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SLi and "Li NMR line-shape and stimulated-echo studies of lithium ionic hopping in LiPO; glass
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®Li and "Li NMRs are used to investigate the lithium ion dynamics in LiPO;5 glass. In particular, °Li NMR
stimulated-echo experiments are used to provide straightforward access to two-time correlation functions
characterizing the lithium ionic hopping motion in the millisecond regime in a glassy ion conductor.
Temperature-dependent measurements serve to separate the spin diffusion contribution and the dynamic con-
tribution to the stimulated-echo decays. The °Li NMR correlation functions of LiPO; glass describing the
lithium ionic motion show pronounced nonexponential decays, which can be well described by a stretched
exponential function with a temperature-independent small stretching parameter S=0.27, indicating the com-
plex nature of the lithium dynamics. The temperature dependence of the mean correlation times (7) resulting
from these stimulated-echo experiments is described by an activation energy E,=0.66 eV. The values of (7) are
in good agreement with time constants from previous electrical and mechanical relaxation studies. At appro-
priate temperatures, the ®Li and "Li NMR spectra are superpositions of a broad and a narrow spectral compo-
nent, which result from slow and fast lithium ions, respectively, on the NMR time scale. A detailed analysis of
the temperature dependence of these line shapes provides information about the distribution of correlation

times.
DOI: 10.1103/PhysRevB.77.104301
I. INTRODUCTION

Lithium ion conducting glasses are technologically impor-
tant for solid electrochemical devices such as batteries and
chemical sensors.!™* Therefore, current fundamental research
focuses on developing a microscopic understanding of ion
transport in disordered solids. In such materials, elementary
jumps of mobile ions between localized sites in a rigid ma-
trix form the basis of the macroscopic transport. In general,
the mechanism of ion hopping in glasses is complex, leading
to strongly nonexponential ionic relaxation.’ The origin of
this nonexponentiality, which is a key feature of ion dynam-
ics in solids, is still a subject of controversy.®1?

Being a fast ion conductor, glassy LiPOj serves as an
ideal model compound for an examination of ion dynamics
on a microscopic scale.'>"!7 Results from electrical'>!® and
mechanical'®!” relaxation studies indicate that the correla-
tion function of the lithium ionic motion is well described by
a Kohlrausch-Williams-Watts (KWW) function,®1°

t B
¢(t)=eXp[—<;) } (1)

Stretching parameters 8=0.33 and 8=0.54 were reported to
characterize the nonexponentiality of the electrical'>!'® and
mechanical'®!” relaxations, respectively. On the basis of mo-
lecular dynamics (MD) simulations for LiPO5 glass, it was
demonstrated that both forward-backward jumps and a broad
distribution of jump rates add to the complexity of the
lithium ionic motion.?*?!

In the present study, we exploit that modern solid-state
NMR is a powerful tool to investigate the complex lithium
ionic motion in solid electrolytes.?> Analysis of NMR line
shapes yields information about motions in the microsecond
to millisecond regime since dynamics with correlation times
7 of the order of the inverse linewidth lead to a narrowing of
the static spectra. Motional narrowing has been observed in a
wide variety of lithium-containing solid materials.?? In addi-
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tion, static NMR spectra can indicate the existence of a dis-
tribution of correlation times.>*** Besides the well-
established spin-lattice relaxometry and line-shape analysis,
recently developed multidimensional NMR techniques allow
the study of ultraslow motions in the millisecond to second
regime.”> Two-dimensional NMR experiments in the fre-
quency and in the time domain have yielded valuable infor-
mation about time constants and the geometry of the mo-
tional processes in various supercooled liquids.>>~?® More
recently, NMR multitime spectroscopy has been employed
to characterize the ionic jumps in solid-state and polymer
electrolytes.?>?* Specifically, this technique was used to
directly measure two-time correlation functions of lithium
and silver ionic jump motions in glasses and crystals.
Moreover, for silver ion conductors, three-time correlation
functions indicated that, in large parts, the nonexponential
ionic relaxation is due to a distribution of jump rates,
i.e., dynamical heterogeneities, rather than to intrinsic
nonexponentiality.33353038 Very recently, '“Ag four-time
correlation experiments have shown that there is rapid rate
exchange within these rate distributions and, hence, fast and
slow silver ionic jumps alternate during the diffusion
process. 363

Lithium possesses two stable nuclear isotopes suitable for
NMR studies, °Li and "Li, exhibiting spin quantum numbers
I=1 and 3/2, respectively. Because they differ greatly with
respect to their magnetic dipole and electrical quadrupole
moments, the NMR of these two isotopes can provide two
different perspectives on the lithium dynamics in solid elec-
trolytes. While analysis of line shapes and spin-lattice relax-
ation times provided valuable information about lithium ion
conductors,?>*-52 studies exploiting the potential of NMR
multitime correlation functions are still rare. Thus far, i
NMR two-time correlation functions have been measured to
characterize lithium dynamics in a number of crystalline
solid electrolytes,??-31:3740.41.43.44 and first studies of glasses
have been performed as well.223” However, in 'Li NMR,
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spin diffusion effects caused by strong dipolar couplings can
complicate the interpretation of multitime correlation
functions.?? In addition, theoretical calculations have shown
that the origin of the nonexponentiality can be determined by
means of 'Li three-time correlation spectroscopy.’® At the
present time, however, the pulse sequence has not been
implemented because the spin-3/2 property necessitates the
usage of rather complicated phase cycling schemes for ap-
propriate coherence selection. A simpler solution is to turn to
the other lithium isotope, °Li (I=1), for which the pulse
sequences can be adopted from previous studies using 2H as
a probe nucleus.”>~?% In addition, the problems arising from
dipolar couplings can be overcome for ®Li, as will be dem-
onstrated below. The potential disadvantage of using this iso-
tope, namely, the low natural abundance in combination with
long spin-lattice relaxation times, can be handled by isotopic
enrichment.

In the present contribution, we use °Li and "Li NMRs to
investigate the lithium jump dynamics in LiPOj; glass. In
particular, we will demonstrate that i NMR stimulated-
echo spectroscopy is a powerful tool to investigate slow
lithium ionic motion in solid electrolytes. Specifically, we
will show that this technique provides access to single-
particle correlation functions and, hence, yields well-defined
information about ion dynamics on a microscopic level.
While the present contribution represents the application of
°Li NMR two-time correlation spectroscopy to a glassy ion
conductor, Wilkening et al. have used it for characterizing
lithium diffusion in a crystalline ion conductor.>

II. THEORY
A. Line-shape analysis

In studies of solid lithium ion conductors, an inherent
NMR resonance frequency w, mostly affected by the nuclear
electric quadrupolar perturbation, can be ascribed to each
ionic site. In glasses, different local environments result in
distinguishable values of w so that jumps between the ionic
sites render the resonance frequency time dependent. The
line shape of °Li nuclei in solids is dominated by the aniso-
tropy of the nuclear electric quadrupolar interaction, which is
expressed by?

1)
wo = _2Q[3 cos® §— 1 = 70 sin” 6 cos(2¢)]. )

Here, 5Q=3L:ZQ for °Li (/=1) and 5Q=%%Q for "Li (I=3/2).
Furthermore, 7, denotes the electric field gradient asymme-
try parameter. The angles € and ¢ specify the orientation of
the electric field gradient tensor at the lithium site with re-
spect to the external static magnetic flux density B. Typi-
cally, 5Q is about 27 X 100 kHz for "Li, while it is a factor of
about 50 smaller for °Li, which has the smallest quadrupole
moment of all stable isotopes. However, the disorder in
glasses leads to a range of electric field gradient values and,
hence, to broad distributions of the d;, and 7, values so that
the spectra are structureless.?

In contrast to the situation in °Li NMR (I=1), the 'Li

NMR (I=3/2) spectra consist of two parts: a narrow line due

PHYSICAL REVIEW B 77, 104301 (2008)

to the |1/2)«+|—1/2) central transition and a broad line due
to the |3/2)«+|1/2) and |-1/2)+|-3/2) “satellite transi-
tions.” The latter transitions are broadened due to the aniso-
tropy of the quadrupolar interaction. Here, we analyze the
width of the 'Li central line, which is (to first order) not
affected by quadrupolar coupling, but only by dipolar inter-
actions. Since the dipolar coupling is a multiparticle interac-
tion, this analysis does not provide access to single particle
correlation functions. In °Li NMR, the two transitions,
|1)+|0) and |0)«|~1), cannot be resolved due to the distri-
bution of quadrupolar couplings. Therefore, only one single
broad line is observed, which is Gaussian shaped. In OLi
NMR, the quadrupolar interaction dominates, and thus single
particle correlation functions are measurable; albeit, these are
also influenced by multiparticle interactions owing to the ef-
fect of spin diffusion (see below).

The °Li and "Li resonance frequencies w are modified by
the stochastic process of lithium ionic jump motion. At low
temperatures, when the correlation times are longer than the
inverse width of the °Li and "Li NMR spectra, 7>> Aw™!, the
ionic motion does not affect the line shape and broad spectra
are observed as a consequence of the different lithium ionic
environments. Lithium ionic jumps on a time scale 7
~Aw™! lead to motional narrowing. In our case, Aw is of the
order of several hundreds of hertz, so that the NMR line
shape is mainly sensitive to motion in the millisecond re-
gime. Determination of the temperature 7, at which the
motional narrowing sets in, allows one to obtain a rough
estimate of the activation energy E, of the lithium ionic
jumps based on the formula of Waugh and Fedin,>

E(eV)=1.617%x 10T, (K). (3)

Using this equation, it is ignored that the value of the preex-
ponential factor in the Arrhenius relation may differ consid-
erably between different systems. At sufficiently high tem-
peratures, the jump rates exceed the spectral dispersion,
7< Aw™!, and motionally averaged lithium NMR spectrum
results. In order to relate the motional narrowing to the cor-
relation time of the ionic jumps, it has also been common
practice?? to employ the equation first set forward by Bloem-
bergen et al.,’®

2
ZA%—A%). @

1
= t.
LS 2malAv an( 2 AV(Z)

Here, Ay, and A, are the linewidths of the static spectra in
the limits of slow and fast motions, respectively. « is a fit
parameter, normally chosen to be one. This formula was ap-
plied to the lithium ionic motion in amorphous LiNbO5.%
We already mention that Eqs. (3) and (4) are of limited
use, when the dynamical process is characterized by a broad
distribution of correlation times G(log;, 7). Then, line nar-
rowing sets in at a temperature T,,,,, at which the fastest ions
of the distribution exhibit 7= Aw™~!. However, the mean cor-
relation time, related to the center of gravity of the distribu-
tion, is much longer and, hence, Eq. (3) underestimates the
activation energy, in particular, for wide distributions. Also,
if a distribution G(log;, 7) exists, the motional narrowing
effects will be smeared out over a broad temperature range.
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As a consequence, the temperature dependence of the corre-
lation times determined from the linewidth according to Eq.
(4) does no longer reflect the shift of the distribution
G(log;y 7). In the present contribution, we will demonstrate
that, unlike line-shape analysis, °Li NMR stimulated-echo
spectroscopy enables a measurement of meaningful correla-
tion times of complex molecular dynamics.

Experimental®*** and computational?®?! studies have
shown that the ion dynamics in phosphate glasses are gov-
erned by very broad distributions of correlation times
G(log,, 7) so that fast (< Aw™") and slow (7>>Aw™!) ions
can be present at the same temperature. In this case, it is
possible to describe the spectra as a superposition of sharp,
motionally narrowed line and broad line, representing the
situation in a rigid environment. Spectra of this kind have
been called “two-phase” spectra.’®> The contribution from
particles with 7=~Aw™' can be neglected for a broad distri-
bution of correlation times usually found in glasses. Such
two-phase spectra were observed in '’ Ag NMR studies on
the silver ionic diffusion in silver phosphate®*3* and borate
glasses. Then, the temperature-dependent normalized spec-
tral intensity S(w;T) can be written as®3

S(w;T) = W(D)SHw) +[1 - W(D)]S(w). &)

Here, S{(w) and Sy(w) are the normalized line shapes in the
limits of fast and slow motions, respectively. The weighting
factor W(T) of the former spectral pattern (0=W=1) is re-
lated to the distribution of correlation times according to

logyo Ao!
W(T) = f G(log;, 7;T)d log 7. (6)

Based on the temperature dependence of the weighting fac-
tor, it is possible to get an estimate of the width of the dis-
tribution of correlation times G(log;, 7). For this purpose,
thermally activated jumps are assumed. In the first approach,
we assume a logarithmic Gaussian distribution G(log;, 7)
with a temperature-independent width. Such a temperature
independence is suggested by the time-temperature superpo-
sition principle found in frequency-dependent conductivity
measurements.”®~% In this case, the temperature-dependent
shift of the center of the distribution log,, 7,,(7) is related to
the weighting factor by

1 1
W(T) = = + —erf]

43 <]0g10AV_1_]0g1on(T)), 7)

V20

where 7,,=7, exp(E,/T) and erf(x) is the error function.?*

Here, the width of the distribution of correlation times o and
the preexponential factor 7, are accessible, when fitting the
experimental W(T) to this function for a given value of E,
(see below). In the second approach, we assume that the
static matrix in an ion conductor leads to a temperature-
independent distribution of activation energies g(E,) so that
a temperature-dependent width G(log,, 7) results. Within this
approach, g(E,) can be extracted from the line-shape analy-
sis of NMR spectra measured as a function of temperature,
according to?

PHYSICAL REVIEW B 77, 104301 (2008)

WD) _ R 1n<1).

T (8)

70

B. Two-time correlation functions

Multidimensional NMR techniques are sensitive to an ex-
change of frequencies during a experimentally defined mix-
ing time.?>"?® Specifically, stimulated-echo experiments al-
low one to study dynamics with correlation times in the
millisecond to second range. In the experiment, the NMR
frequencies at two times are measured and correlated. For
this purpose, the stimulated-echo pulse sequence is applied
to manipulate the spin system. The pulses Pi-f,-Py-1,,-P3-1,
divide the experimental time into two short evolution times,
1, <7 during which the spins are labeled according to their
instantaneous NMR frequencies and longer mixing times f,,
~ 7 during which dynamics may take place, leading to
changes in the value of w. Ions residing at the same site
before and after ¢,,, i.e., ions showing the same w during the
two evolution periods, contribute to a stimulated echo at time
t,, after the third pulse. When the height of this echo is mea-
sured for various t,,, but constant ¢,, the following two-time

p7
correlation functions are accessible:2>-28
Fy(t,,,1,) = (sin[w(0)t, ]sin[ (%,,)1,]) )
and
F5(t,1,) = {cos[ @(0)1, Jcos[ (1,,)1,]). (10)

Here, the brackets (- --) denote ensemble averages. Due to [
=1, the pulse lengths and phases in °Li NMR can be adopted
from *H NMR experiments.>>2® F3'(t,,,1,), the “sin-sin cor-
relation function,” results for the pulses 90;, 45:,, and 45:, in
the three pulse sequence, whereas Fg"(otm,tpo), the “coos—cos
correlation function,” is obtained for 90),, 90},, and 90y.

In experimental practice, effects other than ionic jumps
result in a decay of the height I5™° of the °Li and "Li stimu-
lated echos. Therefore, we write

I—;S,Clc(thp) o Fésycc(tm7tp)FSD(tm7tp)eXp<_ ;_m) . (1 1)
1

Here, F3"““(t,,,1,) is the loss in correlation due to ionic mo-
tion, while exp(~t,,/Ty) and Fgp(t,,.t,) are the decays due to
spin-lattice relaxation and spin diffusion, respectively. The
latter is a transport of magnetization due to “flip-flop” pro-
cesses between dipolar coupled spins. For simplicity, damp-
ing due to spin-lattice relaxation is expressed by an exponen-
tial function, although it may be somewhat nonexponential.

In our samples, T,(°Li)>1,, so that it is not necessary to
consider this contribution to the stimulated-echo decay.
However, the time window is limited by the decay due to
spin diffusion Fgy(t,,.t,). Because the effect due to spin dif-
fusion is temperature independent, it can be determined ex-
perimentally at low temperatures. By variable temperature
experiments, the spin diffusion contribution and the effect of
lithium ion dynamics upon the stimulated-echo decay can be
conveniently separated (see below). In this way, the rate of
ionic hopping motion is available.
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Studies on various silver ion conductors have shown that
the correlation functions are independent of the value of the
evolution time 7,,%2-3* indicating that the NMR frequencies
before and after a silver ionic jump are not correlated. Be-
cause of the absence of spin diffusion effects in '“Ag, F 5
~ F%5° measures the probability that a silver ion is at the same
site in the glass after a time 7,,. Specifically,

FZ(tm) = Fgc(tm) = Fis(tm) & <COS[((‘)2 - wl)tp]>’ (12)

where the term cos[(w,—w,)t,] approximates the & function
8(w,—w;).>? In general, the evolution time 7, has a similar
meaning as the momentum transfer Q in neutron scattering,®!
i.e., it acts as geometrical filter. Since the phase wt, enters
the two-time correlation functions, small fluctuations in w
are better resolved for large 7,. Thus, the correlation func-
tions for large 7, will decay faster than those for small 7, if
the frequencies at neighboring sites are correlated, so that w
will vary step by step. Then, the elementary frequency
changes do not result in a significant loss of correlation until
t, is sufficiently large. Due to the much smaller quadrupole
moment of 6Li, in relation to 7Li, the evolution times for °Li
should be by a factor of 50 larger than for "Li.2

Because of low signal-to-noise ratios, °Li correlation
functions are difficult to access for samples with natural iso-
topic abundance (7.4%). To reduce the overall measurement
time, we enrich our sample with °Li nuclei. However, with
increasing enrichment, the effects of spin diffusion on the
stimulated-echo decay become more pronounced. We varied
the °Li/"Li ratio systematically to find a compromise be-
tween sufficient signal-to-noise ratio and acceptable spin dif-
fusion contribution. It turned out that a sample with 50% °Li
enrichment is well suited for stimulated-echo studies of
lithium dynamics.

III. EXPERIMENT

The glass LiPO; was prepared from weighed amounts of
Li,CO; and (NH,)H,PO,. For the isotopic enrichment,
6Li2C03 (ISOTEC, Inc.) containing 95% °Li was used in
appropriate proportion. The starting materials were mixed
and preheated at 250 °C for 2 h to remove the reaction
byproducts: water and ammonia. The dried mixture was sub-
sequently melted at 800 °C for 30 min. The sample was
quenched by pouring the melt onto a copper plate and stored
moisture-free. The composition of the glass was checked by
3'P magic angle spinning NMR. As typical of the metaphos-
phate composition, a broad single resonance was observed at
about —23 ppm which can be assigned to Q° units in the
phosphate glass network.®? The °Li and 'Li NMR experi-
ments were carried out on a Bruker CXP 300 and a Bruker
DSX 400 spectrometer with magnetic field strengths of 7.0
and 9.4 T, respectively. The corresponding Larmor frequen-
cies amount to 44.2 and 58.9 MHz for °Li and 116.6 and
155.6 MHz for 'Li. A flow of nitrogen gas controlled by a
Bruker VT 3000 heating unit was used to adjust the sample
temperature. After calibration with Pb(NO;),,% it is possible
to set absolute temperature values within *2 K. The dura-
tions of the 90° rf pulses were 9—-12 us for ®Li and about
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FIG. 1. Temperature-dependent static Li NMR spectra of 50%
®Li enriched LiPO; glass.

3.5 us for "Li at the spectrometer with By=7.0 T and 4 us
for °Li at the spectrometer with By=9.4 T. Relaxation delays

were 20—1000 s for °Li and 20—60 s for "Li. The static °Li

NMR spectra were acquired with a solid echo 90;—tp—90:

with 7,=50 us. For the static "Li NMR spectra, a solid echo
90,—1,—64, with 1,=30 us was used.
IV. RESULTS

A. Line-shape analysis

Figures 1 and 2 show the temperature-dependent °Li and
"Li NMR spectra of a 50% °Li enriched LiPOj; glass, respec-
tively. For 'Li, the central Zeeman transition is displayed and
analyzed. In both cases, a Lorentzian is observed at high
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M
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M
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FIG. 2. Temperature-dependent static "Li NMR spectra of 50%
SLi enriched LiPOj; glass (central line).
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FIG. 3. (Color online) Temperature-dependent full width at half
maximum of the static °Li and "Li NMR spectra.

temperatures (7=400 K), while the spectrum at low tem-
peratures (7< 300 K) is approximated by a Gaussian. These
findings indicate that, in the former temperature range, fast
jumps of all lithium ions lead to an averaging over many
different local environments and, hence, resonance frequen-
cies, whereas lithium diffusion is slow on the NMR time
scale (Aw™'=~2 ms) in the latter temperature range. The
temperature-dependent linewidths of the °Li and 'Li NMR
spectra are displayed in Fig. 3. Using Eq. (3), we attempt to
roughly estimate the activation energy of the lithium ionic
jumps. We obtain a value E£,=0.50 eV, which is substantially
smaller than the activation energy from dc conductivity mea-
surements (E;.=0.66—0.69 eV).!>!¢ Thus, the formula of
Waugh and Fedin underestimates the activation energy of the
motional process, consistent with results in the literature.®*
Equation (4) allows us to relate the 'Li linewidths to the
correlation times 7;5. Here, we choose the fit parameter «
=1 and use Ayy=3900 Hz and Av,=320 Hz from the low-
and high-temperature limits, respectively. The obtained cor-
relation times show an Arrhenius behavior with E,
=0.34 eV<E,, (see Fig. 4). Thus, application of Egs. (3) or
(4) does not provide access to meaningful activation energies
of the lithium ionic jumps in LiPOj; glass, as can be expected
for complex molecular dynamics (see Sec. IT A).

In '’ Ag NMR studies of silver ionic motion in phosphate
and borate glasses, it was found that two-phase spectra exist
at intermediate temperatures between the limits of slow and

J Ea =0.34 eV

log,, (1.5 (8))

20 25 30 35 40 45
1000/ T(K)

FIG. 4. Temperature-dependent correlation times 7;¢ calculated
by means of Eq. (4) from the "Li linewidth.
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FIG. 5. (Color online) Static °Li NMR spectra (solid black line)
with fit (dashed red line), Gaussian contribution (dashed gray line),
and Lorentzian contribution (solid blue line) at 364 K. Static Li
NMR spectra (solid black line) with fit (dashed red line), Gaussian
contribution (dashed gray line), and Lorentzian contribution (solid
blue line) at 349 K.

fast motions.>33 Closer inspection of Figs. 1 and 2 shows
that the °Li and 'Li NMR line shapes cannot also be de-
scribed by a single line at temperatures 300 K=< 7<400 K,
but it is necessary to use a superposition of a Gaussian and a
Lorentzian (see Fig. 5), where the relative weight of each
line-shape component depends on temperature. These two-
phase spectra show that, at the same temperature, fast (7
<Aw™") and slow (7>Aw™") lithium ions can be distin-
guished and a broad distribution of correlation times
G(log;o 7) exists. Due to a larger spectral dispersion, the
two-phase nature of previous logAg NMR spectra is clearer
than that of the present °Li and "Li NMR spectra. However,
when we fit the °Li and "Li NMR spectra with a weighted
superposition of a Gaussian and a Lorentzian and keep the
position and the width of the Gaussian constrained, as re-
quired in the two-phase approach, we obtain good interpola-
tions and stable results. In Fig. 6, the weighting factors W(T)
of the Lorentzian line from the integrated amplitudes of the
contributions are compared for °Li and "Li. As expected, the
fraction of the Lorentzian line representing the fast ions de-
creases as the temperature is lowered.

The temperature dependence of the weighting factor
yields information about the shape of the distribution of
correlation times G(log;, 7) (see Sec. IT A). The stepless be-
havior (see Figs. 6-8) shows that G(log;, 7) is continuous.
Assuming that G(log;y7) is a logarithmic Gaussian dis-
tribution with a temperature-independent width, we can
estimate the width parameter o of the distribution of cor-
relation times based on Eq. (7). Using the linewidths of
the low-temperature limit [A(°Li)=2500 Hz and Aw(’Li)
=3900 Hz] and the activation energy of our °Li NMR
simulated-echo study (see below), we obtain the parameters
listed in Table I. The fits resulting from Eq. (7) are included
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FIG. 6. (Color online) Weighting factors W(T) as obtained by
fitting the °Li and "Li NMR spectra of a 50% °Li enriched LiPOs
glass to a superposition of a Gaussian and a Lorentzian. The lines
are the fits using Eq. (7).

in Fig. 6. The width parameters amount to 1.65 for SLi and
0.96 for "Li corresponding to half widths of 4 (°Li) and 2
("Li) orders of magnitude, respectively. Thus, the lithium
ionic motion is governed by pronounced dynamical hetero-
geneities. A broader distribution of correlation times is ob-
tained from °Li NMR data.

On the other hand, assuming that there is a temperature-
independent distribution of activation energies, the param-
eters of this distribution can be obtained from dW(T)/dT
according to Eq. (8). The results are shown in Figs. 7 and 8.
To remove the scattering of the data, the derivatives were
calculated after artificially fitting W(7) to suitable expres-
sions, different from Eq. (7). Since information about 7 is
not available, we restrict ourselves to show dW(T)/dT,
which deviates from g(E,) by a constant factor. The apparent
distributions of activation energies differ for °Li and 7Li,
consistent with the result of the above analysis with the first
approach. While a broader distribution g(E,) is obtained

1.0
0.8
E 0.6
= 04
0.2
0.0% =
200 250 300 350 400 450 500

0.006

dW/dT (K™
o o
o o
S g

200 250 300 350 400 450 500
T (K)

FIG. 7. Upper panel: Temperature dependence of the fraction
W(T) of the fast °Li ions; the line is a fit with a suitable function.
Lower panel: Corresponding derivative dW/dT.

PHYSICAL REVIEW B 77, 104301 (2008)

1.0
0.8 $
= 0.6
= 0.4
0.2
0.0
250 300 350 400 450 500
N
0.015/ A
= /
X 0.0101 / \
= / \
5 ‘
= 0.0051 /)
= / \\
-c -
0.000{ T

250 300 350 400 450 500
T (K)

FIG. 8. (Color online) Upper panel: Temperature dependence of
the fraction W(T) of the fast 'Li ions; the line is a fit with a suitable
function. Lower panel: Corresponding derivative dW/dT.

from the analysis of the °Li NMR data, a more asymmetric
shape is obtained from the "Li NMR data. Since the lithium
ionic motion should be very similar for both nuclei, hardly
any difference is expected at first glance. However, it is nec-
essary to consider that the contributions of dipolar and qua-
drupolar couplings to the °Li and 'Li NMR spectra differ.
For 7Li, there is only the dipolar contribution and, hence, the
linewidth reflects a multiparticle correlation function, i.e.,
not only the motion of a given nucleus, but also that of the
neighboring "Li ions leads to line narrowing. In contrast,
both quadrupolar and dipolar couplings contribute to °Li
NMR spectra so that the change in linewidth corresponds to
a superposition of a single particle and a multiparticle corre-
lation function. These differences result in diverse line nar-
rowing behaviors, as observed via °Li and "Li NMRs. In the
literature, similar arguments were used to explain differences
of ®°Li and Li spin-lattice relaxation behaviors relating to ion
dynamics.’

B. Two-time correlation functions

Next, we demonstrate that °Li NMR stimulated-echo
spectroscopy provides straightforward access to the two-time
correlation function of the lithium ionic hopping motion in
LiPO; glass. In Fig. 9, the °Li stimulated-echo decays
I5(t,,5t,=100 us) are presented. Lithium ionic jumps lead to
temperature-dependent, nonexponential decays of I5'(z,,). As
the lithium ionic motion slows down with decreasing tem-
perature, the decays are shifted successively toward longer

TABLE 1. Parameters characterizing the distribution of correla-
tion times using Eq. (7).

o 7o (5)

174X 10713+ 438 x 10714
3.88 X 10714 +3.11x 10715

Li 1.65%0.16
Li 0.96 +0.05
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FIG. 9. °Li NMR stimulated-echo decays 13 (t,,31,=100 us) of
LiPOj glass at various temperatures. Dashed lines: Interpolations
with a KWW function.

mixing times. Since the spin-lattice relaxation time 7 is of
the order of 60 s at the highest temperature studied and even
longer at lower temperatures, the °Li two-time correlation
functions are not damped by relaxation effects. However,
when the temperature is decreased, the correlation functions
become more exponential and the shift of the curves ceases
at low temperatures. These findings indicate that ion dynam-
ics do no longer dominate the stimulated-echo decay at low
temperatures. Rather, the decays are governed by the
temperature-independent effect of spin diffusion. This behav-
ior contrasts previous results from '?’Ag NMR studies on
silver ion conductors.3>*36 In the latter case, spin diffusion
is very slow, owing to the small magnetic moments of the
silver nuclei, so that the stimulated-echo decay is not influ-
enced by this effect, leading to a temperature-independent
nonexponentiality of the correlation functions.

We analyze the stimulated-echo decay in Fig. 9 by fitting
the data to a KWW function. Actually, the experimental data
are scaled to yield an amplitude of 1 in these interpolations.
The fit parameters, 7 and 3, are displayed in Fig. 10. The
parameter 3 is a measure of the nonexponentiality of the
decays. It increases toward the limiting value of S=1 upon
cooling, showing that more and more of the decay due to the
ionic jump motion is cut off by the more exponential decay
due to spin diffusion. Likewise, the temperature-independent
effect of spin diffusion leads to an apparent plateau for 7 at

0 1.0
m N u
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- mO u
w @ 0.6 =
L 5 X
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[ |
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FIG. 10. (Color online) 7and B as extracted from KWW fits to
the stimulated-echo decays 15'(z,,:1,) of LiPOj3 glass for different
evolution times.
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FIG. 11. °Li NMR two-time correlation functions F5(1,,:1,
=100 us) of LiPOs glass at various temperatures after spin diffu-
sion correction. The symbols represent the same temperatures as in
Fig. 9. Dashed lines: Interpolations with a KWW function.

low temperatures. Determining the spin diffusion contribu-
tion from the low-temperature data, their effect upon the
higher-temperature data can be removed. We obtain experi-
mentally a spin diffusion factor of Fgp(t,:t,=100 us)
=exp[—(t,,/370 ms)*?]. Multiplying the data with the inverse
of the spin diffusion factor, two-time correlation functions
are accessible, the decays of which are solely due to lithium
ionic jumps. These correlation functions are shown in Fig.
11. Strongly nonexponential decays are observed, which con-
tinuously shift to longer mixing times when the temperature
is lowered.

The corrected correlation functions are also fitted to a
KWW function. Consistent with results from 'Ag NMR
correlation functions of silver phosphate glasses,** we find
no evidence for a systematic temperature dependence of f3.
Therefore, we fix the stretching parameter at the mean of
the observed values, $=0.27, yielding stable fits and good
interpolations (see Fig. 11). Thus, stretching parameters of
B=0.27+0.03 characterize the correlation functions at all
temperatures, indicating that the lithium ionic hopping mo-
tion in LiPO; glass is a strongly nonexponential dyna-
mical process. Based on the fit parameters, the mean corre-
lation time (7,,) can be calculated according to (7,
=(7/B)I'(1/B), where I" denotes the gamma function. The
results are displayed in Fig. 12. When fitting the data to
an Arrhenius law, an activation energy E,=0.66 eV is
found. This value is in excellent agreement with the ac-
tivation energies determined with other techniques (E,
=0.6-0.7 eV).!316.17.20

In Fig. 12, we also compare the mean correlation times
(13, from the present stimulated-echo experiments with that
reported in previous mechanical and electrical relaxation
studies on LiPOj glass, where the relation Tg=i:—:°f was em-
ployed to obtain time constants from the electric
conductivities.'® We see that the mean correlation times re-
sulting from the different experimental techniques agree
well. By contrast, the time constants 7;¢ obtained from the
"Li linewidths differ substantially from the other data, clearly
demonstrating that NMR line-shape analysis does not pro-
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FIG. 12. (Color online) Comparison of mean correlation times
of the lithium dynamics in LiPO5 glass from different experimental
techniques. The correlation times (75°) and (75) are extracted
from KWW fits to the sin-sin correlation functions F3'(z,,;z,) for
1,=100 us and 7,=250 us, respectively, after spin diffusion correc-
tion. The time constants 7,5 were obtained from the "Li NMR line
shape according to Eq. (4) (see Fig. 4). The correlation times 7, and
Tyr are from dc conductivity and mechanical relaxation experi-
ments, respectively (Ref. 16).

vide reliable correlation times and activation energies in
studies of ion dynamics in glasses.

Figure 10 also shows the parameters from KWW fits to I’
for an evolution time 7,=250 us. Evidently, 8 exhibits a
weaker apparent temperature dependence for the larger evo-
lution time. From the fit, we obtain a spin diffusion factor of
Fyp(t,:1,=250 us)=exp[(~t,,/250 ms)?®!]. Again, we mul-
tiply the experimental data with the inverse of this factor to
extract the decay due to ionic motion. Fitting these corrected
data for t,,:250 us to a KWW function, we obtain a mean
value of $=0.33 and the mean correlation times (7,,) in-
cluded in Fig. 12. While for higher temperatures {7,) hardly
depends on the evolution time, the effect of spin diffusion
cannot be removed completely from the two-time correlation
functions at low temperatures. We conclude that the evolu-
tion time should be set as small as possible when investigat-
ing lithium ion dynamics by means of two-time correlation
spectroscopy.’!

V. DISCUSSION AND SUMMARY

In the present contribution, we have characterized the
lithium ion dynamics of glassy LiPO; using ®Li und Li
NMR techniques. Line-shape analysis of temperature-
dependent °Li and "Li NMR spectra has provided informa-
tion about lithium ionic jumps on the time scale of microsec-
ond to millisecond. The apparent activation energies found
by two traditional data analysis methods are substantially
smaller than the value obtained by other experimental tech-
niques. Such deviations have been observed in several NMR
line-shape studies of ionic motion in solid electrolytes.37:64-66
Most likely, they are due to the fact that the line-shape analy-
sis methods rely on the inherent assumption of an exponen-
tially decaying correlation function, while the ionic jumps
are characterized by strongly nonexponential correlation
functions. We conclude that NMR line-shape analysis does

PHYSICAL REVIEW B 77, 104301 (2008)

not yield reliable correlation times of ion dynamics in
glasses.

By contrast, ®Li NMR stimulated-echo Spectroscopy pro-
vides quantitative microscopic insights into ionic jumps in
the millisecond to second regime. In general, both ion dy-
namics and spin diffusion contribute to the °Li stimulated-
echo decays. However, their effects can be successfully sepa-
rated by virtue of temperature-dependent measurements. For
optimum separation, the evolution time should be set as
small as possible. The two-time correlation functions, which
remain after removal of the spin diffusion contribution, re-
flect the single ionic jump dynamics. Specifically, they pro-
vide access to the probability of finding a lithium ion at the
same site at a later time. For LiPOj; glass, the mean correla-
tion times {7,,) resulting from the present °Li NMR two-time
correlation functions agree well with that obtained from elec-
trical and mechanical relaxation measurements.!” Likewise,
the activation energy E,=0.66 eV from °Li NMR two-time
correlation spectroscopy agrees with results from other tech-
niques, e.g., E,,=0.66 eV.'>!7 This demonstrates that unlike
other NMR techniques, stimulated-echo spectroscopy en-
ables a quantitative study of the elementary steps of the long-
range charge transport, consistent with conclusions of a 'Li
stimulated-echo study on a crystalline ion conductor.®”

The correlation functions of the lithium ionic jumps are
well described by a KWW function with a small stretching
parameter $=0.27 = 0.03, indicating a pronounced nonexpo-
nential relaxation. In the past, several models were set for-
ward to explain the origin of this strong nonexponentiality,
which is a key feature of ion dynamics in solids.®~'2 The °Li
und 'Li NMR line shapes have shed some light on this issue
for LiPO; glass. A closer inspection of the spectra has re-
vealed a two-phase behavior at suitable temperatures, indi-
cating the coexistence of fast and slow ions, i.e., the presence
of a broad distribution of correlation times. Of course, this
finding does not exclude other contributions to the nonexpo-
nential ionic relaxation. For higher temperatures, MD simu-
lations on glassy ion conductors revealed that, in addition to
dynamical heterogeneities, forward-backward jumps add to
the nonexponentiality.2?-21:68-71

To gain further insights into the relevance of dynamical
heterogeneities, we have estimated the width of the distribu-
tion of correlation times G(log;y7) based on the
temperature-dependent °Li line shapes, yielding a width of
about 4 orders of magnitude in the studied temperature
range. The question arises whether a distribution of this
width is sufficient to explain the pronounced nonexponenti-
ality of the two-time correlation functions. Assuming that the
latter is exclusively due to the existence of such distribution,
the stretching parameter is related to the logarithmic width A
of G(log;y 7) according to ,8%0.93/(1_%—0.06).72 Then, A
~4 translates into S~0.27, nicely consistent with the ob-
served nonexponentiality of the correlation functions. This
agreement suggests that the existence of a broad distribution
of correlation times is indeed a major contribution to the
nonexponential ionic relaxation in LiPO; glass. A substan-
tially smaller distribution of correlation times has been in-
ferred from the temperature-dependent 'Li NMR spectra,
specifically, from the linewidth of the central line. We be-
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lieve that this discrepancy reflects the fact that the contribu-
tions from single particle and from multiparticle effects to
the line shapes are significantly different for °Li and "Li
nuclei, as was argued in the literature.’

The results of the present study on the lithium dynamics
in LiPOj5 glass are in conceptual agreement with findings of
previous '"?Ag NMR studies on the silver ionic motion in
phosphate and borate glasses.’>-3¢ Specifically, it was found
that nonexponential correlation functions with small stretch-
ing parameters 8= 0.2 characterize the silver ionic jumps in
these glasses. Moreover, the observation of 109Ag NMR two-
phase spectra demonstrated the existence of a distribution of
correlation times. For the silver ionic motion, 109Ag NMR
three-time correlation functions enabled a quantitative inves-

PHYSICAL REVIEW B 77, 104301 (2008)

tigation of the origin of the nonexponential relaxation. The
analysis indicated for a number of crystalline and glassy sil-
ver ion conductors that, in large parts, the nonexponentiality
is due to the existence of dynamical heterogeneities, rather
than to intrinsically nonexponential relaxation.33336-38 More
quantitative insights on this issue in LiPO; glass will be
discussed on the basis of °Li NMR three-time correlation
functions in a future publication.
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