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The electric properties of the cation deficient perovskites of the formula P-LnNb,O,, where Ln is La, 
Ce, Pr, or Nd, were investigated by means of the impedance spectroscopy technique. The electric 
conductivity behavior of the /MnNbiOg phases shows a clear trend in the activation energy for electric 
transport that can be easily correlated to the small changes in the unit cell volume. The P-LnNb,O, 
series shows similar dielectric loss behavior, with the exception of the P-CeNb,Os phase. The 
P-CeNbjOq compound shows an electronic contribution to the electric conduction which seems to be 
present in the entire range of temperatures investigated. o 19s Academic PKSS. ITIC. 

Introduction 

Niobium pentaoxide reacts with rare 
earth oxides to produce compounds with the 
formula P-LnNb,O, where Ln is La, Ce, Pr, 
or Nd (1). The P-LnNb,O, phases present 
the orthorhombic structure (P,,,) shown 
in Fig. 1. This structure was refined from 
X-ray diffraction on single crystals (I) and 
it can be described as the stacking of two 
cubic perovskite units where 4 of the lan- 
thanide sites are vacant. The formula per 
unit cell is then Ln,,,Nb,O,. A structural 
distortion of the NbO, units in the c direc- 
tion was also detected, giving four crystallo- 
graphic types of oxygens. 

Torardi, Brixner, and Foris (2) obtained, 
by hydrothermal methods, a low-tempera- 
ture form of LaNb,O, named the o-phase. It 
consists of an ordered monoclinic structure, 

’ Permanent address: UA-446, bat, 415, Universite 
de Paris-Sud, 91405 Orsay-Cedex, France. 

which transforms upon heating to the more 
stable P-phase at 1323-1373 K. The P-phase 
structure is retained on cooling to ambient 
temperature. Luminescence investigations 
in both phases were carried out by Verhaar 
et al. (3). The spectrum of the P-phase 
shows broad lines, probably due to the dis- 
order in the lanthanide sites. It was also 
determined, by infrared spectroscopy, that 
the NbO, units are discrete and highly dis- 
torted (3). 

The electrical properties of this cation- 
deficient structure have been investigated 
looking for the possibility of ionic conduc- 
tion due to the numerous vacant sites. 
Doped niobates with the formula Li, 
Ln,,,Nb,-,Ti,O, (Ln = La, Nd, with x < 
0.20) were investigated by Latie et al. (4). 
In this solid solution, the replacement of 
Nb +5 by Ti+4 + Li + ’ preserves the electro- 
neutrality of the compound without change 
of the charge state of the niobium atoms. 
The authors found that the electrical con- 
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FIG. 1. Unit cell of the P-LnNb30, structure (details 
described in the text). 

ductivity (ionic in nature) is increased by Li 
doping. Their 7Li NMR experiments did not 
give conclusive evidence regarding the di- 
mensionality of the transport process. 

The same group (5) produced phases with 
the formula Li,Ln,,,Nb,O, (Ln = La, Nd) 
by chemical and electrochemical Li-interca- 
lation techniques. They were able to obtain 
a single phase with lithium content as high 
as x = 1.6. Several experiments were carried 
out in these compounds. The main findings 
were that the electrical conductivity is in- 
creased by two orders of magnitude when 
the Li content passes from x = 0 to x = 1.6 
at 500 K. ESR experiments in samples with 
low Li content showed the existence of nio- 
bium in the 4+ state. For the undoped mate- 
rial, the gap energy determined by diffuse 
reflectance in the UV and visible region was 
3.1 eV, while constant absorption in the full 

wavelength region was observed in com- 
pounds with x # 0. According with the two 
last observations, it was proposed that the 
conduction in the Li-intercalated com- 
pounds is mainly due to electron hopping 
process. 

The /3-LaNb,O, phase was recently inves- 
tigated by George and Virkar (6), who found 
a mixed iono-electronic conduction mecha- 
nism as a function of temperature. Below 
850 K, the stoichiometric /3-La,,,Nb,O, 
phase shows ionic conduction, while above 
850 K (in air), the p-phase is chemically 
reduced. Oxygen vacancies are then pro- 
duced and mobile electrons compete with 
the ionic conductivity. A clear change in the 
activation energy for the conduction pro- 
cesses was observed; E, changes from 0.19 
to 1.58 eV. In this research, it has been 
confirmed that the defect equation (I) (in 
the Kroger notation (7)) 

Olattice -9 Vz* + 2em + 2 0~. (1) 
is appropriate to describe the n-type con- 
duction. In this work thep$f-dependence of 
the electrical conductivity was verified. The 
ionic conduction is due to the lanthanum 
transport, a large and highly charged carrier. 

The impedance spectroscopy technique 
is an experimental method widely used to 
determine the behavior of the dielectric ma- 
terials. This technique permits a clear sepa- 
ration of the different contributions (bulk, 
grain boundaries, second phases, etc.) to 
the electric conductivity by modeling the 
material as an RC-circuit (8). 

In this paper we extend the research on 
the P-LnNb,O, compounds by a complete 
impedance spectroscopic characterization 
including the phases with Ln = La, Ce, Pr, 
and Nd. This paper is organized as follows. 
In the second part, we present the experi- 
mental aspects, sample preparation, X-ray 
and TGA controls, and the frequency- 
dependent impedance measurements. Next, 
we present the experimental results and the 
discussion of the electrical conductivity 



TRANSPORT PROPERTIES OF /3-LnNb,Og 67 

TABLE I 

LATTICE PARAMETERS AND CELL VOLUME 
(IN A AND /tl, 

a b c v 

LaNb,O, 3.91 l(8) 3.91 l(8) 7.92(7) 121.1(4) 
CeNb,O, 3.903(S) 3.919(8) 7.87(7) 120.4(7) 
PrNb,O, 3.881(8) 3.910(8) 7.85(7) 119.3(4) 
NdNb30, 3.882(8) 3.904(7) 7.82(7) 118.6(5) 

data, and then we describe the dielectric 
behavior. Finally, we point out the particu- 
lar electric behavior of the p-CeNb,O, 
phase. 

Experimental 

Sample Preparation 

fi-LnNb30, samples were prepared by 
mixing with acetone in an agate mortar, 
La,O, , CeO, , PrhO,, , or Nd,O, with Nb,05, 
in the molar ratios to obtain the P&z,,, 
Nb,O, phases. La,O,, CeO,, and Nb,O, 
were obtained from Anderson Physics Lab- 
oratories, while Pr,O,, and Nd,O, came 
from Reacton. The purity of these chemicals 
(99.99%) is adequate for the purpose of this 
investigation. The oxide mixtures were sint- 
ered thrice at 1573 K for 48 hr in air. All the 
samples were annealed in air at 573 K for at 
least 72 hr. 

X-ray and TGA Controls 

X-ray powder diffraction data were ob- 
tained by using Ni-filtered CL&~ radiation. 
The samples showed single phases of the 
orthorhombic structure. No second phases 
were detected. The lattice parameters and 
cell volume, shown in Table I, are in good 
agreement with earlier studies (I, 2). Ther- 
mogravimetric analysis (TGA) was carried 
out in flowing air at 2 K/min. The samples 
were thermally stabilized for 6hr at 673 K 
inside the TGA cell. The characteristic tem- 
peratures at which the p-LnNb,O, phases 

lose oxygen were determined and were 
about 718 K. 

Electric Transport Measurements 

We prepared flat cylindric samples of 
/3-Ln,,,Nb,O, (13 mm in diameter and 
around 1 mm in thickness). The electrodes 
consisted of gold films attached with elec- 
tronic grade gold paste. In order to obtain 
good ohmic contact, the samples were fired 
at 873 K for 60 min. The samples were then 
re-annealed in air for 3 days at 573 K to 
restore the maximum oxygen content. We 
placed the samples in a regulated vertical 
furnace where the temperature is known 
within rt 1 K. The complex impedance was 
determined as a function of frequency (5 Hz 
to 13 MHz) at each temperature using an 
impedance analyzer (HP-4192A). 

The output data were analyzed in the 
complex impedance plane. The resistance 
values were transformed to electrical con- 
ductivity by considering the sample geome- 
try. No further corrections were made. In 
our experimental conditions, the conductiv- 
ity limit detection was lo-‘,-’ (a cm)-‘. This 
value implies a lower limit in the tempera- 
ture range to be investigated. At high electri- 
cal conductivity values (a > lo-‘(a cm))‘), 
we also collected experimental data of the 
dc resistance of the samples. In these mea- 
surements reasonable agreement was found 
between the ac and dc technique. 

Results and Discussion 

Conductivity Results 

In Figs. 2-5 we show the experimental 
results of the electrical conductivity in the 
standard representation log (T vs 1 /T for the 
four compounds studied. We calculated the 
activation energies for electric transport (E,) 
according to the relation 

u = cr,lT exp (E,Ik,T), (2) 

where u is the electric conductivity, T the 
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TABLE II 

ACTIVATION ENERGIES 

Temperature range (K) 4 (eV) 

LaNbsOs 1000-1173 1.24 
473- 713 0.38 

CeNbsOs 335-1173 0.38 
PrNbsOs 473-1000 0.43 
NdNbrOs 473- 1073 0.48 

absolute temperature, and k, the Boltzmann 
constant. The calculated E, values esti- 
mated in the linear range are listed in 
Table II. 

Comparing our results of /3-LaNb,O, (Fig. 
2) with those of George and Virkar (6), we 
find that the overall behavior of (T vs T is 
similar. The temperature at which the 
change in the activation energy is present 
remains essentially the same in both investi- 
gations. Nevertheless, differences in the ac- 
tivation energies and the order of magnitude 
of the conductivity are evident. We found 
that cr is two orders of magnitude higher 
than the results reported by George and 
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FIG. 2. Log o (fI cm)-’ vs 1031T(K) results of the 
/3-LaNb,O, phase. Open symbols represent measure- 
ments taken after thermal equilibration for 2 or 3 hr. 
Closed symbols represent measurements taken after 
overnight equilibration. 

FIG. 4. Log o (fl cm)-’ vs 103/T(K) results of the 
p-PrNb,O, phase. Open symbols represent measure- 
ments taken after thermal equilibration for 2 or 3 hr. 
Closed symbols represent measurements taken after 
overnight equilibration. 

-6’.““““““~.““““‘4 
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FIG. 3. Log o (fI cm)-’ vs 103/T(K) results of the 
/3-CeNbsOs phase. Open symbols represent measure- 
ments taken after thermal equilibration for 2 or 3 hr. 
Closed symbols represent measurements taken after 
overnight equilibration. 

Virkar (6). Nadiri, Le Flem, and Delmas (5) 
mentioned that the (T value of p-LaNb,Og at 
room temperature is lower than lOPi (0 
cm)-’ (four probe, dc-technique). Extrapo- 
lating the conductivity values of George and 
Virkar (6) to room temperature, we found 

-2r 

&Pr Nb,O, 
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-*r 

P-NdNb,O, 

FIG. 5. Log o (fI cm)-’ vs IO-‘/T(K) results of the 
/.%NdNb,O, phase. Open symbols represent measure- 
ments taken after thermal equilibration for 2 or 3 hr. 
Closed symbols represent measurements taken after 
overnight equilibration. 

that (+ is two orders of magnitude higher 
than this value (ac-technique at 1kHz). 

Referring to Figs. 2-5, it is interesting to 
note the behavior of the electrical conduc- 
tivity in this series. For temperatures below 
700 K, the fi-LnNb,O, (Ln = La, Pr, Nd) 
phases show similar conductivity values 
with activation energies close to 0.40 eV. 
This result could be interpreted as a test of 
self-consistency of our experimental data. 
The structure of these phases show small 
variations in the cell parameters from one 
lanthanide to other. These small structural 
differences are not enough to produce radi- 
cal changes in o = cr(T) and the values of 
E,. The @CeNb,O, phase shows a different 
behavior, and it is discussed below. Figure 
6 shows the trend of the activation energies 
with the cell volume for the P-LnNb,O, 
phases (Ln = La, Ce, Pr, Nd). We included 
in this plot the E, value of the P-CeNb,O, 
compound, which conforms to the general 
trend. The behavior shown in Fig. 6 is quali- 
tatively in agreement with an ionic conduc- 
tion mechanism; the potential energy barrier 
for ionic transport increases when the cell 

FIG. 6. Plot of the activation energy E, (eV) vs the 
cell volume V (A3). Note the increase of the activation 
energy when the volume cell diminishes. The solid line 
is to guide the eye. 

available for La transport, one involving va- 
cancies in the (O,O,l) plane and a second 
in the vacant lanthanide sites at the (0,0,2) 
plane. Thus, ionic conduction can be ob- 
tained in each of both sublattices (2D con- 
duction), or by ion jumps from one sublat- 
tice to the other (3D conduction). 

In Fig. 7, we present the complex imped- 

2 
Y 
.- 
r-4 
I 

5- 

4- P-LaNb,O, 

T = 676K 

3- 

2, (Kfi(1) 

FIG. 7. Complex impedance plot for the @LaNb,O, 
phase at 676 K. The arrow shows the way of the fre- 
quency (w) scan. The values of capacitance at the reso- 

volume decreases. TWO sublattices are nance condition are shown 
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FIG. 8. Complex impedance plot for the P-CeNb,Og 
phase at 335 K. The arrow shows the way of the fre- 
quency (w) scan. The values of capacitance at the reso- 
nance condition are shown. 

ante plot for the lanthanum-based com- 
pound at T = 676 K. We found one charac- 
teristic semicircle representing the bulk 
behavior of the sample. At the loss peak 
frequency (wRC = l), we derived a capaci- 
tance of 11 pF/cm’. At lower frequencies it 
appears as a well known behavior (8) attrib- 
uted to the electrode-sample polarization 
(high capacitance s 11 pFlcm2). This effect 
is a common feature of ionic conductors. 
The shape of the plot in Fig. 7 is representa- 
tive of the compounds /&5nNb,O, (Ln = 
La, Pr, Nd) at low temperatures. Above the 
temperature for vacancies creation, the 
semicircle is not well defined, due to the 
high conductivity of the material compared 
to the electric properties of the experimental 
setup. 

In the case of p-CeNb,O,, we observe 
that the u = u(T) values are one order of 
magnitude higher than those of the 
p-LnNb,O, (Ln = La, Pr, Nd). The change 
in the activation energy at 850 K, in the 
/3-LnNb,O, and due to the creation of oxy- 
gen vacancies, is absent in the cerium-based 
phase. Figure 8 presents the complex im- 
pedance plot for the Cerium-based com- 
pound at T = 335 K. The characteristic 

spike present at low temperature and fre- 
quencies for the other p-LnNb,O, com- 
pounds is not present here. Instead of this, 
a second semicircle appears. The capaci- 
tances for the two peaks are 16.5 pF/cm* 
and 1.3 x 10d7 F/cm’. The last value is 
commonly attributed to a surface layer 
formed between the material and the elec- 
trodes. Again, when the temperature is 
raised the semicircles in the Fig. 8 disappear 
due to the high conductivity of the sample. 

Dielectric Behavior 

The dielectric behavior of these materials 
is discussed with the aid of two representa- 
tions. In the first, we calculated the relax- 
ation time as a function of the temperature. 
In the second, we investigated the behavior 
of the impedance spectroscopic plots Im Z* 
vs logf(the imaginary part of the impedance 
as a function of the frequence). 

The relaxation time was calculated di- 
rectly from the complex impedance plots as 
r = RC = i&&, at each temperature (not 
shown). We also calculate the theoretical 
semicircle and the corresponding calculated 
relaxation time in the Debye approximation. 
The relaxation time is the required time to 
reach equilibria; it is a characteristic param- 
eter of the thermally activated ionic hop- 
ping. It is well known that the departures of 
the Debye behavior contains informations 
about dissipative phenomena in the dipole 
re-orientation mechanism and dipole- 
dipole correlations. 

Our experimental results show Arrheni- 
us-like behavior at low temperatures in the 
P-LnNb,09 series. At high temperatures 
their departure from the Arrhenius-like be- 
havior is significant. The strong changes in 
the electric properties when the temperature 
is increased make these materials good con- 
ductors and, as we described above, the 
semicircles are not well determined. The pa- 
rameters of the Arrhenius fit and the depar- 
ture of the Debye model are summarized in 
the Table III. 
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TABLE III 

RELAXATION TIME 

70 enp 70 Debyc ATO 

LaNbjO, 0.42 0.33 7.36 59.37 52.01 

CeNbjO, 0.37 0.36 1.99 3.93 1.94 

PrNb,O, 0.43 0.47 6.37 2.24 -4.12 

NdNb,O, 0.45 0.40 24.64 92.04 67.40 

Note. E is the activation energy in eV, 7. is the pre- 
exponential relaxation time expressed in 10” Hz, exp 
holds for the experimental data, Debye for the calcu- 
lated values, and ATE is the difference between theory 
and experiment. 

The impedance spectroscopic plot for 
p-LaNb,Og at 354 K is shown in Fig. 9. In 
this plot we show the real (2’) and imaginary 
(2’) parts of the impedance as a function of 
frequency. We calculated the classical Debye 
behavior using the center of the semicircle of 
the complex impedance data and correcting 
by the departure from the Im Z* = 0 axis (9). 
The theoretical curves only show the bulk 
behavior. The details at low frequencies are 
not considered in this simple model. 

In Figs. 10-13, we show the impedance 
spectroscopic plots for the /UnNb,O, se- 
ries at different temperatures. This set of 
plots describes the evolution of the dielec- 
tric relaxation as a function of temperature 

P-La Nb309 

354K 

h 
i; 240 

t 
Oo 1 2 3 

log f (Hz) -50 t 

FIG. 9. Impedance spectroscopic plot Re 2* vs logf FIG. 11. Impedance spectroscopic plot Im Z* vs log 
and Im Z* vs log f for the P-LaNb,Os at 354 K. ffor the P-CeNb,O, for different temperatures. 

log f (HZ) 

0 0 
0 

“291K 
“k” 

FIG. 10. Impedance spectroscopic plot Im Z* vs log 
ffor the P-LaNb,Og for different temperatures. 

an frequency. The dielectric loss peak be- 
havior reflects similar relaxation mecha- 
nisms in the /3-LnNb,O, series. The behav- 
ior at low frequencies is divergent for the 
P-LnNb,O, (Ln = La, Pr, Nd), while for the 
Ce-based compound, the absolute value of 
Im Z* decreases when the frequency dimin- 
ishes. We attribute this behavior to the pres- 
ence of electronic conduction in this mate- 
rial. The values of Im Z* at the loss peak 
are systematically equal to R,/2 (where R, 
is the bulk resistance of the sample). 

Electronic Contribution to the P-CeNb,O, 
Electric Tranport 

An interesting consideration derived from 
our measurements on the P-CeNb,Og com- 

log f (Hz) 

” p- CeNbs O9 
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FIG. 12. Impedance spectroscopic plot Im Z* vs log 
ffor the /3-PrNb,Os for different temperatures. 

pound is that the electric transport in this 
phase probably has a large electronic com- 
ponent over the entire range of temperatures 
investigated. The niobium atoms in the 
@LnNb,O, are present in the 5 + state, while 
the charge state of the lanthanides is 3+. 
Nevertheless, as we mentioned in the intro- 
duction, by suitable doping (Li-intercalation 
or by introducing oxygen vacancies) it is 
possible to reduce niobium atoms to the 
Nb+4 state in /3-LnNb,O, (Ln = La and Nd) 
(4-6). It is well known that the lanthanides 
are frequently present in a mixed valence 
state in a large number of compounds (10). 
It is plausible that a charge transfer from 

log f (Hz) 

0 

r 

s -52. 
?5 
k 

-78. 

-104 t 

FIG. 13. Impedance spectroscopic plot Im Z* vs log 
f for the P-NdNblOg for different temperatures. 

cerium to niobium atoms produce d-niobium 
band localized electrons. Considering the 
chemical formula Cej,3Nb206-y, the number 
of electrons in the d band is nd = y + q/3 
- 1. In the last equation, y is the amount 
of oxygen non-stoichiometry and q is the 
charge state of Ce in this compound. A hop- 
ping mechanism should contribute to the 
overall conductivity in the temperature 
range investigated. This assertion is sup- 
ported by our recent results of lithium inter- 
calation of P-CeNb,Og. We found a very 
significant increase of the electrical conduc- 
tivity when lithium was incorporated to the 
structure. As an example, the electrical con- 
ductivity of the Li,CeNb,O, phase (X = 0.3) 
is of the order of 10 (a cm) ‘, seven orders 
of magnitude higher than in the case of 
@-CeNb,O, at the same temperature. This 
dramatic change in the electric conductivity 
was not observed in the /3-LnNb,O, (Ln = 
La and Nd) previously investigated (5). The 
results regarding the p-Li,CeNb,O, phase 
will be reported elsewhere (11). 

From the present results, it is clear that 
more investigations on the electronic struc- 
ture of these phases and the role of the oxy- 
gen stoichiometry on the electric properties 
are necessary. 
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