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Abstract. Structure and electrical resistivity of (1 − x)La2 NiO4+δ /xBaTiO3 composites (x = 0.05, 0.1, 0.2, 0.3, 0.5)
produced by combining the sol–gel and ceramic sintering methods have been investigated. Among the samples sintered at
temperature 1300◦ C for 16 h, the metal–insulator transition (MIT) temperature of x = 0.1 sample, which is TMI = 700 K,
is lower than the MIT temperature (800 K) of the pristine La2 NiO4+δ (LNO) perovskite. Reduction of resistivity of x ≤ 0.3
composite is mainly due to decrease of the scattering of electrical carriers by composite large grain boundaries and the
structural change of the LNO component. The temperature dependence of the resistivity of (1 − x)La2 NiO4+δ /xBaTiO3
composites is well-explained by a two conducting component model consisting of small polarons (SP) and large polarons
(LP). A crossover between SP and LP with increasing temperature is described by the probability volume fraction function
f for SP and 1 − f for LP, which are equal to 1/2 at transition temperature TMI . The observed lowest resistivity ρ =
11 m cm for x = 0.1 sample corresponds to the lowest SP thermal activation energy E a , the contributions of residual and
phonon resistivities at TMI . The MIT of these composites satisfies approximately the Mott criterion.
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1. Introduction
Metal–insulator transitions (MIT) [1,2] have attracted much
interest among researchers over the last several decades
because of fundamental and practical interests. MIT is
observed in various materials such as colossal magnetoresistance (CMR) double exchange perovskites [2], interfacial
systems [3], nickelate La2 NiO4+δ (LNO) [4], etc. MIT is
manipulated effectively by external pressure, field or doping.
Doping is reported as an effective way to enhance conductivity and to shift the MIT temperature (TMI ) of materials to the
desired temperature region.
Let us consider the nickelate LNO case. Composites of
LNO with other perovskites have high mixed conductivity and
can be used as cathode materials for intermediate temperature
solid oxide fuel cells (SOFCs) [5,6].
Among La2 NiO4+δ /La0.6 Sr0.4 Co0.2 Fe0.8 O3−δ (LNO/LSCF)
composites prepared by the authors of [6], compounds
with LNO volume fractions of x = 30 and 50% possess high conductivity of 100–250 S cm−1 at TMI of about
600–800◦ C. TMI of these composites shifts to temperatures
higher than 800◦ C with reduced conductivity when the LNO
volume fraction exceeds 50%. In our research [7], (1 −
x)La2 NiO4+δ /xBaTiO3 (denoted shortly by (1 − x)LNO/
xBTO) composite sintered at 1000◦ C shows a conductivity
enhancement compared with that of pure LNO, but investigation of the conducting mechanism was not carried out.
0123456789().: V,-vol

In line with the well-developed microscopic MIT theory
[2], many authors use the phenomenological approach for
understanding the MIT in non-crystalline materials such
as perovskite composites. A phenomenological model containing localized (small polaron, SP) and itinerant (large
polaron, LP) electrical carriers has been applied successfully
to elucidate the MIT of CMR manganite perovskites [8–11].
Transition from metallic to insulating electrical behaviour of
CMR perovskites occurs at increasing temperatures below
300 K. However, MIT in nickelate composites happens at
decreasing temperatures from 1,000 K. Hence, it is necessary
to modify the theory for application of MIT in LNO-based
composites.
The aim of our research is to study the conduction
behaviour and high-temperature MIT of (1 − x)LNO/xBTO
composites. We extend the phenomenological polaron
crossover model to describe this transition and check the Mott
criterion for this case.

2. Experimental
(1 − x)LNO/xBTO compounds with x = 0, 0.05, 0.1, 0.2,
0.3, 0.5 and 1.0 have been prepared by combining sol–gel
and ceramic sintering methods described in detail in ref. [12].
The key feature of the method is a dispersion of nano-sized
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Figure 1. XRD patterns of (1 − x)LNO/xBTO compounds with
x = 0.0 (LNO), 0.05, 0.1, 0.2, 0.3, 0.5 and 1.0 (BTO).

BTO powder, which is initially synthesized by a hydrothermal method, in the LNO solution during the sol–gel process. This method offers homogeneous (1 − x)LNO/xBTO
nanocomposites. During material preparation, we focus on
optimization of annealing temperature to achieve the highest
conductivity. Powder samples were subjected to final thermal
treatment at 1300◦ C for 10, 12, 16, 20 and 24 h at a heating
rate of 1◦ C min−1 . It is noticed that the sintering temperature
is higher than that used in our previous work [7,12]. X-ray
diffraction (XRD) patterns of (1 − x)LNO/xBTO samples
are recorded on the X-ray diffractometer Bruker D5005 with
monochromatic wavelength λ = 1.54056 Å of Cu-Kα radiation. Figure 1 shows the XRD patterns of the prepared samples
at ambient temperature.
The X-ray data are analysed by using CELREF software.
The crystallite size is estimated using the Scherrer equation:
D=

0.9λ
,
β cos θ

Figure 2. Dependence of the LNO lattice constant c/a ratio and
the unit cell volume change V /VLNO (a), the BTO unit cell
volume change V  /VBTO (b) on the BTO mole fraction x of
(1 − x)LNO/xBTO composites.

(1)

where θ is the diffraction angle of the most intense peak and β
is the full-width at half-maximum of Bragg peaks. The results
of structural analysis for the LNO and BTO components of
the composites are given in tables 1 and 2.
The characteristic diffraction peaks of LNO and BTO
crystallites are clearly observed in the XRD patterns of the
composite samples. The LNO and BTO crystallite size of
(1 − x)LNO/xBTO composites is about 20–30 nm and has
largest value for x = 0.1 sample (27.26 and 28.73 nm, see
table 1). Structure of pristine LNO (BTO) perovskites belongs
to the space group Fmmm (P4) with an orthorhombic (tetragonal) unit cell at room temperature. The lattice constants
of the LNO orthorhombic (a = 5.469 Å, b = 5.462 Å,
c = 12.717 Å) and BTO tetragonal (a = b = 4.022 Å,
c = 4.026 Å) unit cells given in table 2 are close to the values
reported in ref. [13]: 69 Fmmm, a = 5.443 Å, b = 5.451 Å,
c = 12.659 Å for LNO unit cell and ref. [14] for nanocrystalline BTO unit cell: P4mm, a = b = 4.0047(2) Å,

c = 4.0226(4) Å. In the composites, the space group and
the unit cell type of LNO crystal change to P4/nbm and
tetragonal, respectively. These are similar to the BTOs in
the composite, i.e., P4 and tetragonal. However, the lattice
constants and the volume of the unit cells depend on the fraction x (see table 2). In x = 0.1 sample, the volume of LNO
and BTO crystalline unit cells has the smallest value and the
largest crystallite size.
Figure 2a demonstrates dependence of the LNO orthorhombic lattice constant c/a ratio and the relative change of the
LNO crystalline unit cell volume V /VLNO on the BTO fraction x (V /VLNO = [VLNO (x) − VLNO ]/VLNO ). VLNO (x) is
the volume of the LNO crystalline unit cell in composites,
and VLNO is the volume of the pristine LNO crystalline unit
cell. Figure 2b shows x-dependence on changes in both LNO
(V /VLNO ) and BTO (V  /VBTO ) crystalline unit cell in
composites. The relative change of the BTO crystalline unit
cell volume has a negative sign, which is opposite to the LNOs.
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Refined structural parameters for LNO and BTO crystals in (1 − x)LNO/xBTO composites.
(1 − x)LNO

xBTO

x

System

Space group

Crystallite size (nm)

System

Space group

Crystallite size (nm)

0.0
0.05
0.1
0.2
0.3
0.5
1.0

Ortho.
Tetra.
Tetra.
Tetra.
Tetra.
Tetra.
—

Fmmm
P4/nbm
P4/nbm
P4/nbm
P4/nbm
P4/nbm
—

24.07
26.15
27.26
25.99
25.67
23.02
—

—
—
Tetra.
Tetra.
Tetra.
Tetra.
Tetra.

—
—
P4
P4
P4
P4
P4

—
—
28.73
27.11
21.76
19.16
24.31

Table 2. Lattice constants and unit cell volumes for LNO and BTO crystals in
(1 − x)LNO/xBTO composites.
(1 − x)LNO

xBTO

x

a (Å)

b (Å)

c (Å)

V (Å3 )

c/a

a (Å)

b (Å)

c (Å)

V (Å3 )

0.0
0.05
0.1
0.2
0.3
0.5
1.0

5.469
5.463
5.462
5.458
5.458
5.467
—

5.462
5.463
5.462
5.458
5.458
5.467
—

12.717
12.719
12.714
12.760
12.784
12.819
—

379.864
379.537
379.342
380.104
380.846
383.067
—

2.325
2.328
2.328
2.338
2.342
2.345
—

—
—
3.953
3.956
3.954
3.955
4.022

—
—
3.953
3.956
3.954
3.955
4.022

—
—
4.103
4.109
4.113
4.135
4.026

—
—a
64.126
64.306
64.322
64.677
65.150

a Lattice constants of BTO crystal were not calculated because the diffraction intensity is quite

low.

BTO crystalline unit cell volume in composites is smaller
compared with that of the pristine BTO.
Scanning electron microscopy (SEM) images of the (1 −
x)LNO/xBTO composite samples shown in figure 3 reveal
the disordered grain structure of the samples sintered at
1300◦ C for 16 h in air. The micron-size grains consist
of smaller grains containing LNO, BTO crystallites and
amorphous regions (see also [12]). The 0.9LNO/0.1BTO
compound has a higher proportion of large grains with an
average diameter of 2–4 μm and as a consequence, the total
grain-boundary area of this sample is smaller than that of the
other composites.
Figure 4 illustrates the temperature dependence of the resistivity of the composite samples sintered at 1300◦ C for 16 h
in air. All curves show a transition from a metal to insulator
under cooling, implied by changing the sign of dρ/dT from
positive to negative. The resistivity of the composite samples
with the BTO mole fraction x ≤ 0.3 is lower than that of pure
LNO. The sample with x = 0.1 shows the lowest resistivity
in the temperature range of 400–1,200 K. The MIT of this
sample occurs at TMI = 700 K corresponding to a minimum
of the resistivity ρ = 11 m cm.
Sintering time was varied from 8 to 24 h to study its impact
on the conductivity of the best conducting x = 0.1 sample.

Figure 5 shows the temperature dependence of the conductivity of 0.9LNO/0.1BTO after heat treatment at 1300◦ C and
with different times. It is observed that the phase transition
temperature and the conductivity of the samples are affected
by the sintering time. The sintering time of 16 h is most appropriate to obtain high conductivity and low TMI .
The correlation between TMI and relative change of the
LNO crystalline unit cell volume V /VLNO is displayed in
figure 6 where both quantities show minimal values when the
BTO mole fraction equals to 0.1.
It was showed that the high MIT temperature of the pristine
oxygen-rich LNO is closely related to the contraction of Ni–O
bonds along the axial direction, the conductivity is anisotropic
which results from electron hopping along Ni–O–Ni linkages [15]. It is also mentioned that the largest conductivity
corresponds to the shortest axial Ni–O distance and the linear
increase of the tetragonal lattice parameters and the volume
of the unit cell from room temperature up to 800◦ C. Furthermore, the maximum of the c/a ratio at T ∼ 600◦ C and
its relationship with the MIT were discussed in ref. [16]. In
another work, it is indicated that LNO exhibits a structural
phase transition from tetragonal I 4/mmm to the orthorhombic (Bmab) phase at T  = 770 K and from orthorhombic
to a new tetragonal P42 /ncm phase at low temperature of
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Figure 3. SEM images of (1 − x)LNO/xBTO composite samples sintered at 1300◦ C for 16 h in air.

Figure 4. Temperature dependence of resistivity of the
(1 − x)LNO/xBTO composite system sintered at 1300◦ C for
16 h in air.

Figure 5. Temperature dependence of resistivity of the
0.9LNO/0.1BTO sample sintered at 1300◦ C in air with different sintering times: 24, 20, 16, 12 and 8 h.
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current samples is probably similar to the BaTiO3 –V2 O5 –
Bi2 O glass–ceramic nanocomposite discussed in [19]. The
BTO and LNO nanocrystals in composite grains having amorphous regions can form well-conducting channels along the
glass–crystallite interfaces, which enhance the conductivity
(or reduce the resistivity) of the composite.
In summary, the good conducting (1−x)LNO/xBTO composites have a small c/a ratio and relative change of the LNO
crystallite unit cell volume. Besides, the large grain structure
containing LNO and BTO nano-crystallites and amorphous
regions with specific conducting hetero-interfaces between
them plays an important role.

Figure 6. Variations of TMI and the relative change of the LNO
crystalline unit cell volume V /VLNO with the BTO mole fraction
x in (1 − x)LNO/xBTO composites (lines connecting points are
plotted for a better view).

T  = 80 K, at which the molar fraction of two phases exactly
equals to 1/2 [17]. The crystal change due to the structural
phase transition can alter the electronic band structure and the
anomalous LNO conductivity. Based on the study of the LNO
structural phase transition [17], the dependence of pristine
LNO lattice constant c/a and the unit cell volume ratios on
temperature [16], and the similar dependence of this ratio on
the fraction x in the (1 − x)LNO/xBTO composite (figure 2),
we believe that the most important structural factor affecting
the conductivity in three-dimensional disordered composites
is the change of the LNO unit cell volume V /VLNO and the
c/a ratio. The sample with x = 0.1 has the minimal value
of V /VLNO and the appropriate small c/a ratio presents the
lowest resistivity compared with that of other samples at all
temperatures.
In the LNO-based composite system LNO/LSCF where
both components are metallic, the TMI is larger than 1,000 K
and increases in comparison with that of the pristine LNO [6].
In contrast to the LNO/LSCF system, the TMI of (1 −
x)LNO/xBTO composite shows the lowest value TMI =
700 K for x = 0.1. In other words, one can shift the phase
transition temperature to a low temperature region by controlling the doping BTO molar fraction.
In ref. [14], nano-sized BTO crystals are shown to be
multiferroic. Our density functional theory calculation for
La0.5 Sr0.5 MnO3 /BaTiO3 multiferroic heterointerface shows
that the strain induced by BTO at the heterointerface can lift
the degeneracy of d-orbitals of the manganese atoms [18].
Local density of states at the Mn site shows the conducting behaviour of environment near the hetero-interface. In
the same manner, hetero-interfaces between the BTO, LNO
nanocrystals and amorphous media of grains are able to conduct. The mechanism of the enhancement of conductivity of

3. Phenomenological model for high-temperature MIT
in nickelate perovskite composites
The percolation approach based on phase separation in
CMR manganites has been successfully used to explain the
semiconductor to metal transition on heating in (La0.7 Ca0.3
MnO3 )1−x (Al2 O3 )x composites [10]. In this model, the
volume fractions of ferromagnetic metallic (FM) and paramagnetic insulator (PI) phases are determined by the Boltzmannlike distribution function f which depends on temperature
and energy difference of the FM and PI states. Another percolation model named the current carrier density collapse
model, where the volume fraction of FM phase is derived
from relative magnetization, has well described the magnetization and the resistivity of the doped manganite near
phase transition [20]. According to ref. [21,22], LNO shows
a weak ferromagnetic behaviour below 80 K and an antiferromagnetic order below TN = 330 K. In our study,
the MIT exists in the high-temperature region, where (1 −
x)LNO/xBTO composites are completely in the paramagnetic spin disorder phase and the FM and PI phase separation
is no longer adequate.
Polarons are likely suitable and reliable carriers in ionic
disordered materials instead. Electrons in ionic crystals such
as the (1 − x)LNO/xBTO composite polarize the lattice
ionic environment to form polarons, which can hop between
cation sites of different valences (Ni2+ → Ni3+ , Ti3+ →
Ti4+ ) in an electrical conducting process. SP has been
previously applied to explain the high-temperature electrical and thermo-electric properties of perovskites [23].
Here, we use the two-fluid polaron model proposed by
Jaime and co-authors [8], which is later formulated by
Rubinstein as the two-component polaronic transport [9] to
study conductivity and high-temperature MIT under cooling of (1 − x)LNO/xBTO composites. The conductivity
σ of inhomogeneous composites is obtained by the mixture of coexisting SP conductivity σI and LP conductivity
σII with the corresponding volume fraction functions f
and 1 − f . In terms of the total ρ = σ −1 and the partial SP ρI = σI−1 , and LP ρII = σII−1 resistivities, we
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Figure 7. Experimental and fitting resistivity curves of (1 − x)LNO/xBTO composites vs. temperature. The vertical down arrows show
the MIT temperature TMI .

have

ρ=

f
1− f
+
ρI
ρII

−1

.

(2)

In contrast with CMR material research [8–11], the stability
temperature regions of SP and LP are now T < TMI and
T > TMI , respectively. The SP resistivity ρI dominates
in the low temperature region T < TMI and is given by
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Table 3. Values of the parameters extracted from the fit for the temperaturedependent resistivity of the composite samples.
(1 − x) LNO/xBTO
Parameter
ρa ( cm) × 106
E a (meV)
ρ0 ( cm) × 102
ρ2 ( cm K2 ) × 1010
ρ5 ( cm K−5 ) × 1019
 (K)
T0 (K)
TMI (K) (expt.)
kB T0 /E a


ρI = ρa T exp

Ea
kB T

x = 0.0

0.05

0.1

0.2

0.3

0.5

2.60
138
1.79
9.18
12.94
18.29
830
860
0.52

2.89
115
1.05
18.6
19.87
53.15
750
760
0.56

2.49
107
1.0
21.95
9.35
99.33
657
700
0.53

2.40
127
1.10
22.00
9.38
68.15
860
840
0.58

1.70
163
1.30
19.76
17.75
55.42
890
870
0.47

2.50
156
1.80
7.47
23.62
43.45
870
870
0.48


.

(3)

Here, the quantity E a is the thermal activation energy for SPhopping conduction and ρa is the temperature-independent
constant. The LP resistivity, which is itinerant-electron spindependent resistivity ρII occurring in the high-temperature
region T > TMI , is expressed by
ρII = ρ0 + ρ2 T 2 + ρ5 T 5 ,

(4)

where ρ0 is the residual resistivity contributed by grainboundary scattering; ρ2 T 2 is a consequence of spin fluctuation
scattering at high temperature above the magnetic-ordering
temperatures [24] and the last term ρ5 T 5 is due to the electron–
phonon scattering processes. We note that the electron–
phonon scattering term is omitted in the Rubinstein work [9]
and the Kondo term −ρS ln T included in [11,25] is neglected
in ρII because the Kondo effect is only significant at very low
temperatures.
The contribution of SP to the total resistivity is given by
the volume fraction function as
f =

1
,

0
1 + exp T −T


(5)

where the modelled MIT temperature T0 and the phase transition temperature width  are constants derived from the best
fit. The function f can be treated as the probability function
of the SP-hopping conductivity.
Figure 7 exhibits an excellent agreement between fitting
and experimental temperature-dependent resistivities. The
numerical values of the parameters used to fit the experimental
curves in figure 7 are listed in table 3.
The results show that the numerical temperature value of
T0 is very close to that of the experimental TMI and their

Figure 8. Dependence of the experimental TMI , the fitting T0 temperatures and the SP thermal activation energy E a on the BTO
concentration x of the (1 − x)LNO/xBTO composite system.

dependence on BTO concentration is similar to that of the SP
thermal activation energy E a (see figure 8). The TMI of the
composites with x ≤ 0.2 is lower than that of the LNO. The
lowest transition temperature TMI = 700 K and the lowest
SP thermal activation energy E a = 107 meV are obtained for
x = 0.1 sample. A general tendency of reduction of resistivity
or an enhancement of conductivity by doping is observed for
the samples with the BTO fraction x ≤ 0.3.
Figure 9 presents the volume fraction of the SP f and LP
(1− f ) components as a function of temperature. The SP function f monotonically decreases with increasing temperature
and takes a value 1 ≥ f > 0.5 (0 < 1 − f < 0.5) at T < T0 .
At T = T0 , both f and 1 − f are equal to 0.5. For T > T0 ,
the LP conductivity dominates because 1 ≥ 1 − f > 0.5.
These observations imply that the conducting mechanism of
the system changes from the SP hopping to the itinerant LP at
T0 . The characteristic temperature T0 is just the MIT temperature TMI , when the volume fractions of the SP and LP equal
to 1/2 (see e.g., in figure 9c for cases x = 0, 0.1 and 0.3).
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Figure 9. The volume fraction functions f of SP (a) and 1 − f of LP (b) in (1 − x)LNO/xBTO composites vs. temperature. The
calculated MIT temperature T0 is defined as the temperature at which the volume fraction functions of SP and LP equal to 0.5 (c).

It is well-known that the thermal activation energy E a of
SP is half of binding energy E a = E P /2 of SP [26]. Our
numerical calculation shows that the 0.9LNO/0.1BTO sample
has lowest E a and E P values (E P = 214 meV and E a =
107 meV, see table 3). The MIT in this sample smears over
the largest temperature range with the width  = 99.33 K.
Table 4 shows the comparison between the SP (ρI ) and
LP (ρII ) resistivities at phase transition temperature T0 . It is
clearly observed that both resistivities are almost equal for
x = 0.05 and 0.1 samples. As mentioned above (figure 3),
x = 0.1 sample has a large grain structure corresponding to the lowest grain-boundary area. Consequently, carrier
scattering by grain boundaries is smaller. This sample has
the lowest contributions of residual (ρ0 = 10 m cm) and
phonon resistivities to the total resistivity.
The enhancement of the spin fluctuation scattering term
(ρ2 T02 ) of composite samples with 0 < x  3 is reasonable

because of the magnetization increase of BTO-doping
samples [12]. The largest contribution of phonons to resistivity, the ρ5 T05 term, is observed for the strong doping x = 0.5
sample.
We test the Mott MIT criterion for the 0.9LNO/0.1BTO
sample as an example. The equality of the SP and LP volume
fractions at TMI means the equality of their concentrations,
n s = n l = n/2, where n s , n l and n are the SP, LP and
total electrical carrier concentrations. In x = 0.1 sample,
the contributions of SP and LP to total resistivity are almost
equal (see table 4) at TMI and the conductivity enhancement
relates to the growth of carrier concentration. The average
kinetic energy per particle of polaron gas at TMI is estimated
by E K = 3kB T0 /2, where the average derived experimental
value of kB T0 /E a is 0.53 for x = 0.1 sample (see the last
row of table 3). Taking into account the theoretical relationship between the SP thermal activation and binding energies
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Table 4. Values of the SP (ρI ), LP (ρII ) resistivities and their
components determined at the phase transition temperature T0 .
(1 − x) LNO/xBTO

Parameter
(m cm)
ρI
ρII
ρ0
ρ2 T02
ρ5 T05

x = 0.0

0.05

0.1

0.2

0.3

0.5

14.86
19.04
17.90
0.63
0.51

12.80
12.02
10.50
1.045
0.47

10.80
11.10
10.0
0.95
0.15

11.46
13.04
11.0
1.60
0.44

12.67
15.59
13.0
1.60
0.99

17.40
19.75
18.0
0.57
1.18

E a /E P = 0.5, we have E K /E P = 0.4. In contrast, the
average kinetic energy per particle E K of the polaron gas with
total concentration n at TMI can be approximated as half of
the Fermi energy of itinerant electron gas with concentration
n:
EK =

1 h̄ 2  2
3π n
2 2m

2/3

= 2.39

h̄ 2 2/3
n .
m

(6)

Using the expression for the SP binding energy E P =
e2 /(2εrs ) [26] and taking into account the SP radius rs =
0.5(π/6n s )1/3 and n s = n/2, we have
e2 n 1/3
,
E P = 0.99
ε

(7)

where ε is the average dielectric constant of composite media.
Using experimentally derived value of E K /E P = 0.4 and
equations (6 and 7), we obtain
aH n 1/3 ≈ 0.17,

(8)

where aH = ε h̄ 2 /me2 is the effective Bohr radius of itinerant carriers. The result from equation (8) is close to the
popular Mott criterion aH n 1/3 ≈ 0.25 for the MIT [1]. We
believe that the crossover between the SP and LP conducting mechanisms with increasing temperature is adequate to
explain the temperature-dependent resistivity and the MIT of
(1 − x)LNO/xBTO composites.
Because of the low resistivity induced by MIT around
700 K, 0.9LNO/0.1BTO composite is potentially applied as a
cathode material for SOFCs operating below 600◦ C (873 K)
discussed in [27].

4. Conclusion
Doping of the insulating BTO mole fraction up to x =
0.3 reduces the resistivity of (1 − x)LNO/xBTO composites which was prepared by annealing at 1300◦ C for 16 h.
The MIT temperature and resistivity of (1 − x)LNO/xBTO
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composites change non-monotonically with x and reaches the
minimal value TMI = 700 K and ρmin = 11 m cm for
x = 0.1 sample, respectively. The reduction of the composite
resistivity and the MIT intimately relates to the specific grain
structure and structural phase transition of LNO component.
The high-temperature MIT of (1 − x)LNO/xBTO composites under cooling is well interpreted by a phenomenological
model consisting of two-type conducting carriers: the localized SP and the itinerant LP. The MIT temperature TMI is the
temperature at which both types of electrical carriers have
equal volume fraction f = 1/2. The MIT in the studied compounds satisfies reasonably the well-known Mott criterion.

Acknowledgements
This research is funded by Vietnam National Foundation for
Science and Technology Development (NAFOSTED) under
Grant Number 103.01-2015.92. Nguyen Ngoc Dinh would
like to thank Vietnam National University for partial support
under the Grant Number QG.16.04.

References
[1] Mott N F 1974 Metal-insulator transitions (London: Taylor &
Francis)
[2] Imada M, Fujimori A and Tokura Y 1998 Rev. Mod. Phys. 70
1039
[3] Huy N D, Cong T B and Morikawa Y 2018 J. Phys. Soc. Jpn.
87 114704
[4] Ishikawa K, Shibata W, Watanabe K, Isonaga T, Hashimoto M
and Suzuki Y 1997 J. Solid State Chem. 131 275
[5] Escudero M J, Fuerte A and Daza L 2011 J. Power Sources
196 7245
[6] Chen M, Moon B M, Kim S H, Kim B H, Xu Q and Ahn B G
2012 Fuel Cells 12 86
[7] Anh Thu L T, Huong H T, Dinh N N, Chinh H D, Minh Hue
D T, Kurisu M et al 2016 J. Sci. Technol. (Vietnam) 54
66
[8] Jaime M, Lin P, Chun S H, Salamon M B, Dorsey P and Rubinstein M 1999 Phys. Rev. B 60 1028
[9] Rubinstein M 2000 J. Appl. Phys. 87 5019
[10] Phong P T, Khiem N V, Dai N V, Manh D H, Hong L V and
Phuc N X 2009 J. Magn. Magn. Mater. 321 3330
[11] Hiral D S and Bhalodia J A 2017 AIP Conf. Proc. 1832 110014
[12] Anh Thu L T, Huong H T, Dinh N N, Chinh H D, Minh Hue
D T, Dung N D et al 2015 VNU J. Sci.: Math. Phys. 31 24
[13] Jeon S-Y, Choi M-B, Hwang J-H, Wachsman E D and Song
S-J 2011 J. Electrochem. Soc. 158 B476
[14] Mangalam R V K, Ray N, Waghmare U V, Sundaresan A and
Rao C N R 2009 Solid State Commun. 149 1
[15] Aguadero A, Alonso J A, Martinez-Lope M J, Fernandez-Diaz
M T, Escudero M J and Daza L 2006 J. Mater. Chem. 16
3402
[16] Odier P, Nigara Y and Coutures J 1985 J. Solid State Chem.
56 32

139

Page 10 of 10

[17] Rodriguez-Carvajal J, Fernandez-Diaz M T and Martinez J L
1991 J. Phys.: Condens. Matter 3 3215
[18] Al-Assiri M S and El-Desoky M M 2011 J. Alloys Compd. 509
8937
[19] Trang N T and Cong T B 2018 Adv. Nat. Sci.: Nanosci. Nanotechnol. 9 015012
[20] Alexandrov A S, Bratkovsky A M and Kabanov V V 2006
Phys. Rev. Lett. 96 117003
[21] Yamada K, Omata T, Nakajima K, Hosoya S, Sumida T and
Endoh Y 1992 Physica C 191 15

Bull. Mater. Sci.

(2020) 43:139

[22] Thanh T D, Van H T, Thu D T A, Bau L V, Dang N V, Nam
D N H et al 2017 IEEE Trans. Mag. 53 8204904
[23] Cong T B, Tsuji T, Thao P X, Thanh P Q and Yamamura Y
2004 Physica B 352 18
[24] Lederer P and Mills D L 1968 Phys. Rev. 165 837
[25] Zhang J, Xu Y, Cao S, Cao G, Zhang Y and Jing C 2005 Phys.
Rev. B 72 054410
[26] Austin I G and Mott N F 1969 Adv. Phys. 18 41
[27] Fabbri E, Bi L, Pergolesi D and Traversa E 2012 Adv. Mater.
24 195

