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The dependence of Li mobility on structure and composition of Li0.5− xNaxLa0.5TiO3 perovskites (0≤x≤ 0.5)
has been investigated by means of neutron diffraction, nuclear magnetic resonance and impedance
spectroscopy. At 300 K, all samples display a rhombohedral superstructure (R-3c S.G.), where octahedra are
out of phase tilted along [111] direction of the ideal cubic cell. The elimination of the octahedral tilting is
responsible for the rhombohedral–cubic transformation, detected near 1000 K. In these perovskites, La and
Na cations are randomly distributed in A sites, but Li ions are fourfold coordinated at unit cell faces of the
cubic perovskite. Lithium conductivity, σ300 K, decreases with the sodium content, decreasing from values
typical of fast ionic conductors, 10−3 S/cm, to those of good insulators, 10−10 S/cm, when the
interconnectivity between vacant A sites is lost (x>0.3). In samples with x<0.3, dc conductivity displays
a non-Arrhenius behaviour, decreasing activation energy from ~0.37 to 0.25 eV when the sample is heated
between 77 and 500 K. The temperature dependence of BLi factors shows the existence of two regimes for Li
motion. Below 373 K, Li ions remain partially located near square oxygen windows that connect contiguous
A sites, but above 400 K, extended Li motions become dominant. The additional decrease of activation energy
from 0.25 to 0.16 eV (low-temperature 7Li NMR value), should require the full elimination of octahedral
tilting which is only produced above 1000 °C.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Interest in Li3yLa2/3− yTiO3 (LLTO) perovskites (0<y<0.167)
has increased since the discovery of its high ionic conductivity
(10−3 Ω−1 cm−1 at T=300 K) and its possible application as
solid electrolytes in batteries, sensors and other electrochemical
devices [1,2]. In cubic ABO3 perovskites, the structure is formed
by a three-dimensional framework of corner-sharing BO6 octa-
hedra, where A cations are coordinated to 12 oxygen atoms. If
the radius of A cations decreases their coordination produces the
tilting of BO6 octahedra. In Li3yLa2/3− yTiO3 series, the number of
nominal vacant A sites per formula unit is 1/3−2y. In Li-poor
orthorhombic perovskites, y<0.06, the ordering of vacancies
favours a two-dimensional mobility of lithium in alternating
planes [3–6]. In cubic Li-rich samples, y>0.1, quenched from
high temperature, the vacancy ordering is removed and Li
mobility displays a three-dimensional character [6–9].

In general ionic conductivity is favoured in structures containing
vacant sites which are energetically equivalent to sites occupied by
3491 3720623.
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mobile ions. In Li0.5La0.5TiO3 perovskite, the absence of nominal
vacancies should reduce considerably lithium conductivity; however,
conductivity values are near themaximum reported in LLTO series [6].
In agreement with experimental results, Fourier map differences
showed that Li ions are shifted from A positions to unit cell faces
(fourfold coordinated sites) of the cubic-related perovskite [10],
increasing the amount of vacant A sites which participate in
conduction processes. According to this fact, the actual number of
cation vacancies per formula unit, Li3yLa2/3− yTiO3, is given by the
expression nVT=nnvac+nLi=1/3+y [11,12]. The amount of vacan-
cies decreases with the Na content in Li0.5− xNax La0.5TiO3 samples,
decreasing ion conductivity six orders of magnitude when vacancies
approach the percolation threshold of a three-dimensional network,
np~0.31. In the sodium endmember, Na0.5La0.5TiO3, ionic conductivity
remains below 10−10 S/cm [11,12].

Important differences observed in two end members of the series
Li0.5− xNaxLa0.5TiO3 (0≤x≤0.5) have motivated a deeper investiga-
tion of structure and transport properties of these compounds. The
study has been carried out with neutron diffraction (ND), nuclear
magnetic resonance (NMR) and impedance spectroscopy (IS) techni-
ques. In particular, the Rietveld analysis of ND patterns, recorded at
increasing temperatures, has been used to determine structural
features which are responsible for percolative and non-Arrhenius
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Fig. 1. (a) ND patterns of the Li0.3Na0.2La0.5TiO3 perovskite heated between 300 and
973 K. Superstructure peaks of the rhombohedral phase are indicated with arrows. ND
patterns are shifted by constant amounts along x and y axes. (b) Temperature
dependence of unit cell parameters of samples x=0, 0.2, 0.3 and 0.5. Solid lines are
given as a guide for the eye.
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behaviours of conductivity. In this work, the influence of the vacancy
content will be first analyzed; then, the influence of the octahedral
tilting on the conductivity will be investigated.

2. Experimental

2.1. Samples

Polycrystalline samples of the series Li0.5−xNaxLa0.5TiO3 (0≤x≤0.5)
were synthesized from stoichiometric amounts of Li2CO3 (Aldrich
99.9%), Na2CO3 (Aldrich 99.9%), La2O3 (Aldrich 99.99%) and TiO2

(Aldrich 99%) by solid state reaction, following the procedure described
in previous work [6,12]. Li2CO3 and Na2CO3 were first dried at 600 K,
La2O3 at 1100 K and TiO2 at 900 K. The mixtures were then ground and
heated in air up to 1600 K (1 K/min). Calcined powders were finally
pressed into pellets under a pressure of 200 MPa, heated 4 h at 1600 K
and quenched in air at 300 K. In high temperature treatments, a thin foil
of Pt was used to avoid the reaction with alumina crucibles.

2.2. Experimental techniques

ND patterns of samples were collected between 5 and 400 K in the
D2B (λ=1.594 Å) and between 300 and 1073 K in the D1A
(λ=1.913 Å) high resolution diffractometers of the Institut Laüe-
Langevin (ILL) at Grenoble. To reduce the absorption cross-section of
samples, 7Li enriched perovskites were prepared. ND patterns of
powder samples (4 g) contained in vanadium cans were collected
between 5 and 160° 2θ with a scan step of 0.02° (4 h). In Rietveld
analyses, a pseudo-Voigt function was chosen to describe the
lineshape of diffraction peaks (FullProf program) [13]. The coherent
scattering lengths used for La, Li, Na, Ti and O atoms were respectively
8.24, −1.90, 3.63, −3.30 and 5.80 fm. In a first stage, scale factors,
background coefficients, 2θ zero positions, width and peak-shape
parameters were determined. In a second stage, positional para-
meters, site occupations and thermal factors of atoms were deduced.
Anisotropic thermal factors were considered for oxygen, but isotropic
ones for Ti, La, Li and Na ions.

7Li and 23NaNMRspectrawere recorded at room temperature, after
irradiation of samples with a single pulse (3 µs), in a MSL-400 Bruker
spectrometer working respectively at 155.45 MHz and 104.8 MHz
(external magnetic field, 9.4 T). In MAS experiments, the rotor was of
Andrew type and the spinning frequencyused 4or 10 kHz. Thenumber
of scans was 100 and 400 for 7Li and 23Na NMR signals. The analysis of
NMR spectra was carried out with the Winfit (Bruker) software
package [14]. This program allows the position, linewidth, and
intensity of components to be determined; however, quadrupole
constants CQ and η must be deduced by trial and error procedures. 7Li
spin–lattice relaxation times (T1) were measured with the π − τ − π

2
sequence at 30 MHz in a SXP 4/100 spectrometer. At all temperatures
analyzed, the recovery of magnetization was exponential. Reciprocal
spin–spin relaxation times (T2−1) were calculated from the full-width
at half-maximum (FWHM) of NMR components recorded in static
conditions. In the case of Gaussian lines, T2−1 was calculated as 0.6π
times the FWHM, in the case of Lorentzian lines, T2−1was calculated as
π times the FWHM.

For electrical characterization, Pt/Au electrodes were deposited by
d.c. sputtering onto the polished surfaces of sintered pellets (13 mm
in diameter and 0.7 mm thick). In all cases, the pellets density was
higher than 90% of theoretical values and the surface roughness was
kept below 5 µm. For the temperature range 77–370 K, a Cryostat Janis
VPF 700 coupled to a temperature controller Lakeshore 331 was used.
For higher temperatures (300–500 K), one in-house jig was used.
Impedance measurements were performed using an automatically
controlled HP4284A precision LCR meter, working at 56 frequencies
uniformly distributed between 20 Hz and 1 MHz. High and low-
temperature measurements were performed under a closed air
atmosphere (in-house jig) or vacuum (Cryostat), after 15 min of
temperature stabilization. Non-linear least-square fittings of imped-
ance data were performed with the EQUIVCRT program [15]. From
measured impedance values (Z⁎), admittance (Y⁎) and relative
permittivity (K⁎) were calculated using the immittance relationships
(M⁎=1/K⁎= jωC0Z⁎= jωC0Y⁎).
3. Results

3.1. Structural analysis

ND patterns of Li0.5− xNaxLa0.5TiO3 quenched samples were
described with the rhombohedral symmetry. In structural analyses, a
hexagonal √2ap,√2ap,2√3ap unit cell was adopted (hexagonal setting
of R-3c S.G.), derived from the primitive cubic cell with parameter ap.
In this analysis, the tetragonal ap,ap,2ap unit cell (P4/mmm S.G.) used
previously for slowly cooled samples does not reproduce experimental
profiles [16]. In Li-rich samples, a small amount of Li2TiO3, with main
peaks at 46.7° and 98.7° 2θ, was also detected (indicated by arrows in
Fig. 1 of the Supplementary material), this phase disappearing when



Fig. 2. Rietveld refinement of ND patterns of Li0.3Na0.2La0.5TiO3 recorded at (a) 300 and
(b) 973 K. Peak positions and differences between observed and calculated profiles are
also included. The arrows indicate the presence of a small amount of the Li2TiO3 phase.
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the Na content was increased above x=0.3. The amount of this phase,
estimated with the FullProf program, was always lower than 3.5%.

In all samples, unit cell parameters are near a=5.48 Å and
c=13.42 Å. The Rietveld analysis of ND patterns, carried out with the
R-3c model of Table 1, showed the presence of an out-of-phase tilting
of octahedra (5°≤φ≤6°) along the [111] direction of the primitive
cubic cell (a−a−a− scheme of Glazer notation). In analyzed samples,
Na and La ions are 12-fold coordinated at 6a sites, but Li ions are
fourfold coordinated at 18d sites of the hexagonal unit cell. These
positions correspond to the geometrical center of the cube and the
faces of the cubic perovskite [10,12]. The progressive substitution of Li
by Na ions reduces the amount of vacant A sites, preserving unit cell
parameters (Tables 1a–d, Supplementary material). Agreement
factors RF were always lower than 4% and RWP lower than 9%.

Fig. 1a shows, as an example, the temperature dependence of ND
patterns of the perovskite Li0.3Na0.2La0.5TiO3. The hexagonal super-
structure peaks decrease in intensity and disappear near 1000 K
(arrows of Fig. 1a). At this temperature, a cubic unit cell with lattice
parameter ap (S.G.: Pm3m) was detected (see Table 1). All analyzed
compositions display the same transformation that shifts towards
lower temperatures as the sodium content increases. Fig. 1b shows the
temperature dependence of lattice parameters in analyzed samples. In
all cases, unit cell a and c parameters display similar variations.

The Rietveld analysis of ND patterns, recorded at increasing
temperatures, showed similar transformations in all samples (Fig. 2).
The temperature dependence of the tilting angle (φ) is given in Fig. 3a.
In Na members of the series, the tilt angle decreases progressively
between 300 and 1000 K; however, in the Li end member, the
elimination of octahedral tilting is produced more abruptly between
800 and 1100 K. The windows between contiguous A sites, framed by
four oxygen atoms, change their shape in a similar manner, as
illustrated by the temperature dependence of diagonal distances, d
(O–O), across these windows (Fig. 3b).

3.2. NMR spectroscopy

7Li and 23Na NMR spectra (I=3/2) are formed by a central (−1/2,
1/2) and two satellite (1/2, 3/2) and (−1/2, −3/2) transitions. In
spectra of static samples, the broadening of central components is
mainly due to dipolar Li–Li and Li–Na interactions. In MAS-NMR
experiments, central components are considerably narrowed and
NMR profiles are modulated by equally spaced bands associated with
the rotation of samples [12]. From spinning sideband patterns
associated with satellite transitions, quadrupole CQ and η parameters
were deduced (see Table 2).

7Li MAS-NMR spectra of Li0.5− xNaxLa0.5TiO3 samples with x=0,
0.2, 0.3 and 0.4, recorded at room temperature, are given in Fig. 4a.
The 7Li NMR spectrum of the Li-rich end member (x=0) displays a
narrow signal, indicative of the highmobility of lithium (Li(1) species).
As the Na content increases, part of lithium displays a lower mobility
(increment of CQ values of Li(2) species). The 7Li MAS-NMR spectrum
of x=0.3 sample is formed by two species, which have been ascribed
to mobile (CQ=0 kHz, η=0) and fixed Li ions (CQ=60 kHz, η=0.5)
[12]. The intensity of sidebands increases at the expense of the central
one when the Na content increases. Above x=0.3, only fixed species
Table 1
Structural models used for refinement of rhombohedral[10] and cubic[9] perovskites.

S.G. R-3ca S.G Pm3m

Atom Position Atomic coordinates Atom Position Atomic coordinates

La, Na 6a 0, 0, ¼ La, Na 1 b ½, ½, ½
Li 18 d ½, 0, 0 Li 3 c ½, ½, 0
Ti 6 b 0, 0, 0 Ti 1 a 0, 0, 0
O 18 e x≈½, 0, ¼ O 3 d ½, 0, 0

a Hexagonal setting.
were observed. Relative intensities of two components, deduced by
deconvolution of 7Li MAS-NMR spectra, are given as a function of the
Na content in Table 2.

The 23Na MAS-NMR spectra of samples x=0.1, 0.2, 0.3 and 0.4,
recorded at room temperature, showed the presence of two compo-
nents with different quadrupole constants (Fig. 4b). In samples with
x≥0.3, the broad modulated component (CQ=820 kHz and η=0.5)
is preponderant, indicating that an important amount of sodium ions is
fixed at distorted A sites of the perovskite (Na(2) species). In samples
with x<0.3, 23Na MAS-NMR spectra are mainly formed by one intense
narrow component (CQ=0 kHz and η=0), which was tentatively
assigned to mobile species (Na(1) species). For intermediate composi-
tions, the intensity of the narrow component increaseswith the lithium
content. Taking into account low conductivity values measured in
x≥0.3 samples (see next section), line-narrowing effects detected in
23Na NMR spectra must be ascribed to local motions of atoms (see
Discussion). CQ and η values deduced for two detected components are
given in Table 2.

In order to analyze Li motions, T2−1 (spin–spin) and T1
−1 (spin–

lattice) relaxation rates, deduced from 7Li NMR spectra of x=0 and
0.2, samples, recorded in static conditions, are plotted vs. reciprocal
temperature in Fig. 5. In this analysis, samples with x≥0.3, where Li
mobility decreases appreciably, were not considered. In the 100–160 K
range, the line shape of the central transition is Gaussian and T2

−1

remains constant. The line width of spectra increased slowly with the



Fig. 3. (a) Tilting of TiO6 octahedra and (b) oxygen distances across diagonals of square
windows, d(O–O), that connect contiguous A sites in Li0.5− xNaxLa0.5TiO3 (0≤x≤0.5)
perovskites.

Fig. 4. (a) 7Li MAS-NMR and (b) 23Na-MAS-NMR spectra of Li0.5− xNaxLa0.5TiO3 samples
recorded at room temperature. In both signals, intensity of the broad component
decreases when the Li content increases.
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Li content of samples (not shown). Below 125 K, nearly constant T1−1

values were ascribed to relaxation induced by paramagnetic impuri-
ties. Between 125 and 160 K, local motions of lithium around
equilibriumpositions explain constant T2−1 (dipolar Li–Li interactions)
and increasing T1

−1 values (Li–paramagnetic interactions). Above
160 K, the line shape becomes progressively Lorentzian as a
consequence of the Li motion.

When temperature increased, T1−1 increases and T2
−1 decreased, the

first reaching a maximum at 300 K. The temperature dependence of T1−1

and T2
−1, expressed in rad/s, can be described with equations [17,18]:

T−1
1 = C

τc
1 + ωτcð Þ1 + β +

4τc
1 + 2ωτcð Þ1 + β

� �
ð1Þ
Table 2
NMR parameters deduced from 7Li and 23Na MAS-NMR spectra of Li0.5− xNaxLa0.6TiO3

samples, recorded at room temperature.

Sample nLi(1) CQ
(1) nLi(2) CQ

(2) nNa(1) CQ
(1) nNa(2) CQ

(2)

x=0 100 0 – – – – – –

x=0.1 91 0 9 60 94 0 6 700
x=0.2 58 0 42 60 71 0 19 820
x=0.3 23 0 77 60 48 0 52 860
x=0.4 – – 100 62 41 0 59 820

CQ are given in kHz and n values as percentages.
T−1
2 =

1
2
CV 3τc +

5τc
1 + ωτcð Þ1 + β +

2τc
1 + 2ωτcð Þ1 + β

� �
ð2Þ

where C and C′ depend on the magnetic interactions which cause
nuclear relaxation, β is a constant that takes into account correlation
effects in Li motions and τc is the residence time at structural sites.
The temperature dependence of τc is given by the expression

τc = τc0exp ENMR
M = kT

� �
ð3Þ

where k is the Boltzmann constant, τc0 is the residence time of atoms
at infinite temperature and EM

NMR is the activation energy deduced
from the high temperature branch of 1/T1 maxima. Activation energy
deduced from the low-temperature branch of the maximum, denoted
Em
NMR, has been often related to that deduced from the high

temperature branch, EM
NMR, by the expression Em

NMR=EM
NMR×βNMR

[18].

3.3. Electrical characterization

The frequency dependence of conductivity, measured at 230 K in
x=0, 0.1, 0.2 and 0.3 samples, is given in Fig. 6a. A dc plateau, ascribed
to the “bulk” response, was observed in samples with high Li content
(x≤0.2), which shifted to lower frequencies when the Na content
increases. In these samples, a fast decay of conductivity was observed
at low frequencies, indicating the presence of interfacial grain-
boundary blocking processes. In samples with x>0.2, the “bulk”



Fig. 5. Temperature dependence of 7Li NMR spin–lattice (1/T1) and spin–spin (1/T2)
relaxation ratesmeasured at 30MHz in (a) Li0.5La0.5TiO3 (x=0) and (b) Li0.3Na0.2La0.5TiO3

(x=0.2) samples. Arrows indicate temperatures above which Li hops to contiguous A
cavities. Experimental values were fitted to two relaxation mechanisms described with
modified BPP expressions (see text).

Fig. 6. (a) Frequency dependence of conductivity of Li0.5−xNax La0.5TiO3 samples (x=0,
0.1, 0.2 and 0.3) measured at 230 K. In the inset, the compositional dependence of dc
conductivity, measured at 300 K, is given. (b) Temperature dependence of bulk (closed
symbols) and grain-boundary (open symbols) conductivities of samplesx=0, 0.1, and 0.2.
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plateau was not detected. The change of slope detected below 104 rad
s−1 in the conductivity plot of x=0.3 sample, corresponds to the
crossover between the constant loss regime (slope near to 1) and the
universal dielectric response ascribed to Li motions [19].

The equivalent circuit used in the analysis of electrical impedance
results is formed by the series association of two impedance
relaxations, used to describe bulk and grain-boundary contributions.
From the analysis of low-temperature results, the electrical response
of the bulk contribution was first deduced. In subsequent stages, grain
boundary and electrode blocking responses were determined. In this
analysis, conductivity values were fitted to the expression

σ⁎ = 1=σ1⁎ + 1= σ2⁎ + A⋅ωp� �� 	−1 ð4Þ

where asterisks denote complex conductivity, and σ1⁎ and σ2⁎

account for grain boundary and bulk conductivities. σ1⁎ and σ2⁎

were assumed to adopt the form σdc+B(iω)n, where n has been
suggested to describe correlation effects in Li+ motions [20]. In this
expression, the term Aωp was included to take into account the near
constant loss regime (p~1) detected at low temperature [19] (Fig. 6a).
In Fig. 2 of the Supplementary material, an example of the fitting of
complex impedance data to the proposed model is given.

From the frequency dependence of bulk conductivity values, the
dispersion parameter n, deduced from the low-temperature region
(160–300 K) was determined. In all cases, n values are near 0.64±
0.02 (Table 3). The inset of Fig. 6a shows the compositional
dependence of dc conductivity of Li0.5− x NaxLa0.5TiO3 samples,
measured at 300 K (filled in circles). Samples with low sodium
content (x<0.2) display dc-conductivity values near 10−3 S/cm at
300 K. The striking result is the sharp decrease observed on
conductivity near x~0.2. When sodium content increases, x≥0.3, dc
conductivity is found to be lower than 10−10 S/cm, our experimental
limit.

The temperature dependence of bulk (close symbols) and grain-
boundary (open symbols) conductivities is analyzed in Fig. 6b.
Activation energies deduced from the low-temperature region of
bulk conductivity (T<300 K) increased from 0.32 to 0.37 eV, when the
amount of Na increased from 0 to 0.2. These results agree with those
deduced from the temperature dependence of the crossover ωp

frequency, located between the low frequency dc plateau and the
power-law ac- regime of conductivity (Fig. 7a). Activation energies,
deduced for the grain-boundary conductivity of x=0 and 0.2 samples,
were respectively 0.45 and 0.42 eV. In analyzed samples, bulk and
grain-boundary conductivities tend to converge at increasing tem-
peratures. For the Li end member of the series, activation energies
decrease from 0.32 to 0.29 eV between 250 and 500 K. For Na
containing samples, the activation energy decreases from 0.36 to
0.24 eV in the same temperature range. Low resistance values
measured for Pt/Au electrodes, 0.46 Ω at 300 K and 0.63 Ω at 525 K,
do not affect the bending observed in dc-conductivity plots.

The temperature dependence of the relative permittivity K′ is
shown in Fig. 7b. Two different behaviours were observed in analyzed
samples. In Li-rich samples (x≤0.2), K′ values increase monotonically



Table 3
Parameters deduced from the fitting of 7Li NMR T1

−1 and T2
−1relaxation data, measured between 100 and 500 K in Li0.5La0.5TiO3 (x=0) and Li0.3Na0.2La0.6TiO3 (x=0.2) samples.

Sample β=1−na Ea (L.T)a

(eV)
C (s−2)a τ0a (s) β=1−nb Ea (H.T)b

(eV)
C (s−2)b τ0b (s)

x=0.0 0.39±0.02 0.34±0.02 5.5·109 1·10−14 0.50±0.04 0.28±0.03 3.4·109 1·10−14

x=0.2 0.40±0.02 0.35±0.02 1.5·109 7.5·10−15 0.65±0.04 0.22±0.03 1.7·109 8·10−12

a L.T: temperature range 160–300 K.
b H.T: temperature range 300–500 K.
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with temperature, reaching successive plateaus when Li mobility is
restricted inside A cavities (K′ values near 102), or blocked at internal
interfaces (K′ values near 103), grain-boundaries (K′ values near 105)
and electrolyte-electrode interfaces (K′ values≥106) [21]. In samples
with a higher Na content, x>0.2, the absence of ionic dc conductivity
produces a flat dielectric response. In this case, a broad small
maximum was detected at ~165 K that shifts to lower temperatures
when the measuring frequency decreases. The activation energy
deduced from the associated loss peak is 0.37 eV. This peak shifts to
Fig. 7. (a) Temperature dependence of the crossover ωp frequency in samples x=0, 0.1
and 0.2. (b) Temperature dependence of the relative permittivity K′ of x=0, 0.1, 0.2,
0.3 and 0.4 samples, measured at 100 Hz. In this figure, the electrical behaviour of
samples changes considerably at both sides of the percolation threshold.
lower temperatures when the Na content increases. For x≥0.4, the
maximum in K′ is shifted out of the experimental window.

4. Discussion

All Li0.5− xNaxLa0.5TiO3 (0≤x≤0.5) samples display at room
temperature a rhombohedral (R-3c S.G.) symmetry. Unit cell para-
meters do not change appreciably with composition, indicating that
the substitution of Li by Na does not affect the perovskite framework.
In analyzed perovskites, Na ions occupy the centre of 12 coordinated
A-polyhedra, but smaller Li cations are fourfold coordinated at unit cell
faces of the primitive cubic cell. The heating of Li0.5− xNax La0.5TiO3

perovskites produces near 1000 K the elimination of the octahedral
tilting, responsible for the rhombohedral distortion of samples. Above
1100 K, all samples display the cubic (Pm-3m S.G.) symmetry.

4.1. Li mobility

In Li-rich members of Li0.5− xNaxLa0.5TiO3 perovskites (x≤0.2), ion
conductivity displays one of the highest values reported in the
literature (~10−3 Ω−1 cm−1 at T=300 K) (inset of Fig. 6a). In order
to explain Li motion mechanisms, NMR and electrical impedance
results have been analyzed between 100 and 500 K. In this study,
samples below the percolation threshold (x>0.3), with two different
populations of Li, have not been considered. In these samples,
conductivity values are low and the analysis of relaxation effects
becomes difficult.

4.2. NMR spectroscopy

Limobility decreases the linewidthof centralNMRcomponents (1/
T2) and increases T1

−1 values (see Fig. 5a). At the T1
−1 maximum,

(ω0τc=1), the residence time of Li ions at occupied sites is τc≈ω0
−1≈

5·10−9 s.
In the Li0.5La0.5TiO3 sample, the analysis of T1 and T2 relaxation

times, measured at 30 MHz in the temperature range 100–500 K,
showed the existence of several stages for Li mobility. At low
temperatures, Li motion is restricted inside large A cavities of the
perovskite, producing the constant loss regime detected at low
temperatures in conductivity measurements [19]. In this regime, T1−1

values increase but T2
−1remains almost constant, indicating that

dipolar Li–Li interactions do not change appreciably between 120
and 160 K [19]. Above this temperature range, Li+ ions hop to
contiguous cavities, passing through oxygen square windows (new
regime detected above 160 K in T1

−1 plots); however, Li motions
display a high degree of correlation, making still probable reverse
hopping processes [22]. In this regime, the diffusion coefficient,
measured at 300 K with the pulse field gradient NMR technique, was
~1.2·10−12 m2/s. This value agrees with that calculated by the
Einstein expression

D = l2 = 6τCMð Þ ð5Þ

when the residence time of Li ions at structural sites (τCM~5×10−9 s)
deduced from 1/T1 maxima, and the distance between equivalent
sites (l~3.9 Å) are considered.
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However, the T1
−1 maximum is broader than expected for a single

BPP mechanism. In order to reproduce the temperature dependence
of T1−1 and T2

−1values, we have considered the expressions

1
T1

=
1
TLT
1

+
1
THT
1

+
1

TPAR
1

ð6Þ

1
T2

=
1
TLT
2

+
1
THT
2

+ Δω ð7Þ

where (T1LT)−1, (T2LT)−1 and (T1HT)−1, (T2HT)−1 stand for low and high
temperaturemechanisms, both describedwith expressions (1) and (2).
In the absence of lithiummotion (T<160 K), Δω increases with dipolar
interactions; and T1

PAR decreases with paramagnetic interactions.
In Li0.5La0.5TiO3 (x=0) perovskite, the activation energymeasured

between 160 and 300 K was EmNMR=0.15 eV. In the high temperature
regime, 300–500 K, the activation energy deduced for Li motion was
EM
NMR=0.28 eV (see Table 3). In the case of the sample Li0.3Na0.2La0.5-

TiO3 (x=0.2), similar results were obtained; however, the maximum
decreased and shifted slightly towards higher temperatures. In
analyzed samples, the two relaxationmechanisms have been ascribed
to two types of motions with the same microscopic activation energy,
Em, but different degree of correlation, β (see Table 3). In two
analyzed samples, Em~0.14 eV and β~0.37, giving EM= Em/
β~0.36 eV for the low-temperature regime [23,24]. This value
coincides with that deduced from conductivity data recorded
between 160 and 300 K. Above 373 K, activation energies, EM,
decrease and Li motions become less correlated [25,26]. The fitting of
experimental results provided parameters included in Table 3. In
general, parameters deduced are less precise in the high temperature
regime where relaxation data were taken in a shorter interval.

NMR T1
−1 data could also be interpreted with a distribution of

correlation times, which changes with temperature. However, the
dependence of electrical modulus on frequency should also change
with temperature in this case, which has not been observed [26]. β
values were also estimated in a previous work from the analysis of the
frequency dependence of T1−1 values, measured at 10, 20 and 30 MHz,
in the low-temperature regime of T1

−1 maxima [27]. This analysis
gave again a β value ~0.4 at 300 K, when using the expression
T1
−1(ω0)::ω0

−(1+β). These results confirm the validity of hypotheses
assumed in coupling and jump relaxation models [23,24], but do not
support the alternative model based on distributions of correlation
times.

4.3. Electrical characterization

In Li0.5− xNaxLa0.5TiO3 samples, changes observed on relative
permittivity K′ have been related to successive interfacial blockings
of lithium, which increase progressively the dielectric permittivity of
samples [21] (Maxwell–Wagner processes). This effect is clearly
observed in the x=0 sample, where Li+ blockings at grain boundary
and electrode surfaces have been ascribed to two plateaus detected at
300 and 500 K. These processes were shifted to higher temperatures
in Na-bearing samples as a consequence of their lower conductivity
(x=0.1 and 0.2). In x=0.3 and 0.4 samples, no successive plateaus
were detected, indicating that only local Li motions are produced
inside particles (absence of long range motions). For low Li contents,
x>0.3, K′ values measured at low temperature are higher than those
measured in samples with higher Li contents. In this case, the
existence of a broad maximum in K′ plots is indicative of the polar
behaviour produced by the localization of Li+ and Na+ ions in
perovskites. Similar conclusions were deduced from the analysis of 7Li
and 23Na MAS-NMR spectra recorded at room temperature.

From the analysis of the frequency dependence of conductivity,
σdc values, n exponents and crossover frequencies ωp=(Bcos(nπ/2)/
σdc)(−1 /n) were deduced [20]. In the low-temperature regime, 160–
300 K, n values are near 0.64 in x=0, 0.1 and 0.2 samples (Table 4).
In general, n values vary with the network dimensionality [28]. In 3D
conductors, n values are in the range 0.64–0.70. In 2D ionic conductors,
like Na β-alumina and Ag β-alumina, n values are in the range 0.51–
0.60. Finally, in 1D ionic conductors, like priderite or hollandite, n
values are in the range 0.2–0.4. According to reported data, Li+ ions
display a 3D mobility in Li0.5−xNaxLa0.5TiO3 samples.

In general, dc conductivity can be expressed as

σdc⋅T = Kn⋅ωp = Kn⋅ωe⋅ exp −EM = kTð Þ
= Knω0⋅ exp −EM = kTð Þ⋅ exp ΔSM = kð Þ:

ð8Þ

where Knωe is the pre-exponential factor, and EM and SM are the
activation energy and entropy associated with Li migration respec-
tively. In this expression, ωe stands for the crossover ωp frequency
extrapolated to infinite temperature, ω0 is the attempt frequency and
Kn is a factor proportional to the charge carrier concentration.

In the range 160–300 K, bulk conductivity decreases and activation
energy increases with the Na content from 0.32 to 0.37 eV (Fig. 6b and
Table 4). In agreement with previous work, the macroscopic acti-
vation energy, EM, was related to the microscopic energy, Em, through
the expression Em=EM·(1−n) [23,24]. In the case of x=0.1 sample,
EM=0.36 eV and n=0.63, which gives Em=0.14 eV. This value is
close to the activation energy deduced from the low-temperature
branch of the NMR T1

−1 maximum.
In order to further analyze Li motions, pre-exponential Knωe

factors, deduced from the extrapolation of dc-conductivity values to
infinite temperatures, have been analyzed in x=0, 0.1 and 0.2
samples (see Table 4). Knωe factors decrease from 85113 (x=0
sample) to 18853 Scm−1 K (x=0.2 sample) when the Na increases.
Furthermore, ωe parameters were deduced from the extrapolation of
crossover ωp values to infinite temperature (Table 4). Samples x=0
and x=0.1 present similar ωe values, while a drop of one order of
magnitude was obtained in x=0.2 sample.

At this point it is important to discuss the physical meaning of ωe

deduced from expression (8). Following Nowick's ideas

ωe = ω0 exp ΔSM = kð Þ ð9Þ

ωe can be understood as an effective frequency for Li motions
[29,30]. In samples x=0 and 0.1, ωe values are practically the same,
so changes in Li mobility must be ascribed to those produced in
activation energy. At increasing Na contents, activation energy
increases slightly, but ωe drops one order of magnitude (Table 4). In
this case, changes detected on ωe must be ascribed to those produced
in the migration entropy.

Finally, the pre-exponential Kn factor can be estimated with the
expression[20]

Kn = z⋅f ⋅ ncq
2

� �
⋅ l2 = 6
� �

⋅c 1− cð Þ= k ð10Þ

where q is the carrier charge, nc is the density of mobile ions
(8.6×1021 Li/cm−3 in Li0.5La0.5TiO3) and l is the distance (3.86 Å) to
the z nearest-neighbour equivalent sites (z~6), having the probability
c of being occupied by mobile ions and (1−c) the probability of being
empty (0.16 and 0.84 in x=0 sample). In this expression, f is the self
diffusion correction factor (near unity) and k is the Boltzman constant.

In x<0.3 conducting samples, Knωe values calculated with the
expression (10) are similar to those deduced from experimental
results, indicating that most of lithium participates in diffusion
processes. On the other hand, it is interesting to analyze the
compositional dependence of the Kn term, deduced from Knωe and
ωe values [20]. It is observed that Kn values increase slightly with Na
content in samples with x<0.3 (see Table 4). Taking into account that
the c(1−c) factor decreases with the Na content, the small increment



Table 4
Parameters deduced from a.c. and d.c. conductivity data of the bulk response, following Ref. [20].

Sample na,b Ea (L.T)b

(eV)
Kn·ωe (Scm−1 K)b ωe (rad s−1)b Kn (Scm−1 K s−1)b Ea (H.T)c

(eV)

x=0.0 0.64±0.02 0.32±0.02 85,113±300 3.20±0.2·1013 1.67±0.6·10−9 0.30±0.03
x=0.1 0.63±0.02 0.36±0.02 115,835±600 4.07±1.0·1013 2.69±0.3·10−9 0.23±0.03
x=0.2 0.65±0.02 0.37±0.02 18,853±50 3.27±0.5·1012 3.5±0.3·10−9 0.24±0.03

a A.C.: conductivity dispersion parameter.
b L.T: temperature range 160–300 K.
c H.T: temperature range 300–500 K.

Fig. 8. Temperature dependence of isotropic thermal factors of (a) Ti and (b) O atoms in
Li0.5− x NaxLa0.5TiO3 samples. Solid lines are given as a guide for the eye.

1369R. Jimenez et al. / Solid State Ionics 180 (2009) 1362–1371
detected on the Kn factor must be ascribed to changes produced in
geometrical factors.

The analysis of conductivity values measured between 300 and
500 K showed a clear departure from the Arrhenius behaviour in Na-
bearing samples which was not detected in the Li-rich end member of
the series. Similar results were obtained in analysis of 7Li NMR
relaxation times (Tables 3 and 4). In the temperature range 300–500 K,
activation energies EM of samples decreased progressively, without
attaining a new linear regime in conductivity plots (Fig. 6). To better
analyze the high temperature regime, a larger temperature and
frequency range needs to be explored in spectroscopic determinations.

4.4. Structural factors affecting Li mobility

4.4.1. Octahedral tilting
The analysis of conductivity plots suggests the existence of two

regimes for Li motion. In these regimes, activation energy, EM,
deduced from conductivity data decreases from 0.36 to 0.25 eV
when temperature increases from 300 to 500 K. If activation energy
EM is related to the microscopic energy, Em, through the expression
EM=Em/(1−n), changes produced in activation energy EMshould
be ascribed to those produced in the correlation factor (1−n),
because Em is supposed to remain constant [23,24]. Consistent with
this, n values should decrease from 0.63 to 0.44 when temperature
increases from 300 to 500 K. If correlation effects were fully
eliminated, n=0, activation energy EM should coincide with that
deduced from the low-temperature branch of T1−1 NMR maximum,
EM=Em=0.14 eV [23]. This stage was attained at 500 K in Li0.2− xNax
La0.6TiO3 series, but in this work higher temperatures are required to
eliminate completely correlation effects in Li0.5− xNaxLa0.5TiO3 per-
ovskites [30].

The departure of conductivity from the Arrhenius behaviour has
been related to the existence of a saturation limit for Li conductivity,
when the influence of structure decreases. In this new regime,
correlation effects on Li motions are completely eliminated [31–33].
Similar observations were found in the crystalline fast ionic conductor
Na β″-alumina. In this case, the bending of conductivity plots was
related to order-disorder transitions in the Na sublattice, which
produced the cation clustering and the increment of activation energy
observed at low temperature [34,35]. This behaviour was not
observed in Na β′-alumina where neither cation clustering nor
phase transitions were produced [36]. In the LixLa2/3− xTiO3 series, a
departure of dc conductivity from the Arrhenius behaviour has been
reported [1,26,37]. In some cases, the temperature dependence of
conductivity has been described with the Vogel–Tamman–Fulcher
formalism; however, structural reasons responsible for this behaviour
have not been discussed [37,38].

In order to better analyze structural reasons that enhance Li
mobility in Li0.5− xNaxLa0.5TiO3 perovskites, geometrical changes
produced in octahedral tilting and square windows are analyzed in
Fig. 3. The elimination of octahedral tilting, associated with the
rhombohedral–cubic transition, was produced between 400 and
1000 K in Na-bearing samples, but only above 800 K in the Li
member, Li0.5La0.5TiO3. According to this fact, distortions of square
windows are important at low temperatures (3.60×4.15 Å), but
disappear progressively when octahedral tilting is eliminated
(3.9×3.9 Å). Based on these results, progressive changes detected in
activation energies of Li have been ascribed tomodifications produced
in square windows geometry (Fig. 3b). In agreement with structural
data, these changes can be observed above 400 K in Na-bearing
samples (x>0.2); but, they require higher temperatures in the Li end
member of the series.

On the other hand, the temperature dependence of atomic thermal
factors is analyzed in Figs. 8 and 9. In general oxygen thermal factors,
BO, are higher than those of titanium, BTi, suggesting that some
oscillation of octahedra could be produced. A deeper analysis of
oxygen factors, BO, indicated the existence of two regimes in
Li0.5La0.5TiO3 perovskite: in the temperature interval 300–700 K, the
increment of BO factors was moderate, but above 700 K the increment
becomes important. In the first case, only the expansion of the unit
cell was detected; in the second case, changes on the octahedral tilting



Fig. 9. Temperature dependence of isotropic thermal factors of: (a) La and (b) Li atoms
in Li0.5− xNaxLa0.5TiO3 samples. Solid lines are given as a guide for the eye.
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make possible the rhombohedral–cubic transformation (Fig. 3).
Obtained results are slightly different in other members of the
Li0.5− xNaxLa0.5TiO3 series, where the positional disorder was lower
and the octahedral tilting was progressively eliminated between 400
and 1100 K.

Taking into account that coordination of Li ionswith oxygen atoms is
not possible at A sites, the location of lithium at the centre of unit cell
faces of pseudocubic perovskites is produced [10,11]. In all analyzed
samples, lithium thermal factors increase considerably when tempera-
ture increases and localization of Li is difficult to determine at 773 K (see
Fig. 9b). A deeper analysis of the temperature dependence of BLi values
indicates that the increment in Li mobility is produced in two stages.
Below 400 K, mobility of Li displays some local character; however,
above 400 K, more extended motions are produced which impede the
determinationof the lithiumposition. Similar resultswere deduced from
the analysis of T1

−1 plots vs. temperature, where two relaxation
mechanisms with different correlation degree were detected below
and above 400 K. In the case of x=0.3, the absence of extendedmotions
reduces considerably the contribution of the second regime to BLi plots
(see Fig. 9b). Both regimes, associated with the conductivity departure
from the Arrhenius behaviour, precede the rhombohedral–cubic
transformation.

Finally, thermal factors of La atoms increase with the Na content,
suggesting that Na ions display higher thermal factors than La, but
considerably lower than Li ions (Fig. 9a). However, taking into
account that diagonal d(O–O) distances of square windows (3.9 and
4.7 Å) always remain below 2 d(O–Na) distances (5.6 Å deduced from
Shannon radii [39]), diffusion of Na should not be produced. In
consequence, the decrease observed on 23Na NMR CQ parameters of
Li-rich samples should be ascribed to local motions of lithium that
reduce considerably the contribution of Li to electric field gradients
produced at Na positions. This interpretation is supported by parallel
changes detected at 300 K on relaxation T1

−1 times of 7Li and 23Na
NMR signals of Li0.5− xNax La0.5TiO3 perovskites [12]. In both signals,
the cancellation of quadrupolar interactions is observed when Li
motion is produced (Fig. 4a and b).

5. Conclusions

Structure and Li mobility have been analyzed in rhombohedral
Li0.5− xNaxLa0.5TiO3 (0≤x≤0.5) perovskites by means of ND, NMR
and impedance spectroscopy. At room temperature, ND patterns have
been described with an hexagonal √2ap,√2ap,2√3ap unit cell
(hexagonal setting of the R-3c S.G.), in which octahedra are tilted
along the [111] direction of the primitive cubic cell (a−a−a− scheme in
Glazer notation). The Rietveld analysis of ND patterns showed that Na
and La ions occupy A sites, while Li ions are located at the center of unit
cell faces of the related cubic perovskite. In all cases, the elimination of
the octahedral tilting is responsible for the rhombohedral–cubic
transformation. In samples heated at 1100 K, a cubic ap,ap,ap unit cell
(S.G. Pm-3m) was detected.

The substitution of Li+ by Na+ ions decreases the amount of
vacancies, reducing dc conductivity of samples. However, Li conductiv-
ity decreases several orders of magnitude, from 10−3 to 10−10 S/cm,
when the amount of vacancies approaches the percolation threshold of
perovskites (np=0.31). Below the percolation threshold, Li ions only
display local mobility, remaining confined in small structural domains.
Described results confirm the important role played by the amount of
vacant A sites on Li conductivity of Li0.5−x NaxLa0.5TiO3 perovskites.

In Li0.5− xNaxLa0.5TiO3 perovskites, conductivity values depart
considerably from the Arrhenius behaviour. In the temperature
range 200–500 K, the decrement observed in activation energy from
~0.35 to 0.25 eV has been ascribed to the partial elimination of the
octahedral tilting. In Na-bearing samples, this elimination is produced
at lower temperatures than in the Li end member. However, the
expected decrement from 0.35 to 0.16 eV (microscopic activation
energy deduced from NMR results) requires the full elimination of
correlation effects, which is only produced at 1000 K, when the
octahedral tilting of perovskites is completely eliminated. Successive
Maxwell–Wagner blocking processes, detected in the real part of
dielectric constant plots, have been ascribed to lithium blocking inside
unit cells, structural domains, grain boundary and electrode interfaces.
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