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New phases which arise from inserting Na cations on the
vacant A-sites of the compound La2/3TiO3 have been obtained,
giving rise to the series La4/3�xNa3xTi2O6 (for x � 0.16 and 0.28).
These phases adopt a perovskite-type structure as deduced from
their characterization by electron microscopy and neutron dif-
fraction. Rietveld analyses show that the symmetry is orthor-
hombic (S.G. Ibmm). Electrical conductivity was determined by
impedance spectroscopy, as a function of temperature. A similar
behavior is observed for both samples, which behave as ionic
conductors with activation energies of 0.92(3) and 0.92(5) eV,
respectively. � 2002 Elsevier Science (USA)

Key Words: perovskite-type structure; neutron di4raction;
electron di4raction; ionic conductivity.

INTRODUCTION

The perovskite structure ABO
�
is adopted by a great

number of oxides comprised of A and B cations with
di!erent oxidation states. Their electrical and magnetic
properties make them attractive materials for important
applications, including high-temperature superconductors,
ferro- and piezoelectric, magnetoresistors, semiconductors,
sensors, oxygen ion or cationic conductors, cathode mater-
ials, etc.
There has been renewed interest in perovskite-type metal

oxides of the "rst transition series with the small number of
d electrons, e.g. d� and d� con"gurations. The system
LaTiO

�
and related d� metal perovskites are of particular

interest because the oxidation to LaTiO
���

or La
���

TiO
�

(1, 2) varies the titatium formal oxidation state and the
concomitant electrical and magnetic properties with respect
to the parent oxide. Having in mind that an ABO

�
perov-

skite structure is constructed from close-packed layers of
AO

�
with B cations located on one-quarter of the octahed-

ral sites, without vacancies available to be occupied by
interstitial oxide anions, the more reasonable formulation
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for the oxidized species is La
���

TiO
�
(3), instead of the

alternative LaTiO
���

. Thus, a proportion of La�� va-
cancies appears in the A-sites, as a function of the x value,
the orthorhombic perovskite structure being retained. The
higher oxidation state for titanium (Ti��, d�) is achieved
in the grossly La-de"cient compound, formulated as
La

���
TiO

�
.

It has been established that the La
���

TiO
�
exists for the

full range of compositions, 0.04x40.33, and in all cases
the orthorhombic unit cell parameters are related to the
parent cubic perovskite one, a

�
(&3.8 A� ), as follows: a+b

+a
�
�2, c +2a

�
. At least three symmetries are involved for

di!erent composition ranges (3): Pnma (x"0.0}0.12), Imma
(x"0.20}0.25), and Pban (x"0.30}0.33). On the other
hand, Kim et al. (4) have described two new phases
La

�����
TiO

��� as orthorhombic (S.G. Pmmm, for �"0.03)
and tetragonal (S.G. P4/mmm, for �"0.13) showing the
structural changes associated with the oxygen de"ciency
� and temperature.
Simultaneously, the electrical conductivity measurements

on these perovskites have been carried out, showing inter-
esting metal}insulator transitions correlated with the above
structural changes. La

���
TiO

�
is an insulator and there is

a clear progression to metallic behavior as Ti(IV) is reduced,
the phase La

��	�
TiO

�
being a semiconductor at room tem-

perature. These electrical properties in the La
���

TiO
�
series

seem to be related with the Ti�� concentration (3) and
a broad metallic range appears between 24% to 94% Ti��.
In the system La

�����
TiO

��� the slightly doped samples
show semiconducting behavior, while the heavily doped
samples show metallic conductivity.
Another way to modify structural and electrical proper-

ties is achieved by introducing alkaline cations in the
La

���
TiO

�
structure. For instance, lithium cations occupy

the vacant A-sites and replace some proportion of lan-
thanum in order to preserve the crystal electroneutrality
(5}11), giving rise to the series of perovskites La

������
Li

��
Ti

�
O



. From the structural point of view the new

phases adopted a tetragonal symmetry (S.G. P4/mmm) as
was deduced from neutron di!raction experiments (12). Fur-
ther alkali derivatives La

������
M

��
Ti

�
O



(M"Li, Na, K)
2



FIG. 1. ED patterns the [1� 10] zone axis and the respective electron
micrographs for (a) La

����
Na

����
Ti

�
O



and (b) La

���	
Na

����
Ti

�
O



.
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have been reported (13) for which tetragonal (S.G. P4/mmm)
and orthorhombic (S.G. Pbnm) symmetries were character-
ized. For lower sodium content (x40.16) tetragonal phases
were obtained and the remaining compositions of sodium
and potassium derivatives were orthorhombic (whose para-
meters a

�
, b

�
, and c

�
are related to the primitive perovskite

cell, a
�
, as follows: a

�
+b

�
+a

�
�2, c

�
+2a

�
).

The aim of this paper is to establish the crystal structure
and electrical behavior of some new phases of the solid
solution La

������
Na

��
Ti

�
O



, which arise from inserting Na

cations on the vacant A-sites of the compound La
���

TiO
�
,

where all B-sites are occupied by Ti��.

EXPERIMENTAL SECTION

Polycrystalline samples of general composition La
������

Na
��
Ti

�
O



were prepared by the &&liquid mix'' technique (14)

from an aqueous solution of the metal nitrates La(NO
�
)
�

)
6H

�
O, NaNO

�
, and TiO

�
in stoichiometric ratios. About

4 g of these reagents were added to a mixture of 10 g of citric
acid and 4 ml of ethyleneglycol. These ingredients were mixed
together and drops of HNO

�
were added to catalyze the gel

formation. The excess of nitric acid was boiled o! and the
gel was slowly decomposed by heating to 4003C. The result-
ing powders were intimately mixed and heated in several
steps up to temperatures ranging between 1273 and 1373 K
in air for several days, in platinum crucibles as described
elsewhere (15). During the thermal treatment, the samples
were reground in each step and the process was monitored
by X-ray di!raction until single phases were obtained.
Chemical analyses were performed using inductively

coupled plasma (ICP) spectroscopy in a JY-70 apparatus.
Samples were dissolved by the digestion with H

�
SO

�
and

(NH
�
)
�
SO

�
.

The neutron powder di!raction data were recorded at
room temperature on the D1A high-resolution powder dif-
fractometer (�"1.9110 A� ) at the Institut Laue-Langevin
(Grenoble, France). Neutron di!raction patterns were
analyzed by the Rietveld method and the Fullprof program
(16). A pseudo-Voigt function was chosen to generate the
lineshape of the di!raction peaks.
Electron di!raction (ED) data and high-resolution elec-

tron microscopy (HREM) were carried out on a JEOL 400
EX microscope. Samples were prepared by dispersing ultra-
sonically small particles in n-butanol and disposing drops of
this suspension on a carbon-coated copper grid.
Electrical measurements were carried out using a Solar-

tron 1260 impedance/gain phase analyzer with a frequency
range of 1 Hz}10 MHz. Samples were pressed into pellets, of
13 mm diameter and 1.9 mm thickness, and then sintered in
air between 1223 and 1373 K for 48 h. Blocking electrodes
were deposited on two faces of pellets by platinum paint.
The painted pellets were heated at 475 K for 2 h and at 1073
for 4 h.
RESULTS AND DISCUSSION

Chemical Composition and Structural Analysis

Chemical analysis gave the metal ratios in these com-
pounds whose resulting compositions were La

����
Na

����
Ti

�
O



(x"0.28) and La

���	
Na

����
Ti

�
O



(x"0.16).

ED patterns along the [1� 10]
�
zone axis (Figs. 1a and 1b)

were indexed for both samples on the basis of a single cubic
perovskite and showed the existence of extra re#ections
indicative of a supercell, whose parameters are
�2a

�
��2a

�
�2a

�
(where a

�
is the lattice constant of the

ideal perovskite). The microstructures show lattice fringes at
5.5 and 7.8 A� .
Di!erent results were obtained in a related system

La
�����

Li
��
TiO

�
, by optical di!raction experiments that

were interpreted assuming a cell size de"ned by a
�
�a

�
�2a

�
(6). On this basis, the ED pattern should be due to the
superposition of those corresponding to three di!erent
domains, in which the c axis was randomly oriented along
the three space directions. A di!erent interpretation of the
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ED pattern was proposed for the phase La
���

Li
���

TiO
�
(17),

by considering a cell given by �2a
�
��2a

�
�2a

�
, that

implies an ordering between lanthanum and lithium in
a diagonal cell that should be responsible for the observed
cross-shaped di!use spots along the [100]

�
and [010]

�
di-

rections.
However, in our system, where the perovskite A-sites are

partially occupied by Na� ions, both ED and HREM re-
sults suggest the adoption of an orthorhombic superstruc-
ture that seems to be in#uenced by the greater radius of the
alkaline cation.
In order to con"rm the above superstructure model,

a study by neutron di!raction has been carried out. Some
di!erences are clearly observed as a function of the alkaline
metal content, x. Main di!raction lines remain unchanged,
but the (001) re#ection arises when x decreases (Fig. 2).
This occurs also in the similar systems La

���
TiO

�
, where

the "rst member of this series (3) (x"0.33) adopts the Pban
space group, which is also found for intermediate composi-
tions in the system La

�
Sr


�������
TiO

�
(18).

The structure determination for La
���	

Na
����

Ti
�
O



was

not straightforward. First, the Pban space group solution
was attempted, but the results were not satisfactory. Inspec-
tion of the "tted pro"les revealed that the intensity distribu-
tion was not consistent between the ND data and the space
group and very highR-factors were obtained. Therefore, the
Pban space group must be excluded in our system. On
the other hand, a close examination of the pro"le revealed
the presence of extra re#ections that could not be taken into
account for any supercell. This phase was present in a very
low concentration (+3%) and was attributed to TiO

�
(rutile) as impurity and was included in the re"nement as
a second phase.
Next, the Ibmm space group was tried. The observed,

calculated, and di!erence neutron di!raction pro"les are
shown in Fig. 3a and these results seem to con"rm that this
material is adequately described in the Ibmm space group.
The structural parameters and R-factors are given in
Table 1. However, in Fig. 3a one can observe three small
re#ections, which are forbidden in the Ibmm space group
and are marked with asterisks. This fact was observed in the
system La

���
TiO

�
, where the (001) re#ection appears in the

neutron di!raction pro"le for the lanthanum content
La

��
	
, La

��	�
, and La

��	�
, described the latter as Ibmm. In

our case, such a re#ection, as occurs in La
��	�

TiO
�
, is very

broad (see Fig. 2). This may indicate the presence of small
domains with a local structure similar to the Pban structure
within an overall Ibmm long-range order (3).
Re"nement of the second sample, La

����
Na

����
Ti

�
O



(x"0.28), by neutron data was successful in Ibmm. All the
observed di!raction peaks could be indexed in the orthor-
hombic Ibmm space group (see Table 1). The observed,
calculated, and di!erence pro"les of this phase are plotted in
Fig. 3b. The successive re"nements converge to give the "nal
agreement factors that are indicative of a reliable structural
model.
The atomic coordinates as well as the isotropic temper-

ature factors obtained are also given in Table 1. Selected
interatomic distances show a regular 6-coordination for Ti,
therefore located on the B-perovskite sites, as well as a quite
distorted 12-coordinated polyhedron for La and Na (both
on the A-sites). Mean bond distances are close to those
obtained by the ionic radii sums (19).



TABLE 1
Re5ned Atomic Positions, Isotropic Temperature Factors (in

A� 2), Cell Constants (in A� ), and Selected Interatomic Distances
(in A� ) for La1.33�xNa3xTi2O6 (x � 0.16, 0.28)

x"0.16 x"0.28

S.G. Ibmm Ibmm

La/Na x
y
z
�

0.0030(4)
0.0000
0.2500
0.25(3)

0.0019(1)
0.0000
0.2500
0.97(4)

Ti x
y
z
�

0.0000
0.5000
0.0000
0.66(4)

0.0000
0.5000
0.0000
0.82(8)

O1 x
y
z
�

0.0385(2)
0.5000
0.2500
1.21(2)

0.0452(2)
0.5000
0.2500
1.52(1)

O2 x
y
z
�

0.7500
0.2500
0.0009(4)
0.94(2)

0.7500
0.2500
0.0238(5)
1.38(7)

a 5.4859(7) 5.4798(2)
b 5.4841(1) 5.4753(4)
c 7.7352(1) 7.7432(5)
RB 4.89 5.29
RP 9.03 6.20
RWP 12.1 7.82
d(La/Na}O1) 2.515(2)

2.750(8) (�2)
2.971(1)

2.482(5)
2.748(1) (�2)
2.998(3)

d(La/Na}O2) 2.667(5) (�4)
2.814(1) (�4)

2.617(3) (�4)
2.866(8) (�4)

Mean
Shannon

2.742
2.77

2.742
2.77

d(Ti}O1) 1.945(8) (�2) 1.952(2) (�2)
d(Ti}O2) 1.944(2) (�4) 1.945(6) (�4)
Mean
Shannon

1.944
2.00

1.947
2.00

La3+/Na+/Vacancy 

Ti4+ O2- 

FIG. 4. Structural model of orthorhombic symmetry (S.G. Ibmm).
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In summary, these samples possess a perovskite-type
structure that is built up by TiO



octahedra which show

very small tilting angles, about two of three orthogonal
subcell axes (Fig. 4), following Glazer's octahedra tilt
scheme (20), as is deduced from the a/b parameters ratio
(a/b"0.9997 for x"0.16 and a/b"0.9992 for x"0.28).
Finally, vacancies as well as Na� and La�� cations in
higher coordination sites are distributed at random.

Electrical Properties

Having in mind that the starting point to understand the
transport properties is the previous knowledge of the crystal
structure of thematerial, the above structural results sugges-
ted that these phases can behave as ionic conductors,
because of the wide range in the number of vacant A-sites
and their accessibility by the mobile Na� cations.
Electrical characteristics of ionic materials are often

studied by a.c. techniques to avoid the necessity of develop-
ing the nonblocking ion-conducting electrodes that are
needed for d.c. measurements (21, 22).
Complex impedance (Z) diagrams (23) are shown in Fig. 5

for x"0.16 at three di!erent temperatures. The impedance
spectra obtained are very similar and they are clearly de-
pressed below the baseline, which is a consequence of the
universal response of these materials (24). An equivalent
circuit composed of an RC and a constant phase element,
CPE (25), has been used to "t the experimental data. The
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magnitudes of the capacitance are in the range between
7 and 21 pF, and these values indicate a bulk boundary
response.
The frequency dependence of the real part of the conduct-

ivity is given in Fig. 6. The conductivity shows a low-
frequency plateau corresponding to the d.c. conductivity. At
higher frequencies, the conductivity increases as a power
law. This frequency dependence can be described by (26, 27)
�(�)"�

�
#A��, where �

�
is a d.c. term, A is a temperature-

dependent parameter, and n is the slope of the highest
frequencies. The term �

�
is a crossover frequency at which

the conductivity starts to follow a power law and is propor-
tional to the ion-hopping rate (28, 29). The n exponent falls
in the range 0.6(n(1 at lower temperatures and is often
identi"ed with the hopping-type ionic conductors, that is,
with the degree of correlation among moving ions.
In addition, the real and imaginary parts of complex

electric modulus (M*"M	#iM�) have been calculated at
various frequencies and temperatures using the relationM*
(�)"i�


�
Z*(�). Typical plots ofM� for La

���	
Na

����
Ti

�
O



are shown in Fig. 7. Only one maximum appears and this
fact suggests that the system can be represented by a single
parallel RC element (30). A non-Debye-type behavior of
electrical relaxation which has also been found earlier in
other systems (22) is evident from the large width of the peak
(see Fig. 7). Conductivity relaxation times, �

�
"1/F

�
, can

be calculated from the frequency peaks, F
�
, at di!erent

temperatures.
The values obtained for F

�
(related to relaxation times)

and �
�
(related to ion-hopping rate) indicate that they are

dependent on the temperature. Figure 8 shows the vari-
ations of F

�
, �

�
, and �

�
vs 1000/¹ for the x"0.16 phase.

The parallel lines indicate that both quantities, F
�
and �

�
,

are thermally activated and they have the same activation
energy. This fact suggests that the conductivity dispersions
observed in log � seem to be due to the hopping motion of
the alkaline cations. Therefore, one can exclude a localized
dielectric loss, as well as other electrode or interfacial
polarization e!ects. Similar results were obtained for the
x"0.28 sample.
Ionic conductivity values were analyzed by an Arrhenius

equation, �¹"�
�
exp(!E

�
/k¹), where �

�
and E

�
represent

the pre-exponential factor and the activation energies, re-
spectively. Figure 9 shows the linear plots of log �¹ vs
1000/¹ for two compositions, with very similar activation
energies in both cases. The conduction pathway proposed is
given in Fig. 10. This mechanism implies that the Na� ions
must move through square windows in the structure, whose
O}O distances are about 3.90 A� . Recently, we reported the
conductivity of La

������
Li

��
Ti

�
O



(10), for which the ob-

tained results are related to the number of mobile mono-
valent ions and vacancies in the A-sites. Between these high
coordination sites there are the square windows whose
dimensions are in the limit to allow Li ions move across the
diagonal; in this case O}O distances should be higher than
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3.96 A� , corresponding to Li in a planar 4-fold coordination
(31). Therefore, the activation energy values obtained for
these compounds were low. By contrast, in the Na� series,
these hindrances will increase due to the greater size of
Na� with respect to Li�. E!ectively, the activation energies
for these phases are double those for the Li� ones. This fact
seems to indicate that these values depend on the ion mobil-
ity through the crystal structure and these high values of the
activation energies are due to the mobility restrictions for
Na� throughout the conduction pathway.
On the other hand, by comparing the lithium and sodium

series, a higher conductivity and a lower activation energy
were found for Li

��
�
La

����
Ti

�
O



, where the ratio between

carriers and vacancies is the most adequate. By contrast, in
the Na compounds, a similar behavior in the conductivity
La3+ and M+ Vacant

Ti4+ O2- 

FIG. 10. Pathway conduction for La
������

M
��
Ti

�
O



.

and activation energies for both samples are obtained. For
the composition given by x"0.28 the number of carriers is
high and there is a relatively low number of vacant sites
(&0.11) to which they can move whereas for the x"0.16
compound, the opposite situation is presented, i.e., the num-
ber of carriers is lower but the concentration of vacant sites
is higher (&0.35). Having in mind both factors and the
above similar behavior, we can conclude that the limiting
factor would be the bottleneck e!ect de"ned by four adjac-
ent TiO



octahedra.
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