed
among 126 available Li sites. In agreement with the results on the crystal structure [31], high-
resolution °Li MAS NMR data indicate four different LiO,, polyhedra with n = 3, 4,5, 6 in
LisSiOy [8, 28]. It is most likely that all Li ions participate in the diffusion process.
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Up to now, crystalline as well as glassy LiySiO4-based compounds [32-34] have been
investigated with regard to their use as solid electrolytes in secondary Li batteries. Additionally,
LisSiO4 has attracted considerable interest as a possible solid breeder material for fusion
reactors [35, 36]. Furthermore, concerning greenhouse gases in the atmosphere, Li4SiO4 [37]
and metal doped Li4Si04 compounds [38] are expected to be the future prime materials to serve
as CO, absorbents.

2. Spin-alignment echo (SAE) NMR

Spin-alignment echo NMR spectroscopy probes Li diffusion, simply put, by labelling the ions
via their angular quadrupole frequency wq, which is due to the interaction between the nuclear
quadrupole moment and a non-vanishing electric field gradient (EFG) tensor at the site of
the nucleus. Different crystallographic and thus electrically distinct Li sites are characterized
by different quadrupole frequencies. Jumping of the ion between these sites leads to a time
dependence of wq, which can be used to ‘count’ ionic jumps as a function of observation time.
Using common notation, see e.g. [39], the quadrupole Hamiltonian is given by

A 1 N
Hq = —wqT ()

NG

with the spherical tensor operator Too = %6[3 I ZZ — I (I 4 1)] and the quadrupole frequency

wo/2m =1Cq (3 cos’ ® — 1 — nsin® @ cos(2d)) (2)
where Cq = e*qQ/h is the quadrupole coupling constant with the proton charge e, h is
Planck’s constant and Q is the electric quadrupole moment of the nucleus. eq is the principal
component of the EFG. 1 denotes the asymmetry parameter of the quadrupole interaction. The
polar angles ® and ® determine the orientation of the external field By in the principal axis
system of the EFG tensor at the nuclear site. The quadrupole interaction alters the angular
Zeeman frequency wy according to wy = wq. Provided electrically inequivalent sites are visited
by the jumping ion, the information about the dynamic process is coded in terms of a temporal
change in wq.

The spin-alignment technique allows one to measure directly a single-particle correlation
function yielding information about dynamic as well as geometric parameters of the hopping
process. Its analogy to quasielastic neutron scattering, operating on a much shorter timescale,
was pointed out in [40, 41], for example. The radio frequency pulse sequence used to sample
spin-alignment echoes is based on the three-pulse method of Jeener and Broekaert [42]

By, — 1ty — By, —Im — B3y, — 1
with 81 = 90° and B, = B3 = 45°, ¢; denote the phase of the respective pulse. Starting from
thermal equilibrium IAZ = f‘lo, the first two pulses generate, if |¢; — ¢»| = 90°, a quadrupolar
alignment state according to [27]

~  Bily Hoty ol I

Ty —m—mmm— —E@Sin B1 sin 28, sin(wqt,) To. 3)
The reading pulse transforms spin alignment back into an observable transverse coherent
magnetization leading to an echo at t = f,. If the last pulse is an X pulse, a magnetization
along the x-axis is observed:

1 /3 .- . . ~ ﬂ3i¢3*ﬁQt 9 . . . . .
—54/5 sin B1sin 2B, sin(wqtp) Tro —— 35 Sin B1sin2pB; sin 283 sin(wqtp) sin(wqt). (@)

With 81 = 90° and 8, = B3 = 45° the echo amplitude S is maximal and given by [27]
S5 (tp. . 1) = 3 (sin[wq(0)1p] sin[wq (tm)1]). 5)
Angular brackets (- - -) denote the powder average. For fixed 7, the decay of the alignment echo
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amplitude S} (%, tn) with increasing mixing time #,, is directly due to successful jumps of the
ions between Li sites with different quadrupole frequencies. Usually this decay step follows an
exponential function S o e (m/Tsae)"" with 0 < y: < 1 and a time constant tsag, being in the
ideal case equal to the motional correlation time. Additionally, echo formation will be affected
by the decay of the spin-alignment state due to spin—lattice relaxation processes. This additional
echo damping can be taken into account by a second exponential, so that the complete curve
is given by S, = S} - e n/Tisa0)™ with the corresponding stretching exponent yr generally
ranging between 0 < yr < 1. If a pure spin-alignment state was created, TIELE equals the
quadrupolar relaxation rate TI_Q] , which determines the lower limit of the experimental time
window to investigate ionic motions, i.e., Tgug > TI_Q1 must hold.

Experimentally, in the case of ’Li, being subject to relatively strong dipole—dipole
interactions as compared to, e.g., °Be, the complete suppression of dipolar (D) order
simultaneously with quadrupolar (Q) order is difficult to realize even at very small evolution
times 1, [22, 23]. The two corresponding time constants tsag,p and Tsag,@ determining the
echo decay will normally differ by about a factor of two, if at all (cf, e.g., an analogous NMR
relaxation study in [43], where the influence of dipolar and quadrupolar contributions on the
diffusion induced relaxation rate of polarized radioactive 3Li nuclei was investigated in pure Li
metal and Li alloys, respectively). Whereas pure SAE NMR leads directly to a single-particle
correlation function, the decay of dipolar order is described at least by a two-particle correlation
function.

3. Experimental details

"Li NMR measurements on Li;SiO4 (delivered by Alfa Aesar, purity 99.9%, —100 mesh
powder) were mostly performed at Larmor frequencies wy/2m of 155.5 and 77.8 MHz,
corresponding to external magnetic fields By of 9.4 and 4.7 T, respectively. Additionally,
some NMR experiments were done at 39.1 MHz. The measurements at 9.4 T were carried out
on a Bruker MSL 400 spectrometer combined with a shimmed Oxford cryomagnet of higher
field homogeneity. For the experiments at lower magnetic fields a modified Bruker MSL 100
spectrometer connected to a tunable Oxford cryomagnet was used. Temperatures were
monitored in both cases by means of an Oxford ITC4 unit with an accuracy of £1 K in both
cases. The /2 pulse length was about 4 us (250 kHz bandwidth), ensuring a non-selective
excitation of both the central and the satellite contributions to the NMR signals. For the
measurements below 473 K standard probes designed by Bruker were employed. NMR spectra
at higher temperatures were recorded using a home-built high-temperature probe working at
temperatures up to about 1100 K.

Li spin-alignment echoes as a function of mixing (#,) and preparation time (f,) were
recorded using the three-pulse sequence of Jeener and Broekaert: (7 /2) ,~1p,—( /4) ,—t—(¢) ,—
t—acquisition (acq.). In order to maximize the echo signal, the last pulse was chosen to be
a m/4 pulse [23]. Extensive phase cycling was employed in order to suppress unwanted
coherences and to reduce undesirable effects of imperfect radio frequency pulses [23, 27].
If not stated otherwise, the preparation time was chosen to be 10 us. ’Li solid-echo spectra
were recorded using the sequence (7 /2)—t.—(64°)—t—aqc. Since ’Li is a spin-3/2 nucleus a
refocusing pulse of 64° is used in order to obtain the correct intensity ratio for the central
and satellite transitions [44]. The interpulse delay time 7z, was chosen between 10 and 20 us.
Relaxation rates were measured using the standard saturation recovery technique; i.e., a series
of (/2) pulses was used to destroy any longitudinal magnetization M and the subsequent
recovery of M was detected after variable delay times f4c1.y. Magnetization transients M (fgelay)
were obtained by plotting the area under the free induction decays as a function of 4ejay.
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Figure 1. Left: evolution of 'Li solid echo NMR spectra (155.5 MHz) of lithium orthosilicate
with increasing temperature. The inset shows the central transition only, indicating its anisotropy
at 673 K. Right: magnification of the spectra partly shown on the left-hand side, too. At higher
temperatures a well defined axially symmetric quadrupolar powder pattern with a final quadrupole
coupling constant of 21(1) kHz emerges.

4. Results and discussion

4.1. Solid-echo and spin-alignment spectra

First insights into Li dynamics in polycrystalline Li;SiO, were obtained by recording "Li NMR
spectra as a function of temperature. Figure 1 presents some selected 'Li NMR solid-echo
spectra at temperatures between 373 and 673 K. In the dynamic regime of the rigid lattice,
i.e., below 350 K, the NMR lines are composed of a central line with a width (full width at
half maximum) of about 10 kHz and a Gaussian shaped quadrupole contribution with a width
of about 50 kHz. It reflects the distribution of electric field gradients (EFGs) in the material
due to different crystallographic Li sites. Both contributions are dipolarly broadened. Line
narrowing of the central transition, caused by averaging of local magnetic fields due to Li
hopping, i.e. motional narrowing, starts at about 370 K. At this temperature the mean Li jump
rate is expected to be of the order of 1073 s, indicating the poor Li diffusivity of Li;SiO, at
this temperature. This fact makes the material a suitable model substance for the study of
extremely slow Li motions via spin-alignment echo NMR. At intermediate temperatures, e.g.
at 433 K, the central line of the static NMR spectrum is partially narrowed. It is composed of
a broad Gaussian and a narrow Lorentzian line. Such a partial motional narrowing indicates
a distribution of Li jump rates in LizSiO4. At about 600 K narrowing of the central part is
completed and the jump rate 7! of Li* is expected to be several times larger than the rigid-
lattice line width, i.e., 7~! presumably takes values between 10° and 10° s='. For further
illustration, the broadening of the central line due to dipolar interactions is shown in figure 2
versus temperature 7. High-temperature data were recorded at a magnetic field of 4.7 T with a
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Figure 2. Dipolar broadening of the "Li NMR central transition of Li4SiO4. Onset of NMR line
narrowing sets in at Typeer &~ 370 K. Data were obtained at 155.5 MHz (@) and 77.8 MHz (O),
respectively. The solid line is just to guide the eye.

home-built probe, whereas the low-7" data of figure 2 were recorded at 9.4 T using a commercial
Bruker probe.

Besides magnetic interactions, the jumping ions experience fluctuating site specific electric
interactions. Sufficiently fast cation jumps between sites with different EFGs result in an
averaging of electric quadrupole interactions. Regarding the ’Li spectra of figure 1 it can
be clearly seen that the width and the intensity of the broad quadrupole part is reduced with
increasing temperature. However, even at very high temperatures the quadrupole interactions
are not completely averaged due to Li diffusion. A definite quadrupole powder pattern with a
small quadrupole coupling constant of about 21 kHz emerges and distinctly shows up at 673 K.
It is further noted that the central line is anisotropically broadened at very high temperatures.
Both observations point to the anisotropy of Li motion caused by the finite number of, say four,
inequivalent Li sites being present in crystalline LisSiO4. Such an effect was also found in
lithium thioborate sulfides by Griine et al [45], for example.

B 4ms
A

100 -50 0 50 100
frequency (kHz)

Figure 3. Comparison of a typical "Li solid-echo (A) powder spectrum with the corresponding
spin-alignment (B) powder spectrum (1, = 10 us, f, = 4 ms) at 373 K of Li4SiO4. Note the
increased intensity of the satellite contributions for the spin-alignment spectrum.

In figure 3 the ’Li solid-echo NMR spectrum at 373 K is exemplarily compared to
that obtained with the spin-alignment three-pulse sequence using a short evolution time of
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Figure 4. Evolution time dependence of spin-alignment echoes recorded at a Larmor frequency of
wo /2w = 155.5 MHz for a short mixing time #;, — 0 us. The echoes were measured at 7 = 373 K.

tp = 10 us. Both spectra were recorded at 155.5 MHz. All the spin-alignment spectra show an
enhanced intensity of the quadrupolar satellite contributions at short evolution times, whereas,
at first glance, the intensity of the central contribution around wy /27 = 155.5 MHz is reduced.
A pure spin-alignment spectrum would be composed of satellite transitions only. However,
it has recently been shown by simple spectrum modelling that homonuclear dipolar coupling
of 7Li nuclei generates signal intensities near the Larmor frequency wy/2m for each satellite
transition [22]. In the case of a powder spectrum these additional intensities are added up
and appear as a ‘central’ line in the spin-alignment spectrum. A possible phase shift of these
contributions depends on the radio frequency offset and on the length of the reading pulse
of the Jeener—Broekaert sequence [23]. Nevertheless, when comparing solid-echo and spin-
alignment spectra, the latter are dominated by quadrupole contributions, indicating that the
phase information sin wg, (fm)?, is mainly stored in the Ty state after the first /4 pulse of
the JB sequence. This is the case when short evolution times 7, are used (see below). Longer
evolution times will increase the portion of dipolar contributions to the stimulated echo spectra.
Furthermore, in contrast to the solid-echo spectrum, the quadrupole part of the spin-alignment
spectrum is slightly structured. It is composed of at least three different subspectra due to
the different crystallographic sites in Li4SiO4. Subspectra corresponding to sites being less
populated by Li ions will contribute to the alignment spectrum, too, but they will certainly not
dominate the line shape.

Spin-alignment spectra were obtained by Fourier transformation of the corresponding
echoes beginning from the echo top at # = 1,,. A series of stimulated echoes is shown in figure 4
for various evolution times f,,. The contour plot of figure 4 reveals the intensities of the different
contributions to the stimulated echoes. They firstly comprise the ‘spin-alignment echo’ as
the main echo intensity, which appears exactly at t = #, and which contains the quadrupole
information stored at t = f,,, in the alignment state f"zo. Near 1 = 1, further intensities show up
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Figure 5. Left: semilog plot of a typical S>-decay in LigSiO4 recorded at 155.5 MHz and 373 K.
The solid line represents a fit using equation (6) and yields tsag = 1.5(1) x 103 s and yr = 0.57.
The overall fit (solid line) is composed, according to equation (6), of the two stretched exponentials
displayed as dashed and dotted lines, respectively. A plateau value S, of 0.16(1) indicates the
participation of a relatively large number of Li sites in the diffusion process. Moreover, the
(normalized) recovery of longitudinal magnetization with increasing delay time f4elay, proceeding on
a much longer timescale as compared to the echo decay, is shown for comparison with the second
decay step of S». Right: log-log representation of the correlation function in order to expose its
two-step behaviour (see arrow).

at acquisition times ¢ longer and even shorter than f,. Fourier transformation (FT) of the fast
decaying main echo yields the satellite intensities of the corresponding spectrum, whereas the
intensities at larger acquisition times refer to dipolar contributions to the spectrum (see above),
which appear close to the Larmor frequency as a ‘central’ line, as mentioned above. In order to
obtain hopping correlation functions for a fixed evolution time #, and as a function of mixing
time #,, (see section 4.2), the amplitudes of the echoes were read out at ¢ = 1, i.e. at the top
of the stimulated echo. As can be clearly seen from figure 4, the shorter the #, that is chosen,
the more intense the spin-alignment contribution to the echo will be and, thus, the larger the
satellite intensities in the corresponding spectra after subsequent FT will become, cf also [17].
Therefore, SAE correlation functions were recorded at very short #,. If not stated otherwise,
the evolution time was chosen to be 10 us.

4.2. Two-time spin-alignment correlation functions

Li jump rates in polycrystalline Li4SiO4 were studied by recording spin-alignment echoes at
fixed #, and as a function of mixing time #,,. The latter was varied over several decades, i.e. from
10 us to 100 s. SAE NMR experiments were performed between 300 and 433 K, thus mainly
in the dynamic regime of the rigid lattice where extremely slow Li motions are expected with
jump rates being smaller than 10° s~!. In figure 5 a typical decay of the echo amplitude S, as
a function of mixing time #, is shown. The obtained decay curve S, (z,, t, 1), normalized to
the range from zero to unity, was recorded at a frequency of 155.5 MHz and at T = 373 K. It
is composed of two stretched exponentials and can be well fitted (solid line in figure 5) with
equation (6) in order to extract the decay constant Tgag:

So(ty, tm, 1) = (Ae_(lm/TSAE)W + B)- e~/ Tisap)"T (6)

The second exponential is presumably due to the influence of (quadrupolar) longitudinal
relaxation on the echo decay. The time constant of this process is called Tisag here. Tisag
is expected to be orders of magnitude larger than tsagp corresponding to the first decay
step, which is assumed to be directly induced by changes of wq due to slow Li jumps,
i.e. Tisag > tsag. At 373 K, for instance, the decay rate T, AIE is 670(10) s7!; the respective
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stretching exponent is about 0.6, indicating a distribution of jump rates in Li;SiO4. Such
a distribution of jump rates was previously observed also by 2D exchange NMR. The SAE
stretching exponent y; decreases from 0.7 to 0.4 with the temperature increasing from 300 to
433 K. This decrease may be the consequence of residual dipolar contributions being more and
more averaged with increasing temperature. Stebbins et al [28] estimated a mean Li jump rate
of 300(100) s~! at about 360 K by analysing the temperature dependence of °Li MAS NMR
spectra. At this temperature the alignment echo decay follows a stretched exponential with
g, A]E = 380(10) s~'. Thus, tg, AIE can be identified here with the mean Li jump rate 7~!. °Li
spectra show four different resonance lines due to the different Li sites in Li4SiO4. Coalescence
of these NMR lines into a single line is observed when the mean residence time of the Li ions
becomes smaller than the inverse frequency distance between the outer resonances of the °Li
spectrum.

The plateau value, Soo = A/(A + B), being related to the number of inequivalent sites
visited by the jumping ion while diffusing, is about 0.16. Usually, S, has to be recorded
at sufficiently large evolution times [41]. However, in the present case even at a very short
evolution time the value 1/S. =~ 6 indicates already a relatively large but finite number of
electrically inequivalent sites participating in the diffusion process. For short evolution times
(t, < 20 ps) the plateau value S, ranges from 0.14(2) to about 0.23(2) between 7" = 333
and 433 K. The latter value gives rise to the assumption that four different Li sites are involved
in the diffusion process. In fact, exactly four different Li polyhedra LiO, (n = 3, 4,5, 6) are
present in LisSiOy4. Therefore, we conclude that all Li sites participate in the transport process.
It has to be mentioned that S, might be affected by the number of dipolarly coupled Li spin-
pairs [22]. The larger the number of effectively coupled Li spins is, the lower is the final state
amplitude. However, at T = 433 K the central line of the solid-echo spectrum is already
somewhat narrowed, so that dipolar interactions become partially averaged at this temperature.
Thus at 433 K a final state amplitude is found whose value is comparable to the one which
would be obtained when dipolar interactions were completely absent.

Additionally, we have analysed two-time correlation functions recorded at ¢ = f, = 10 s,
but which were obtained by plotting the amplitude of the stimulated echo at t = #, 4t = 50 us
versus t, [46]. Between 293 and 413 K the corresponding decay constants were larger by a
factor of two when compared to those obtained at + = #,. This difference is expected if one
assumes that the SAE-curve sampled at ¢ = 1, represents a single-particle correlation function,
whereas the other one being read out at larger acquisition times #, + " accounts for dipolar
contributions leading to a two-particle hopping correlation function (at least), as mentioned
above. This is corroborated by the observation that the final state amplitudes of the latter
correlation functions are reduced by a factor of two [46].

As mentioned above, the second decay step, leading from the final state amplitude S, at
intermediate mixing times to Sy = 0 is primarily due to longitudinal relaxation and does not
necessarily reflect a slower diffusion process in Li4SiO4. Such a slow jump process would be
difficult to detect because of the influence of spin—lattice relaxation which starts to affect the
echo decay considerably at mixing times larger than 0.01 s (cf figure 3). The lower limit of
detectable jump rates via stimulated echoes is given by the quadrupolar relaxation rate T161

(see above), whereas the upper limit is determined by the spin—spin relaxation rate Tz_] , thus
Tz_1 > T, A]E > Tl?)] should hold. Tz_1 is of the order of 10~* s~! in the rigid lattice regime. Tq
either equals or is smaller than 7;. In order to demonstrate on which timescale 77 relaxation
proceeds in comparison with the timescale of the first and second decay steps, the recovery
of longitudinal magnetization is shown in figure 5, too. Blank squares show the recovery of
M (f4c1ay) as measured independently via saturation recovery experiments at the same radio
frequency. In the present case we have Tisag = Tig ~ 0.3 - Tj.
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Figure 6. (a) Evolution of stimulated echoes as a function of mixing time #;,, and acquisition time 7.
Data were recorded at fixed evolution time t, = 10 us, wo/2w = 155.5 MHz and T = 373 K.
The spin-alignment echo maximum appears at ¢ = #,. (b) Spin-alignment echo decay curves
(semilog plot) for variable temperatures as a function of #,, and fixed #, = 10 us. The frequency
was 155.5 MHz; the same results were obtained for 77.8 MHz above room temperature. As an
example, echo amplitudes (+) at 373 K recorded at 77.8 MHz are shown for comparison with data
at 373 K and 155.5 MHz (A). The echo amplitude was read out at the echo top, i.e. att = 1,. With
increasing temperature the inflexion point of the respective curves is shifted to smaller mixing times
Im, resulting in smaller values of TsAE.

4.3. 'Li SAE decay rates — comparison with results from other NMR techniques

Spin-alignment echo decay curves for various temperatures in the range 273-393 K are shown
in figure 6. The curves were fitted using equation (6) in order to extract the jump rates g, AIE via
the echo decay. In figure 7 the corresponding (mean) decay rates are shown in an Arrhenius
representation. They show thermally activated behaviour representing extremely slow Li
diffusion with an activation energy of 0.53(1) eV. The decay rates g, AIE above room temperature
are independent of the radio frequency wy /27 as expected for a motional correlation rate. In
contrast to this, the Tl_l rates do depend on the resonance frequency. Spin-alignment decay
rates and spin—lattice relaxation rates were recorded at two resonance frequencies which differ
by a factor of two (cf figure 7) to illustrate this dependence.
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Figure 7. Temperature dependence of the 7Li spin-alignment decay rates fs_AlE recorded for fixed
evolution time #, = 12 us. Decay rates were recorded at two different frequencies of 77.8 MHz (O)
and 155.5 MHz (®). In contrast to the independently measured ’Li NMR spin-lattice relaxation
rates at these resonance frequencies (see the inset) the spin-alignment decay rates are frequency
independent. The Ts_AlE values are compared with Li jump rates (X), which, by °Li 2D exchange
MAS NMR, were directly recorded at two different temperatures by Xu et al [8]. The simulated
(sim.) data (4) were also taken from [8]. They were obtained by analysing temperature dependent
1D MAS NMR spectra of °Li nuclei.

For comparison, in figure 7 the jump rates obtained directly by using 2D exchange NMR
experiments by Xu et al [8] are shown, too. Furthermore, exchange rates, taken again from [8],
which had been derived by a peak shape simulation of experimental 1D °Li MAS NMR
spectra, are displayed. The latter rates were obtained assuming a random-walk model and the
participation of all cation sites in the diffusion process. The spin-alignment values agree with
these two sets of previous results. The 2D exchange rates were recorded at two temperatures
only, namely at 306 and 332 K. Furthermore, 2D NMR spectra were monitored within a rather
small range of mixing times as compared to that used in the SAE NMR measurements here
(cf figure 6). The two ! values recorded by °Li 2D NMR spectra represent the sum of
exchange rates between four pairs of different LiO,, polyhedra in LisSiO4, namely cation
exchange between LiO,4 and LiO3, LiO4 and LiOg, LiOs and LiOg, as well as between LiO5 and
LiOg. Li exchange between LiO4 and LiOs polyhedra are difficult to detect by 2D NMR due
to overlapping cross-peaks. However, the LiOs <> LiOs exchange rate seems to be negligible
in comparison with the other exchange rates. Whereas by 2D exchange NMR Li hopping rates
and activation energies between selected pairs of LiO,, polyhedra can be measured, by SAE
NMR overall exchange rates are obtainable, i.e. even those jumps are ‘visible’ which cannot be
detected via an exchange NMR experiment due to limited resolution. Therefore, also Li jumps
between temporarily occupied Li sites and regular LiO,, polyhedra may contribute to the spin-
alignment decay, provided a change of w is associated with these translational motions. Direct
jumps between sites with the same local symmetry are invisible for SAE NMR as wq does not
change. However, the comparison with the 2D NMR results by Xu et al [8] shows that such
a ‘self-exchange process’ seems to be negligible for LisSiO4. In LisSiO4 only edge-sharing
polyhedra exist. Thus, in view of the good agreement between results obtained by SAE and
2D NMR, one may conclude that Li jumps occur directly between edge-shared polyhedra, only.
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Figure 8. Temperature dependence of the spin—lattice relaxation rates T]_l (O) measured at
155.5 MHz between 140 and 450 K. The non-diffusive relaxation rates following the temperature

dependence T* with k = % were extrapolated to higher 7" and subtracted from Tfl to obtain the

purely diffusion induced rates Tlgfff (®). The solid line corresponds to an activation energy of about
0.35eV.

Diffusion pathways involving a temporary occupation of sites connecting two LiO,, polyhedra
do not seem to be favoured. This is in agreement with an early speculation that in LizSiO4
edge-shared polyhedra might provide the easiest diffusion pathways with the lowest activation
energies [47].

The activation energy for Li diffusion in LisSiO4, weighted averaged from the two 2D
NMR spectra, was estimated to be about 0.7 eV [8]. The activation energy determined by
analysing 1D ®Li MAS NMR spectra is about 0.56 eV [8], and thus in nice agreement with
the value of 0.53(1) eV from SAE NMR obtained here. In contrast to these results, the
activation energy deduced from the low-7" flank of the diffusion induced peak of the spin—
lattice relaxation rate Tfl, which is shown in figure 8, is much lower. The low-T flank
can be detected in the same temperature range in which the SAE NMR correlation functions
were recorded. Regarding the overall temperature dependence of T]_] two regimes can be
discerned (cf figure 8). Below room temperature only a non-diffusive and weakly temperature
dependent background relaxation rate is measured. In this region Tl_] is proportional to 7%
with k = % Presumably, the relaxation rate is induced by paramagnetic impurities. Above
room temperature the spin—lattice relaxation rate is increasingly influenced by ionic diffusion.
Partly, the low-T flank of the diffusion induced peak shows up. The relaxation rates Tfl shown
in figure 8 were obtained by fitting the magnetization transients M (fgelay) With a stretched
exponential function. The corresponding stretching exponent, which should not be mixed with
that of SAE NMR, varies between 0.7 and 0.9 and shows a minimum at about 400 K. This
behaviour may be interpreted in the following way. At low temperatures the influence of non-
diffusive relaxation mechanisms is masking the deviation from monoexponential relaxation
being expected for Li with I = 3/2 (see below), whereas at higher temperatures, due to the
increased Li diffusivity, a common spin temperature is being established, which leads to less
stretched magnetization curves. Alternatively, the transients can be fitted (somewhat better)
with a double-exponential function. The two corresponding spin—lattice relaxation times obey
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the relation 7 &~ 1T/". Thus, both values show the same temperature dependence. In general,
for the quadrupole nucleus ’Li two-exponential time behaviour is expected provided not all
the nuclei are exposed to the same spin temperature as is the case in the extreme-narrowing
regime [43, 48], i.e. above 500 K in the present case (cf figure 2).

In order to obtain the purely diffusion induced relaxation rate 7, the background rates
of figure 8 were extrapolated to higher temperatures and subsequently subtracted from the total
spin—lattice relaxation rate 7, '. Plotting 7| versus 1/ T reveals an apparent activation energy
of about 0.35(1) eV, i.e., less than those measured by exchange and SAE NMR. If the correction
for the background rates is not applied an activation energy of about 0.3 eV is obtained, cf the
inset of figure 7. Obviously, the slope of the low-T flank is influenced by correlation effects
and deviates from standard behaviour as often found in structurally complex or disordered
ionic conductors; see, e.g., [13—15]. The diffusion induced rate maximum will show up
at much higher temperatures [30], outside the range covered here by spin-lattice relaxation
measurements. There is evidence from conductivity measurements that above 573 K the
number of mobile ions becomes temperature dependent due to the formation of Frenkel defects
in the structure [30]. Thus, a straightforward comparison of the low-temperature data presented
here, with results about Li dynamics at much higher temperatures is not possible. High-
temperature NMR relaxation data [30] and conductivity measurements [30, 49, 50] indicate
that the diffusion mechanisms change upon heating.

5. Conclusion

We have investigated the low-temperature (300—450 K) Li dynamics in polycrystalline LisSiO4
by means of "Li spin-alignment echo (SAE) NMR spectroscopy. Using very short evolution
times we have recorded two-time hopping correlation functions and were able to measure
directly, i.e. without involving a theoretical model, extremely slow Li jumps with rates in the
Hz to kHz range. Independent of the nucleus under investigation the exchange rates are in
good agreement with those obtained previously by 1D °Li and 2D 7Li exchange MAS NMR
experiments on polycrystalline LisSiO4. Apart from 2D exchange NMR, there exists no other
experimental method to measure such extremely slow Li motions directly. Relatively large SAE
final state amplitudes give rise to the assumption that all Li sites participate in the diffusion
process, as was already found by 2D NMR. The good agreement of the results obtained by
the two methods shows that Li SAE NMR is able to complement earlier developed, but rarely
used techniques for the measurement of microscopic Li diffusion parameters. The advantage
of SAE NMR over 2D exchange NMR experiments is that stimulated echo NMR is applicable
to a much broader class of Li containing materials. It might become a time-saving alternative
to Li exchange NMR experiments.
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