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Fourier-transform NMR spectra and spin-lattice relaxation rates were studied for ’Li and *'P in a
monoclinic modification of the LiyIn,(PO,); superionic conductor over a wide temperature range of
240-575 K. The static magnetic susceptibility of the lithium subsystem of the compound and the *'P
NMR line shape exhibit anomalous changes with increasing temperature. Quadrupole structure of the
'Li NMR spectrum is observed under fast motion of the lithium ions in the superionic phase. In this
phase the temperature behavior of the spin-lattice relaxation rates is different for "Li and 'P nuclei. The
results are discussed taking into account the preceding NMR data on monoclinic Li;Sc,(PO,); and

rhombohedral Li;In,(PO,); compounds.

I. INTRODUCTION

The lithium-indium [Li3In,(PO4);] and lithium-
scandium [Li;Sc,(PO,);] phosphates are superionic con-
ductors."? The superionic state in these compounds ap-
pears as a result of phase transitions occurring as the
temperature increases. That is why it is of interest to
study, with NMR, the effects of both temperature rise
and phase transformations on the dynamics of lithium
nuclei and their interactions with other nuclei. The data
can be compared with the results obtained with other
techniques.

Such investigations have been performed earlier with
rhombohedral Li;In,(PO,); (Ref. 3) and monoclinic
Li;Sc,(PO,);.* These crystals are distinguished by their
relaxation rates and NMR spectra as well as values of
ionic conductivity and temperatures of superionic phase
transitions. These facts can be connected not only with
the difference between the chemical formulas of these
compounds (In or Sc) but also between their crystal struc-
tures.

This paper presents data from investigations of the
NMR spectra and spin-lattice relaxation rates for Li and
3P in a polycrystalline sample of monoclinic
Li;In,(PO,); isostructural to monoclinic Li;Sc,(PO,);.>
The data are compared with the results obtained for both
monoclinic Li;Sc,(PO,); and rhombohedral Li;In,(PO,);.
It is noteworthy that the terms “monoclinic” or “rhom-
bohedral” belong only to the room-temperature
modifications of these crystals.

The experimental techniques and conditions have been
detailed elsewhere. >*

II. EXPERIMENTAL RESULTS
A. "Li NMR spectra

Figure 1 shows the "Li Fourier-transformed (FT) NMR
spectra of monoclinic Li;In,(PO,); at different tempera-
tures.
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In the low-temperature range ( <300 K), the spectrum
consists of a superposition of the broad ( 4) and narrow
(B) components with the same value of the chemical
shift. The integral intensities of the components are
about of 80% and 20%, respectively, of the total intensi-
ty of the NMR spectrum.

With increasing temperature from 300 to 340 K, the
intensity of the 4 component reduces almost to zero.
The disappearance of the component A initially occurs
due to the decrease of its amplitude only and then due to
the decrease of its extension as well [see Fig. 1(a)].

A new component (C) appears in the 'Li NMR spec-
trum above 340 K. The intensity of the component in-
creases quickly with increasing temperature. At 370 K
the component C transforms to a well-resolved quadru-
pole triplet characteristic of a spin of 3 [see Fig. 1(b)].
This triplet has the quadrupole coupling constant
e2qQ /h =26.4 kHz and the value of the asymmetry pa-
rameter =0.31.

A second triplet (D) with e?qQ/h =9.4 kHz and
mn==1.0 appears abruptly on the background of the C trip-
let at 375 K. The C and D quadrupole triplets are simul-
taneously observed in the "Li spectrum within a narrow
temperature range in the vicinity of 375 K. At 380 K the
C triplet completely disappears and only the D triplet
remains in the spectrum [see Fig. 1(c)]. The temperature
interval corresponding to the C<«»>D transformation is
about 5 K.

The parameters of the D triplet vary as the tempera-
ture increases in the range 380-575 K. The asymmetry
parameter 7 initially decreases from 1.0 (380 K) to 0.33
(460 K), and then it increases again up to 0.56 (575 K).
The quadrupole coupling constant increases from 9.4 to
12.2 kHz in the same temperature range (see Fig. 2).

A new weak triplet (E) appears in the "Li NMR spec-
trum at the temperature corresponding to the minimum
of the n(T') dependence. The intensity of the E triplet in-
creases with increasing temperature and reaches about
5% of the total intensity of the spectrum at 575 K. The
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FIG. 1. "Li FT NMR spectrum of monoclinic Li;In,(PO,); at different temperatures.
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FIG. 2. Temperature dependences of the e?Qq/h and 7 pa-
rameters of the C, D, and E quadrupole triplets in the "Li spec-
trum of monoclinic Li;In,(PO,);. The temperature range corre-
sponding to the phase transition (7, ~375 K) is shaded.

quadrupole coupling constant of the E triplet progres-
sively increases from =~28 kHz (460 K) to 34.8 kHz (575
K), whereas the asymmetry parameter 77 does not depend
on the temperature and remains about zero.

It should be noted that all the observed transforma-
tions of the "Li NMR spectrum take place without a no-
ticeable hysteresis under temperature cycling.

B. Intensity of the ’Li NMR spectra

Figure 3 shows the temperature dependences of the re-
ciprocal integral intensity (I ~!) of the "Li NMR spectra
of monoclinic Li;In,(PO,);, Li;Sc,(PO,);, and rhom-
bohedral LisIn,(PO,);. The value of 7! is set equal to
1.0 at 300 K.

Because the I value is directly proportional to the nu-
clear magnetization of a sample, My=x,H, (where X, is
the static nuclear magnetic susceptibility and H is the
external magnetic field), the dependences of I~ X(T)
shown in Fig. 3 follow the temperature changes of Y,:

Xo '=3kT/Ny*H /27)*S(S +1), (1)

where k is the Boltzmann constant, N is the number of
"Li nuclei per unit volume, ¥ is the gyromagnetic ratio of
the "Li nucleus, S is the spin of 'Li (), and & is the
Planck constant.

As can be seen from Fig. 3, the obtained dependences
pointed to an anomalous temperature behavior of Y.
The X, (T) curve is a straight line passing through the
origin according to the Curie law. However, in Fig. 3 the
Curie law is satisfied only within the temperature ranges
=310 and =380 K for monoclinic Li;In,(PO,);, T =320
and =460 K for rhombohedral Li;In,(PO,);, and T =330
and 2540 K for monoclinic Li;Sc,(PO,);. It should be
stressed that the slopes of the experimental o (7)
curves in Fig. 3 are less in the high-temperature range
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FIG. 3. Temperature dependences of the reciprocal integral
intensity 7 ! of the "Li spectra of the monoclinic (1) and rhom-
bohedral (2) Li;In,(PO,); and monoclinic Li;Sc,(PO,); (3). The
temperature ranges corresponding to the phase transitions are
shaded.

than in the low-temperature range by a factor of 1.6.

To be certain that the intensity of the observed ’Li
NMR spectra is caused by contributions of all the lithium
nuclei in the samples, we have compared the spectral in-
tensities of these compounds with the intensity of the "Li
NMR spectrum of a sample exhibiting no anomalies of
Xo ! in the entire temperature range. Li,HfO,; was used
as the sample. The ’Li NMR spectrum of Li,HfO; has a
well-resolved quadrupole structure at 7' < 300 K, and the
I7Y(T) dependence for this compound strictly obeys the
Curie law in the temperature range 240—575 K. °
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FIG. 4. 3'P FT NMR spectrum of monoclinic Li;In,(PO,); at
different temperatures.
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FIG. 5. Temperature dependences of the ratio Av, ,s/FWHH
for the *'P line in monoclinic Li;In,(PO,); (1) and Li;Sc,(PO,)s
(2). The temperature ranges corresponding to the phase transi-
tions are shaded.

Thus it was established that the observed 'Li NMR
spectra of the studied phosphates result from contribu-
tions from all the lithium nuclei in their crystal structure.

C. 3'P NMR spectra

Figure 4 shows the 3'P FT NMR spectrum of mono-
clinic Li3In,(PO,); at different temperatures. This spec-
trum consists of a single line in the entire temperature
range as well as the 3'P NMR spectra of rhombohedral
Li;In,(PO,); and monoclinic Li;Sc,(PO,);. >*

However, changes of the 3P line shape are observed in
monoclinic Li;In,(PO,); with increasing temperature, in
contrast to the lithium phosphates studied in Refs. 3 and
4.

To classify the observed *'P line shape either as Gauss-
ian or Lorentzian, we have used ratio of Av,,/FWHH,
where Av, g is the linewidth at | height and FWHH is
full width at half height of the line. The values of the ra-
tio have to be equal either to 1.75 or 2.5 for the canonical
Gaussian or Lorentzian line shape, respectively.

Figure 5 shows the temperature dependences of the ra-
tio for the 3'P NMR line in monoclinic Li;In,(PO,); and

1. S. PRONIN, A. A. VASHMAN, AND 8. E. SIGARYOV 48

Li;Sc,(PO,);. As can be seen from Fig. 5, the *'P line
shape is Gaussian and does not depend on temperature in
Li;Sc,(PO,);. In monoclinic LisIn,(PO,); the Gaussian
line shape is observed only below 310 K. With increasing
temperature from 310 to 370 K, the Gaussian gradually
tends to the Lorentzian. However, the Av, ;/FWHH ra-
tio discontinuously decreases to a value significantly less
than 1.75 in the temperature range 375-380 K. Under
the following temperature increase (> 380 K, the 3!P line
shape again gradually tends to the Lorentzian ‘“‘passing”
through the Gaussian.

It should be noted that the I ~!(T) dependences of the
3P FT NMR spectra for both LiyIn,(PO,); and
Li;Sc,(PO,); strictly follow the Curie law in the entire
temperature range.

D. "Li and 3'P spin-lattice relaxation rates

Figure 6 shows the temperature dependences of the
spin-lattice relaxation rates 1/7, for 'Li and °'P in
monoclinic Li;In,(PO,);. The temperature dependences
of 1/T; for 'Li and *'P in monoclinic Li;Sc,(PO,); are
shown in this figure for comparison.

The recovery of the longitudinal magnetization for
both "Li and 3!P is well described by a single exponent in
the entire temperature range.

The values of 1/7, for "Li and *'P in Li;In,(PO,),
exceed the corresponding values of 1/7T in Li;Sc,(PO,),
approximately in order of magnitude at 7 =300 K. In
this temperature range, the 'Li and >'P spin-lattice relax-
ation rates depend only weakly on temperature and can
be controlled by spin diffusion to the paramagnetic im-
purities as has been suggested elsewhere.* The almost
equal values of 1/T, for *'P obtained below 300 K in
both monoclinic and rhombohedral Li;In,(PO,); can be
considered as a confirmation of this suggestion because of
the same impurity level in the initial reagents used for the
synthesis of the compounds.

The relaxation rates for 'Li and 3'P in monoclinic
LisIn,(PO,); progressively increase in the temperature
range 310-375 K. They are believed to be controlled by
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FIG. 6. Experimental temperature depen-
dences of the spin-lattice relaxation rates (s ')
for 'Li (2,4) and *P (1,3) in monoclinic
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[Data on monoclinic Li;Sc,(PO,); were taken
from Ref. 4.]
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the motion of the lithium ions. However, solid data on
the activation energy of this motion (E,) can be obtained
in this temperature range only from the slope of the tem-
perature dependence In(1/T,) for "Li. This value of E,
is about 56 kJ/mol.

The temperature dependences of the spin-lattice relax-
ation rates reach the maxima at 375 and 380 K for *'P
and "Li, respectively. One further extremum is visible in
the 1/T, curve for 'Li in the interval 365-370 K (see
Fig. 6). With the following temperature increase, the
1/T, value for *'P in monoclinic Li;In,(PO,); gradually
decreases, approximately following a linear law in the
range 385-575 K. The activation energy calculated from
the slope of this line is about 7 kJ/mol.

The 1/T, value for "Li rapidly decreases with respect
to 1/T; for 3'P in the same temperature range. Besides,
the dependence does not obey the Arrhenius law (at least
three exponents are necessary to describe the temperature
behavior of the ’Li spin-lattice relaxation rate above 385
K.

III. DISCUSSION

A. "Li NMR spectra

There is scarcely any difference between the 'Li FT
NMR spectra of monoclinic Li;In,(POy);, rhombohedral
Li;In,(PO,);,> and monoclinic Li;Sc,(PO,); (Ref. 4) at
the temperatures below 300 K. These spectra might be
classified as quadrupole triplets for a spin of 2. In such a
case, the satellite part A is not resolved due to a wide dis-
tribution of the components of the electrical field gra-
dient (EFG) by magnitude and orientation. The central
part B is broadened only due to dipole-dipole interactions
of the "Li nuclei with adjacent magnetic nuclei.

However, the following experimental data are in
conflict with this suggestion.

First of all, the experimental ratio of the intensities of
the A to B components is about 4:1. For the canonical
quadrupole triplet for spins of 2, it should be equal to 3:2.
On the other hand, the attribution of the experimental
"Li NMR spectrum as an unresolved quadrupole triplet
contradicts the disappearance of the broad component A
with increasing temperature. Besides, in the case of the
unresolved quadrupole triplet the satellite part 4 has to
decrease in its extension and increase in its amplitude,
keeping the same integral intensity of the spectrum.

Taking this into account, one attributes the 'Li NMR
spectra observed below 300 K as a superposition of two
dipolarly broaden singlets 4 and B with the same value
of the chemical shift. Then, using the values of the exten-
sion of both 4 and B singlets, one can estimate the
effective distance between the spins composing an isolat-
ed pair within the Pake model.’ The distance was found
to be approximately the sum of the radii of two lithium
jons (=~1.3 A) for the A singlet and about 2.5 A for the
B singlet. It allows one to consider the 4 component as
resulting from contributions of “contact” pairs of lithium
ions, whereas the B component from contributions of
lithium ions situated at the distances determined with
diffraction techniques for low-temperature modifications
of the crystals. I’
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A distinguishing feature of the studied superionics with
the point of view of NMR is a well-resolved quadrupole
structure of the 'Li NMR spectra in the high-
temperature range where 7.0y <<1. Here 7, is the corre-
lation time for the motion of lithium ions and wg is the
quadrupole frequency. As a rule, the quadrupole struc-
ture of NMR spectra in solids is not observed due to its
collapsing to a singlet line when the inequality 7.0y <<1
is obeyed. Therefore the observation of a well-resolved
quadrupole structure of the ’Li NMR spectra under the
T.®o <<1 condition indicates that 7, is divorced from dy-
namic processes, resulting in a variation of magnitude
and orientation of the corresponding components of the
EFG tensor.

To account for the obtained data, a model of a
“frozen” EFG was suggested.* According to this model,
the lithium ions move at a rate 1/7, over the equivalent
sites. This equivalence means that the components of the
EFG tensor are the same in all these sites and do not de-
pend on time and temperature (i.e., “frozen”). In such a
case, a quadrupole structure of the 'Li NMR spectra will
be observed even if 7.wy <<1. The motion of the lithium
ions will result in a narrowing of the NMR line only due
to the averaging of the "Li dipole-dipole interactions with
the adjacent magnetic nuclei within the approach.

B. Static magnetic susceptibility of lithium nuclei

As was shown in Sec. II B, the relative values of y, in
the high-temperature range are more than the y, values
in the low-temperature range by a factor of 1.6. Assum-
ing that the static magnetic susceptibility of the lithium
subsystem is due to N 'Li nuclei with spin S (2) at 300 K,
we will obtain that the value of ), corresponds to N /2
"Li nuclei with spin S’ (3) above 380 K [Li;In,(PO,),] or
540 K [Li;Sc,(PO4);]. In other words, the nuclear
magnetism of the lithium subsystems of the crystals is
due to ortho pairs (S=3) (Ref. 4) in the high-
temperature region. The ortho pairs undergo an ortho-
to-para transition as the temperature decreases. Taking
into account that S =0 for the para state, one can under-
stand the observed decrease of Y, At temperatures
below the minima in the x, (T) curve, the spin-spin
correlations in the lithium subsystem disappear. So at
T =300 K the x, value is due to individual contributions
of the lithium ions.

We recognize that the ‘“para-ortho” model is vulner-
able for many reasons. However, it allows one to obtain
quantitative agreement between the Y, values in the low-
and high-temperature regions.

When the I ~1(T) dependences are compared with the
temperature behavior of the 'Li NMR spectra in all of
the phosphates studied, it is apparent that Y, decreases
simultaneously with the disappearance of the broad com-
ponent A4 and increases with appearance of the C quadru-
pole triplet.

It should be mentioned that temperature behavior of
intensity of the 'Li NMR spectrum (and correspondingly
Xo) strictly follows the Curie law in lithium containing
compounds which exhibit no superionic properties [for
example, Li,MO; with M =Ti,Zr,Hf (Ref. 6)]. It allows
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one to suggest that the anomalous temperature behavior
of the magnetic susceptibility of lithium in the studied su-
perionics is associated with an increase of the mobility of
lithium ions.

C. 3'P NMR spectra

The experimental *'P NMR spectra obtained for
monoclinic Li;In,(PO,); were analyzed with LINESIM
software. The results of the simulation show that the ex-
perimental 3'P NMR spectrum can be fitted with a single
Gaussian line at 7<310 K only.. Above that tempera-
ture two lines are required to fit the spectrum.

The *'P spectrum can be simulated as a superposition
of two lines of the same chemical shift but different in
width in the temperature ranges 310-370 and =380 K.
One of these lines (narrow) has the Gaussian line shape,
while another line (broad) has the Lorentzian line shape.
Herewith the relative intensities of these lines depend on
temperature. In the range 375-380 K, the experimental
data can be fitted using two Gaussians of equal intensity
but different values of the chemical shift (~7 ppm).

If it is granted that the fitting of the P NMR spectra
with two lines is caused by a real physical process in the
samples (for example, the existence of magnetically non-
equivalent positions of the phosphorus nuclei, anisotropy
of the chemical shift, and so on), these lines have to mani-
fest themselves as more pronounced in the 3!P line shape
at higher frequencies. The 3'P FT NMR spectra of
monoclinic Li;In,(PO,); were recorded at 121.45 MHz to
check this suggestion. However, the observed tempera-
ture changes of the 3'P line shape do not vary with
respect to the frequency 36.44 MHz. Thus the fitting of
the experimental 3!P spectra with two lines is a pure
mathematical procedure which has no real physical basis.

The unusual temperature behavior of the 3'P NMR
line shape above 310 K does not allow one to obtain solid
data on the second moment of the line and calculate the
effective distances between the dipole-dipole interacting
nuclei (P-Li, P-P, and P-In).

D. "Li and 3'P spin-lattice relaxation

The temperature dependences of the "Li and 3!'P spin-
lattice relaxation rates can be ascribed within modern ap-
proaches to nuclear magnetic relaxation at T <370 K for
monoclinic LizIn,(PO,); and T'=<520 K for monoclinic
Li;Sc,(PO,);. For example, the temperature dependences
of 1/T, for "Li and *'P may be classified as caused by
spin diffusion at 7' <300 K and a motion of lithium ions
with correlation time 7, in the ranges 310-370 K [mono-
clinic LiyIn,(PO,);] and 340-520 K [monoclinic
Li;Sc,y(PO,);].* The latter allows one to calculate the
length of the dipole-dipole relaxation vector within the
Blombergen-Purcell-Pound model.® Herewith the 7,
value can be evaluated using a procedure suggested else-
where.*

The calculated length of the vector of dipolar relaxa-
tion (or in other words the effective internuclear distance
controlling the "Li spin-lattice relaxation rate) is approxi-
mately the sum of the radii of two lithium ions. This re-
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sult again confirms the presence of the “contact” pairs of
"Li ions in the crystal structure of the phosphates. It
should be noted that the 7Li spin-lattice relaxation rate is
explicitly unaffected by the quadrupole interaction. It
follows from the absence of EFG fluctuations in the lithi-
um sites, which is proved by the pronounced quadrupole
structure of the ’Li NMR spectra at Twg <<1.

The 3'P spin-lattice relaxation rate in monoclinic
Li;In,(PO,); is controlled by the 3!P-"Li dipole-dipole in-
teraction in the range 310-370 K. The corresponding
correlation time is identical to 7. for the motion of lithi-
um ions. The length of the vector of the dipolar relaxa-
tion approximately equals the P-Li distance obtained
with structural analysis of the compound (~2.8 A).
Contributions of the "Li-°Li, 'Li-'’0, *'P-°Li, and *'P-'70
dipole-dipole interactions to the observed spin-lattice re-
laxation rates are insignificant because of a low content of
the °Li and 7O isotopes in the samples.

Approaches different from the canonical models are
necessary to account for the temperature dependences of
1/T, for "Li and *'P in monoclinic Li;In,(PO,); at
T > 380 K and monoclinic Li;Sc,(PO,); above 540 K.

E. Comparison of the NMR data with the results
of conductivity measurements, structural analysis,
and differential scanning calorimetry

A single distinct anomaly is observed in the differential
scanning calorimetry (DSC) curve each of the compounds
in the temperature range 300-600 K (see Fig. 7). The
corresponding C, maximum lies at 368 K [monoclinic
Li;In,(PO,);], 382 K [rhombohedral Li;In,(PO,); (Ref.
2)], and 535 K [monoclinic Li;Sc,(PO,); (Ref. 4)]. As was
earlier suggested,? * the anomaly is caused by structural
phase transitions of the first order. The above-mentioned
values of T, agree well with the temperatures wherein
changes in the NMR spectra and temperature depen-
dences of 1/T, for "Li and *'P are observed. So it can be
concluded that the changes that occur in the vicinity of
T, are associated with the structural phase transitions in
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FIG. 7. DSC curves for monoclinic Li;In,(PO,); (1) and
Li3Sc,(PO,); (2). [Data on monoclinic Li;Sc,(PO,); were taken
from Ref. 4.]



the compounds.

The temperature dependences of the ionic conductivity
for the phosphates also point to structural phase transi-
tions at the corresponding T, (see Fig. 8). However, the
behavior of o(T) near T, is different in character for
Li3In,(PO,); and Li;Sc,(POy);. As concerns NMR, the
changes of the corresponding ’Li spectra are practically
identical. These changes can be summarized as follows.

(i) Below the phase transition point, the broad com-
ponent A disappears; the static magnetic susceptibility X,
initially decreases, then increases, and becomes greater
than the x, value at 300 K; the C triplet appears with a
well-resolved quadrupole structure.

(ii) In the vicinity of T,, the second quadrupole triplet
D appears by an “abrupt jump”; the triplet exists simul-
taneously with the C triplet in a narrow temperature in-
terval <5 K [Li;In,(PO,);] and =15 K [Li;Sc,(PO,);];
the parameters of these triplets are significantly different.

(iii) Above the superionic phase-transition point, the D
triplet completely substitutes the C triplet; an increase of
Xo is completed; it becomes more than Y, at 300 K by a
factor of 1.6.

The observed changes of the 'Li NMR spectra from
the two singlets to a one quadrupole triplet seem to indi-
cate the existence of several different lithium positions
sequentially occupied with increasing temperature. The
anomalous behavior of X, is completed above T,. Hence
it follows that its changes seem to connect with transi-
tions to the superionic state. The latter means that a re-
lation has to exist between the changes of the static mag-
netic susceptibility of the lithium nuclei subsystem and
the dynamics of the lithium ions.

There are cases when the intensity of the NMR spec-
trum either only decreases or increases on heating of a
sample.® 12 In the first case, it is suggested that some
quantity of the nuclei is in positions characterized by
very long relaxation times. As a result, these nuclei be-
come ‘“‘invisible.” In the second case, in contrast, the re-
laxation time of the ‘“invisible” nuclei decreases with in-
creasing temperature. The situation when the intensity
of the NMR spectrum with increasing temperature ini-
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FIG. 8. Temperature dependences of the ionic conductivity
of monoclinic Li;In,(PO,); (1) and Li;Sc,(PO,); (2). [Data on
monoclinic Li;Sc,(PO,); were taken from Ref. 4.]
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tially decreases, then increases, and exceeds the low-
temperature value is observed in this work. It should be
stressed that we suggest another mechanism of decrease
of the NMR spectra intensity than “‘trapping” of the nu-
clei into sites with long T';. It follows in particular from
the unsuccessful attempts to reveal the “invisible” nuclei
of "Li in the studied samples by an increase of the delay
time between the pulse sequence and accumulation quan-
tity of the NMR signal (up to 10*s).

In accordance with the obtained NMR data, there are
two types of positions of the lithium ions in the vicinity
of the superionic phase transition. Above the phase-
transition point, only one type of position is observed in
both monoclinic phosphates. This seems contrary to the
diffraction data, which point to the existence of several
types of lithium sites in the entire temperature range. !>

Parameters of the 'Li quadrupole spectra for the
monoclinic phosphates below and above the superionic
transformation temperature are listed in Table I. As can
be seen from Table I, the parameters vary in a similar
way. The relative changes of the parameters are very
close. However, a comparison of the absolute values of
the parameters indicates a different symmetry of the lithi-
um sites below and above T,. Indeed, the quadrupole
constant corresponding to the D triplet is less than the
constant corresponding to the C triplet. It indicates a de-
crease of the value of the main component of the EFG
tensor on 'Li nuclei. This may be due to either an in-
crease in the length of the Li-O bond or to the fact that
this bond slackens under transition to the superionic
state.

The "Li and 3'P NMR data on monoclinic Li;In,(PO,),
bring out structural and dynamic features of the su-
perionic transition which were not detected with the
diffraction and dielectrical studies. First of all, this is the
temperature dependence of the asymmetry parameter 7
of the D triplet (see Sec. II A). As can be seen from Fig.
1, the geometry of the EFG is initially ‘“two dimensional”
(V,,=V,70, V,,=0), corresponding to 7=1.0 (near
T.). Then the geometry transforms to a ‘‘three-
dimensional” one (V,#V,,#V,,), corresponding to
7=0.33. This “three-dimensional” geometry again tends
to the ‘“‘two-dimensional” one as the temperature in-
creases in the range 460-575 K. This is evidenced by in-
creasing the value of 7 from 0.33 to 0.56. It is
noteworthy that the process is accompanied by the ap-
pearance of the E quadrupole triplet in the "Li spectrum.

This triplet has parameters identical to the parameters
of the quadrupole triplet in the 'Li NMR spectrum in

TABLE I. Parameters of the quadrupole triplets in the "Li
NMR spectra of monoclinic Li3In,(PO,); and LisSc,(POy)s
below and above the superionic phase transition.

Below Above
the superionic phase the superionic phase
transition transition
Compound e?qQ/h (kHz) 7 e?qQ /h (kHz) 7
Li;In,(PO,); 26.4 0.31 12.2 0.56
Li;Sc,(POy4)s 45.0 0.23 22.3 0.43
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rhombohedral Li;In,(PO,);.> However, the intensity of
this triplet is about 2 of the total intensity of the "Li spec-
trum in the latter compound. The appearance of the E
triplet in the "Li spectrum of monoclinic Li;In,(PO,); can
be caused by the onset of a martensite-type phase transi-
tion to the rhombohedral phase. This suggestion is sup-
ported by the data,? indicating the appearance of a rhom-
bohedral phase under annealing of monoclinic
Li;In,(PO,); at mediative temperatures ( =800 K).

As can be seen from Figs. 6 and 8, the 1/T, rates for
"Li (and *'P) are the same in monoclinic Li;In,(PO,); and
Li;Sc,(PO,); at ~540 K. This temperature also corre-
sponds to the equivalence of the values of o of the com-
pounds. This result allows us to suggest that the same
process is responsible for the temperature behavior of
both the spin-lattice relaxation rate and ionic conductivi-
ty. It is natural to assume that the process is the motion
of the lithium ions. Indeed, the diffusion coefficient (D)
for the lithium ions in Li;Sc,(PO,); calculated from the
ionic conductivity data using the Nernst-Einstein relation
(5X 10712 m/s?) is approximately equal to the value of D
obtained as D =(R?) /67, from the NMR data [(R?2) is
the mean-square P-Li distance (2.8 A), and T, is obtained
from the maximum of the temperature dependence of
1/T, for 3P (Ref. 4)].

The difference between the values of the activation en-
ergy of ion transport obtained from the temperature
dependences of 1/T, (for ’Li) and o is insignificant in the
monoclinic phosphates far below 7,. Above T, the tem-
perature dependence of the spin-lattice relaxation rate in
monoclinic Li;In,(PO,); exhibits a non-Arrhenius
behavior (see Sec. II D). The behavior can be caused by
the above-mentioned phase transition to the rhom-
bohedral modification of Li;In,(PO,);. The nonexponen-
tiality of the (1/T,) (T) dependence does not allow one
to calculate the activation energy of the lithium motion
with studies of the "Li relaxation. However, suggesting
that the lithium motion controls spin-lattice relaxation
both "Li and 3!P, one can obtain the corresponding value
of E, from the temperature dependence of 1/T, for >'P.

The value of E, calculated in this way is surprisingly
lower than the value of E, obtained from the o(7) depen-
dence for Li;In,(PO,); (7 and 34 kJ/mol, respectively).
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This leads to the interesting conclusion on the high-
frequency dispersion of o below and above the T, point.
In accordance with the Funke model for jump relaxation
in solids,'* the dispersion (<1—ENMR/E?) has to in-
crease in the superionic phase (below T, the correspond-
ing activation energies are approximately equal).

It is worth noting that the character of the temperature
dependence of ionic conductivity of monoclinic
Li;In,(PO,); above T, allows one to use the Vogel-
Fulcher-Tammann-Hesse (VFTH) approach!’>~!7 for its
description. Scaling the data within the VFTH model,
the E)/F™ value obtained is about 18 kJ/mol. This is
significantly lower than the E, value calculated above
within the Arrhenius approach. It is not so easy to de-
cide which value of E, corresponds to the real activation
energy of the ion charge transfer in the compound. A
thorough analysis of this problem is out of the scope of
this paper.

IV. CONCLUSIONS

Quantitative and qualitative data have been obtained
on the structural features, interionic interactions, and dy-
namics of both mobile and immobile subsystems in su-
perionic Li;In,(PO,); and Li;Sc,(PO,);. However, these
results raise many new problems. This is particularly
true for anomalous changes of the intensity of the ’Li
NMR spectrum. Besides, the observed changes of the 3!P
NMR line shape in monoclinic Li;In,(PO,); are also
rather surprising. The nature of these phenomena is not
clear yet, and they cannot be accounted for within exist-
ing theoretical approaches to nuclear magnetism. New
ideas also are necessary for the description of the temper-
ature behavior of the 3'P spin-lattice relaxation rates of
the compounds in the superionic state. The observed
unusual phenomena seem to be associated with still poor-
ly understood properties of the superionic solids.
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