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The temperature evolution of the 'Li NMR spectra and relaxation rates in many investigated solid
lithium conductors shows more or less the same behavior. These compounds are characterized by
a disordered lithium sublattice with a surplus of cation sites in cavities and channels of the anionic
network. At low temperature, the spectra consist of a central line and a distributed satellite base
structure. Upon increasing temperature, both components narrow until a reduced constant width with
a well resolved quadrupole structure is reached. The mean nuclear quadrupole coupling parameters
reduce by either about 5 or by a factor of 15 in all the compounds. The spin-lattice relaxation rates
/T, are asymmetric as a function of reciprocal temperature and of quadrupolar origin. The activation
energy of the main process of ionic motion may best be obtained from the temperature dependence
of the dipolar spin-spin-relaxation rate 1/T°,. The spectral densities of the relaxation dependences
correspond to those for inhomogeneous motions; they may be described by modification of the BPP
equation, a Cole-Davidson distribution or a Kohlrausch-Williams-Watts function. Within this study
three LISICON systems, Lis—3,Ga.GeO,, and two phosphates Li;M,(POy4); (M = Sc, In) were
investigated or re-investigated which fit well into this scheme. Activation energies of 39 - 43 kJ/mol
(Lis—3.Ga,GeO,4 with z = 0.06, 0.14, 0.24), 53 kJ/mol (Li;Sc,(PO,);) and 75 kJ/mol (Li3In,(PO,);)
were obtained.

1. Introduction

Lithium conducting materials have been given
much attention in connection with the application of
superionic conductors. NMR studies of the lithium
dynamics in various systems with high ionic conduc-
tivity have shown many similarities independent of
the chemical composition of the specific compound.
All these materials possess channels and cavities and
a disordered lithium sublattice with a surplus of po-
tential cation sites in which the cations may move.

NMR, at least in principle, provides a wealth of
information. Previous studies of the temperature and
frequency dependence of "Li NMR spectra and spin-
lattice (T";) and spin-spin relaxation times (T',) of
various thioborate conductors [1 - 4] revealed that
the same type of line narrowing process with a well
resolved quadrupole structure (in crystalline com-
pounds) at high temperatures and characteristical
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1/T, and 1/T, dependences occur in all the mate-
rials. These features are similar to those already ob-
served in other solid electrolytes [5], for instance in
Li;In,(PO,), [6, 7] and Li;Sc,(PO,); [8]. We wonder
therefore whether there is a certain “universality” as
far as the NMR results in combination with certain
structural prerequisites are concerned.

Within the frame of the present study we looked
into this question and studied further materials such
as LISICON systems and lithium metal phosphates.
LISICON is an acronym for [ithium superionic
conductor, but it means in the stricter sense solid solu-
tions with y-Li;PO, structure formed by Li, XO, (X =
Si, Ge, Ti) with Li;YO; (Y =P, As, V) or Li,MXO,
(M =Zn, Mg) or Li,ZO, (Z =S, W) or LiTO, (T =
Al, Ga) [9]. Many compounds within these groups
have been found to possess high ionic conductivity,
especially solid solutions containing Ga in Li,GeO,
[9, 10]. In this study we investigated Lis_3, Ga,GeO,
with z = 0.06, 0.14 and 0.24.

Furthermore, in view of the general question
of the universality, we re-examined the phosphates
Li;Sc,(PO,); and LisIn,(PO,);. These compounds
were already studied by Pronin, Vashman and
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Sigaryov [6 - 8], but some of these measurements had
to be checked, in particular in view of the various
phase transitions. More important, a substantial part
of the interpretation is at variance with our findings.

2. Experimental Details and Sample Structure

Synthesis of the LISICON systems Liy_3,Ga,-
GeO, was carried out similar to that described in [9],
but the temperature program had to be changed.
Li,CO;, Ga,0; and GeO, were purchased from
Strem Chemicals with a chemical purity better than
99.99%. Graphite crucibles in an atmosphere of ar-
gon were used. X-ray powder diffraction patterns of
the final samples of Lis_3,Ga,GeO, with z = 0.06,
0.14 and 0.24 were examined to control the qual-
ity of the products. A sample of lithium scandium
phosphate, Li;Sc,(PO,);, was kindly provided by
Sigaryov; more details as far as his synthesis, char-
acterization and NMR results are concerned can be
found in [8]. We verified the purity of the sample by
X-ray powder diffraction and realized by EPR and
atomic spectroscopy the presence of copper, man-
ganese and iron impurities of about 0.1 weight %
each.

Li;In,(PO,); was synthesized by a standard solid
state reaction from Li,CO;, In,O; and NH,H,PO,
(Strem Chemicals, purity better than 99.99%), similar
as described in [6] and [7]. In order to obtain the
monoclinic modification it was necessary to anneal at
T > 1290 K [11]. The product was again examined
by X-ray powder diffraction, and the crystal structure
data were found to agree with those of [11].

In addition, all the samples were investigated
by differential scanning calorimetry (DSC) with a
Netzsch DSC 200 apparatus. No phase transition
and no special thermal effects were found for the
Li4_3,Ga,GeO, compounds, in agreement with [9].
The DSC diagrams of the lithium phosphates (Fig. 1)
show two maxima for Li;Sc,(PO,);, one weak max-
imum at 309 K and a phase transition at 536 K. For
Li;In,(PO,), three possible phase transitions (386 K,
390 K, 415 K) were observed.

The structure of the LISICON is derived from
that of 4-Li;PO, by the substitution mechanism
3 Li & Ga [9, 10]. The framework of Li,GeO, is
formed by GeO, and LiO, tetrahedra, and no dis-
order of lithium was observed. Substituted gallium
occupies lithium sites, and the negative charge of the
new pseudo-framework is compensated by “excess”
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Fig. 1. 'Li NMR spectra of Lij ,3Gay ,,GeO, at various
temperatures. v — vy = 0 kHz corresponds to the resonance
of a saturated LiCl solution as reference.

lithium cations in interstitial positions. These are
weakly bound and may move in the channel system
of the structure.

The room temperature phases of the lithium metal
phosphates Li;M,(PO4); (M = Sc, In) are isostruc-
tural and consist of MOg octahedra and PO, tetra-
hedra which are linked by sharing corner oxygen
atoms [6 - 8, 12 - 14]. An infinite three-dimensional
[M,P,0,,]*~ framework is formed which provides
channel-like cavities. The difference between the var-
ious polymorphic modifications seems to be mainly
caused by the difference in the Li* cation distribution
and small changes in the atomic distances [12].

NMR studies were carried out at two frequencies,
116.64 MHz and 16.1 MHz, and at temperatures be-
tween 90 K and 700 K. Methods and conditions are
more or less the same as those in preceding papers
[1-4].

3. Experimental Results

3.1. LISICON Systems

The "Li NMR spectra of Lis_3,Ga,GeO, with z
=0.06, 0.14, 0.24 look rather similar: Three charac-
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Fig. 2. Share of the peak-area of the central resonance to the total ’Li NMR spectrum of Li; ,3Gag ,4GeO, as a function

of temperature.

teristic temperature ranges can be distinguished. At
temperatures below about 245 K, the spectra con-
sist of an intense central resonance and a broad base.
Above this temperature T'., which is only slightly de-
pendent on composition, line narrowing occurs. Both
the central transition and the broad base narrow con-
tinuously until about 350 K. Above this temperature
quadrupole structures arise; they become more and
more pronounced, and above 500 K there is no fur-
ther change or narrowing. Figure 1 shows the three
characteristic limiting shapes of the spectra for one of
the compounds.

The low temperature spectra can be simulated
by two Gaussians with (total) widths Av, ;. Upon
increasing temperature both components become
Lorentzian in shape. The activation energy of the line
narrowing process can be estimated from the onset
temperature 7', using the semiempirical formula [15]

E,(W.F.)/kImol~! = 0.156 T, /K. (1
The satellite structure at high temperatures can be
simulated by an NMR spectrum with first order
quadrupole interaction, a nuclear quadrupole cou-
pling constant xq = €2¢Q/h (with eQ and eq being
the nuclear quadrupole moment and the maximum
component of the electric field gradient tensor in its

Table 1. Characteristic parameters of the "Li NMR spectra
of the LISICON compounds as explained in the text.

Li; g,Gag o6~ Liy 53Gay 14 Liz 55Gag o4-
€0, €0, €0,

Rigid lattice range T<248K T<245K T <240K

Av,_ | (central)/kHz 10.7 11.6 11.4
Av_, (base)/kHz 69 80 81
Line narrowing range —245K<T <350K—

E ,(W.F.)/kJ/mol —38 —

Quadrupole structure —T>350K—

Xo/kHz 32 34 35
n 0.16 0.09 0

principal axes system, as usual) and an asymmetry
parameter 7). Data for the LISICON compounds, col-
lected from the observation of the ’Li NMR spectra
at various temperatures, are listed in Table 1.

In order to understand the evolution of the spectra
with increasing temperature, we also measured the
proportions of the area of the central resonance to the
area of the broad unstructured (low temperature) or
structured (high temperature) base of the peak. Fig-
ure 2 gives the percentage of the central line intensity
at various temperatures. Both at low and high temper-
atures, the area ratio amounts to 40 - 50 %, as to be
expected for a I = 3/2 spectrum with satellites due to
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Fig. 3. Spin-lattice relaxation rates measured at 117 MHz
(a) and 16.1 MHz (#) and spin-spin-relaxation rates
(117 MHz: e) plotted versus reciprocal temperature for
Li; 53Gay 24GeO,. The lines are the result of the best fits by
(2) and (3) with either the Cole-Davidson distribution (solid
line) or the modified BPP equation (broken line) and the pa-
rameters given in Table 2. More details are discussed in the
text. The very low temperature process is not considered.

first order quadrupole interaction. In the motional nar-
rowing regime part of the satellite intensity flows into
the central line, but as the quadrupole structure builts
up at high temperatures, the satellite spectrum regains
its full intensity. Since it is difficult to excite the broad
quadrupole satellites completely, at low temperatures
the error is larger and the central resonance is proba-
bly overvalued.

Figure 3 shows the spin-lattice and spin-spin relax-
ation rates at various temperatures and frequencies for
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Table 2. Apparent activation energies extracted from the 7,
and 7', relaxation measurements of Lis_3,Ga.GeO, (exp =
experimental). The lower part collects the parameters used
for the description of the relaxation rates by the modified
BPP equation in Fig. 3 (mod. BPP) or by the Cole-Davidson
distribution (C.D.).

z=0.06 z=0.14 z=0.24

Exp.:

E',/kJ mol~! 42+2 4546 41£6

EY/kJ mol~! 202 19+2 19+£2

E, (T,)/kJ mol~! 39+3 43+2 4342
Mod. BPP:

E ,/kJ mol~! 42 45 44

Cqofs™? 6.7 - 10° 7.5 - 10° 6.6 - 10°

a 0.49 0.47 0.42

Teols 10-1073 13.10°8 25.1071
CD.

E ,/kJ mol~! 42 45 44

Cyls™? 10 - 10° 12-10° 11-10°

a 0.49 0.50 0.42

TeolS 13-10-12 15.10-3 30.10"1

Table 3. Same as Table 1, but for the lithium metal phos-
phates.

Li;Sc,(PO,), Li;In,(PO,),

Rigid lattice range T<353K T <330K
Aur.l.(central)/kHz 58 6.3

Av_, (base)/kHz 94 59

Line narrowing range 353 K< T <428 K 330K < T <375K
E ,(W.F.)/kJ/mol 55 52
Quadrupole structure 428 K< T <536K 390K <7 <413K
Xo/kHz 43 8.0

n 0.23 0.5
Quadrupole structure T>536K T>413K
Xo/kHz 23 12.3

n 0.43 0.41

the LISICON compound with z = 0.24. Correspond-
ing data for the two other compounds are similar, but
with slightly different characteristic features. At all
temperatures, the establishment of the longitudinal
magnetization and the decay of the transversal mag-
netization were exponential. The upper part of Table 2
collects some apparent activation energies that can be
extracted from the temperature gradients of the relax-
ation rates: E, from the high temperature part of 1/T",
(only partially accessible), E'\ from the low tempera-
ture part of 1/T°, (the constant contribution at very low
temperatures was subtracted), and E, (T',) from 1/T',.
Interpretation of these data and the lines through the
points will be discussed in Section 4.
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Fig. 4. Temperature dependence of the "Li NMR spectra of
Li;Sc(PO,); observed at various temperatures. The arrow
indicates a phase transition detected by DSC.
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Fig. 5. Same as Fig. 4, but for LizIn,(PO,);.
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Fig. 6. "Li NMR spin-lattice and spin-spin relaxation rates
for Li;Sc,(PO,); plotted versus reciprocal temperature. The
points refer to measurements at 117 MHz (1/T': A, 1/T;: o)
and 16 MHz (1/T';: #). The phase transition at 536 K is
indicated by a vertical line.

The "Li NMR spectra of the superionic phosphates
Li;Sc,(PO,); and Li;In,(PO,); (Figs. 4 and 5) look
in their temperature dependence similar to those of
other lithium conductors, at least in principle. Spe-
cial features are weakly structured satellites at very
low temperatures (Figs. 4 and 5) and abrupt changes
near the phase transition temperatures of 536 K in
Li;Sc,(PO,); (Fig. 4) and 386 K/390 K and 413 K
in Li;In,(PO,); (Figure 5). Similar to Table 1 (for
the LISICON systems), characteristic parameters for
the various temperature ranges of both phosphates
are listed in Table 3. At very low temperatures, only
mean values of the broadening are given (as in Ta-
ble 1) because the satellite structure is not at all well
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Fig. 7. Same as Fig. 6, but for Li;In,(PO,); with two indi-
cated phase transitions for the LT-modification (solid lines)
and one for the HT modification (dotted).

resolved and seems to belong to the superposition of
several electric field gradients. At high temperatures,
different quadrupole structures were identified for the
high temperature phases (" > 536 K and " > 413 K,
respectively) and the phases existing at intermediate
temperatures.

We have also measured the spectral intensity at var-
ious temperatures for Li;In,(PO,);(not shown). The
percentage of the central resonance varies in a similar
way as presented in Fig. 2 for the LISICON com-
pound.

Figures 6 and 7 show the "Li NMR relaxation rates
of the phosphates. Spin-spin and spin-lattice relax-
ation were both exponential. From the 1/, depen-
dence activation energies, E ,(T',) = (53 %+ 3) kJ/mol
for Li;Sc,(PO,); and E ,(T',) = (75 + 7) kl/mol for
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Li,In,(PO,); were deduced. 1/T; shows in principle
the same behaviour as in other lithium conductors,
but a quantitative evaluation is not possible for vari-
ous reasons. In Fig. 6, because of the phase transition
at 536 K there is a jumplike dependence near the
maximum of the 16 MHz curve, and at 117 MHz
the maximum for a well defined phase is not acces-
sible. Moreover, the convexity of the 16 MHz curve
between 400 K and 500 K reminds of what was ob-
served and described in some detail for lithium con-
ducting glasses containing iron impurities [16, 17].
Quantitative information of the 1/T"; curves of Fig. 7
suffers from the various phase transitions and modi-
fications of the material, which cuts the temperature
dependent curves in too many components. Maxima
are not accessible.

4. Discussion of Individual Results
4.1. Liy_3,Ga,GeO, Systems

NMR results confirm the high cationic mobility of
the Li* ions already concluded from ionic conductiv-
ity studies [9, 10]. The activation energy of about 42
kJ/mol obtained from the 7', measurements (Table 2)
agrees reasonably well with the 48 kJ/mol derived
from conductivity data. A satisfactory estimate of the
activation energy is also available from the line nar-
rowing process of the spectra (cf. Table 1: 38 kJ/mol)
and from the high temperature gradient of the 1/T;
curves (cf. Table 2: 41 - 45 kJ/mol).

There is also agreement with conductivity measure-
ments as far as there are only very small differences
at various concentrations z of the gallium dopant (Ta-
bles 1 and 2). The activation energies are nearly the
same within the error limits, the 1/7", maxima shift
slighly to higher temperatures with increasing = and
the quadrupole couplings characteristic of the spectra
increase a little bit. Most remarkable is the increasing
symmetry of the electric field gradient at the lithium
sites expressed in the descreasing asymmetry param-
eters 7 of the high temperature spectra.

The Gaussian shape of the central line of the rigid
lattice spectra (Fig. 1) indicates that the broadening
results from dipole-dipole interactions. As for the ma-
terials studied in preceding papers [1 - 4], the broad
base belongs to the satellites of first order quadrupole
couplings which are smeared out. This is a conse-
quence of a distribution of electric field gradients at
the lithium sites. For I = 3/2 nuclei the intensity of
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the central resonance should be 40 % and that of the
satellites 60 %. Figure 2 shows that this ratio is in-
deed derived from the experimental spectra at high
temperatures, where the satellite structure is resolved
and computer separation of the central and satellite
intensities is easy. At low temperatures, agreement
is satisfactory as well, considering that a part of the
distributed satellite structure is hidden underneath the
central resonance. We come back to the discussion
of the intensity ratios in Section 5. Here we may
conclude that line narrowing by anisotropic motion
reduces the observable quadrupole width to about 1/6
of its original value and the satellites become resolved.

The relaxation behaviour (Fig. 3) looks rather sim-
ilar to that of lithium thioborate conductors [1 - 4].
The decay of 1/T, at increasing temperatures and the
1/T,| curves with their maxima reveal one process
of motion of the lithium ions which modulates both
the magnetic dipole-dipole interactions and the elec-
tric quadrupole interactions “seen” by the “Li nuclei.
Spin-spin relaxation time measurements carried out
by 90°-7-180°-7-echo sequences reflect the time de-
pendence of the dipolar couplings; low temperature
1/T, values have the same order of magnitude as the
rigid lattice central linewidth (cf. Table 1). At high
temperatures, 1/T, may therefore become smaller
than 1/T"; which is of quadrupolar origin. The height
of the 1/T; maxima is proportional to the square of
the nuclear quadrupole coupling constant x,.

Because of the asymmetry of the 1/T"; curves in
the presentation of Fig. 3, the low temperature branch
does not mirror the real activation energy; this may
better be deduced from 1/T',. The high temperature
branch is only partially accessible and not suited
for the exact determination of the activation energy.
At very low temperatures the motionally controlled
relaxation process is superimposed by a relaxation
mechanism which is little temperature dependent, but
not relevant for the problem of the present study. Pos-
sible explanations, such as two-level tunnelling sys-
tems, localized motions in non rigid potentials and the
influence of paramagnetic impurities, were discussed
in previous papers [2, 3].

The anomalous frequency and temperature depen-
dences of the relaxation rates are characteristic of
relaxation in various inhomogeneous systems such as
glasses, polymers and intercalation compounds. More
details were already discussed in previous papers on
unusual lithium dynamics in thioborate lithium con-
ductors [2 - 4] and glasses [16, 18]. Further references
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Table 4. Spectral density functions used for the description
of the relaxation rates after (2) and (3): modified BPP equa-
tion (“mod. BPP”), Cole-Davidson distribution (“C.D.”)
and Kohlrausch-Williams-Watts function (“KWW”). Ref-
erences are given in the text.

mod BPP J(w) = 1 %5mm
C.D. Jw= [° l—jf%g,dr
fry=er 1% r<n
f(r)=0,7 > 7
KWW Jw)=Re [~ g(t)e™"* dt, g(t) = exp{—(t/e)*}

to this problem can also be found therein. The present
results on Lis_3,Ga,GeO, systems provide an ex-
cellent example of such a behaviour, since large fre-
quency and temperature ranges are accessible without
phase transitions in between and covering one process
of motion.

We described this process of motion observed
at temperatures between about 250 and 700 K by
the “weak collision” equations for the relaxation
rates [19]

Tl_ =C [J(onC) + 4J(2w07’c)] y (2)
1

1 3 5
Tz =C EJ(O) + EJ(wo‘rc) + J(2wo7'c)] , 3)

and inserted for the spectral density J(wT.) one
of the models presented in Table 4, the modified
BPP equation [20, 21], the Cole-Davidson distribu-
tion [18, 22] or the Kohlrausch-Williams-Watts func-
tion (“stretched exponential”) [23]. Equation (3) is

/ME.I.TC
< 1 holds with M5! being the rigid lattice (dipolar)
second moment of the (central) resonance curve. For

limited to shorter correlation times 7, where

\/ M5t > 1, 1/T, reaches the plateau value which

equals /2/m/ M} for a Gaussian resonance curve.
An Arrhenius type relationship was used for the tem-
perature dependence of 7 with activation energy E ,.

Figure 3 shows fits by the “mod. BPP” and “C.D.”
models, respectively, which appear to be equally
good. The parameters are listed in Table 2. In princi-
ple, the data can also be fitted by the KWW function
(cf. Table 4), but less well, since the 1/7'; — max-
ima appear broader than observed. The fits and the
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numerical values are rather similar for the three LISI-
CON compounds (cf. Table 2). The deviations o from
relaxation in homogeneous systems (a = 1) amount
to about 0.5, similar to what was observed in other
lithium ion conducting systems. The spin-lattice re-
laxation strength is determinde by quadrupole inter-
actions (C = CQ); it is proportional to xé and has the
same order of magnitude as the quadrupolar part of
the (broad) rigid lattice NMR-spectrum.

As a result, the NMR data describe a uniform pro-
cess of diffusive motions in the LISICON systems
which can be pursued and parameterized from low
to high temperatures. Following the known struc-
ture of the materials [9, 10], the observed process
depicts the random motion of lithium ions via the
glut of interstitial cationic positions. NMR studies
of zinc analogues of germanate LISICON. systems
Li16_2zan(GeO4)4 [24] and of Li3+IP1_ISiIO4
[25, 26], though less detailed, showed in principle
similar results. The apparent activation energies given
in [25, 26] are of course too small since in these stud-
ies only the low temperature branches of T'; were
evaluated, and those do not reflect the real activation
energies.

4.2. LiySc,(PO,),

The structural phase transition from monoclinic to
orthorhombic at high temperatures was observed by
DSC at 536 K in agreement with literature data. Re-
laxation time information is essentially available for
the low temperature phase (cf. Fig. 6); in the evolution
of the "Li NMR spectra (cf. Fig. 4) the phase transi-
tion leads to a further reduction of the quadrupole
coupling by a factor of about two and an increase
of the asymmetry parameter (cf. Table 3). Our experi-
mental spectra and the essential features of 1/T'; agree
with those of [8], but the interpretation is different.
Since only the low temperature slopes are accessi-
ble, 1/T| measurements do no provide much infor-
mation. We have therefore measured 1/7", in addi-
tion, which gives an activation energy of 53 kJ/mol
in agreement with the estimate E,(W.F.) from the
line narrowing process of the spectra. But this value
is smaller than that of 73 kJ/mol obtained from con-
ductivity measurements [14]. For all the other ionic
conductors studied in this work there was agreement
between the activation energies derived from con-
ductivity and NMR (T',). A peculiarity of the rigid
lattice spectra (Fig. 4) are weak structures which can
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be recognized in the smeared satellites. The electric
field gradients at the lithium sites seem to be less dis-
tributed than in other lithium conductors, probably
because of the crystal structure which provides only
three sets of non-equivalent cationic positions [14].
The width of the central line has the same order of
magnitude as 1/T', at very low temperatures; both are
dominated by dipolar interactions. The line narrow-
ing process and the development of well-resolved first
order quadrupole structures at high temperatures are
similar to those of the other materials. The intensity
ratio of the central line and the satellites (resolved or
not resolved) corresponds to that of the other com-
pounds. The anomalous behaviour of the "Li NMR
intensity postulated in [8] could not be confirmed.
Inspection of the NMR measurements of Li;Sc,-
(PO,), shows that the process of lithium ion diffusion
can be pursued from low to high temperatures as well,
where, however, full information is only obtained on
the monoclinic phase. 1/T, and its decrease upon in-
creasing temperature as well as the central line and its
narrowing are governed by dipolar Li-Li interactions
and their time dependences by ionic motions. 1/T",
and the satellite spectra are dominated by interactions
between the nuclear quadrupole moment of "Li and
the electric field gradient at the lithium sites which
become modulated by the motions. Since these mo-
tions are anisotropic both interactions are reduced by
a certain factor ending up in a constant width of the
spectrum at high temperature. We did not observe any
evidence of Li-Li ion pairs as proposed in [8].

4.3. LiyIn,(PO,),

In principle, the results are quite similar to those
of lithium scandium phosphate, but the interpretation
suffers from the existence of various modifications
and phase transitions. We prepared pure monoclinic
material (HT-Li;In,(PO,),) but suspect that this mod-
ification is metastable, changing to LT-Li;In,(PO,),
with trigonal symmetry if the temperature programs
are carried out during the measurements. Evidence for
this was obtained from our DSC studies (temporally
after the NMR measurements) resulting in the peaks
at 386 K, 390 K and 415 K similar to what is indicated
in [11] for LT-Li;In,(PO,) : 382 K and 403 K and in
contrast to 363 K expected for HT-Li;In,(PO,);.

As for Li;Sc,(PO,); week quadrupole structures
can be recognized in the rigid lattice satellite spectra
(cf. Figure 5). At high temperatures, the phase transi-
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tions near 390 K and 415 K change the shape of the
spectra. Quadrupole coupling parameters derived for
temperatures between both transitions (cf. Table 3)
agree within the error limits with those given in [7],
interpreted as belonging to HT-Li;In,(PO,);. Above
413 K we obtained values similar to those given in [6]
for LT-Li;In,(PO,);. The line narrowing process mir-
rors again the reduction of both dipolar and quadrupo-
lar couplings by the anisotropic motions of the lithium
ions by a constant factor.

The activation energy of 75 kJ/mol, deduced from
the temperature dependence of 1/T, between about
300 K and 400 K (cf. Fig. 7), corresponds to the
activation energy of the conductivity determined for
LT-Li;In,(PO,), at temperatures below 415 K [6, 11].
For HT-Li;In,(PO,);, conductivity measurements [7]
lead to little larger activation energies at temperatures
below 360 K and to clearly smaller values above
370 K. The 1/T, data are, in principle, similar to
those of other lithium conductors, but in this case
they provide little quantitative information because
of the various phase transitions. Information from the
low temperature part is limited in principle because of
the asymmetry of such 1/T"; curves and the unknown
spectral density function of motion.

In our experiments there was no indication of
anomalies in the intensity of the Li NMR spectra
or of the existence of Li*-Li* contact pairs as pro-
posed in [6] and [7]. The distribution of intensities
between central resonance and satellites (not shown)
is similar to that presented for LISICON in Figure 2.
Only in the high temperature limit, a complete sep-
aration is possible leading to the correct theoretical
value for the central and satellite intensities.

S. Discussion of the Universality of the Results

This part of the discussion is based on the NMR re-
sults of the lithium ion conductors studied in this work
and furthermore on the fast lithium thioborate conduc-
tors LisB;S,5 [3], LigB;9S33 [4], Lig+22[B0S5]S<
with z = 2 [2], and Lis_2;Sr2,:B(S;g With z ~
0.27 [4]. The behaviour of lithium thioborate glasses
is in some respect similar. The experimental results of
the present paper and studies of other authors cited in
the list of references confirm that the “universality” of
the NMR behaviour is not limited to one class of ma-
terials only, but seems to be a general property of fast
lithium conductors. Pre-conditions are the availabil-
ity of suitable diffusion paths in cavities and channels
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and a disordered lithium sublattice with a surplus of
cation sites.

The following features were observed in all the
materials:

i) Rigid lattice "Li NMR spectra with first order
quadrupole splitting. The satellites are smeared out by
a distribution of electric field gradients at the lithium
sites. In exceptional cases (this work) hints of struc-
tured satellites can be recognized. The amount of
dipolar coupling can be estimated from the central
line, that of quadrupolar coupling from the satellites;

ii) Line narrowing at increasing temperatures by
a constant factor which is interpreted by the effect
of anisotropic motions on both dipole-dipole (cen-
tral line with Gaussian shape becoming Lorentzian)
and quadrupole interactions (large base). The onset
temperature provides a reasonable estimate of the ac-
tivation energy, comparable with those obtained from
relaxation;

iii) Well resolved NMR spectra with first order
quadrupole interaction; width and quadrupole cou-
pling constant are reduced by either a factor of about
5 or by 15 compared with the rigid lattice spectrum.
In some cases both spectral ranges can be observed,
in other cases the ranges are separated by a phase
transition. In lithium conducting glasses items i) and
ii) apply as well, but the spectra at high temperatures
(iii) are not resolved [18, 27].

iv) Spin-lattice relaxation in both the laboratory
and the rotating frame is governed by the quadrupole
interactions which become randomly time-dependent
by the motions. The relaxation strength is of the order
of magnitude of the quadrupole contribution to the
second moment of the rigid lattice resonance curve.
Formal descriptions with spectral densities based on a
modified BPP equation or a Cole-Davidson distribu-
tion of correlation times with distribution parameters
between 0.4 and 0.5 [1-4, 16] are possible. Stretched
exponentials can also be applied, but they do not fit
quite so well.

v) Spin-spin relaxation is governed by dipole-
dipole interactions (as measured by proper tech-
niques). The limiting value at low temperatures cor-
responds to the square root of the rigid lattice second
moment of the central resonance, and the decrease
upon increasing temperatures gives a better access to
the activation energy than the model dependent eval-
uation of the spin-lattice relaxation.

Alternative interpretations of such data put up for
discussion by Sigaryov et al. for the lithium metal
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phosphates [6, 8] — if correct — should be valid for
all the lithium conductors because of the universality
of the results. They are at variance with our findings.
These authors considered whether the rigid lattice
spectramay be a superposition of a narrow and a broad
dipolar component belonging to dipole-dipole cou-
plings of either more distant lithium nuclei or lithium
pairs with a separation of only 100 pm to 120 pm. In
their model, metastable Li*-Li* ion contact pairs play
an important role for the ion transport. Consequently,
the 1/T; maximum should then be determined by
dipole-dipole interactions as well and an alternative
explanation is given for the high temperature spectra.

Experimental arguments against this concept are:
The dependences of the intensity on temperature, for
some materials hints of structured quadrupole satel-
lites at low temperatures, observed quadrupole effects
by °Li NMR, the T /T, ratio near maximum spin-
lattice relaxation, and the spin-spin relaxation mea-
surements of the dipolar interactions. An argument
against lithium clustering is also the isotropic chemi-
cal shift which remains the same (between —2 ppm
and +2 ppm with reference to LiCl solutions) for
all materials and temperatures. We carried out sev-
eral measurements of the intensity ratio like those of
Fig. 2, and within the error limits the satellite portion
intensity was found to be 0.6, as it should be for a
quadrupole spectrum. Only in the range of line nar-
rowing the apparent intensity ratio (Fig. 2) increases
considerably because a part of the narrowed satellites
is hidden beneath the central line.

The quadrupole coupling constants estimated from
the width of the rigid lattice spectra are of the or-
der of magnitude of 100 - 230 kHz similar to those
of lithium oxide (170 - 220 kHz) [18] and thioborate
glasses (100 - 130 kHz) [27]. If the atomic motions of
the lithium ions were isotropic, the spectra would nar-
row continuously. The observed well-resolved spectra
at high temperatures and threshold values with a con-
stant reduction of widths and quadrupole coupling
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constants are a consequence of the anisotropy of the
motion. The motionally narrowed spectra have more
or less the same quadrupole coupling constants of ei-
ther 30 - 40 kHz or 9 - 13 kHz. As far as we know,
there are no theoretical approaches available for such
a situation where line narrowing by anisotropic trans-
lational motions results in particularly well-resolved
spectra. Calculations of line shapes with structure at
high temperature resulting from certain types of hin-
dered rotational motion in the solid state are well
known for a long time [28].

The processes of lithium motion are quite similar
in all the ionic conductors. At low temperatures the
"Li ions are randomly distributed among various sites
available in excess. The anionic sublattice provides
suitable sites and is responsible for the differences
in both the electric field gradients and the barriers
which hinder the diffusion. If the electric field gra-
dient at the lithium sites is less distributed and the
non-equivalency limited to few values, there are hints
of structured spectra even at low temperatures. The
mechanism of line narrowing and the type of the mo-
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