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Ionic conductivity of phases with general formula Li,Ln,,,Nbl,Ti,OS (Ln = La, Nd) has been deter- 
mined for materials with a small value of x, i.e., in composition range with a Ln,,rNbO, perovskite 
related structure. The possible influence on the transport properties of the 2D character of the vacancy 
sublattice has been investigated by a NMR study on Li0.,5Nb,,P5Ti,,050,. 

Materials with general formulation 
Lnl,3Nb0, (Ln = La, Ce, Pr, Nd) have been 
isolated by Dyer and White (I). Their struc- 
ture has been described by Iyer and Smith 
(2). It is related to the perovskite type. 
Niobium occupies oxygen octahedra shar- 
ing common corners in the three space di- 
rections. The rare earths are in the lZcoor- 
dinated sites with an ordered distribution: 
parallel to the c axis one [12] site is entirely 
empty and one is statistically occupied by 
2/3 Ln (Fig. 1). Hence there are in the (001) 
planes two alternating vacancy sublattices 
which we may call respectively Cl and Cl’. 
The introduction of ions of various size and 
charge may be expected in those vacancies, 
as far as a charge compensation results 
from partial substitution of Nb5+ by less 
charged ions Ti4+, for instance (3). In the 
eventuality the inserted ion is monovalent, 
ion conductivity can be expected, with 
transport properties eventually related to 
the 2D character of the Cl sublattice (Fig. 
1). 

-the crystal chemical evolution of the 
Li,Lnl,,Nbl,TiX03 (Ln = La, Nd) for small 
values of x, i.e., with a composition close to 
Lndb03, 
-the composition dependence of the ionic 
conductivity 
-a NMR study of the conduction mecha- 
nism of Li+ for the best ionic conductor ob- 
tained with composition Lio,osLa,nNbo.9s 
‘G.&. 

I. Experimental Procedure aud Crystal 
Chemical Evolution 

Different compositions have been ob- 
tained from a mixture of Laz03 or Nd203, 
TiOz, Nb205, and L&CO3 in the proportions 
given by the stoichiometric reaction 

f Li2COj + A Ln203 

We describe successively here: 
293 

+1-x 
2 Nb205 + xTiO* 

--f LiXLn,,3Nb,,TiX0, + i CO2 
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FIG. 1. Crystal structure of Ln,,,NbOJ. 

The reaction temperature is about 
1200°C. The lanthanum compounds are 
white, the neodynium compounds violet- 
red. 

Table I gives the crystallographic data for 
some of the materials obtained. The lithium 
insertion rate is low; it is higher for the lan- 
thanum compounds (x < 0.10) than for the 
neodynium one (x < 0.07). 

II. Ionic Conductivity Determinations 

The samples are cylindrical pellets (4 = 8 
mm) initially sintered at 1200°C with a com- 
pactness up to 90%. 

Conductivity measurements have been 
carried out from 20 to 400°C using ionicaliy 
blocking electrodes and an ac technique 
over a wide frequency range. 

In that temperature domain the thermal 
variation of the conductivity follows an Ar- 
rhenius law, log (T = Ae - AElkT, where AE 
is the activation energy related to the con- 
duction mechanism. 

Figure 2 gives the results obtained for the 
richest lithium compounds in both systems. 
They are compared with those relative to 
Nao.o~Nd~~3Nbo.~~Tio.o~03 (3). 

It may be observed that: 

-in each phase the conductivity increases 
with the Li+ content. It results from the 
increasing number of carriers; 
-higher conductivity is obtained with 
lithium than with sodium for homologous 
materials; 
-the conductivity is higher for the lan- 
thanum compound than for the neodynium 
one. 

The two last results show very clearly the 
important influence of the steric parameters 

TABLE I 

CRYSTALLOGRAPHIC DATA RELATIVE TO LiJnlnNbl-,Ti,O, PHASES 

Cell parameters 
2 0.002 (A) 

Atomic coordinates 

xla ylb z/c d otx. d talc. 

LatRNbOx a = 3.910 La 0 0 0 

b 3.920 Nb 0.5 0.5 0.26 = 
01 0 0.5 0.23 

5.11 5.13 

c = 7.910 02 0.505 0.51 0 
03 0.505 0.51 0.5 

Lao.loLio.3~Nbo.~Tio.~30 

NdlnNbOl 
(2) 

L~.o7Ndo.33Nbo.93Ti0.0703 

a = 3.915 
b = 3.920 
c = 7.920 
a = 3.910 
b = 3.930 
c = 7.780 
a = 3.880 
b = 3.882 
c = 7.780 

5.09 5.08 

5.25 5.26 

5.20 5.31 
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FIG. 2. Ionic conductivity of Li+5nl13Nbl-,Ti,03 
phases. 

on the electrical properties of the oxides, all 
the more as the activation energy decreases 
when sodium is replaced by lithium and 
neodynium by lanthanum. This conclusion 
led us to investigate the conduction mecha- 
nism. 

From the atomic positions of Lal13Nb0, 
(2) (Table I) it is possible to calculate the 
area of the various bottlenecks existing in- 
side the 0 or inside the 0’ sublattices or 
between them (Fig. 1). Those areas are, re- 
spectively, 17, 14, and 15.3 AZ. By consid- 
ering only the steric factor, the motion ap- 
pears to be the easiest within the previously 
empty - 0 sublattice. 

On the other hand the respective cationic 

and anionic distributions show that the 
charge carried by oxygen atoms increases 
when we consider successively 0, , 02, and 
O3 as the number of bonds of the oxygen 
atoms decreases. Therefore, from the elec- 
trostatic point of view one could expect 
that lithium diffusion must become progres- 
sively easier within q , between 0 and Cl’, 
and within Cl’. 

It results that steric and electrostatic in- 
fluences are in competition. 

Since two-thirds of the rare earth posi- 
tions are occupied the lithium motion must 
have essentially a 2D character within q !, 
but possible diffusion via Cl’ cannot be ex- 
cluded. To check such an hypothesis a 
NMR investigation on 7Li in Lio.osLat,3 
Nbo,ssTio,os03 has been carried out. 

III. NMR Study of L&.osLayflb0.95T~.M03 

III-l. Experimental Conditions 
The absorption spectra have been ob- 

tained at 21 MHz with a Bruker SWL 100 
continuous wave (cw) spectrometer using 
the cross-coil technique. The magnetic field 
was produced by a Drusch magnet and 
sweeping was monitored with a Hall probe. 

Spin-lattice relaxation times have been 
obtained with a Bruker SXP 3-100 and 
19.00,25.00, and 34.97 MHz using the r--7- 
n/2 classical sequence. The magnetic field 
provided by a Brucker magnet was stabi- 
lized by a proton NMR probe or a Hall 
probe. To improve the signal to noise ratio 
the sequences were accumulated 100 times 
by coupling the spectrometer with a HP 
9825 computer. 

The thermal variation between 150 and 
450 K has been determined by blowing 
cooled or heated dry nitrogen, on the sam- 
ple. The temperature was stabilized with an 
accuracy of +l K during each measure- 
ment . 

III-2. Results Obtained 

(a) Linewidth. Figure 3 shows three ab- 



sorption spectra characterizing the thermal AH(G) 
behaviour of the resonance lines. I 

Only one Gaussian line appears at low 
temperature (T < 170 K) as indicated by 
Fig. 3a where the peak-to-peak width is AH 
= 3.2 G. Such a “rigid lattice” behavior 
results from the low mobility of the Li+ 
ions, whose jump frequency is lower than 
the dipolar line width vj I 5 X lo3 set-‘. 

At rising temperature the Li+ motion be- 
comes faster, leading to narrowing of the 
previous broad line. Nevertheless this line 
is still a very wide one, as shown in Fig. 3b, 
emphasizing that some Li+ ions have not 
reached the critical jump frequency. The in- 
tensity of the broad line decreases up to 300 

ot-- 
ml 3al 400 

. 
T(K) 

K and at higher temperature only a narrow 
line with Lorentzian shape is observed 

FIG. 4. Temperature dependence of the ‘Li line- 
width in L&.oJLa1nNb0.9sOj. 

(Fig. 3~). 

b) 

The variation of vr/(r vs reciprocal tem- 
perature is given in Fig. 5. The jump fre- 
quency is thermally activated according to 

FIG. 3. First derivative of the ‘Li absorption line in 
an Arrhenius law 

Lio.osLa,dNbo,g~Tio,~~O~ at three temperatures: (a) 140 
K. (b) 245 K. The dashed lines show the deconvolution 

Vj/(Y = 3.6 X lo* exp(-0.18 eV/kT). 

of the spectrum into two lines. (c) 450 K. The observed activation energy is much 
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Figure 4 shows the thermal evolution of 
the peak-to-peak linewidth relative to the 
more mobile Li+ ions. In the narrowing re- 
gime the linewidth depends on the jump fre- 
quency vj following a relation given by 
Whittingham et al. (4): 

Y AH-AHH, 
v= “G 

where AH0 is the linewidth corresponding 
to the rigid lattice behavior, AH, the resid- 
ual width resulting from magnetic field in- 
homogeneities in the sample, AH the exper- 
imental line width at given temperature, 
and y the gyromagnetic ratio of the reso- 
nant nucleus. ff is a coefficient varying from 
1 to 10 according to the jump mechanism. 
Clearly it affects only the preexponential 
factor. 
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FIG. 5. Li’ jump frequency vs reciprocal tempera- 
ture obtained from linewidth analysis. 

lower than the value obtained from the 
thermal behavior of ionic conductivity (E, 
= 0.42 eV). Such a discrepancy is often ob- 
served since NMR is sensitive to the local 
motions which involve lower energy barri- 
ers than diffusion processes. 

(b) Spin-lattice relaxation. The evolu- 
tion of spin-lattice relaxation T;’ with re- 
ciprocal temperature is given in Fig. 6 for 
two frequencies, 25.00 and 34.97 MHz. 
Both curves show a maximum at about 350 
K. 

Although the continuous wave spectra 
give no evidence of a quadrupolar effect, 
the spin-lattice relaxation can be due either 
to the fluctuations of the dipolar interac- 
tions or to the fluctuations of the electric 
field gradient seen by the nuclei. In both 
cases, if the simple Blombergen-Purcell- 
Pound (BPP) model (5) is used, the spin- 
lattice relaxation is 

+ 47, 
1 + 4&d 

where C is a constant depending on the in- 
teractions responsible for the relaxation, w. 
the Larmor frequency, and rc the correla- 
tion time of the motion. 

The BPP model predicts a relaxation 
maximum at 0~7~ = 0.62. Consequently it is 

L-I 

2 3 4 5 ti 
T(K) 

FIG. 6. Spin-lattice relaxation rate vs reciprocal 
temperature at 25.00 and 34.97 MHz. 

possible from the experimental maximum 
of T;’ to determine the thermal evolution of 
the jump frequency (Fig. 7): 

Vj = 8.5 X 10” exp(-0.165 eVlkl) 
at 34.97 MHz 

Vj = 5.5 X 10” exp(-0.160 eV/kT) 
at 25.00 MHz. 

Therefore a good agreement is revealed 

FIG. 7. Li+ jump frequency vs reciprocal tempera- 
ture at 25.00 and 34.97 MHz obtained from BPP analy- 
sis of the spin-lattice relaxation rate. 
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between the activation energy deduced 
from the linewidth measurements and that 
obtained from the spin-lattice relaxation. 

The large discrepancy observed for the 
preexponential factor is due in particular to 
the value of cy which may vary by an order 
of magnitude in the expression of vja ob- 
tained from the linewidth. 

IV. Discussion 

In Section II three possible mechanisms 
of Li+ jumps based on the crystal structure 
were considered: 

0-U; 0’ + 0’; q + 0’. 

The two first give rise to a 2D conduction 
whereas the third one involves a 3D mecha- 
nism. We shall examine those hypotheses 
on hand of the results obtained from the 
relaxation study which are sensitive to the 
dimensionality of the ion motion in consid- 
eration of, successively, the preexponential 
factor and the frequency dependence of T;’ 
in the low temperature regime. 

(i) The preexponential factor obtained 
from a (isotropic) BPP model and corre- 
sponding to the characteristic vibration fre- 
quencies of the mobile species (typically 
1012-1013 set-r) is significantly higher than 
the value observed here (0.8 X 10” see-I). 
Such a discrepancy is often detected for 
low dimensional conductors: WaIstedt et al. 
al. (6), for instance, studying the 23Na spin- 
lattice relaxation in the 2D p-alumina (con- 
ductor), obtained a preexponential factor of 
2 X 10” see-I, which is close to our own 
value. 

(ii) To specify the frequency dependence 
of T;‘, measurements have been carried out 
at 19.80 MHz in the low temperature re- 
gime of the BPP model. Due to low concen- 
tration of Li+ ions, the signal to noise ratio 
was too low to allow an accurate determi- 
nation of the relaxation rates at lower fre- 
quencies. The BPP model predicts at low 

1;’ 
(s$. 
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FIG. 8. (a) Log-log plot of spin-lattice relaxation 
rate vs frequency at 200 K. (b) Spin-lattice relaxation 
rate vs vO’.~. 

temperature, when CJJ~< % 1, at T;’ varia- 
tion proportional to oi* (or vi* with vg = wd 
274. Figure 6 shows clearly that we do not 
observe such a behavior. A log-log plot 
given in Fig. 8a leads to a frequency varia- 
tion of T;’ proportional to vO’.~. This rela- 
tion is confirmed in Fig. 8b: one can see 
that the T,’ vs vi’,4 variation corresponds 
to a straight line going through the origin. A 
deviation from a wi* is frequently attributed 
to low dimensionality of the ionic motion: 
for instance, a r&l.* variation of T;’ has 
been found in p-alumina (6), but a log 00 
variation is observed in TaS2, NH3 (7). 

In fact other effects could play a part in 
the anomalies of the relaxation rate: the sta- 
tistical distribution of Nb and Ti on one 
hand, and of La and 0’ vacancies on the 
other, give rise to a statistical distribution 
of the energy barriers between the 0 and q ’ 
planes. Walstedt et al. (6) proposed a phe- 
nomenological model based on a statistical 
distribution of the barriers around a mean 
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value Ea. This model leads to discrepancies 
from the BPP model similar to those result- 
ing from a low dimensionality hypothesis. 

In conclusion, structural and NMR con- 
siderations seem to give evidence of essen- 
tially bidimensional Li+ jumps in the almost 
empty 0 planes of the lattice. But some 
motions through the IJ’ vacancies are not 
excluded with an energy barrier distribution 
between 0 or 0’ vacancies. The lack of 
structural data for the phases investigated 
prevented us from locating the Li+ ions in a 
give type of vacancies (or in both). 
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