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Abstract

Magnesium Ortho Titanate (Mg, TiO,) has been synthesized by solid state reaction technique and characterized by X-ray
diffraction (XRD), Scanning Electron Microscopy (SEM) and dc conductivity. Powder x-ray diffraction analysis indicates
single phase nature cubic structure with space group Fd3m. The surface morphology of the sample is investigated by
Scanning Electron Microscopy (SEM) which indicates the occurrence of curious cubical growth characteristics
resembling a spiral like feature which have emanated from screw dislocations. The dc conductivity of the sample was
measured over the range of temperature 77-300 K. The measured room temperature conductivity of the sample is 6.52
x10~" Ohm™ cm™. An effort has been made to explain the conduction mechanism in this sample in terms of the so called
Mott’s variable range hopping model. The hopping conduction parameters such as the characteristic temperature (Ty),
localization length (@), hopping distance (R), activation energy (AE), average hopping energy (W) and density of states
at the Fermi level (N (Eg)) have been worked out.

Keywords: X-ray diffraction pattern, Scanning Electron Microscopy, Calcination, Sintering, Defects, Grain size,

Electrical conductivity, Spinels, Hopping model, Screw dislocation.

Introduction

Spinel compounds are being extensively studied for their
applications in dew sensors, pigments for protective
coatings etc. (P. K. Roy et al, 2007; C. P. Poole et al,
1982; E. J. W. Verwey et al, 1936). These materials find
wide industrial applications in dew sensors, pigments for
protective coatings and principally for their dielectric
properties in chip capacitors, high frequency capacitors
and temperature compensating capacitors and in the
composition of binders by increasing the flexural strength
(M. J. M. Lope et al, 1992). The properties of these
materials are highly dependent on the structural disorder
arising from synthesis procedure and sintering temperature
(H. Hohl et al, 1996). They exhibit a rich diversity in
morphology because of their highly crystalline nature. The
electrical property varies from an insulating to a
conducting regime (M. Okutan et al, 2005; W. A. Badawy
et al, 1990) hence resulting in a wide range of
conductivities. Various charge transport mechanisms have
been proposed depending on the conductivity behavior of
ceramics with various parameters such as temperature,
pressure and doping (W. K. Park et al, 2003; J. H. Cho et
al, 2004; R. C. da Silva et al, 2002; H. Bottger et al, 1995;

*Corresponding author: Alok Kumar Singh’s phone +91-11-2698461,
Fax: +91-11-26981753

R. Mansfield et al, 1991; A. Hausmann et al, 1972).
Detailed investigations on inverse spinels have recently
started.

The compounds Mg,TiO, refers to the inverse
(reversible) spinel type structure (Space group Fd3m and
Z=8) with structural formula (Mg)*[Mg*Ti*"]O, (N.
Stubicar et al, 2004; B. D. Lee et al, 2003; A. Golubovic
et al, 2011). Their valency distribution has been described
elsewhere (A. K. Singh et al, 2013).

In this study, we report the synthesis, X-ray diffraction,
surface morphology and conductivity behavior of the
inverse spinel compound, Mg,TiO,4. The room temperature
conductivity of the sample has been calculated several
times by various authors, but the conduction mechanism
has not been analyzed yet to the best of our knowledge.

Growth mechanism

Each crystal system tends to give a unique defect
structure; such defects are presented during the crystal
growth stage. The application of any crystal relies only
upon the functionality of these materials for which it is
essential to control the defects and the crystal size (B.
Subotic et al, 2003).

The growth mechanism in case of spinal structures is
unfavorable as a minor adjustment in the occupying of
tetrahedral or octahedral sites results in either a spinel type
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or inverse spinel type structure. The consequential pattern
is a curious spiral like structure; each grain or column
grows by accumulation molecules to a spirally expanding
ramp on the top surface of the grain (M. Hawley et al,
1991) as suggested by Frank (F. C. Frank et al, 1949) in
the classical curved growth mechanism. These dislocations
will create steps in the surface, obviating the inevitability
for 2D nucleation.
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Fig.1. Crystal growth mechanism by screw dislocation

Fig.1 shows a schematic diagram on the concern and the
fruition of curved development. The spiral growth
mechanism was developed theoretically by Burton et al.
(W. K. Burton et al, 1951) and observed experimentally
for the first time by Verma & Krishna (A. R. Verma et al,
1996). The theory of crystal development by spiral
dislocation was further refined by Burton, Cabrera and
Frank (W. K. Burton et al, 1951) giving rise to what is
acknowledged as BCF theory.

Experimental

Polycrystalline sample of inverse spinel Mg,TiO,; was
synthesized by solid state reaction technique, with
composition Mg, 4Ti;4O4. Here x is referred to as
inversion parameter. The stoichiometric amount of
Mg(NO3),.6H,0 (98.5 %) and TiO, (Rutile, 99.5 %),
powders were mixed thoroughly and pre-calcined for 12 h
at 1000° C. The pre-calcined material was again ground
and calcinated at 1250° C for 24 h. Finally the sample was
ground to fine powder, pressed to pellet form and sintered
at 1300° C for 72 h and at the end of heat treatment the
sample was allowed to cool slowly at room temperature
(A. K. Singh et al, 2013). The X-ray powder diffraction
patterns after sintering were obtained using a Philips PW-
1050 diffractometer with A Cu-Ka irradiation and a
step/time scan mode of 0.02 degrees per second and data
was analyzed by Powder X software (C. Dong et al, 1999).
Surface morphology was analyzed by Surface Electron
Microscopy (SEM) model LEO (440). The dc conductivity
studies in the temperature range 77-300 K were carried
out by a two probe method using Keithley's 610 C
electrometer and 236 source meter unit (SMU).

Synthesis, Characterization and DC Conduction Mechanism in Inverse Spinel Compound (Mg2TiO4)

Results and Discussion
X-ray diffraction
The XRD pattern of Mg,TiO, at room temperature is

shown in fig. 2 exhibits single phase nature (M. J. M. Lope
et al, 1992).
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Fig. 2 X-ray diffraction pattern of single phase Mg,TiO

XRD spectrum was indexed using Powder X software
from where it can be inferred that the system exhibits
cubic spinel structure with space group Fd3m (A. K. Singh
et al, 2011; G. Kimmel et al, 2000) and lattice constant
8.456 A.

Scanning Electron Microscopy

Depending upon the annealing duration the presence of
cubic structures of various sizes (1-2 um) are revealed by
SEM images. The shape of these compounds is directly
dependent on the relative order of surface energy.

1 pm EHT = 10.00 kV
Mag = 20.00 K X

Signal A = SE1
WD = 7.5mm

Photo No. = 670 NPL New Delhi

Fig3a

Fig. 3 (a, b) in SEM micrograph reveals curious growth
characteristics; it also clearly demonstrates the nucleation
of new step on an atomically smooth surface. We observe
closed spiral like loops in assorted forms. Fig. 3 (a) is the
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SEM image of Mg,TiO, which exhibits curious
microstructural characteristics in the form of a myriad
spiral like growth features. These can be classified as
either columnar or tangential (A. K. Singh et al, 2013).
Fig. 3 (b) is the magnified image of the sample with size
200 nm, which shows cubical growth as well as screw
dislocation (F. C. Frank et al, 1949; W. K. Burton et al,
1951; A. R. Verma et al, 1996; A. K. Singh et al, 2013; C.
Dong et al, 1999; A. K. Singh et al, 2011; G. Kimmel et
al, 2000; J. Zabicky et al, 2009).

200 nm

EHT = 10.00 kv
Mag = 50.00 K X

Signal A = SE1
WD = 7.5mm

Photo No. = 671 NPL New Delhi

Fig3b

Fig.3 Cubical structure of the inverse spinel Mg,TiO,4
shown by SEM

Possible mechanism for the generation of spiral like
growth features of Mg,TiO,4

A careful analysis of these samples shows cubical spiral
features which are mediated through screw dislocation (F.
C. Frank et al, 1949). The introduction mechanism of
dislocation in these high temperature materials is not yet
understood fully. The ascendancy of the density of
dislocations is important for high current device
applications. One important condition of the spiral like
growth is the sintering temperature as well as the
estimated temperature during the solid state reaction
technique. It was predicted that the growth is totally cubic
in structure. It may be possible that when the two growth
fronts corresponding to Mg(NOs),.6H,0 and TiO, would
develop sufficiently and meet each other over an earlier
grown structure, a screw dislocation would form due to
incoherent meeting. That is normal at this stage of
development. It is not possible to pin-point and it is not
possible at this point to a certain whether interacting and
interlaced circular and cubic spiral features or single cubic
spiral features or spirals containing inclusion/platelet like
features or even square spiral features truncated at the
corners gives to them specific structure. Nevertheless,
regardless of the details of the mechanism, it is certain that
the material after the initial developments in the shape of
crystallites develops further through spiral growth
mechanism.
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Electrical conductivity

In order to determine the mechanism of conduction in
spinels, usually the temperature dependence of the
electrical conductivity is studied over the wide range of
temperature (W. A. Badawy et al, 1990; H. M. EI-Mallah
et al, 2004; R. C. Kambale et al, 2010; H. M. El-Mallah et
al, 2007; D. H. Lee et al, 1998; K. Yagasaki et al, 2002; I.
Khan et al, 2011).The conductivity can be assumed to
consist of two parts, namely o and oy, such that the total
DC conductivity o4, = og + o4. og €an be reported by the
mechanism in the band conduction model for the high
temperature, whereas oy is a contribution due to charge
transport at lower temperatures.

The total conductivity of the ceramic was determined
as the summation of the contributions from the two
different conduction mechanisms. The conductivity is
expressed by
o (T) = orexp(— AE/kgT) + o, exp[—(To/T) /4] 1)

It is evaluated that at below 300 K, the charge transfer
mechanism between localized states can be explained
using Variable Range Hopping (VRH) model. The
hopping conduction is associated with electron jumping
from an occupied site to empty ones. The empty sites can
be fulfilled at low temperatures. Hopping conductivity is
governed by the hopping probability between occupied
and unoccupied sites. At high temperatures, the hopping
probability is dominated by the random spatial distribution
of the atomic sites.

At higher temperatures, conductivity mechanism is
mainly determined by hopping of carrier thermally
activated into the band tails as mono-energetic trap state
becomes thermodynamically accessible at higher
temperatures. In fact, the variable hopping regime
dominating at lower temperature region should change to
the constant range regime with increasing temperature
because the hopping distance will reach its minimum
possible value when the carriers jump between the nearest
neighbor sites (N. F. Mott et al, 1979).

The ceramic indicates the typical behavior of a
semiconductor as its electrical conductivity increases with
increasing temperature (D. H. Lee et al, 1998). Similar
behavior has been observed for the Mg,TiO, and the
variation of dc conductivity as a function of 1000/T in the
temperature range 77-300K is shown in Fig. 4.

For the lower temperatures, the conductivity results
have been examined in the light of Mott’s variable range
hopping (VRH) model (N. F. Mott et al, 1979; Z. Yang et
al, 2002; M. Ziese et al, 1998; R. M. Kusters et al, 1989;
G. J. Snyder et al, 1996; C. Ang et al, 1998). In this
model, the dc conductivity shows the temperature
dependence of type T" where n = 1/1+d, and d is the
dimensionality. Therefore, Mott’s model suggests n=1/2
for one dimensional hopping, n = 1/3 for two dimensional
hopping and n =1/4 for three dimensional hopping. From
Figs. 4 (b), (c) & (d) the linear regression on the data
points in entire temperature range of measurement gives
the maximum linearity factor and hence best fit for T-*
for the sample. So, 3D VRH seems to be a dominant
charge transport mechanism.
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Fig.5 Plot of (a) activation energy E, vs. temperature and
(b) log activation energy vs. log temperature of Mg, TiO,.

Fig. 5(a) and 5(b) show the temperature dependence of
activation energy, calculated from Fig. 4(a). The values of
the activation energy along with that of dc conductivity at
300 K and 77 K are given in Table 1. The observed
temperature dependence of activation energy rules out
band conduction at the low temperature.

Ep=—dInc /dT 2

Table 1 Dc conductivity (o4) and activation energy (Ea)
at 77K & 300K of Qandilite (Mg, TiO,)

Sample Conductivity o4 (2 cm™) Ea (eV)
77K 300 K 77K 300 K
Mg,TiO, | 1.07x107% | 6.52x 107 | 0.074 | 0.183

Mott (N. F. Mott et al, 1979) has suggested that hopping
may take place preferentially beyond nearest neighbors.
The variable range hopping conductivity predicted by
Mott and Davis, (N. F. Mott et al, 1979) is of the form

on = Goexp [~ (To/T)'] @)
where T, and o are constants and can be expressed as.

To = Aai*/ks N(E) (4)
and

0o = €°R%9,N(Ef) (5)

where T, is the characteristic temperature, A is a
dimensionless constant (W. A. Badawy et al, 1990; D. K.
Paul et al, 1973) and is assumed to be either 18 or 21 (W.
A. Badawy et al, 1990; N. F. Mott et al, 1979; F.
Yakuphanoglu et al, 2004), o is the coefficient of
exponential decay of the localized states involved in
hopping process. A reasonable estimates for o is a=1/rp
where rpis equivalent to the bond length in this system, i.e,
2 A, as determined from the refinements of neutron and
synchrotron diffraction patterns (M. P. Sharma et al, 2011,
K. Suri et al, 2003; A. Banerjee et al, 2003; A. I. Ali et al,
2007; B. A. Wechsler et al, 1989; G. Kimmel et al, 2004).
Kg is the Boltzmann’s constant, N (Eg) is the density of
states at the Fermi level, e is the electronic charge, o iS
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the conductivity at infinite temperatures, v, is the phonon
frequency (~1013Hz) and can be obtained from Debye’s
temperature 0p, (R. Singh et al, 1993) and R is the
hopping distance between the two situations.

The plot in the temperature region where Eq. (3) is
valid should give activation energy as per Eq. (2) and can
be correlated to the parameters of Eq. (3) by the following
equation

Ea=nkeTo(To/T)"™ (6)

It is evident from Eq.(6) that a plot of logE 4 versus log T
should yield a straight line of slope (n-1). The solid line
corresponding to n=1/4 is shown in Fig. 5(b). It can be
ascertained that the slope of the solid line is nearly parallel
to obtain log activation energy data versus log T. This
further indicates that three dimensional variable range
hopping is dominant in the present case.

The temperature dependent activation energy can also
be qualitatively explained if polaronic hopping is
considered (H. M. El-Mallah et al, 2007; D. H. Lee et al,
1998; O. Bidauit et al, 1995; K. A. Muller et al, 1979).
According to Holstein (T. Holstein et al, 1959), for orders
material having polaronic hopping conduction, multi-
phonon processes are involved. These are gradually
replaced at lower temperatures by the processes in which
the only contribution to the jump frequency of the polaron
is due to single optical phonon absorption or emission.
The variation of activation energy for such a procedure is
given by

E [tanh(fkwqr)]
—4 = hwo g (7)
(i)

4kpT,

where E, is the room temperature activation energy, g =
2mug, h = h/2n, E, is the activation energy for different
temperatures. As a representative result, theoretical plot
for EA from Eq. (7) has been shown as solid line in Fig.
5(a) for the sample. It can be seen that the Polaronic
hopping conduction can give temperature-independent
activation energy, where multi-phonon process dominates.
Nevertheless, the temperature dependent activation energy
rules out the above possibility, confirming the existence of
Polaronic conduction through VRH where single photon
processes are involved in the sample.

Furthermore, for Mott’s theory to be applicable for the
evaluation of hopping parameters a good fit of
conductivity Vs temperature data is essential (R. Singh et
al, 1996). The hopping conductivity is given for the spinel
in Fig. 4. The other hopping parameters which are hopping
distance (R) and the average hopping energy (W) can be
defined by the following relations:

R= [9/8makg TN(EQ)]™ (8)
and
W= [3/4nR3N(Ef)] (9)

Mott’s parameters Ty, R, W and N(Eg) are given in Table2

Synthesis, Characterization and DC Conduction Mechanism in Inverse Spinel Compound (Mg2TiO4)

Table 2 Calculated Mott’s Parameters: characteristic
temperature (T,), density of states at Fermi level (N(Ep)),
average hopping distance (R) and average hopping energy
(W), of Qandilite (Mg,TiO,).

N(Ep)(cm™ eV?)
2.53 x 10%

Sample
Mg, TiO4

To (K)
1.24x10’

R (cm)
10.22x 108

WEV) | oR
0.0881 | 5.11

The estimated values are consistent with the Mott’s
requirement that aR >> 1 and W >> kgT for hopping to
distant sites. The value of N(Eg) is reasonable (2.53x10%
cm®eV™), much below the Avogadro Number in the given
range. From the above observations and subsequent
calculations, it can be inferred that at lower temperatures
the 3D VRH is the basic transport mechanism, whereas at
higher temperatures the hopping probability is dominated
by the random spatial distribution of the atomic sites.

Conclusions

Magnesium Ortho Titanate (Mg,TiO,4) has been prepared
by conventional solid state reaction technique on sintering
at 1300° C for 72 hours. The XRD pattern of Mg,TiO,4
shows its single phase nature exhibiting cubic spinel
structure with space group Fd3m and lattice constant 8.456
A. SEM images of the sample show the curious
microstructural characteristics in the form of myriad spiral
like growth features. The charge transport mechanism has
been well explained by 3D Mott’s variable range hopping
model and the density of states is found to be N(Eg) = 2.53
x 10% cm eV* which is well within the range.
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