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The AC electric conductivity has been studied for dif-
ferent bulk samples of molybdenum oxide (MoQOj3)
doped with niobium pentaoxide (Nb,Os). The dielec-
tric constant curves have been obtained as a function
of frequency (10 kHz <f<6 MHz) and temperature
(80 < T <300 K). According to the dopant concentra-
tion, these compounds have been witnessed to exhibit
a mild relaxation process in their dielectric constant.
The behaviour is thought to be electronically attri-
buted to excess oxygen vacancies and the thermally
activated ionic conduction mechanism, occurring in
the solid material formed upon doping with Nb,Os,
which is utterly diffused into the layered structure of
MoO; as the molar ratio Nb,Os/MoO; optimally
reaches 0.4, associated with the abolishment of the
two-dimensional structure.
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THE molybdenum oxide (MoO3) materials are amongst
the transition metal oxide compounds that play a signifi-
cant role in industrial applications, due to their physio-
chemical properties, nature of their structure and
characteristics of their outer-shell electrons. Such oxides
are used as catalysts in numerous chemical reactions in
which, particularly, hydrogen or oxygen is participating®.
They are also employed as optical electrochromic materi-
als?, and can be widely utilized in the partial oxidation of
hydrocarbonates and alcohols, as well as in hydrogen
treatment reactions conducted in the oil industry®*®. The
catalytic properties of the active phase of MoO; are
greatly influenced by the nature of the support oxide and
dispersion of the active compound. The majority of these
oxides are usually born on alumina, silica, titania, zerco-
nia and vanadium oxide”®. Moreover, these layered com-
pounds have a significant role from the applied physical
perspective in addition to their chemical utilization in the
catalytic and oxidation reactions. They exhibit ferroelec-
tric properties and may be considered as a charge density
wave (CDW) system as well, with MoOg unit cells
playing the fundamental constituent in their structure.
Quantum Hartree—-Fock and density functional theory
calculations of the Hamiltonians performed on such com-
pounds illustrate that the most crucial factor in the bond-
ing is the electrostatic attraction between metal and
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oxygen atoms, in addition to a severe localized covalent
contribution between the metal and single oxygen
ligand®. The occurrence of this covalence is a prime
impetus to cause symmetry reduction from the cubic to
the tetragonal phase, which electronically participates in
the transition from insulating to semiconducting or insu-
lating to metallic state. Several publications on MoO;
doped with alkali elements, particularly potassium
molybdenum bronze, K,3Mo00;, also refer to the exis-
tence of a CDW-driven phase transition at 180 K, beneath
which nonlinear current-voltage characteristics are rea-
lized®™. The CDW conduction properties on the other
hand, are greatly influenced by impurities existing hap-
hazardly or intentionally in the structure of the material,
like when doped with tungsten whereby the coherence
length of CDW becomes extremely short for low
concentrations of tungsten. Furthermore, the dielectric
response function & w) = & +ig" has attracted attention
and been the focus of several studies in low and high
frequencies at low temperatures between 10 and 70 K in
the pinned state of CDW of such oxides™. It has been
demonstrated that the frequency response spectrum of the
polarizability in the microwave region (higher than
1 GHz) can well be modelled with an overdamped
Lorentzian oscillator. On the other hand, the response of
the semiconducting material Ko3MoO;3 in the low fre-
quency region (less than 10 MHz) has been found to be
strongly dispersive and dependent on temperature™. The
dielectric behaviour measurements on the ‘blue bronze’
Ko.sM0O; by Jie and Ong™ between 10 and 40 K for low
frequencies 1< w< 10 kHz also indicate a broad and
well-defined dielectric function, &), becoming more
pronounced with decreasing temperature. At a tempera-
ture below 25 K, the results refer to the dielectric func-
tion increasing to very large values as both w and T tend
towards zero. The latter findings have been interpreted on
the basis of the Littlewood model, which identifies the
low frequency mode according to a longitudinal response
related to pinned CDWSs'™. It is worth mentioning that
scanning tunnelling microscopy (STM) experiments have
also been conducted to pinpoint the CDW phase in the
quasi one-dimensional Rbg sMoO; compound™®.

Several papers focusing on the dielectric properties
have also demonstrated the physical diversity of ceramic
materials**™°, with different interpretations proposed to
explain their behaviour. In this communication, MoOjs is
doped with niobium pentaoxide (Nb,Os). A new phase
further reported as Nb,Mo3;01; or 3M00O,-Nb,O5 (JCPDS
18-0840)'° different from both oxides is observed upon
increasing the Nb,Os loading, and the layered structure of
MoO; becomes nearly destroyed. This provided a stimu-
lus to measure the dielectric properties and address the
low frequency response manifested as a mild relaxation
in the dielectric behaviour of such compounds. It is also
of significance to explore the dielectric characteristics of
this system, since it has not been studied before. More-
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over, the electronic behaviour can strongly be influenced
by the two-dimensional structural distortions which might
affect the transport properties embedded in its response to
external signals. This would as well be correlated to
morphological transformations occurring upon doping,
and this communication is an endeavour to study such
characteristics.

The mixed ceramic oxides Nb,Os + MoO; were elabo-
rated as a powder via the solid state reaction method, for
which the molar ratios Nb,Os/MoO; were taken to be
0.02, 0.03, 0.04, 0.05, 0.1, 0.2 and 0.4. Gradual heating of
the mixture was then performed up to a temperature of
750°C (the melting point of MoO; is approximately
800°C) and the mixture was kept at this temperature for
4 h. The melt was cooled afterwards to room temperature,
without observing any tangible reaction with the quartz
tube. Powder X-ray diffraction (XRD) was performed on
a STADI-P STOE Transmission Diffractometer, using
CuKe radiation (4=1.54059 A), and a germanium
monochromator operated at 50 kV and 30 mA. The XRD
patterns were measured between 5° and 90° 26, with a step
size of 0.01 and a scanning speed of 0.5°/min. IR spectral
measurements have also been performed to obtain infor-
mation about the nature of the bonds in the studied sam-
ples. The powder was pressed as pellets for electrical
measurements, and contact points were made on rectan-
gular samples carved from these pellets using a conducting
silver paint. T-type (copper—constantan) thermocouple
was employed for accurate temperature sensing using the
Keithley 2181A nanovoltmeter to read the voltage of the
thermocouple. A primary check of the sample resistance
was performed by means of a Keithley 614 electrometer,
to ensure that good contacts exist in the sample. The AC
conductivity experiments were carried out utilizing the
HP 4192A LF impedance analyser, which tracks the
impedance in the low frequency range between 5 Hz and
13 MHz. The latter produces a sinusoidal signal Vac =
Vocoswt from the internal oscillator with a maximum
voltage Vo =1 V, and measures the voltage of the sample
concomitantly via a four-point probe module. Hence the
imaginary part of the dielectric function could accord-
ingly be identified as a function of varying frequency and
temperature.

The XRD patterns of the pure MoO; and mixed oxides
Nb,Os + MoO; with different molar ratios Nb,Os/MoO;
are shown in Figure 1. It can be clearly observed that the
samples doped with low molar ratio Nb,Os/MoO; up to
0.05 develop X-ray patterns (b—e) characteristic of non-
doped MoOg; notably with the most intense peaks, i.e. no
new phases cropping up. The unit cell dimensions also
tend to remain nearly unchanged for such low concentra-
tions. This trend may be attributed to the fact that nio-
bium fills initially the molybdenum vacancies present
within the non-doped MoQj;. Thus no significant modifi-
cations in the structure of MoO; can be realized as long
as the atomic radii of both elements (Mo and Nb) are
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close. On the other hand, Gaiger et al.*’, Hu and Davies'®
have demonstrated the existence of such vacancies in
non-doped MoOj3. However, for molar ratio Nb,Os/MoO3
in the range 0.05-0.2, the diffraction patterns f and g, in
Figure 1 indicate new peaks besides the principal peaks
of non-doped MoOs;. These additional peaks can be
linked to the formation of a solid solution for which a
novel phase disparate from the pure materials is forming.
The peaks of this observed phase get more conspicuous
with increasing the Nb,Os loading (molar ratio = 0.4) as
seen in Figure 1h. As the molar ratio Nb,Os/MoO;
increases beyond 0.4, the formation of the new phase is
complete. We identify this phase as Nb,Mo030,; or
3Mo00,-Nb,Os, since its diffraction peaks fit well the
same phase of those peaks cited in the JCPDS™, which
also crystallize as a tetragonal system with unit cell para-
meters a=23.100 and c¢ =9.0686. Since no diffraction
peaks related to non-doped Nb,Os are observed, it is pos-
sible that the dopant Nb,Os wholly diffuses into MoO:s.
Figure 2 shows the FTIR spectra for the samples con-
sidered in Figure 1. The MoOs spectrum consists of a nar-
row band at 999 cm™, attributed to the valance vibrations
of Mo=0 band that is perpendicular to the layered struc-
ture of MoOs. This spectrum also shows a broader band
having a maximum at 820 cm™, which can be related to
Mo-0O valance vibrations of the Mo—O-Mo chains. There
are two maxima in a wide absorption range as well; one
at 630 cm™ and the other at 482 cm™ assigned to the lat-
tice vibrations™. For samples with molar ratio Nb,Os/
MoO; up to 0.1, it can be clearly observed that the bands
pertaining to MoO; lattice keep appearing at the same
frequencies. However, in the molar ratio Nb,Os/MoOj3
range of 0.1-0.2 the FTIR spectra develop new broad
bands at 920, 780, 640 and 550 cm™ besides the MoO;
bands. These bands can be ascribed to the vibration
modes v1 and v3 of (MoO,)™ shifted to the low wave-
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Figure 1. X-ray diffraction patterns of Nb,Os + M0oO3; mixed ceramic
oxides samples with molar ratios: (a) Nb,Os/MoO; = 0; (b) 0.02; (c)
0.03; (d) 0.04; (e) 0.05; (f) 0.1; (g) 0.2 and (h) 0.4.

479



RESEARCH COMMUNICATIONS

number region due to bonding with Nb atoms. This may
provide a supplement assertion to the formation of the
new phase referred to in Figure 1. One can also see that
in the molar ratio range of 0.5-0.2, the characteristic
band of MoO; at 999 cm™ becomes broader, and com-
pletely disappears at the molar ratio value of 0.4. This is
fundamentally due to the abolishment of the layered
structure of MoOs.

Over our range of temperatures, the imaginary part &”
of the dielectric function of the ceramic system from the
total AC conductivity oac = 27f g&" (& is the permittiv-
ity and f the frequency) has been identified. Four molar
ratios Nb,Os/M0oO; have been picked out for AC electri-
cal measurements: 0, 0.05, 0.2 and 0.4, corresponding to
non-doped MoOs, low Nb,Os doping, during the start of
formation of the new phase, and at the formation of the
phase respectively. We initially studied the frequency
response of the doped samples at a constant temperature in
a span of the applied signal frequency with amplitude of
1V, starting at a few hertz up to 13 MHz. Having
recorded this response, three appropriate frequencies,
50 kHz, 500 kHz and 5 MHz, were selected to drive each
sample and measure ¢’ as a function of temperature
(80 < T <300 K). Figure 3 illustrates the response of non-
doped MoO; taken as a logarithmic scale of the imped-
ance versus frequency at room temperature. It can be
clearly seen that the impedance tends to incline in a
relaxed fashion starting linearly at low frequencies, and
showing a reciprocal behaviour afterwards with increas-
ing frequency. The same trend is found for the rest of
the doped samples, and the inset in Figure 3 demonstrates the
same for the molar ratio of 0.4. In order to measure the
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Figure 2. FTIR spectra of Nb,Os + MoO; mixed oxide samples with
molar ratios: (a) Nb,Os/MoO3 = 0; (b) 0.02; (c) 0.03; (d) 0.04; (e) 0.05;
() 0.1; (9) 0.2 and (h) 0.4.
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dielectric constant as function of temperature, we chose a
frequency in the low range (50 kHz) where a variation in
the sample response occurs, and then higher frequencies
at 500 kHz and 5 MHz, as shown in Figure 4. It is obvi-
ous that at all frequencies and for all molar ratios & is
monotonously decreasing with reducing temperature and
plummeting below 100 K (clearly seen at 50 kHz), and
the insets reveal such a behviour for each curve sepa-
rately. Also, & has marginally higher values at 50 kHz
than at the other two frequencies. The system shows a
similar frequency response for the molar ratio of 0.05, as
seen in Figure 5. For the molar ratio of 0.2, Figure 6
shows the dielectric constant curves at the selected
frequencies. At 50 kHz the response remains as before,
while at 500 kHz and 5 MHz, the &' curves are close to
each other relaxing at around 95 K. Remarkably and
unprecedently at the molar ratio of 0.4 (Figure 7), the
dielectric response at 5 MHz acquires higher values than
at 500 kHz, showing an anomalous small peak at around
230 K and then decreasing afterwards. This anomaly may
be attributed, as we demonstrate later, to both an intrinsic
mechanism and oxide doping®. Each curve at the
selected frequency is also plotted individually in the
insets of Figure 7.

For comparison, we plot the dielectric response curves
for different molar ratios of doped samples at the selected
frequencies. Figure 8 shows & as a function of tempera-
ture for the four doping ratios at 50 kHz. One can
unequivocally observe that the dielectric response at this
frequency is the highest for the molar ratio 0.05, and
tangible difference in &” values exists between the non-
doped MoO; and the 0.05 samples. Further, the dielectric
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Figure 3. The non-doped MoOj; electric impedance versus frequency
on logarithmic scale at 300 K. (Inset) The same plot for doping molar
ratio of 0.4.

CURRENT SCIENCE, VOL. 102, NO. 3, 10 FEBRUARY 2012



RESEARCH COMMUNICATIONS

700 -

@@

50kHz

680 -

660 |-

% Tﬁ( 3 £

8”

640 -
620 |-
600 |-

580 |- A%

T

szOs/MOOg, =0

TTK) T(K)

500kHz

SODNPPIIRIPY:

Figure 4. The complex dielectric susceptibility &’ curves as a function of temperature for the non-doped MoO;
sample at three frequencies: 50 kHz, 500 kHz and 5 MHz. (Inset) ¢” versus T at each frequency separately.
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Figure 5. The complex dielectric susceptibility &' as a function of

temperature for the 0.05 doped sample at three frequencies: 50 kHz,
500 kHz and 5 MHz.

curves for the 0.2 and 0.4 molar ratios are close to each
other, with &” having lower values for 0.4. The samples
maintain the same behaviour at 500 kHz as shown in Fig-
ure 9. Yet the values of &’ become smaller overall than at
50 kHz. The tendency of &” to drop can clearly be seen in
Figure 10 for the 0 and 0.05 molar ratios at the higher
frequency (5 MHz). The curve corresponding particularly
to the 0.05 doped samples has significantly reduced,
while those related to the 0.2 and 0.4 molar ratios have
markedly scaled up, with an exceptionally pronounced
dielectric maximum for the 0.4 molar ratio.
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Figure 6. The complex dielectric susceptibility & as a function of
temperature for the 0.2 doped sample at three frequencies: 50 kHz,
500 kHz and 5 MHz. The curves come closer to each other for 500 kHz
and 5 MHz and relax at around 95 K.

The strongly anisotropic MoOj; ceramic is usually insu-
lating at room temperature. The propensity towards form-
ing bonds between the Mo atom and oxygen ensures
filling completely the vacant bands of Mo with electrons.
Moreover, with the availability of openings between the
MoOg; octahedron of the lattice, smaller atoms such as Nb
could slide through it. This leads to improvement in the
ionic conductivity. In the studied Nb,Os + MoO; system,
the dopant (Nb,Os) concentration increases gradually so
that a significant contribution to the transfer of the 5s
band electrons of Nb atoms to the unfilled 4d band of Mo
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Figure 7.

The complex dielectric susceptibility &” response as a function of temperature for the 0.4 doped sam-

ple at three frequencies: 50 kHz, 500 kHz and 5 MHz. The anomalous small dielectric 5 MHz peak can be seen at
nearly 230 K. (Inset) Dielectric susceptibility at each frequency, and the maximum at 5 MHz is clearly observed

after which ¢ rapidly decreases.
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Figure 8. The complex dielectric susceptibility &' response as a func-

tion of temperature plotted for four doping concentrations: 0, 0.05, 0.2
and 0.4 at 50 kHz. &” is highest for 0.05, while the curves are close to
each other for 0.2 and 0.4.

atoms also occurs. Thus mounting participation of the 7 p
electrons of oxygen atoms in the electrostatic attraction
corresponding to the Mo 4d-02p ligand also takes place.
The resultant improvement in conductivity particularly at
low temperatures, is associated with a structural phase
transition owing to exceeding the Nb,Os loading and re-
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Figure 9. The complex dielectric susceptibility ¢’ as a function of

temperature plotted for four doping concentrations: 0, 0.05, 0.2 and 0.4
at 500 kHz.

ducing MoQj3; in addition to excess oxygen vacancies
available in the system. The general trend of the samples
is justified with such interpretation as they exhibit a
gradual decrease in the dielectric response, clearly seen
for each concentration (Figures 4-7). At low temperature
(T <100 K), a slight relaxation is manifested particularly
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at the low frequency (50 kHz), and is more pronounced
for the 20% and 40% doping (Figures 6 and 7); this can be
attributed to ionized oxygen vacancies®. This behaviour
is also in qualitative agreement with space-charge model
accounting for dielectric relaxation reported previously in
perovskites such as PbMg,3Nby;30; or Pb(Zr,Ti)O;3 in the
low-frequency and high-temperature range®*?%. As com-
mon to many dielectric materials, the free carriers stored
at the dielectric electrode interfaces can lead to space
charge®®. Hence, macroscopic dipoles are formed upon
the application of an electric field, which breaks the
symmetry of this space charge. In addition, a dielectric
maximum was found in numerous samples (most promi-
nent at 1 kHz between 500 and 600 K). This anomaly has
been shown to stem from a Debye dielectric dispersion
which mildly diminishes following a thermally activated
Arrehenius law:

7= roexp(E./ksT), (1)

where 7= 1/2zf and 7, are the Debye and high tempera-
ture relaxation times respectively, and E, the activation
energy. Moreover, the observed dielectric peak between
200 and 300 K (Figure 7) and the unprecedented sample
response for the molar ratio of 0.4 at 5 MHz are in favour
of the diffuse dielectric anomaly®’. The latter is ascribed
to the easing and broadening of a dielectric response in
the frequency domain for which a relaxation due to polar-
ized intrinsic nanoregions in the lattice both below and
above the diffuse transition temperature occurs. As the
electric dipoles are strongly influenced by lattice
defects?®, depending on the compositional and structural
fluctuations within the sample, this anomaly can be mani-
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Figure 10. The complex dielectric susceptibility &’ response as a
function of temperature plotted for four doping concentrations: 0, 0.05,
0.2 and 0.4 at 5 MHz. The tendency of ¢ values to drop is clearly
observed at this frequency, and the curves corresponding to the 0.2 and
0.4 doping are scaled up with pronounced dielectric maximum at 0.4.

CURRENT SCIENCE, VOL. 102, NO. 3, 10 FEBRUARY 2012

fested. In view of the data presented in this communica-
tion, one can propose that on increasing the doping con-
tent, more ionized oxygen vacancies corresponding to
(Mo0,)™ develop thus leading to relaxing dipoles. These
dipoles are related to the density of oxygen vacancies,
and consequently the observed decrease in dielectric
response with reducing temperature has to follow the
conductivity, where the complex conductivity o¢” is a
function of . On the other hand, the motion of oxygen
vacancies may not be restricted to one unit cell, but can
be non-localized and spread out to the entire sample
resulting in ionic conductivity and ill-defined relaxing di-
poles?.

In this communication, ceramic samples of MoO; doped
with different concentrations of Nb,Os oxide have been
prepared. The X-ray and FTIR data revealed a structural
transformation in the system upon doping up to 0.4 molar
ratio, resulting in a new discernible phase proposed as an
isotype of Nb,Mo030;; or 3M00,-Nb,0s. We have meas-
ured the dielectric properties of these samples corre-
sponding to four dopant concentrations, 0, 0.05, 0.2 and
0.4, at three frequencies, i.e. 50 kHz, 500 kHz and 5 MHz
of the drive signal. Transport measurements on the sam-
ples have shown that for doping concentration 0, 0.05 and
0.2, the complex dielectric function monotonously de-
creased with reducing temperature, yielding the lowest
response at the highest frequency (5 mHz). In contrast,
for the 0.4 doped samples the system extraordinarily
exhibited anomalous dielectric response at 5 MHz, so that
it acquired higher values than before, yet with a maximum
appearing in the range 200-300 K. The latter maximum
has been qualitatively interpreted on the grounds of
excess oxygen vacancies that give rise to relaxing dipoles
with increased doping, associated with improvement in
ionic conductivity that follows a thermally activated
mechanism. Further studies are necessary to uncover the
physical nature of a such system, particularly its ferro-
electric relaxation at higher frequencies, which can be
useful in practical applications.
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Lithospheric structure across the
western part of the Narmada—Son
Lineament from wide-angle seismic
data
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Seismic refraction and wide-angle reflection data were
acquired in early 1980s in analog form along a 260-km
long Sendhwa-Sindad DSS profile over the Deccan
Traps-covered area across the Narmada-Son Linea-
ment. The data with 15 Hz high cut filter were later
digitized and assembled into record sections which
exhibit deep-travelling, identifiable, wide-angle re-
flected phases by playing with gain. We have derived
the lithospheric velocity structure in Central India by
kinematic and dynamic modelling of these phases. The
result shows two intra-crustal discontinuities, one at a
depth of 14.5-16.5 km and the other at 26 km, where
velocity jumps from 6.6 to 7.0 km/s. The sub-crustal
lithosphere beneath a crust-mantle boundary at 39—
41 km consists of two prominent low-velocity (7.0 km/s)
zones bounded by high-velocity (8.0-8.2 km/s) layers.

Keywords: Crust-mantle boundary, lithosphere, ray
tracing, seismic refraction, wide-angle reflection.

THE lithospheric velocity structures can be determined by
the earthquake or the explosion seismology data. The
crustal and upper mantle structures have been derived in
various geological settings of the world using long-range
seismic refraction/wide-angle seismic data by several
workers*?. We derive the lithospheric velocity structure
by kinematic and dynamic modelling of such wide-angle
seismic data iteratively using a ray-tracing software®. The
velocity structure in different regions of the Indian penin-
sula is known from travel-time modelling of earth-
quakes®, surface wave dispersion®”’, waves spectra® and
deep seismic sounding (DSS)**? studies.

As a continuation of crustal seismic studies*®, four DSS
profiles, each of about 250 km long, were shot across the
Narmada-Son Lineament (NSL) in Central India. This
lineament is the most conspicuous linear geological fea-
ture in India after the Himalaya. It passes through Broach
on the west coast of India in NNE-SSW direction cutting
across the whole of Central India and has been periodi-
cally reactivated since the Precambrian®**. The crustal
velocity models derived from the DSS data acquired
along these profiles across the NSL reveal, in general, a
high positive velocity gradient up to a depth of about
10 km from the surface. The Moho is found to vary
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