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Abstract
A powder of Li1.3Al0.15Y0.15Ti1.7(PO4)3 has been synthesized by solid state reaction. The
powder was a single phase material and had rhombohedral symmetry (space group R3̄c) with
six formula units in the unit cell. Impedance spectra of Li1.3Al0.15Y0.15Ti1.7(PO4)3 ceramics
were recorded in the frequency range from 106 to 1.2 × 109 Hz and temperature range from 300
to 600 K. Two relaxation type dispersions of electrical quantities in the frequency range were
found. The dispersion regions are presumably related to the ionic transport processes in bulk
and grain boundaries of the ceramics. The activation energy of the conductivity of the bulk and
the activation energy of the characteristic relaxation frequency, at which the dispersion sets in,
has the same value of 0.25 eV. The only contribution of the mobility of Li+ ions defines the
temperature dependence of the bulk conductivity in the investigated temperature range. The
values of ε′ may be related to the contributions of the polarization of the fast ionic migration,
vibrations of the lattice and electronic polarization. Nuclear magnetic resonance (NMR)
investigation shows that the T1 of 7Li and 6Li at room temperature are 6 ms and 2 s respectively.
This result confirms that the relaxation of the 7Li nucleus occurs through quadrupolar
fluctuations although the relaxation of the 6Li nucleus occurs via dipolar fluctuations.
Furthermore, the T1 minimum allows us to evidence a motion with a characteristic frequency in
the range of the Larmor frequency.

1. Introduction

Solid electrolytes (SE) with fast Li+ ion transport have
emerged as attractive materials for applications in CO2

gas sensors [1] and solid electrolyte batteries [2]. It
has already been reported that the ionic conductivity (σ )
of LiTi2(PO4)3 increases appreciably if Ti4+ is partially
substituted by Al3+, Sc3+, Fe3+, Y3+, Ga3+ ions (at room
temperature the value of σ of LiTi2(PO4)3 compound was

5 Author to whom any correspondence should be addressed.

found to be 7.9 × 10−6 S m−1) [3–6]. The Li+ ion
transport number in these compounds was found to be
ti = 1 [7]. The total ionic conductivity of the system
Li1+x+y Alx(Yy)Ti2−x−y(PO4)3 at T = 298 K has been found
for the system Li1+x AlxTi2−x(PO4)3 (x = 0.3) and for the
system Li1+yYyTi2−y(PO4)3 (y = 0.4) to be 7 × 10−2 S m−1

and 6 × 10−2 S m−1, respectively [7]. The substitution of
Ti4+ by Al3+ with a smaller ionic radius causes the decrease
of the unit cell dimensions of the NASICON framework,
but enhances the conductivity for about three orders of
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magnitude [8]. At room temperature Li1+xMx Ti2−x(PO4)3

(M = Al, Y, x = 0–0.7) belongs to the rhombohedral
symmetry (space group R3̄c) and is ascribed to the NASICON
type compounds [9]. Li-conducting amorphous phase has
been detected in Li1+x AlxTi2−x(PO4)3 (x > 0.5) by 31P and
27Al magic angle spinning (MAS) NMR spectroscopy which
accounts for the increase in the conductivity [9, 10]. In
Li1.3Al0.3Ti1.7(PO4)3 two relaxation dispersion processes were
found related to ion transport in the bulk and grain boundaries
of the ceramic samples [11]. The high ionic conductivity
of these materials at low temperature and peculiarities of the
ionic migration stimulate further investigations of the electrical
and ionic transport properties in a wide frequency range.
Investigation of the electric properties of materials with fast
ion transport at high frequencies provides unique information
on mass and charge transport, polarization phenomena and
relaxation processes in such systems. The relaxation processes
in SE manifest themselves in the frequency dispersion of four
quantities: complex electrical conductivity (σ̃ = σ ′ + iσ ′′),
dielectric permittivity (ε̃ = ε′ − iε′′), impedance (Z̃ =
Z ′ − iZ ′′), where intrinsic electrical impedance Z ′ = ρ ′ l

S ,
Z ′′ = ρ ′′ l

S (S is the electrode area, l is the sample length),
and dielectric losses (tan δ), as well as in the temperature
dependences of these quantities. The frequency dependence of
the conductivity obeys the formula σ(ω) = σdc + A(T )ωn(T )

and is valid for solid electrolyte materials [12].
The relaxation dispersion of the SE electrical quantities

covers several decades on the frequency scale, and the
values of the electrical quantities themselves may change
by many decades. So, experimental techniques have to
be able to measure these quantities over a wide range of
frequencies. The majority of known methods [11–15] for
the measurement of electrical parameters of SE materials are
based on the measurement of the complex reflection coefficient
of a coaxial waveguide loaded with the sample under
investigation. However, it is difficult to measure precisely
the amplitude of the reflected wave superimposed with the
incident wave when their amplitudes differ by 1% or less. In
the present paper the measurements of impedance spectra of
the Li1.3Al0.15Y0.15Ti1.7(PO4)3 ceramics have been performed
by the transmission microwave impedance spectrometer set-
up [16]. The results of the investigation of 7Li NMR spectra
of Li1.2Ti1.8Al0.2(PO4)3 have indicated local and long-range
motions of lithium [11]. Furthermore, no information from
NMR investigations is available on the double substituted
compounds Li1+x+yAlx(Yy)Ti2−x−y(PO4)3.

In this paper we report technological synthesis conditions
of the Li1.3Al0.15Y0.15Ti1.7(PO4)3 powder, sintering of the
ceramic samples, the results of our investigations of x-ray
diffraction (XRD), NMR and electrical properties of the
compound in the frequency range from 106 to 1.2 × 109 Hz
and temperature range from 300 to 600 K.

2. Experimental procedure

A powder of Li1.3Al0.15Y0.15Ti1.7(PO4)3 has been synthesized
from a stoichiometric mixture of Li2CO3, Y2O3 (purity
99.999%), extra pure NH4H2PO4, Al2O3 and TiO2 by solid

state reaction. The mixture was milled for 8 h in an agate mill
in ethyl alcohol. After milling, the mixture was heated for
24 h at temperature T = 723 K. After heating, the mixture
was placed in the ethyl alcohol and this liquid was milled
for 12 h in the planetary mill again. After this process the
powder was heated for 1 h at T = 1173 K and for 2 h at
T = 1273 K. After each heating the powder was placed in the
ethyl alcohol and milled in the planetary mill again. The fine
powder was dried at T = 393 K for 24 h. The average grain
sizes were found to be 1–5 μm. For investigation of NMR
and electrical properties the ceramic samples were sintered.
The powder was uniaxially cold-pressed at 300 MPa. The
sintering of Li1.3Al0.15Y0.15Ti1.7(PO4)3 ceramic samples was
conducted in air at T = 1403 K. The sintering duration of
ceramics was 1 h. The measurements of electrical properties of
Li1.3Al0.15Y0.15Ti1.7(PO4)3 ceramic samples were investigated
in air by an impedance spectrometer set-up [16].

The structure parameters of Li1.3Al0.15Y0.15Ti1.7(PO4)3

were obtained at room temperature from the x-ray powder
diffraction patterns using Cu Kα1 radiation. The scanning rate
of the 2� range from 6◦ to 80◦ was 1◦ min−1.

7Li NMR experiments were performed on an Avance
DSX300 spectrometer (Bruker) working at Larmor frequen-
cies, ν0 = 116.642 MHz. MAS experiments were performed
at room temperature while dynamic studies were carried out on
static samples without spinning.

The 7Li spectra and the relaxation times T1 were measured
as a function of temperature between 170 and 420 K. 7Li
NMR spectroscopy is a valuable tool to probe the mobile
lithium ion properties in this material. 7Li is a quadrupolar
nucleus (I = 3/2) with a small quadrupolar momentum
(Q = −0.045 × 10−28 m2). In a low symmetry site, such
a nucleus exhibits different transitions: a central transition
(CT) between +1/2 and −1/2 levels, and external transitions
(±1/2 ↔ ±3/2).

The sample, glued on an altuglass substrate, was placed
into a 5 mm coil. Between room temperature (RT) and 150 K
the sample was cooled with a regulated nitrogen flow and
between RT and 410 K it was heated with a regulated air flow.
Temperature was regulated with a BVT 2000 controller. With
this design it was possible to monitor the temperature at about
±0.1 K. The spin lattice relaxation time T1 measurements have
been performed by using a saturation recovery sequence. The
radio frequency of the electrical field was 62.5 kHz with a
t90 liquid pulse duration of 4 μs. This corresponds to a non-
selective excitation. To improve the signal to noise ratio, either
64 or 128 transients were accumulated in the high and low
temperature ranges respectively.

Owing to the I = 3/2 value of the 7Li nucleus, two
values of T1 were expected with specific ratios in the slow
regime (low temperature) and only one in the fast regime (high
temperature) [17–21]. However, whatever the temperature,
only one T1 was necessary to account for the experimental
magnetization. Therefore the following relationship was used
to fit the data:

Mz(τ ) = M0
[
1 − 2α exp(−τ/T1)

]
(1)

where Mz(τ ) is the magnetization and T1 is the spin lattice
relaxation time. T1, M0 and α are considered as free parameters

2



J. Phys.: Condens. Matter 21 (2009) 185502 T Šalkus et al

f (Hz) f (Hz)

a b

Figure 1. Frequency dependences of Im(ρ) (a) and Re(σ ) (b) of Li1.3Al0.15Y0.15Ti1.7(PO4)3 ceramics at different temperatures.

in a least-squares fitting procedure. The T1 values were
determined by using either the peak area or the peak intensity
of the magnetization recovery curve. The α parameter, which
is not a critical one, is found to be around 0.5 for the saturation
recovery method used in this work.

The DMFIT software is used to fit the spectra and
obtain the peak linewidth, peak positions (in hertz or ppm),
percentage and quadrupolar splitting [22]. 7Li spectra are
referenced from LiCl. Results are expressed either in hertz or
in ppm (X (Hz) = X (ppm)ν0(MHz)).

3. Results and discussion

The solid electrolyte Li1.3Al0.15Y0.15Ti1.7(PO4)3 compound
was obtained by the substitution Ti4+ → [Al(Y)]3+ + Li+
in LiTi2(PO4)3. The results of the x-ray investigation show
the changes of the interplanar distances, (hkl) and relative
intensity of the diffraction of crystals by incorporating Al and
Y into LiTi2(PO4)3.

The results of the x-ray diffraction study have shown that
Li1.3Al0.15Y0.15Ti1.7(PO4)3 powder was a single phase material
and belonged to the rhombohedral symmetry (space group
R3̄c) with six formula units in the unit cell. The lattice
parameters, unit cell volume and theoretical density of the
compound are presented in table 1.

The substitution of Ti4+ by Y3+ in LiTi2(PO4)3 causes
a decrease of the lattice parameters a, c, the volume V and
increases the density of the compound. The density of the
sintered Li1.3Al0.15Y0.15Ti1.7(PO4)3 ceramic sample was found
to be 92% of the theoretically density.

Frequency dependences of the imaginary part of the
complex impedance Im(ρ) and the real part of the complex
electric conductivity Re(σ ) at different temperatures are
presented in figures 1(a) and (b), respectively.

Two dispersion regions were found in the Im(ρ) and
Re(σ ) spectra of Li1.3Al0.15Y0.15Ti1.7(PO4)3 ceramics. The
dispersion processes are related to ion transport in the bulk and
grain boundaries of the ceramics. Both processes are thermally
activated and shift toward higher frequencies with increase of
the temperature. The temperature dependence of the electrical

Figure 2. Temperature dependences of the bulk and grain boundary
electrical conductivity of Li1.3Al0.15Y0.15Ti1.7(PO4)3 ceramics.

conductivity was derived from the ρ ′′(ρ ′) and σ ′′(σ ′) plots
at different temperatures. Temperature dependences of the
bulk (σb) and grain boundary (σgb) electric conductivity of
Li1.3Al0.15Y0.15Ti1.7(PO4)3 ceramic samples are presented in
figure 2.

At T = 400 K the value of σgb of Li1.3Al0.15Y0.15Ti1.7

(PO4)3 was found to be 0.32 S m−1. The σgb of the ceramic
exponentially increases with increasing temperature in the
entire temperature region. The activation energy of σgb of
Li1.3Al0.15Y0.15Ti1.7(PO4)3 is �Egb = 0.29 eV. At 300 K the
value of the bulk conductivity of Li1.3Al0.15Y0.15Ti1.7(PO4)3

was found to be 0.42 S m−1 and its activation energy �Eb =
0.25 eV. The characteristic frequency fb of the relaxation
processes in the bulk at different temperatures is obtained from
the maxima of the ρ ′′( f ) dependences.

In figure 3 the relaxation frequencies ( fb) of the dispersion
of Li1.3Al0.15Y0.15Ti1.7(PO4)3 compound are shown as a
function of the temperature.

At T = 300 K the value of fb of Li1.3Al0.15Y0.15Ti1.7

(PO4)3 was found to be 2.6 × 108 Hz. The relaxation
frequency fb increases with temperature according to the
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Table 1. Lattice parameters and density of the LiTi2(PO4)3 [23], Li1.3Al0.3Ti1.7(PO4)3 [4], Li1.3Y0.3Ti1.7(PO4)3 [5] and
Li1.3Al0.15Y0.15Ti1.7(PO4)3 compounds.

Compound Crystal symmetry Lattice parameters (Å) c/a Unit cell volume V (Å
3
) Density d (g cm−3)

LiTi2(PO4)3 Rhombohedral a = 8.5129(8) 2.4525 1310.30 2.948
R3̄c c = 20.878(3)

Li1.3Al0.3Ti1.7(PO4)3 Rhombohedral a = 8.509(6) 2.448 1304.3 2.928
R3̄c c = 20.820(3)

Li1.3Y0.3Ti1.7(PO4)3 Rhombohedral a = 8.5087(7) 2.4481 1306.00 3.066
R3̄c c = 20.830(3)

Li1.3Al0.15Y0.15Ti1.7(PO4)3 Rhombohedral a = 8.5069(6) 2.4477 1305.0 2.998
R3̄c c = 20.8226(1)

Figure 3. Temperature dependences of the relaxation frequency fb of
the bulk conductivity of Li1.3Al0.15Y0.15Ti1.7(PO4)3 ceramics.

Arrhenius law: fb = f0 exp(−�Ef/kT ), where f0 is an
attempt frequency, related to the phonon. The activation energy
(�Ef) was calculated from the temperature dependence of
the relaxation frequency in the bulk of the ceramic sample.
The value of �Ef is 0.26 eV and is in good agreement with
the value of �Eb. This fact leads to the conclusion that
the temperature dependence of σb is a determinant of the
temperature dependence of the mobility of the fast Li+ ions.
Such ion transport peculiarities are dominant in Li+, Na+ and
oxygen vacancy solid electrolytes [4, 5, 24, 25].

The temperature dependences of the permittivity and
tan δ were investigated at 1 GHz frequency. This frequency
is higher than the Maxwell relaxation frequency fM =
σb/2πε0ε

′ (where the dielectric constant of the vacuum
ε0 = 8.85 × 10−12 F m−1). At the temperature 300 K for
Li1.3Al0.15Y0.15Ti1.7(PO4)3 the Maxwell relaxation frequency
was found to be fM = 5.5×108 Hz. In figure 4 the permittivity
and tan δ of Li1.3Al0.15Y0.15Ti1.7(PO4)3 compound is shown as
a function of the temperature.

At T = 300 K the value of the permittivity of
Li1.3Al0.15Y0.15Ti1.7(PO4)3 was found to be ε′ = 15.6 and
increases with temperature. The values of the permittivity of
Li1.3Al0.15Y0.15Ti1.7(PO4)3 may be related to the contribution
of the polarization of the fast ionic migration, vibrations of the
lattice and electronic polarization. The increase of tan δ with

Figure 4. Temperature dependences of the permittivity and tan δ of
Li1.3Al0.15Y0.15Ti1.7(PO4)3 compound at 1 GHz frequency.

temperature can be caused by the increase of the conductivity
of the sample.

Figure 5 shows the 7Li spectra recorded at 250 K in the
static mode (figure 5(a)) and at 295 K in the MAS mode with
the spinning frequency νR = 10 kHz (figure 5(b)). These are
typical spectra for a quadrupolar nucleus with spin I = 3/2
showing the central transition and the satellite transitions. The
specific powder line shape presented in figure 5(a) originates
from the first order quadrupolar interaction contribution given
by the Hamiltonian:

HQ = h̄ωQ

+2∑

m=−2

(−1)m V
(2)

−m T
(2)

m (2)

with
e2q Q

2I (2I − 1)h̄
= ωQ = CQ

2
(3)

where Xm (X = T or V ) is the m component of the second

order irreducible tensor X . T stands for the spin part of

the quadrupolar interaction while eqV (θ, φ) (the anisotropic
spatial part) accounts for the local electric field gradient at
the 7Li site (the angles θ and φ identify the direction of the
static magnetic field �B0 in the principal axis system of the
electric field gradient tensor). The quadrupolar interaction is
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Figure 5. Single pulse acquisition. Experimental (full line) at 295 K and calculated (dotted line) 7Li spectra acquired in the static mode:
(a) the amplitude parameter was adjusted on the satellite amplitude, (b) MAS spectrum at the spinning frequency 10 kHz. Stars indicate the
first spinning side bands. The fit parameters are CQ = 44 kHz, ηQ = 0.

Figure 6. 7Li spectra recorded at different temperatures in kelvin
(inset: quadrupolar amplitude parameter versus temperature).

defined with its amplitude CQ (kHz) or ωQ and its asymmetry
parameter ηQ.

The calculated spectra are also reported in figure 5(a) with
the quadrupolar fitting parameters CQ = 44 kHz and ηQ = 0.
The results of the comparison [8, 9, 11] have shown that the
linewidth of the central component of 7Li MAS NMR spectra
of the Li1+x Ti2−xAlx(PO4)3 compounds is almost constant for
x � 0.2 but increases for x > 0.2. The shift of this component
from −1.20 to −0.7 ppm is observed. In samples with x = 0.3,
0.5 and 0.7 the 7Li MAS NMR spectra are formed by two
components with quadrupole constant C (1)

Q = 40 kHz and

C (2)
Q = 110 kHz. The asymmetry parameter is η = 0 for

different x [9]. The MAS spectrum in figure 5(b) is composed

with the isotropic line (the most intensive one) flanked by
several spinning side bands (less intensive marked with a
star). The isotropic line does not evidence any second order
quadrupolar effect and is fitted with only one Lorentzian line.
So the 7Li nuclei access to only one site in the structure. The
spectrum is fitted with the same parameters as the ones used
for the static spectrum. Generally two cavities are observed
in these NASICON. Nevertheless, owing to the Li motion our
spectrum can be fitted with a single quadrupolar contribution.

In figure 5(a) we observe that the amplitude of the central
transition is more important than the satellite ones. This is
a general feature in such systems because the quadrupolar
interaction acts at the second order (of perturbation) on the
central transition. So, in the presence of small disorder
the satellite transitions are smoothed but it does not act on
the central transition which appears more intensive. Among
several other reasons, we can give two of them. The first one
could be the dipolar interaction, the principal axes of which
are different to that of the quadrupolar interaction and act more
intensively on the satellite than on the central transition. The
second one could be due to transverse relaxation where the
adiabatic contribution disappears in the central transition [21].
In order to overcome this difficulty the quadrupolar echo
sequence (not represented here) was performed, and gives
correct relative intensities between the central line and the
satellite ones. This confirms the presence of a single site
contrarily to the results of Arbi et al [11].

In figure 6 we can observe that the splitting between the
satellite transitions is sensitive to the temperature. This is
due to the CQ parameter variation, as reported in inset of
figure 6. The satellite transitions appear more resolved when
the temperature increases because the dipolar broadening is
averaged by the motion. Below 200 K, the dipolar interaction
smoothes the singularities associated to these transitions. So
in the temperature range (170–420 K) in which the satellite
transition become more resolved, the inverse of the fluctuation
correlation time is between the amplitude of the dipolar
interaction and the Larmor frequency (ν0 = 116 MHz).
Nevertheless this better resolution can also arise through
dynamical effects on the quadrupolar interaction: when the
amplitude of the quadrupolar ωQ interaction is in the range

5
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Figure 7. Experimental and calculated (continuous line) rate of the
7Li spin lattice relaxation versus temperature.

of the inverse of the average correlation time of the motion
ωQτc

∼= 1 the motional process leads to a rapid decrease of the
transverse magnetization.

Nevertheless, the behavior of the satellite transitions is
a very surprising one: when the temperature increases the
splitting between the satellite transitions increases. Generally
it is expected that the splitting will be at least partially averaged
by the motion when the temperature increases and the average
value is weaker than the static one. However, it is worth noting
that CQ behaves in the same manner as in LiTi2(PO4)3 [8].
This behavior indicates that the static (averaged) part of
the electrical field gradient due to the environment of the
7Li nucleus increases. Several scenarios could explain this
behavior but the physical ones have to take the motion into
account because the dipolar interaction and the linewidth are
averaged. Whatever is the origin of this static component of
the electrical field gradient (either the close neighbors of the
Li+ ions or longer distance contributions), it arises necessarily
from the dynamical shift (see below) due to anisotropic motion.
Only a better knowledge of the structure could help in the
understanding of this dynamical mechanism.

Figure 7 shows the rate of the spin lattice relaxation R1

(R1 = 1/T1) versus the reciprocal temperature obtained on
the sintered material. Several features can be observed from
this curve. First, it shows that the T1 follows an activated law
due to activated motion the correlation time of which is given
by τc = τc0 exp( Ea

kT ) with Ea the activation energy. Second,
it exhibits a maximum around T (Rmax

1 ) = 325 K. The T1

of 7Li at room temperature is 6 ms. Third, only one T1 is
observed whatever the regime. At the maximum of the R1

curve the relation ω0τc
∼= 1 is verified, with τc

∼= 1.3 × 10−9 s
the correlation time of the fluctuations which produce the
relaxation and ω0 = γ7Li B0 = 2πν0. The parameter ν0 is the
7Li Larmor frequency (116 MHz) and γ (7Li) the gyromagnetic
constant of the 7Li nucleus. The minimum separates the fast
regime (ω0τc � 1 high temperature) and the slow regime
(ω0τc 	 1).

The T1 of 6Li at room temperature is found to be around

2 s and the ratio is
T1(7 Li)

T1(6 Li)
≈ 600. This ratio is not 3600 but it

is also far from the squared ratio between the γ gyromagnetic
factors of the two nuclei involved in the hetero-nuclear spin–
spin relaxation [ γ7Li

γ6Li
]2 ≈ 7. So we can conclude that the 6Li

nucleus relaxes with the dipolar fluctuations but the 7Li nucleus
mainly relaxes with the quadrupolar fluctuations.

It is now well established that, even in the presence
of a single correlation time, in the slow regime two
relaxation times T1 characterize the magnetization equilibrium
recovery [17–21] for an I = 3/2 spin system when only one
relaxation time monitors the relaxation in the rapid regime.
Unfortunately in solid samples the two relaxation times are
difficult to observe, as in the present case [26–28]. So, in
view of the experimental finding that the deviation from the
exponential form is very small it is common to define a spin
lattice relaxation rate as follows [28]:

1

T1
= �2

Q[J1(ω0) + 4J2(2ω0)] (4)

with

�Q = 1

50

(
1 + η2

3

)1/2

e2q Q/h̄ (5)

and the spectral density Jn(nω) = n2τc
1+(nωτc)2 with n = 1 or 2

where τc is the correlation time.
According to this model, 1/T1 has been calculated and

the result is shown as the full line in figure 7. Therefore we
determined the parameter τc0 = 6.2 × 10−12 s, the activation
energy Ea = 0.14 eV and �Q = 540 × 103 rad s−1. By using
the relationship τc = τc0 exp( Ea

kT ) the value of τc is found to be
0.9 × 10−9 s at the temperature of the R1 maximum (325 K).
This value is very close to the value of 0.85 × 10−9 s obtained
by using the relationship ω0τc

∼= 0.62.
The fluctuation amplitude [�Q(7Li)] can be deduced from

the R1 maxima [R1(
7Li)]max ≈ [�Q(7Li)]2

ω0(
7Li) which provides

�Q(7Li) = 360 × 103 rad s−1 which is in the range of the
calculated value. This value is in the range of the quadrupolar
parameter 295 K (figure 5) CQ = 276 × 103 rad s−1.

This is an interesting result because the above relation of
1/T1 together with the spectral densities relationship are those
used for reorientational motions with isotropic fluctuations,
while the spectrum which evidences quadrupolar structure,
even at high temperature, indicates that the motion is an
anisotropic one. So the static behavior given by the spectrum
seems to be inconsistent with the dynamical behavior and
these results deserve further studies. Nevertheless we can
imagine a process in which the fluctuations are isotropic but
cannot average the quadrupolar splitting. Therefore, such a
situation is consistent with the increase of the CQ parameter
with temperature.

4. Conclusions

A powder of Li1.3Al0.15Y0.15Ti1.7(PO4)3 compound has been
synthesized by solid state reaction and studied by x-ray diffrac-
tion and high resolution NMR. The NMR investigations were
performed on sintered ceramic samples. The investigation
of the electrical properties of Li1.3Al0.15Y0.15Ti1.7(PO4)3 ce-
ramics was carried out in the frequency range from 106 to
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1.2 × 109 Hz and the temperature range 300–600 K by com-
plex impedance spectroscopy. Two relaxation type disper-
sions of electrical parameters in the frequency range are found.
The dispersion regions are presumably related to the ionic
transport processes in grains and grain boundaries. The par-
tial substitution of Al by Y in the system causes changes
of the interplanar distances of the compounds, increase of
the σb, σgb and decrease of the �Eb and �Egb. At T =
300 K the values of bulk and grain boundary conductivities
of Li1.3Al0.15Y0.15Ti1.7(PO4)3 ceramics were found to be σb =
0.42 S m−1 (�Eb = 0.25 eV) and σgb = 2.5 × 10−2 S m−1

(�Egb = 0.29 eV) respectively. The results of our investiga-
tion showed that temperature dependence of σb is caused only
by the mobility of the fast Li+ ions, while the number of charge
carriers remains constant with temperature. The values of ε′
may be related to the contribution of the polarization of the fast
ionic migration, vibrations of lattice and electronic polariza-
tion. NMR investigations revealed the presence of only one Li
site in the lattice of the Li1.3Al0.15Y0.15Ti1.7(PO4)3 compound.
The spin lattice relaxation time T1 evidences one Li+ motion
(Ea = 0.14 eV with τc0 = 6 × 10−12 s). The T1 of 7Li and 6Li
at room temperature are 6 ms and 2 s respectively. This result
confirms that the relaxation of the 7Li nucleus occurs through
the quadrupolar fluctuations although the relaxation of the 6Li
nucleus occurs via the dipolar ones. It will be important to
probe some other frequency windows of the Li+ ion dynamical
properties, for example the spin lattice relaxation time in the
rotating frame T1ρ , which is sensitive to slow motion, could be
compared to T1 values obtained in this study. Such a strategy
has already been applied in the study of the fast ion conduc-
tor Li3xLa2/3−x�1/3−2xTiO3 [27, 28] and allowed to evidence
long and short distance motions. The 27Al and 31P NMR inves-
tigations would also be suitable in the study of the static and
dynamical properties of the lithium ions’ motion.
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