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Abstract BaTi;_,Co,03_s5 (0.01 <x <0.4) ceramics
were prepared by a wet chemical process polymerized with
polyvinyl alcohol. The phases and related electrical prop-
erties of the ceramics were investigated. The phase com-
ponent of the ceramics changes from a tetragonal phase to a
hexagonal one with the Co concentration increase. A pure
hexagonal phase formed in the ceramic with x = 0.2. The
measurement of the temperature dependence of resistances
revealed that the ceramic resistivities increase with tem-
perature rising at the temperatures (7) lower than half of
the related Debye temperature (®p), and the ceramics
show a negative temperature coefficient (NTC) effect
at T > ®p/2. The material constants Bsgy oo of the
BaTi;_,Co0,03;_s NTC thermistors were calculated to be
3,187, 2,968 and 2,648 K for x = 0.2, 0.3 and 0.4,
respectively. Narrow-band conduction and non-adiabatic
hopping models are proposed for the conduction mecha-
nisms at 7 < ®p/2 and T > Op/2, respectively.

1 Introduction
The thermistors with a characteristic of negative tempera-

ture coefficient (NTC) of resistivity are widely used in
various industrial and domestic applications. Traditionally,
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most of the NTC thermistors are based on the solid solu-
tions of transition metal oxides with a spinel structure, such
as Mn-Ni-O, Mn—-Ni—Cu-O and Mn—Co-Ni-O systems
[1-3]. For the interesting electrical property, lots of sci-
entists and engineers have also focused on the doping
effect of the spinel type NTC thermistors, e.g., MgO,
Al,O5 and Cr,0O5 doped NTC thermistors [4—6], Cu and/or
Zn doped Nio_5Mn2.504 or Mn1_17_xNi0A93C00A92nxO4
[7, 8], and the doping effect of Fe in Cug 1oNigesMns 2404
thermistors [9]. However, the applications of NTC therm-
istors based on the spinel oxides are commonly limited to
the temperatures below 200 °C for the relaxation of the
crystal structure at high temperature [10]. For the different
applications, some new type of NTC oxides have been
developed, such as Bi,O3; doped with TiO,, Ta,Os and
WO3 [11], Bi3Zn,Sb30,4 ceramics [12], BaTiO3 co-doped
with BaBiO; and Y,0O; [13], and composite of polyaniline
and Mn3O4 [14], etc.

BaTiO3-based ceramics have been widely studied and
applied as the electronic ceramics such as capacitors for
their dielectrical properties and thermistors for the effect
of positive temperature coefficient (PTC) of resistivity.
Meanwhile, it is reported that a hexagonal structure Ba-
TiO5 (h-BaTiO3) can be stabilized at room temperature by
rapid quenching from temperatures higher than 1,460 °C
[15], firing in reducing atmospheres [16—18], or doping
with some acceptor-type ions (e.g., Mg, Al, Cr, Mn, Cu, Fe,
Co, Zn, Ga, Ni and In) on Ti site [19-22]. Most of the
previous researches on h-BaTiO; focused on the phase
transformation. However, as our knowledge, there has not
been any report on the NTC effect of h-BaTiO3 ceramics so
far. During investigating the influence of Co doping on the
crystal structure and electrical property of the BaTi;_,
Co,05_s ceramics, the authors found that the BaTi;_,
Co,05_; ceramics can not only transform from a tetragonal
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structure to a hexagonal one when the Co concentration
increases, but also, more interesting, display an excellent
NTC effect. The investigation results about the phase
transformation and temperature dependence of resistivity
in the BaTi;_,Co,03_s ceramics are reported in present

paper.

2 Experimental

Appropriate quantities of barium carbonate (BaCOs,),
tetra-n-butyl titanate (TBT) and cobalt oxide (Co,03) were
weighed according to the given formula BaTi;_,Co0,05_s
(x = 0.01, 0.05, 0.1, 0.2, 0.3, 0.4), respectively. TBT was
dissolved in anhydrous alcohol, BaCO3; and Co,0; were
dissolved in dilute nitric acid, respectively. And then the
above solutions were mixed together. Proper quantity of
polyvinyl alcohol was employed as polymeric carrier in the
solution mixture [23]. The obtained solution was heated
and dried under magnetically stirring to form precursor.
The precursors were calcined at 850 °C for 2 h, and then
were pressed into pellets in about 15 mm in diameter and
3.5 mm in thickness. The glue pellets were sintered at
1,300 °C for 2 h in air. The sintered pellets were ground to
a thickness of about 2 mm and painted with silver paste on
both parallel sides of the samples as the electrode.

The temperature dependence of resistance (R-T) of the
samples was measured by an R-T measurement system
(ZWX-C, HuaZhong University of Science and Technol-
ogy, China), and the temperature dependence of resistivity
(p-T) was calculated according to the related sample size.
The test temperature ranges from 26 to 300 °C. The phase
components of the prepared ceramics were examined by
an X-ray diffractometer (D/MAX 2550 PC) with Cu K,
radiation. The microstructures of the BaTiggCog,03.s
ceramics were investigated with a scanning electron
microscope (SEM) (JEOL, JSM-6360LV) and a transmis-
sion electron microscope (TEM) (FEI Tecnai G? F20),
respectively.

3 Results and discussion
3.1 Phase analysis

Figure 1 shows the XRD patterns of the as-sintered
ceramics with different Co concentrations. For x = 0.01, a
pure tetragonal phase (marked by “¥’) can only be detected
in the ceramic. It indicates that the BaTip99Co0g ;03
ceramic has the similar phase composition as that of
BaTiO;. The lattice parameter was determined to be
a = 0.3996 nm and ¢ = 0.4019 nm. As the Co concen-
tration increases, e.g. x = 0.05, some diffraction peaks
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belonging to a hexagonal phase, (1013), (2023) and
(1017), can be detected besides the ones from the tetrag-
onal phase. These indicate that a hexagonal phase formed
and the ceramics is composed of the tetragonal and hex-
agonal phases. The peak intensity from the hexagonal
phase increases, while those from the tetragonal phase
decreases, with the Co concentration increases. It is found
from Fig. 1 that the x = 0.2 ceramic has a single phase of a
hexagonal polymorph with the space group of P6s;/mmec.
The lattice parameter can be determined to be a =
0.5708 nm and ¢ = 1.3987 nm. In the ceramics with
x=0.3 and x =04, two extra diffraction peaks as
marked by ‘@’ from an impurity can be detected at 20 =
28.5°-30°. The impurities were determined to be Ba,TiO,.

Figure 2a is a SEM observation of the as-sintered
BaTig gCoy 1035 ceramic. The ceramic has the grain size
about 5 um. Some pores, which should result from the
volatilization of cobalt atoms during sintering, can be seen
in the ceramic. The analysis of X-ray energy dispersive
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Fig. 1 XRD patterns of the as-sintered BaTi;_,Co,0;_s ceramics
(x = 0.01, 0.05, 0.1, 0.2, 0.3, 0.4), ¥ indicates the tetragonal phase,
@ indicates the Ba,TiO, phase, the other peaks belong to the
hexagonal phase
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Fig. 2 Microstructure
investigation of the

BaTij gCog 035 ceramics:

a SEM image, b TEM image,
and ¢ a SAED pattern

.
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(EDX) shown that all the grains have the similar compo-
sition with Ba, Ti, Co and O. The EDX is not shown here.
During TEM investigation, only hexagonal phase was
observed. Figure 2b is a TEM image of the BaTig gCo¢,0s.
s ceramic. A selected-area-electron diffraction (SAED)
pattern taken from the center grain, in Fig. 2b, along
[ZHO] direction, is shown in Fig. 2c. Two diffraction
points marked by arrows were indexed in Fig. 2c, indi-
cating the hexagonal structure as described in Fig. 1.

It is commonly accepted that the oxygen deficiency
plays a key role in stabilizing the h-BaTiO3 at room tem-
perature. Both the Rietveld refinement of neutron diffrac-
tion data and study of density functional theory suggested
that oxygen nonstoichiometry occurs by removal of O(1)
from Ba(1)O(1); layers which separate the pairs of occu-
pied face-sharing Ti,Og octahedra (see in Fig. 3) [24, 25].
In undoped case, the oxygen-loss, which is chargedly
compensated by partial reduction of Ti*" to Ti**, plays an
important role in the reduction of the Gibbs energy and in
the retention of the h-BaTiOs;. The hexagonal phase
increased proportionally to the amount of Ti** ions by the
reduction of Ti** ions, and the minimal concentration of
Ti** for stabilizing the hexagonal BaTiO; at room tem-
perature was 0.3% of the total Ti ions [17]. On the other
hand, the transformation temperature from cubic phase to

.
.

vooL* ¢

hexagonal one is also related to the concentration of
equilibrium oxygen deficiency or Jahn-Teller effect
induced by accepter dopants. Co atom has an electronic
configuration of 3d’4s* and may lose two or three electrons
in compounds. Co?* and Co™" ions are easy to substitute
for Ti*" site because of that the radius of either Co®" or
Co>* (fcoz= 79 pm,rcoz = 68.5 pm) is much less than
that of Ba*" (149 pm) and is close to that of Ti*"
(74.5 pm) (www.webelements.com). Both Co®" and Co®™
ions always substitute for Ti(2) site and have the lowest
energy when they are located within the same Ti,Og
octahedra [25]. The BaTi,_,Co,03_s ceramics are expec-
ted to lose a slight amount of oxygen by the doping of Co
ions in accordance with the following reaction:

1 /
og—>§02+vg+2e (1)

where O( is neutral oxygen, V¢ is the doubly ionized
oxygen vacancy, ¢ is the electron.

The BaTi;_,Co,05_s ceramics with a low level of Co
concentration (e.g. x < 0.05) do not have much enough
oxygen vacancies for the full transition from tetragonal
phase to hexagonal one, and still contain the tetragonal
phase. With the Co concentration increase, the amount of
oxygen vacancies increases. More and more octahedrons
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Fig. 3 Illustration of the crystal structure of the h-BaTiO3

convert from the corner-sharing structure to the face-
sharing one, and the amount of the hexagonal phase
increases. As a result, a single hexagonal phase can be
obtained when the concentration of Co dopant is high
enough, in present experiment, x > 0.2. On the other hand,
because of the volatilization of Co element during the high
temperature treatment such as calcining and sintering, the
Ba-rich region could form. As a result, the Ba,TiO,4 phase
as showed in Fig. I might occur in the ceramics with
x>0.2.

3.2 Electrical property

Figure 4 shows the plots of the temperature dependence of
resisitivity, by ln(p/Tl'S) versus 1000/T, of the BaTi;_
+C0,05_; ceramics with various Co concentrations after
sintering at 1,300 °C. Where, p is the ceramic resistivity
and T is the temperature in Kelvin degree. For the samples
x = 0.01, 0.05 and 0.1, when the measurement temperature
increases, the resistivities increase at the temperature lower
than the related transition temperature ®p/2, and then
decrease at the temperatures higher than the ®p/2. The Op
is the Debye temperature [26]. It can be seen that Op
decreases with cobalt-concentration rising (see in Table 1).
Meanwhile, the In(p/T") behaves linear dependence of
1000/T at T > ®p/2. The nonlinear variation of ln(p/Tl'S)
versus 1000/T plots at ®p/2 often shows evidence of small
polaron hopping conduction [27].

However, in the samples of x > 0.2, the resistivities
monotonously decrease with the temperature increase in all
the test temperature range, meaning that these samples
show the pure NTC effect. It is assumed that ®p/2 in these
samples is less than the measurement temperatures, 26 °C.
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Fig. 4 Temperature dependence of resistivity of the BaTi; _,C0,0;3_5
ceramics (x = 0.01, 0.05, 0.1, 0.2, 0.3, 0.4) by the In(p/T") versus
1000/T plots

The material constants Bsg/29 of the ceramics showing
pure NTC effect in the test temperature range can be
expressed by:

_lan_lnpl (2)

B=
1T, — 1T,

where p; and p, are the resistivities at temperatures 7 and
T,, respectively. So the Bsg/ 9 constants of the samples
with x = 0.2, 0.3 and 0.4 can be obtained to be 3,187,
2,968 and 2,648 K, respectively.

Charge transport in transition metal oxides usually
occurs through the partially filled 3d orbitals. The 3d
overlap is too small to form a metallic band, but it is suf-
ficient for the charge carrier to migrate through the crystal
by electron exchange. If the interaction between the lattice
vibrations and the carrier is sufficiently strong, the carrier
bandwidth can be small enough to form small polaron. At
low temperatures, the polaron tunnels through the crystal in
a narrow band, the bandwidth and mobility decrease with
temperature rising until the mean free path becomes equal
to the lattice spacing. The band model then breaks down
and the polaron hops between ions, by either thermal
activation over the barrier in a classical sense or phonon-
assisted tunneling through the barrier. The former is
dominant if the motion of the charge carrier and lattice
are coupled adiabatically. Here the small polaron theory
is proposed to discuss the conductivity mechanism in
BaTi;_,Co,05_s ceramics.

For x < 0.2, one can see from Fig. 4 that the resistivities
increase with temperature rising at the temperatures
T < ®Op/2. This can be explained by the polaron conduc-
tion in a narrow-band [28, 29]. At low temperature, the
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Table 1 Calculated parameters from the resistivity—temperature relationship of the BaTi;_,Co0,05_; ceramics at T > Op/2

X Activation energy Debye temperature Debye frequency Coupling parameter Jmax (€V) A (eV)

E, (eV) Op (°C) p (10" Hz) y

0.01 0.550191 300 7.49484 22.29441 0.043515 0.308389
0.05 0.368172 108 4.98348 22.43692 0.028934 0.205054
0.1 0.275225 72 4.5126 18.52275 0.0262 0.185679
0.2 0.274536 <52 <4.251 <19.61337 <0.024681 <0.174915
0.3 0.25567 <52 <4.251 <18.26561 <0.024681 <0.174915
0.4 0.228105 <52 <4.251 < 16.29627 <0.024681 <0.174915

polaron moves in Bloch-type bands, the width W of which
is determined by the product of the electronic overlap
integral J and a vibrational-overlap integral. Thus

W = 4J exp(-S) (3)

where s =y(2n+1), n=1/exp(hwy/2ksT), y is the
coupling parameter, / is the Planck constant, kg is the
Boltzmann’s constant and wq is the optical phonon fre-
quency. Here, wy is replaced by the Debye frequency wp
which stands for the maximum of vibration frequency. The
values of wp of the samples can be obtained as following
relation and are presented in Table 1:

wp = kB®D/Fl (4)

The bandwidth, which is determined by electronic
overlap, tends to a limiting value of J = 3hw, at low
temperatures (7 < ®p/2), and the electron—phonon (e—p)
interaction can be regarded as a perturbation. Then the
bandwidth decreases exponentially with temperature rising
due to increasing vibrational overlap. As the bandwidth
is reduced, the mobility of charge carrier is assumed
thermal degenerate thus the resistivity increase. At higher
temperature range (7 > @p/2), non-diagonal transitions
play a dominant role [28, 29], giving rise to a thermally
activated hopping mobility. Thus the resistivity decreases
exponentially with the rising temperature, which shows the
NTC behavior.

The substitution of Co" at Ti*" site leads to the for-
mation of vacancies in the oxygen sublattice in order to
maintain charge neutrality. Electrons release in this process
may be captured by Ti** or Co®*. Since Ti*" has the inert
gas (Ar) configuration and has lower Sanderson electro-
negativity (1.50) than that of Co** (2.56) [30], the possi-
bility of generation of Ti*" is very small. Therefore, these
materials are expected to contain Co”" states. The NTC
behavior at T > ®p/2 occurs due to the thermal activated
hopping of electrons between Co’/Co”" pairs:

Co*" + Co®" — Co*" 4 Co*". (5)

The expression of conduction at 7 > ®p/2 can be given
as: for non-adiabatic hopping [31]

12
 keTh (EksT
p _W(T) exp(Ea/ksT) (6)
=po exp(Ea/ksT)
and for adiabatic hopping
27‘EkBTh
= Ey/kgT
p ne2a2woeXp( v/ksT) ™)

=p, exp(Ep/ksT)

where E, and E,, is the activation energy, po and p; is the
pre-exponential factor, 7 is the Planck constant, kg is the
Boltzmann’s constant, n is the density of charge carrier, a
is the jump distance.

From Egs. 6 and 7, the resistivity increases exponen-
tially with temperature rising in a wide temperature range.
The pre-exponential factor that is proportional to either
T (for adiabatic hopping) or T (for non-adiabatic hop-
ping) only acts a key role when kgT is approximate to E,
or Ey. The activation energy E, (or Ep) can be expressed
by [32]:

E, =Wy for
E, =W, + Wd/2 for

T<®D/4

where W, is the hopping energy, Wy is the disorder energy
rising due to the energy difference of the neighboring sites
and is significant at very low temperature (7' < ®p/4). At
high temperature (7 > ®p/2), Wy is small and the activa-
tion energy E, (or E) is approximate to W, that is
E, ~ W;. As shown in Table 1, E, decreases with cobalt-
concentration rising. This can be explained by considering
that the increasing of cobalt concentration causes stronger
electron—electron (e—e) interaction determining the band-
width between Co ions, and causes the less e—p interaction
corresponding to hopping process. As a result, the energy
required to liberate a free charge carrier is reduced. Thus
the activation energy E, decreases with cobalt-concentra-
tion rising

It is suggested that a value of y > 4 usually indicates
strong e—p interaction, where y is the coupling parameter
and can be estimated from the relation [27]:

@ Springer



816

J Mater Sci: Mater Electron (2010) 21:811-816

Y= 2Wh/h0)0 (9)

The large values of y as presented in Table 1 indicate that
the e—p interaction is dominant in those ceramics and is
large enough to form polarons.

Emin and Holstein give the condition for non-adiabatic
by [28]:

() )

T T

In order to give the overlap integral J, Holstein uses the
relation:

Jmax = 0.67hiwo (T /Op)"/* (11)

and J < Wy/3 is given for small polaron model [33]. The
values of J.x is presented in Table 1 when 7/@p is
selected a representative value of 3.

According to the equations from 8 to 11, one can get

E,> A (12)

as a condition for non-adiabatic (E, ~ W), A = 5.384 x
10~*®p. As shown in Table 1, all the samples accomplish
the condition E, > A and J,,,x < E,/3. So it can be con-
cluded that the conduction mechanism in those samples
follows the non-adiabatic small polaron hopping model for
T > ®p/2 and the narrow-band conduction model for
T < ®p/2. The ceramics showed excellent NTC effect
at T > Op/2.

4 Conclusions

The phase transforms from a tetragonal one to a hexagonal
one in the BaTi,_,Co0,05_s ceramics with the Co dopant
concentration rising, and a pure hexagonal phase formed
when x = 0.2. With the Co concentration higher than
x = 0.2, a small amount of the Ba,TiO, impurity formed
besides the hexagonal phase in the BaTi;_,Co,0;_s
ceramics. The resistivity-temperature characteristic of the
BaTi;_,Co,05_s ceramics depends on the related Debye
temperatures (®p). The resistivity increases with temper-
ature rising at the temperature lower than ®p/2, and
decreases with temperature rising at the temperature higher
than @p/2. The pure NTC effect exists in the ceramics of
x > 0.2 at the temperatures from 26 to 300 °C, and the
material constants Bsgq29 are 3,187, 2,968 and 2,648 for
x = 0.2, 0.3 and 0.4, respectively. The narrow-band con-
duction and non-adiabatic hopping conduction are pro-
posed for the conduction mechanisms at the temperature
ranges T < ®Op/2 and T > Op/2, respectively.
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