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Lithium ion motion has been investigated in the Li; ,Ti; gAly,(PO4); compound with NMR and impedance
spectroscopies. From the analysis of the bulk dc conductivity (o, 4) and the frequency at the maximum (wy,,)
of the imaginary electric modulus, two regimes for lithium motion have been identified. From the analysis of
the temperature dependence of 'Li NMR quadrupole constant (Cg) and spin-spin relaxation rate (T;l), the
evolution of M; and M, sites occupancy in the conduction network of the fast ion conductor has been deduced.
At low temperatures (7<<250 K), differences in activation energies deduced from NMR (Eﬁ=0.19 eV) and
conductivity (Ef4=0.31 eV) are discussed in terms of a correlated lithium motion. In this regime, the B
parameter that relates both energies (E,,=BE,,) takes the value 0.61. In the high temperature regime (7
>250 K), the activation energy E,; deduced by the two techniques show similar values (0.22 eV). In this case
the B parameter is nearly equal to 0.85. From the NMR results, it has been concluded that the partial cancel-
lation of the correlation in lithium motion is associated with the creation of vacancies at M, sites. On the other
hand, some differences in B and 7, parameters have been detected, indicating that relaxation functions are
slightly different in two techniques. In particular, the NMR B¥ correlation factor is slightly higher and the
NMR 7§ parameter is almost one order of magnitude higher than that deduced from electric measurements.
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I. INTRODUCTION

Much effort has been devoted during the last few decades
to understand the ion dynamics in Li conducting materials.
In this context, NMR spin lattice relaxation (SLR) and elec-
trical conductivity (EC) measurements are useful tools to
analyze Li motions. In fast ion conductors, it is usually found
that relaxation functions describing SLR and EC data deviate
from the ideal BPP (Bloembergen, Purcell, and Pound) and
Debye behaviors. From the analysis of NMR and EC relax-
ations, correlation effects affecting Li motion can be esti-
mated. In particular, the coupling model predicts a crossover
time 7. below which ions behave as independent single par-
ticles but above it, the ions motion is correlated.! Activation
energies in the two regimes E,, and E,, satisfy the relation
E,,=BE,;, where B is the factor that takes into account the
correlations effects in ions motion (0 < 8<1). In the absence
of correlation, B parameter takes the value 1, and E,,=E},.

On the other hand, it has been shown that some glasses
which are fast ion conductors show a temperature depen-
dence of conductivity that display important deviations from
the Arrhenius behavior. Ngai and Rizos? proposed elimina-
tion of correlation effects at increasing temperatures as the
reason for the non-Arrhenius behavior observed in glasses.
In this sense, Robertson and West® have suggested that the
influence of the structure on the mobile ions diminishes as
the temperature increases and that the conductivity of the
best Li ion conductors goes toward a common value close to
107" Scm™". Among the crystalline fast ion conductors, the
Nasicon-type compounds Li; +xTi§fXAli+(PO4)3 (Refs. 4-6)
display one of the highest Li-conductivities measured at
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room temperature, the activation energy E,% decreasing to-
ward a minimum value of 0.30 eV for x=0.2.

The Nasicon-type structure is formed by M,(PO,); units
in which MOy octahedra share corners with PO, tetrahedra.
The ideal framework displays the rhombohedral symmetry

(space group R3c) but in some particular cases a triclinic

distortion (space group C1) has been detected.”™ In the net-
work of the rhombohedral phases, alkaline ions can occupy
two different sites: (1) M, sites located at trigonal ¢ axes,
with a sixfold oxygen coordination and (2) M, sites sym-
metrically distributed around the trigonal axes, with a 10—
fold oxygen coordination (Fig. 1). Taking into account the Li
ion size, the M, site is not suitable and the Li ions are situ-
ated in a fourfold coordination at intermediate M, positions
between M, and M, sites.””'” The ionic conductivity of the
rhombohedral phase is higher and the activation energy
lower than that of the triclinic phase.

In this paper we have undertaken a comparative analysis
of the NMR and conductivity data in the rhombohedral
Li, ,Ti; gAly,(POy);, the data being recorded in a large inter-
val of frequency and temperature. In that compound, the
temperature dependence of the conductivity displays the
non-Arrhenius behavior reported in other fast ion conduc-
tors. NMR spectroscopy has been used to estimate the occu-
pancy of the structural sites by Li ions as temperatures in-
crease. The comparison of results obtained by NMR (1/T)
and 1/T, relaxation rates) and electric measurements (relax-
ation time and dc conductivity) has permitted us to get a
better understanding of the Li motion in Nasicon-type com-
pounds.
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FIG. 1. Rhombohedral structure of Nasicon compounds show-
ing structural M, M,,,, and M, sites susceptible to be occupied by
lithium.

II. EXPERIMENTAL SECTION

The ionic conductor Li, ,Ti; gAl),(PO4); was prepared
following the method described elsewhere.®!! X-ray diffrac-
tion was used to asses purity of prepared samples. X-ray
powder diffraction patterns were recorded with the Cu K«
radiation (A=1.5405981 A) at different temperatures in the
range of 25-500 °C, using a high-temperature AP HTK10
camera adapted to a PW 1050/25 Phillips diffractometer. In
cooling and heating runs, the sample was kept at each tem-
perature for 10 min before x-ray diffraction (XRD) patterns
were recorded. Data were collected in the 26 range 10-70°
with a step size of 0.02° and a counting time of 0.1 s/step.

Impedance measurements were made on cylindrical pel-
lets of 13 mm diameter and approximately 1.4 mm thick-
ness. Pellets were first compacted by cold pressing at 3 MPa,
then they were sintered at 950—1000 °C for 24 h. For the
electric measurements platinum electrodes were deposited by
sputtering on the two faces of the pellet. Impedance measure-
ments were performed over the frequency range 107!—
1.8 10° Hz at increasing temperatures (150—500 K). To
cover the full frequency domain, two experimental setups
were used: from 107! to 10 Hz a Solartron SI 1260 com-
bined with a broadband dielectric converter (BDC) was used;
for the high frequency range (10°-~1.8x10° Hz) an HP
4291A rf impedance analyzer was used with a precision co-
axial line for which propagation parameters are well known.
In this case, the sample was located at the end of the line and
the temperature dependence of the electric impedance was
then deduced from the analysis of the complex reflection
factor as a function of temperature. In both cases, the sample
temperature was measured with accuracies better than
+0.1 K.

"Li (Magical Angle Spinning) NMR spectra were re-
corded at room temperature in a MSL-400 Bruker spectrom-
eter (9.4 T). The frequency used for 'Li was 155.50 MHz.
The sample was spun at 4 kHz during signal recording. The
spectra were obtained after /2 pulse irradiation (=4 us)
with a recycling time of 10 s. The number of scans was in
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FIG. 2. X-ray diffraction patterns of Li; »Ti; gAly,(POy)5 re-
corded at increasing temperatures. The small peak detected at 26
~22° (labeled with an asterisk) corresponds to the secondary
AlPO, phase.

the range of 100—800. In the temperature range 100—450 K,
quadrupole interactions deduced from 'Li spectra remain
small (Cy, <70 kHz), making the irradiation of the central
and satellite transitions nonselective. 'Li chemical shift val-
ues were given relative to 1M LiCl aqueous solution. The
fitting of the NMR spectra was made with the Bruker WINFIT
software package.'? "Li spin-lattice relaxation times (7))
were measured with the 77— 7— /2 sequence at 11 MHz in a
SXP 4/100 spectrometer. In all temperatures analyzed, the
recovery of magnetization was exponential. Reciprocal spin-
spin relaxation times (T;') values were calculated from the
full-width at half-maximum (FWHM) of the central NMR
lines recorded in static conditions. In the case of Gaussian
lines, 7;1 was calculated as 0.67 times the FWHM; in the
case of Lorenzian lines, Tgl was calculated as 7 times the
FWHM.

III. RESULTS
A. X-ray diffraction study

XRD patterns of Li; ,Ti; gAly,(PO,4); recorded at increas-
ing temperatures are given in Fig. 2. The most intense reflec-

tions correspond to the rhombohedral (R3¢) Nasicon phase;
however, the small reflection detected at 20~22° (labeled
with an asterisk) has been ascribed to the formation of the
secondary phase AIPO,. The heating of the sample only pro-
duced the peaks shift associated with the expansion of the
lattice. In this analysis, no phase transition involving the pre-
viously reported triclinic distortion’” was detected.

B. Conductivity

The angular frequency (w) dependence of the conductiv-
ity (o) at different temperatures is shown in Fig. 3. At 273
K the plateau detected in the frequency range 10°-10° s,
followed by a dispersive regime at around 10°s7', is as-
cribed to the grain boundary response. Another plateau is
observed in the frequency range 107—10° s™! that corre-
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FIG. 3. Real conductivity vs angular frequency at indicated tem-
peratures for the Li;,Ti;gAly,(PO4); sample. The inset corre-
sponds to the best fitting of data taken at 273 K.

sponds to grain interior (bulk) response. At higher tempera-
tures (7>300 K) an ill-defined dispersive regime is ob-
served below 10? s7! that is ascribed to the blocking of the
ions (Li* in this work) at the electrodes of the pellet.!?

The experimental o’ (w) data were fitted taking into ac-
count the grain interior and the grain boundary responses.
For the grain interior (bulk) we assumed that the complex
conductivity takes the form

A iw\"| .
Op=0pq.| 1 +|— +iwe,,
wbp

where oy, 4. accounts for the conductivity measured at the
plateau, w,, is the transition frequency from the plateau to
the dispersive regime, n is the correlation parameter, and €.,
is the permittivity at w— 0. For the grain boundary, we as-
sumed that the complex conductivity takes the form &,
=0, 41 +(iw/ wg,)], where the parameters 0,4, and w,,
have similar meanings to those of the former equation. The

fitting equation used was ¢=(1/6;+1/6,)"", where & ac-

(1)
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FIG. 4. Imaginary part of the electric modulus vs angular fre-
quency at indicated temperatures for Li; ,Ti; gAly,(POy4)3. The best
fittings to modulus peaks are also given (solid lines).

counts for the overall conductivity. As an example, the fitting
obtained at 273 K is shown in the inset of Fig. 3 (solid line).
This analysis allowed us to determine the grain interior dc
conductivity whose values are outlined in Table I.

Figure 4 shows the imaginary part of the electric modulus
(M") as a function of the angular frequency (w) at several
temperatures. We can see that the M” peak shows an asym-
metry toward high frequency, which has been ascribed to
correlation effects in the motion of the mobile ions.!*!> The
entire M" peaks were fitted to the equation M=iw/ 7y, where
G, has been already defined in Eq. (1). For the fitting we
have not taken into account the grain boundary response be-
cause its contribution to M"(w) is negligible. The fittings
obtained are shown in Fig. 4 (solid lines) and the fitting
parameters wj,, and n are outlined in Table 1.

Figure 5 shows the plot of gy, 4. T vs 1000/T, where oy, 4
is the grain interior (bulk) dc conductivity and T is the abso-
lute temperature. The experimental data depart from a unique
linear dependence and were fitted to two equations of the
form'®

TABLE L. Conductivity oy, 4. (S cm™), frequency wj, (s™'), and correlation ¢ (dimensionless) parameters deduced from fittings of
o' (w) and M"(w) values taken at different temperatures. Cy (kHz) and P, and P, (dimensionless) values deduced from "Li NMR spectra

recorded at increasing temperatures.

EC NMR
T (K) Tpac (Sem™) wpy (s7) n BC=1-n Co (kHz) P, P,
173 1.5£0.2X107° 4.24+0.03 X 103 0.60+0.01 0.40+0.01
198 2.0£0.3X107° 8.5+0.1 X 10° 0.57+0.01 0.43+0.01 35.7+0.4 0.96+0.01 0.07+0.01
223 1.4+0.2% 107 5.36+0.04 X 107 0.51+0.01 0.49+0.01 37.7+0.5 0.94+0.01 0.08+0.01
248 6+1x10™* 2.46+0.03 < 108 0.47+0.01 0.53+0.01 37.9+0.5 0.93+0.01 0.08+0.01
273 2.0+0.3%X 1073 5.98+0.06x 108 0.43+0.01 0.57+0.01 40.5+0.6 0.90+0.01 0.09+0.01
298 4.8+0.5x 1073 1.40+0.02 X 10° 0.40+0.01 0.60+0.01 425+0.6 0.88+0.01 0.10+0.01
323 1.0+0.1X 1072 2.75+0.04 X 10° 0.34+0.01 0.66+0.01 45.7+0.6 0.84+0.01 0.11+0.01
348 1.9+0.2x 1072 48.3+0.6 0.81+0.01 0.12+0.01
373 2.8+0.5X 1072 51.3+0.7 0.78+0.01 0.13+0.01
398 3+1x1072 53.3+0.7 0.76+0.01 0.14%0.01
423 5£1%1072 55.7+0.8 0.73+0.01 0.15+0.01
448 7+£2X 1072 59+0.8 0.69+0.01 0.16+0.01
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FIG. 5. Grain interior dc conductivity vs reciprocal temperature
for Li; »Ti; gAly»(POy4)3. The temperature dependence of the fre-
quency (wbl,) at the maximum of the modulus peak is also included.

Op.acT = 0y exp(— E/kT), (2)

where o), is a preexponential factor, Elﬁ is the activation
energy, k is the Boltzmann constant, and 7 is the absolute
temperature. The fitting parameters (preexponential factor
0y,0 and activation energy Ef,f) deduced for the two regimes,
here called high temperature (250-400 K) and low tempera-
ture (170-250 K) regimes, are outlined in Table II. In Fig. 5
we have also plotted w,,, vs 1000/T, where wy,, is the angular
frequency at the maximum of the M” peak. In this plot, we
also see two regimes in which experimental w,, data were
fitted to two equations of the form wbp=w,,p0.exp(—Eg/ kT).
The fitting parameters (wy,, and ES) deduced for the two
regimes are outlined in Table II. It can be seen that the acti-
vation energies ES, and ES are almost coincident for each
regime.

C. 'Li NMR signal

'Li NMR (I=3/2) spectra of the Lij,Ti; gAly,(PO,);
sample are formed by a central line (1/2,1/2 transition) and
two satellite lines (-3/2,—1/2 and 1/2,3/2 transitions). In
"Li MAS-NMR spectra, satellite transitions were modulated
by the sample rotation, detecting equally spaced bands sepa-
rated by the spinning rate (see inset in Fig. 6). Spectra were
fitted with the Bruker WINFIT program, which takes into ac-
count first-order quadrupole interactions. From this analysis,
the quadrupole constant Cy and the asymmetry parameter 7
were determined. The variation of the quadrupole constant
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FIG. 6. Temperature dependence of the quadrupole C, constant
deduced from "Li NMR spectra of Li; ,Ti; gAly,(POy4);. The 'Li
MAS-NMR spectrum recorded at room temperature is given in the
inset.

Cy as a function of the reciprocal temperature (1000/7) is
shown in Fig. 6. C, is nearly constant (~36 kHz) below
250 K, but above this temperature an increment of C, is
observed. Below 175 K an important broadening of the sat-
ellite transitions makes difficult the determination of C,, val-
ues. In all analyzed temperatures, 7 values are zero, indicat-
ing that sites occupied by Li ions display axial symmetry.

T," (spin-spin) and T;' (spin-latice) relaxation rates, de-
duced from the central transition, are plotted vs reciprocal
temperature in Fig. 7. In the 100—160 K range, the line
shape of the central transition is Gaussian and 7' remains
constant. Below 120 K, the nearly constant Tl'1 was ascribed
to the relaxation induced by paramagnetic impurities. Above
160 K, the line shape becomes Lorentzian as a consequence
of the Li motion. When the temperature increases (160<T
<210 K), TTI increases and Tgl decreases, the latter reach-
ing a minimum at 210 K. At 260 K, a maximum of Tl‘1 and
T,' is detected. At higher temperature, 7;' and T, decrease
again indicating the onset of faster motions that reduces resi-
dence times at structural sites.

At the Tl_1 maximum, the residence time of Li ions at the
occupied sites is T=~w;' =1.4X 1078 s (wyr=1). On the
other hand, the temperature dependence of Tl_1 and Tgl, ex-
pressed in rad/s, can be described with the equations'”'8

T 47
+ b
1+ (weD)'™? " 1+ Qw0

T'=C (3)

TABLE II. Grain interior activation energies Ef,, and Ei (eV), preexponential factors o3, ¢ (S cm™), Wpp0 (s71), and Tg (s) deduced from
conductivity and modulus data. High temperature correlation time 7§ (s), correlation factors B¥ (dimensionless), and macroscopic activation
energies E), (eV) deduced from the fitting of the Li NMR spin-lattice (1/7}) relaxation data in two regions analyzed.

EC NMR

T(K)  EyeV) oy Sem™)  EQ(eV) @ppo (571 75 ()=, 75 (s) B Ey; (V)
170250  0.32+0.01 4.5+04X10° 0.31+0.01 8+2x 10" 1.2+0.8% 10715 0.7+02x107%  0.61+£0.05 0.29+0.01
250-450 0.23+0.01 1.3x03%x10* 023+0.01 1.2£02x10% 0.8x0.1x1071 241X 10712 0.85+£0.05  0.21+0.01
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FIG. 7. (Color online) Temperature dependence of 'Li NMR
spin-lattice (1/7}) and spin-spin (1/7,) relaxation rates of
Li, »Ti; gAlg»(POy)s. Experimental 1/7T data were fitted to two re-
laxation mechanisms described with modified BBP expressions (see
text).

netel a2 2T )
= — T N
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where C and C’ depend on the magnetic interactions that
cause the nuclear relaxation, B is a constant that takes into
account correlation effects in the Li motion, and 7 is the
residence time at the structural sites. The dependence of 7on
temperature is given by the expression

= 7% exp(EN/KT), (5)

where k is the Boltzmann constant, T§ is the residence time at
infinite temperature, and Eﬁ is the activation energy deduced
from the high temperature branch of 1/7} maximum. Acti-
vation energy deduced from the low temperature side of the
maximum is given by Ellfl,BR

The constant C, deduced from the fitting of the T‘1 plot,
was C~5x10° (rad/s)?.2 If Li relaxation is produced by
fluctuations of quadrupole interactions, C, (expressed in Hz)
can be calculated with the expression'®

2
[Hods

The C, value (38.5 KHz) deduced with expression (6) is
close to the value deduced from the 'Li NMR spectrum re-
corded at 190 K (35 KHz), confirming that fluctuations of
quadrupole interactions are responsible for spin-lattice relax-
ation. In the case of T;' plots, the C" constant deduced from
the fitting of the spectrum taken at 160 K was clearly lower,
C'=1.6X 107 (rad/s)?, suggesting that dipolar interactions
are responsible for 7;1 relaxation processes.

In order to reproduce the temperature dependence of ex-
perimental 7;"' and 7,' values, we have used the expressions
(see Discussion section)

11 1 1 @
S
T, 1 T AR
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111
—=— 4+ ——+Aw, (8)
r, 15" T’

where (757)~1,(T5")~" and (T%")~,(T4")~" stand for low and
high temperature mechanisms. In the absence of lithium mo-
tion (T<160 K), Aw increase with dipolar interactions; and
Tf AR decrease with paramagnetic interactions.

IV. DISCUSSION
A. Li sites occupancy

In order to ascertain which sites are occupied by lithium
at 160 K in the Nasicon structure, the second moment Aw?>
(expressed in G?) of the central transition of the 'Li NMR
spectrum, recorded in static conditions, was compared with
second moment values deduced for M; and M), sites. Sec-
ond moments were calculated with the Van Vleck
expression?’

Aw?= —y1ﬁ21(1+ 1)2

+ —f¢h25(5+ 1)2
k

J

(9)

where the first term accounts for dipolar interactions between
like spins and the second one for interactions between unlike
spins. y; and 7yg are the gyromagnetic ratios of 7 and S spins
and rj is the distance between interacting spins.

In M | sites, the contribution of Li—Li dipole interactions
to Aw? (0.11 G?) is higher than those of Li—P (0.09 G?)
and Li—Al (0.04 G?) interactions, but the contribution of
Li—Ti interactions is negligible. The Aw? value calculated
for the M, sites (0.24 G?) is considerably lower than that
calculated for the M,,, sites (0.41 G?), but similar to that
deduced from the central line of the 'Li NMR spectrum
(0.22 G?). Similar conclusions are obtained from the analysis
of satellite transitions. In M, sites the C,, constant (15 kHz)
is considerably lower than that deduced for the midway M),
sites (~120 kHz), but near that deduced from NMR satellite
transitions (35 kHz).2!?2 According to this analysis, most of
the Li occupy sites with axial symmetry (M sites) at 160 K.
These sites located at the intersection of three conduction
channels strongly condition Li motion in the structure of
these compounds.

When Li, ,Ti, gAly,(PO,); is heated above 160 K (Fig.
7), T,' decreases as a consequence of lithium mobility. In
order to explain the spectral narrowing, the residence time at
occupied M, sites should be lower than the linewidth inverse
recorded at 160 K; it is 3 X 10™* s (7<1/Aw). The decrease
of 7' is accompanied by an increase of C, (Fig. 6). This
trend, which is opposite to that expected for lithium hopping
between equivalent sites, indicates that other sites different
from M, probably M, sites, are involved in Li hopping.
The occupancy of M, sites increase Li—P interactions and
explains the increase of Tg' values detected between 210 and
250 K. When residence time at M| and M, sites decreases,
dipolar interactions decrease again, producing the spectral
narrowing detected at high temperatures (7> 300 K).
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If we assume that lithium exchanges between M; and
midway M, sites, the observed Cy, values can be calculated
with the expression?®!

CyPy + C3P,
o= s (10)
P,+3P,

where ClQ and Cé are the quadrupole constants, and P; and
P, are the occupation probabilities of M| and M, sites. The
factor 3 takes into account the multiplicity of the M, sites
with respect to the M sites. The existence of fast exchange
processes between both sites makes that only one signal with
axial symmetry (7=0) is detected.

The monotonic increase of Cy, with temperature indicates
that the residence time at M,,, (probability P,) increases at
expenses of the residence time at M, sites (probability P;).
Experimental C,, values can be reproduced by assuming that
C, constants of M| and M, sites are 15 and 120 kHz,
respectively,?’?? (see Table I). From the analysis of these
values, it can be concluded that below 200 K most M sites
are occupied, but only a part of M, sites are occupied by Li
ions (Cp=35 kHz). At higher temperatures, Li ions are trans-
ferred from M, to M, sites, increasing the amount of va-
cancies at M, sites (see Table I). The analysis of the tem-
perature dependence of sites occupancy indicates that
creation of vacancies at M, sites is an activated process with
an activation energy near 0.07 eV. This value agrees with the
difference of activation energies outlined in Table II for the
low and high temperature regimes (Fig. 5). In samples heated
at 450 K, 2/3 of M, sites are occupied by lithium, indicating
that the full vacancy disordering, P;=P,=0.3 (Cyp
~100 kHz), is not attained in the temperature range
200-500 K.

B. Li mobility

In general, Li mobility produces a decrease of the line-
width of NMR spectra (1/7,) and a maximum in TTI as
temperature increases. In the case that ions occupy two struc-
tural sites, two different 1/7; and 1/T, values could be de-
tected. However, in the fast ion conductor studied,
Li, ,Ti, gAly,(PO,);, exchange processes between structural
sites average these values, producing the detection of only
one type of lithium with intermediate characteristics. In this
case, 1/T, and 1/T, values are given by equations

VT, = UT, "V + ny 1,2, (11)

Ty =n, UT, Y + 0y 11T, (12)

where n;=P; and n,=3P, stand for the relative amount of
Li at M, and M, sites. In these expressions n; and ny,
change as a function of temperature (see Table I).

A deeper analysis of Tgl vs 1000/T shows a decrease in
two-stages: one between 160 and 210 K and other above
300 K. Moreover, the TTI maximum is broader than that ex-
pected for a single BPP mechanism. Therefore the fitting of
T,' and T;' values requires more than one relaxation mecha-
nism (Fig. 7). In accordance with these results, the depen-
dences of the grain interior conductivity oy, 4. and the fre-
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quency wy, vs inverse temperature (Fig. 5) show deviations
from the Arrhenius behavior that can be described with two
linear dependences. The activation energy E,f,, decreases
from 0.31 eV for the low temperature regime to 0.23 eV for
the high temperature regime. A departure from the Arrhenius
behavior has also been observed in glassy ionic conductors
showing dc conductivities close to 107> S cm™!. However,
this departure has not been observed in poor ionic conduc-
tors, in which high conductivity values cannot be reached at
temperatures below the glass transition.’

For the low temperature branch of Tl‘l, the activation en-
ergy deduced from NMR data is Eﬁ ~0.19 eV. However, the
activation energy deduced from conductivity data in the
same temperature range is E,f4=0.31 eV, suggesting the pres-
ence of correlation effects in the lithium motion. If it is as-
sumed that ES,=ER in the low temperatures regime, it is
possible to deduce the correlation factor':? gR=ER/EY,
~(0.61. This factor is appreciably higher than that deduced
from the modulus peak at 223 K, 8€~0.5. For the high tem-
perature branch of 77!, the activation energy deduced (Eﬁ
=0.21 eV) is almost coincident with that deduced from con-
ductivity data in the same temperature range (Ef,,=0.23 eV).
This value is also similar to the activation energy deduced
from the low temperature side of 7;' maximum (E®
=0.19 eV); indicating that correlation effects have decreased
and factor SR deduced above 375 K is ~0.9. Unfortunately,
BC values deduced from the modulus peaks cannot be ob-
tained for 7>320 K; however, an extrapolation of 8¢ values
at 400 K gives 8€=0.8, that are similar to that deduced from
NMR fitting of 7" data (8% ~0.85). Therefore the Li motion
changes from a correlated motion in the low temperature
regime to a much less correlated motion in the high tempera-
ture regime. This conclusion is supported by the narrowing
of the M" peaks detected at increasing temperatures (see Fig.
4 and Table I).

Taking into account the expression ES =E,,Cl/ €, the incre-
ment of B¢ would be responsible for the decrease observed
in Ef(:, values in Fig. 5. Taking into account that the 8¢ pa-
rameter should not change in each mechanism, the continu-
ous variation of B¢ must be apparent and results from the
average of two relaxation processes whose relative impor-
tance changes in the temperatures range 200—400 K.

An explanation for changes detected on the 8¢ parameter
could be the increment of vacant M, sites as temperature
increases. As stated previously, the creation of vacancies at
M, sites is activated with an activation energy near 0.07 eV.
This value agrees with the difference between low- and high-
temperature activation energies outlined in Table II for the
two Li-motion regimes. The creation of vacancies at the in-
tersection of conduction channels (M sites) opens new con-
duction pathways that will favor an important decrease on
correlation effects, i.e., an increase on ,BC, and an important
decrease on activation energy E,ﬁ A similar effect was in-
voked in the Liy,, Tiy* AI**(PO,)s series, where an increment
of the Li content improved electrostatic Li—Li interactions,
increasing the amount of vacant M, sites. In this case acti-
vation energy Efl, measured at room temperature, decreased
from 0.45 to 0.3 eV when x increased from 0 to 0.2.

At this point, it is interesting to analyze the temperature
dependence of the correlation times of low- and high-
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FIG. 8. Temperature dependence of the relaxation time 7°
=w;], deduced from electric modulus M” peaks (closed circles),
and NMR correlation times 75 and 75 deduced from spin-lattice
(1/T)) relaxation data. The dashed line is given to guide the eye.

temperature mechamsms (7R and TR) deduced from the fit-
ting of the T curve. Two straight lines with different slopes
are detected (Flg 8). In this figure, residence times 7¢ de-
duced from electric modulus peak have been included
(closed circles). The temperature dependences of 7"2, &, and
7€ are similar, however, correlation times deduced from elec-
tric data are systematically lower than those deduced from
NMR measurements. Similar results have been reported by
Blache et al.? in lithium silicophosphate glasses, indicating
that the spectral density function, describing relaxation pro-
cesses, can be slightly different in the two techniques.

Finally, it is interesting to analyze the temperature depen-
dence of the correlation times. It is seen that 7= and 75 lines
cross near 250 K indicating that two relaxation mecha-
nisms coexist in the range 200—350 K and that a change
of regime is produced. Extrapolated values at infinite tem-
peratures are 7, =7 X 107 s for the first mechanism and
7{3,0—2 X 10712 s for the second one. Similar conclusions can
be derived from conductivity data. However, TLCO and THO
values extrapolated from electrical measurements are about 1
order of magnitude lower than those deduced from NMR
results.

An estimation of diffusion coefficients D can be done
through the equation

2
do
D= - (13)

where ay~ 3.5 A is the mean distance between M, and M),
sites related by hopping and 7¥ is the correlation time for a

PHYSICAL REVIEW B 72, 094302 (2005)

given temperature At the maximum of the T7' plot, 7%
~14%x107% s, we obtain D~1.5X 1072 m2s~! that is one
of the highest values reported at 250 K in crystalhne Li-ion
conductors. According to this fact, it is also possible to de-
duce diffusion coefficients as a function of temperature. For
that, 75 values deduced from NMR data should be used with
Eq. (13), resulting in the expression

2
D= —20 BRI _ | 5 10780 NIKT 2 -1
67§qu
V. CONCLUSIONS
Local structure and lithium mobility in

Li, ,Ti; gAly,(POy4); has been analyzed with XRD, NMR,
and electric impedance techniques. From the frequency de-
pendence of conductivity, the grain interior (bulk) and grain
boundary contributions were determined as a function of
temperature.

The preferential occupancy of M, sites was deduced from
the analysis of dipolar and quadruple interactions in the 'Li
NMR spectra recorded at 160 K. The variation of 75" and Co
values with temperature showed the progressive occupancy
of midway M, sites at expenses of M sites as the tempera-
ture increases. From the temperature dependence of T and
TE , two different regimes associated with correlated and
noncorrelated motions have been deduced. In both regimes,
the activation energy Eﬁ is 0.19 eV.

Activation energy of lithium motion decreases when tem-
perature increases, producing an appreciable deviation from
the Arrhenius behavior in dc-conductivity data. The decrease
observed in E,f,, from 0.31 to 0.21 eV has been ascribed to
the partial cancellation of correlation effects produced by the
creation of vacancies at M, sites. According to this fact, ac-
tivation energies E,fl and E¥ , deduced from conductivity and
NMR measurements in the temperature range 300—450 K,
almost coincides with the activation energy Effl deduced from
NMR at low temperatures (0.19 eV).
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