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Abstract

We report electric and magnetic properties of oxygen deficient Ba5�xLaxNb4�xTixO15�d phases, which have been prepared by solid-

state reaction method followed by a controlled reduction process under hydrogen atmosphere. The extra electrons added by the

formation of the oxygen vacancies (d) introduce localized spins and the magnetic susceptibility can be described by a temperature-

independent contribution and a Curie–Weiss term associated to the Ti3+ ion formation. Besides, the experimental resistivity (r) data of

these four reduced compounds are well described in a wide temperature range with the equation r � AT expðB=TÞ�1=4, which suggests

the presence of small polarons in the system. Although, all samples present electrical insulating behavior, the electrical resistivity

decreases four orders of magnitude for intermediate x values. We interpreted this fact as a consequence of the mix between the localized

bands of the Nb and Ti ions, which favors the promotion of carriers due to reduction of the band gap.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Complex oxides with titanium, tantalum or niobium are
compounds with a great technological interest due to the
dielectric properties, in particular for future application in
wireless communications [1]. Microwave dielectric proper-
ties of Ba5Nb4O15 have been recently studied [2–7] because
of their high dielectric constants; low dielectric loss and
small temperature coefficient that make this compound a
good candidate for dielectric resonators. Luminescent
properties have also been informed [8].

On the other hand, reduced phases of binary and
complex Ti and Nb oxides have been informed to have
superconducting properties at very low temperatures
[9–21]. These properties were correlated with those of the
front matter r 2006 Elsevier Ltd. All rights reserved.
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superconducting Cu oxides through the so-called, ‘‘elec-
tron–hole symmetry’’ [22]; besides, a common property
among the copper and noncopper superconductors is the
presence of layered structures. Thus, layered reduced
titanates and niobates are good candidates to search for
new superconducting compounds as suggested by the
presence of superconductivity in Li-intercalated layered
perovskites LixAB2Nan�3NbnO3n+1 (A ¼ K, Rb, Cs;
B ¼ Ca, Sr, Ba) with n ¼ 3 and 4.
Ba5Nb4O15 is a five layers perovskite compound

belonging to the general family of compounds AnBn�1O3n,
with n� 1 corner-sharing octahedra separated by vacant
octahedra layers [23–25]. In previous studies, we reported
the far-IR reflectivity, Raman spectra [26] and infrared and
transport properties of Ba5Nb4O15 and its oxygen-deficient
phases [27]. The reduced Ba5Nb4O15�d phases were
semiconducting with increasing conductivity as d increased.
Moreover far IR-reflectivity revealed that, at the highest
vacancy level obtained in Ref. [27] ðd ¼ 0:54Þ, carriers are
not free enough to interact with phonon longitudinal
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modes. Activation energies of the order of 10�2 eV with
decreasing values as d increased were obtained. It was
expected that a metal–insulator transition could be reached
at higher number of O vacancies, however with the
reducing method used in Ref. [27] it was impossible to
obtain values of d larger than 0.54.

In the series Ba5�xLaxNb4�xTixO15, only the members
with x ¼ 0 and x ¼ 4 have been previously studied by other
authors [28–31]. In the particular case of x ¼ 4, its
structure was refined with neutron powder diffraction
(NPD) [31] as an intergrowth of the BaTiO3–La4Ti3O12

system. The fact that Ti4+ is easier to reduce than Nb5+

impelled us to replace Nb5+ by Ti4+ in Ba5Nb4O15 and in
order to keep electroneutrality Ba2+ was replaced by La3+.

We have recently reported the synthesis and structural
characterization of the whole solid solution Ba5�x

LaxNb4�xTixO15 using high-resolution NPD [32]. We
found that La3+ occupies preferentially the A2 site
(Wyckoff site 2d) and Ti4+ the B2 site (Wyckoff site 2c).
As x increases there is an increase of the global instability
index (GII) (which is a measure of the extent to which the
bond valence rule is violated over the whole structure)
indicating the presence of intrinsic strains large enough to
cause instability at room temperature. This strain is
responsible for a structural change from space group
P-3m1 for the x ¼ 0; 1 and 2 members (stacking sequence
chhcc, polytypoid 5H) to space group P-3c1 for the
member with x ¼ 3 (stacking sequence (chhcc)2, polytypoid
2� 5H ¼ 10H). This change in space group is associated
with a cooperative rotation of (Nb/Ti)O6 octahedra around
the c-axis, necessary to accommodate the smaller La3+ ion
in the cuboctahedral cavity.

This paper reports on the synthesis of reduced phases
Ba5�xLaxNb4�xTixO15�d (x ¼ 1; 2; 3 and 4) and their
electric and magnetic characterization. Additionally,
we propose a band scheme to explain the observed
behavior.

2. Experimental

Ba5�xLaxNb4�xTixO15 (x ¼ 1; 2; 3 and 4) were obtained
by solid-state reaction method, using La2O3 (previously
treated at 900 1C in air in order to eliminate hydration),
BaCO3, Nb2O5 and TiO2. They were mixed, ground, and
treated at 1300 1C for 12 h in air. The resulting powder was
reground and calcined at the same temperature for 12 h,
then re-heated at 1500 1C for 12 h. A slow cooling process
from 1500 to 900 1C was essential to obtain single-phase
lanthanum/titanium-containing compounds. The reduced
phases, Ba5�xLaxNb4�xTixO15�d (x ¼ 1; 2; 3 and 4 and
do0:15), were obtained from the oxidized samples by
reduction in a 5% H2+95% Ar atmosphere at 1300 1C. d
values were estimated by the mass change in the re-
oxidation of the reduced compounds in air at 1300 1C. The
d values obtained according to this procedure present an
important error but these are approximately between d �
0:04 and 0.10 depending on the sample. These oxygen
dopings introduce 2–10% of electrons by B site. All values
are quite small and they do not change monotonically with
x. X-ray diffraction patterns were used to corroborate that
the oxidized phases are recovered after a thermal treatment
in oxygen atmosphere.
The structural characterization of the samples was

carried out by laboratory XRPD data with a Phillips
W1700 powder diffractometer (Cu Ka, l ¼ 1.5418 Å)
taken between 101 and 1001 in 2y range, with increments
of 0.021 and a counting time of 10 s. The FULLPROF
program [33] was used to refine the crystal structure by the
Rietveld method. A pseudo-Voigt shape function was
always adequate to obtain good fits. During the refine-
ments, the atomic positions temperature factors and
occupancies were kept constant to the values obtained
from the NPD refinements for the oxidized phases [32],
only profile and cell parameters were refined.
The electrical resistivity was measured, in the tempera-

ture range 10–300K using four-probe method on sintered
pellets in a commercial cryostat.
The DC magnetization was measured with a commercial

superconducting quantum interference device magnet-
ometer on powdered samples, in the temperature range
10–300K and magnetic field of 5 kOe.

3. Results and discussion

3.1. Structural characterization

The refined XRPD powder patterns for the reduced
phases with x ¼ 1 and 3 (using the space groups P-3m1 and
P-3c1, respectively), are shown in Fig. 1. The obtained
discrepancy factors are, for x ¼ 1: Rp ¼ 12.7%, Rwp ¼

15.7%, RI ¼ 5.04% and w2 ¼ 2:52; and for x ¼ 3:
Rp ¼ 10.9%, Rwp ¼ 14.2%, RI ¼ 5.98% and w2 ¼ 3.88.
General representations of these crystal structures are
shown in Fig. 2.
These good refinements show that the oxygen-deficient

phases have the same crystal structures than those of the
parent oxidized compounds [32].
The dependence of cell parameters with x is shown in

Fig. 3. A decrease in the unit cell parameters as x increases
is observed, which is consistent with the smaller ionic radii
of cuboctahedral XIILa3+ (1.36 Å) compared to cubocta-
hedral XIIBa2+ (1.61 Å). Two linear regions are observed
for the c parameter, corresponding to the two space
groups.

3.2. Magnetic properties

The magnetic susceptibility w was taken as the ratio
between the magnetization M and the magnetic field H.
For the oxygen-stoichiometric compounds we observed
diamagnetic behavior (see the inset of Fig. 4) because all
ions have the electronic configuration of the preceding
noble gas; the core expected contributions (wdiamag) are
shown in the second column of Table 1. Stoichiometric
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Fig. 1. Observed (circles), calculated (solid line) and difference (at the

bottom) X-ray powder diffraction taken at room temperature, for: (a)

Ba4LaNb3TiO15�d, refined in the space group P-3m1 and (b)

Ba2La3NbTi3O15�d, refined in the space group P-3c1. Upper set of

vertical marks correspond to the position of the allowed Bragg reflections

of the main phase, lower ones correspond to BaTiO3 (space group

P4/mmm) obtained as impurity (less than 9%).
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samples are consequently diamagnetic; however, oxygen
vacancies introduce electrons into the system, presumably
forming Ti3+ ([Ar] 3d1) cations because of the Ti4+ facility
to reduce its oxidation state in comparison with Nb5+ ions.
In any case, we can assume that the extra electrons, with
S ¼ 1

2
, are localized on the B sites. Subtracting the

diamagnetic susceptibility to the experimental data and
normalizing the values by mol of B site we obtain the
temperature dependence of w that is shown in Fig. 4. It is
surprising the coincidence between the curves with x ¼ 1
and 2 and those with x ¼ 3 and 4, respectively. All of them,
at low temperature, clearly present a Curie tail, which
confirms the presence of the extra localized electrons in
the system.
In the bottom of Fig. 4, we represent the reciprocal
susceptibility w �1. Note the nonlinearity of the w �1 vs. T
curves, instead of the expected Curie law for a para-
magnetic system. In order to describe the experimental
curves we considered two contributions through the
equation: w�1 ¼ ðxC=ðT �YÞ þ w0Þ

�1. One of them is the
term xC=ðT �YÞ, where x is the B site fraction with an
extra electron. C is the Curie constant, corresponding to
paramagnetic electrons with S ¼ 1

2
, and Y is the Curie–-

Weiss temperature. The second, w0, is an extra term, which
takes into account a temperature-independent contribution
(TIC). Parameters obtained from the fits are shown in
columns 2–4 of Table 1. Solid lines in Fig. 4 show the
fitting of the data. Note that the % of occupied B sites with
S ¼ 1

2
(see column 5 of Table 1) are in agreement with the

range of the d values obtained after the re-oxidation
process of the samples. Similar temperature behavior and
values of w0 were observed in Ti3O5 with low values of V
doping [34].
Although the reductions introduce practically the same

amount of extra electrons to the titanium atoms for all the
compounds, it is very interesting to remark the super-
position of some of the magnetic susceptibility curves. In
the upper panel of Fig. 4, at high temperatures, it is easy to
see how the x ¼ 1 and the x ¼ 2 data tend asymptotically
to the same w0 value (see Table 1). The same tendency
occurs with the x ¼ 3 and x ¼ 4 susceptibility data.
Essentially, this effect occurs because these two sets of
samples present different space group symmetry (P-3m1
and P-3c1, respectively), and consequently different distor-
tions of the oxygen octahedra around the metal transition
ions. These distortions strongly affect the crystal field
around the Ti3+ ions and consequently change the
magnitude of the TIC magnetic susceptibility contribution.

3.3. Electrical properties

In Fig. 5 we show electrical resistivity r vs. temperature.
All samples show insulating behavior. Here we call the
attention that at low temperatures, the sample with x ¼ 2
presents lower resistivity (sE0.02O�1cm�1). For x ¼ 1; 2
and 3, one can clearly see a change of regime at
approximately T*

¼ 120, 240 and 150K, respectively.
Thus, at low temperature r tends to a finite value and at
high temperature is apparently a semiconductor, whose
expected behavior is r ¼ r0 expðEg=kTÞ where Eg is the gap
between bands. To corroborate this thermal activation
process we plot the data as ln r vs. T�1 (shown in the inset
at the bottom of Fig. 5, for x ¼ 4). However, we can see
that the resistivity does not follow an Arrhenius depen-
dence. Above T*, the samples with x ¼ 1; 2 and 3 present
very similar deviations of r(T) with respect the expected
behavior. However, in order to estimate the magnitude of
the band gap, at high temperatures we obtained Eg values
of 63, 30 and 72meV for x ¼ 1; 2 and 3, respectively.
In order to explore the transport mechanism involved in

this system, we estimate the scaled temperature derivative
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Fig. 2. General representation of the structure of the Ba5�xLaxNb4�xTixO15 (x ¼ 0; 1; 2; 3 and 4) compounds, viewed along the [0 0 1] direction. (a)

Polytypoid 5H (chhcc) corresponding to the crystalline structure for x ¼ 0; 1 and 2 compounds, and (b) Polytypoid 10H (chhccchhcc) corresponding to

the crystalline structure for x ¼ 3 and 4 compounds. Gray octahedra: (Nb/Ti)O6 sites, light gray spheres: B type cations. A type cations and O2� anions

are omitted for simplification.
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(STD) of the resistivity, ð1=rÞ ðdr=dTÞ. We plot the STD
temperature dependence in Fig. 6 for x ¼ 1; 2 and 3. The
negative values also indicate that the samples are insulators
for all the explored temperature range. At low T, To T*,
low values can be observed, indicating the small tempera-
ture dependence of the carrier mobility. Notably, near T*,
STD progressively decreases in magnitude to reach
practically a constant value. This described behavior
supports the idea that at least two regimes govern the
electrical resistivity, which clearly can be seen at low and at
high temperature, respectively. The small temperature
dependence of the carrier mobility at low temperature
resembles the behavior of doped semiconductors by the
nearest-neighbor hopping process. Fitting the data, below
T* using the equation r ¼ r0 expð�=kTÞ, we obtained small
values of activation energy ð�� 0:35meVÞ. On the other
hand, in insulating materials as SrTiO3, oxygen deficiencies
can introduce small concentrations of free electrons which
form a degenerate gas in the d band of Ti. In this case, the
conductivity tends to a finite value at low temperatures and
it is well known that small polarons can be formed [35,36].
From the magnetic susceptibility data, the concentration of
localized electrons formed by the reduction process permits
to determine the carrier concentration (n ¼ 5� 1020 cm�3).
Using the equation n1=3aH � 0:26, the hydrogen radius aH
between the positive charge and the polaron is 2.5 Å.
At high temperature, if we associate ln r vs. T�1 data

with the formula rðTÞ ¼ r0 expðEgðTÞ=kTÞ, we can differ-
entiate the experimental data, obtaining EgðTÞ ¼

dðln rÞ=dT�1 vs. T. These are plotted in the bottom of
Fig. 6. Now, we can observe how at low temperature,
below T*, Eg is practically constant (Eg�e) and with a small
value, while, at approximately T*, Eg starts to increase
linearly with T. Our results suggest that r(T), between T*

and room temperature approximately, can be described as
a semiconductor with a temperature-dependent gap Eg(T).
In titanates such as Ti2O3 with corundum structure, the
lack of stoichiometry dopes the system as an intrinsic
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Fig. 4. Upper plot: the magnetic susceptibility vs. temperature of the x ¼

1; 2; 3 and 4, taken at 5 kOe for oxygen-reduced samples. The
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Table 1

Fitted magnetic parameters for the compounds Ba5�xLaxNb4�xTixO15�d

ðx ¼ 1; 2; 3 and 4Þ

Sample �wdiamag

(106 emu/

molOe)

w0
(10�4 emu/

mol-BOe)

�Y (K) xC

(emuK/

mol-BOe)

Occupancy

of B site

with S ¼ 1
2

(%)

x ¼ 1 360 2.40 (3) 2.7 (1) 0.0168 (1) 8

x ¼ 2 344 2.40 (3) 2.6 (1) 0.0169 (1) 8

x ¼ 3 328 1.30 (3) 2.0 (1) 0.0124 (1) 6

x ¼ 4 312 1.20 (2) 11.6 (5) 0.0144 (3) 7
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Fig. 5. Upper plot: Temperature dependence of the electrical resistivity
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electrical resistivity vs. T for x ¼ 4. In the inset, ln r vs. T�1 for x ¼ 4. ’:

x ¼ 1; J: x ¼ 2; m: x ¼ 3 and W: x ¼ 4.
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semiconductor and the activation energy in the conductiv-
ity does not appears to be constant [37,38].

Finally, to clarify which mechanism is present at low
temperature, below T*, we fitted the data with several
expressions, including interacting electrons with the pho-
nons of the lattice (polarons). We obtained the best fit
adjusting with the expression: rðTÞ ¼ AT expðT0=TÞ�1=4.
This corresponds to the description of conductivity of
small polarons, characterized by a T dependence of the pre-
exponential factor, which are thermally activated by
variable range hopping (VRH) between localized states,
polaron-VRH [39]. In Fig. 7 we plot ln(r/T) vs. T�1/4 data
and the solid lines represents the best fits below T*. This is
an interesting result because the electron in a Ti3+ has an
important electron–phonon interaction, maybe with local
octahedron distortion, which jumps to the nearest Ti4+

neighbor between localized states of the band. Within this
hopping model between localized states, T0 is a parameter
that relates the localization length of the electron, x. The
relation between them is kBT0 � 2:8ðe2=kxÞ [36], where k is
the dielectric constant and 2.8 is a numerical factor. From
these estimations we used k ¼ 10, but a more precise value
will depend on the knowledge of k. From the fits we obtain
T0 values around 21,000K for x ¼ 1; 2 and 3, which gives
xE2.2 Å. Similar values were observed in manganites [40].
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Also, this localization length value is in excellent accord
with our previous estimation of aH.

An interesting point to mention is that the sample with
x ¼ 4 has the resistivity four orders of magnitude higher
than the x ¼ 1; 2 and 3 samples. In this set of samples,
other interesting observation is to consider the minima in r
and d for the x ¼ 2 composition. The B sites of the x ¼ 4
sample, without Nb, are occupied by Ti ions and if one of
the extra electrons jumps to the nearest Ti neighbor, we can
use the ionic model [41] to estimate the magnitude of this
excitation gap, UTi ¼ IðTi4þÞ � IðTi3þÞ � ðe2=dTi2TiÞ,
where I(Zn+) is the ionization potential of the Zn+ ion.
For this case we estimate the gap between the two metallic
bands in 12 eV. Similar reasoning can be made for the other
extreme, x ¼ 0 with only Nb ions in the B sites, and the gap
in this case is around 8 eV. These values normally are
overestimated because screening and others effects have
not been taken into account. The explanation of the low
resistivities of the set with x ¼ 1; 2 and 3 is that two Nb
and the two Ti bands are superimposed, reducing thus the
energy gap notably for the excitations. Practically, x ¼ 1
and 3 present a symmetric behavior. In the first case the Ti
band plays the role of impurities in a semiconductor and in
the second composition, the impurity band is due to the Nb
ions. The experimental observations are consistent with the
band scheme proposed (see Fig. 8), the impurity band
(x ¼ 1; 2 and 3) reduces notably the gap, and consequently
the electrical resistivity drops four orders of magnitude.
At low temperature the predominant mechanism is due

to the hopping of polarons between localized states
(polaron-VRH), which are below one mobility edge (Ec),
while at high temperature the electrons are thermally
promoted from the full metal band to above Ec of the
empty impurity band. Finally, comparing the similar
resistivities of x ¼ 1; 2 and 3, the minimum of x ¼ 2 at
low T can be explained invoking a small shift of the edge of
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mobility by an increase of the bandwidth. This is supported
with the structural observation, where the bending of the
B–O–B angle in the x ¼ 2 sample is more near 1801 than
the corresponding for x ¼ 1 and x ¼ 3 [32]. This effect
results in an enhancement of the bandwidth with possibly a
shift of Ec, which reduces the effective gap of the x ¼ 2
system with respect to both the side compositions.

4. Conclusions

From this study we can get the following conclusions.
The temperature independent susceptibility term is well
consistent with magnetic systems where the first excited
level is at approximately 100 cm�1 of the ground state.
Rising temperature populates the excited state and the
magnetic susceptibility shifts from a Curie dependence
towards a constant value. This observation confirms
the first hypothesis that the doped electrons added by the
reduction process forms Ti3+ in the system. The low
and negative Y temperatures suggest that small anti-
ferromagnetic coupling exists between two neighboring
electrons.

All the studied compounds are insulators but the
resistivity of the intermediate composition (B ¼ Ti and
Nb) is lower than one of the end members of the series
(B ¼ Ti). The replacements of Nb by Ti ions introduce a
new set of bands, which acts as a donor impurity band,
explaining the decrease of the resistivity when both Ti and
Nb ions coexist in the structure. Two mechanisms are
involved in the electric transport of the intermediate
compositions, at low temperature there is a small polaron
with variable range hopping between localized states, while
at high temperatures a thermally activated semiconducting
behavior with a temperature dependent gap is observed.
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