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A study of Mn-site substitution by Ni2þ and the effect of
annealing time in polycrystalline bulk La0.7Sr0.3MnO3 in
composition range (0� x� 0.1) is presented. This study
involves structural, electrical, magnetoresistance, and ther-
moelectric power (TEP) measurements. X-ray diffraction
was used to examine the structure for the as-prepared and
annealed samples, and it shows that there is no change in
structure with annealing time. Electrical resistivity and
magnetoresistance are strongly affected by annealing

process, where there is a dramatic increase in resistivity
with annealing time and an enhancement in magnetoresis-
tance in different temperature ranges. Moreover, conduction
mechanisms above and below transition temperature (Tms)
are discussed, since, variable-range hopping and small-
polaron hopping models are applied above Tms, in addition to
some experimental relations below it. In addition, the TEP
sign changes from positive to negative with doping and
annealing.

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Perovskite colossal magnetoresistive
manganites have been studied carefully since their wonder-
ful properties began to be known such as electrical resistivity
(r) transition from metal to semiconductor behavior at a
certain temperature Tms and r suppression under magnetic-
field application and hence the so-called magnetoresistance
(MR). The structural and the electronic configuration of
these materials play a crucial role in its properties
explanation as Mn4þ and Mn3þ valence exchange [1],
charge localization through Jahn–Teller effect [2] and
oxygen vacancies. The importance of these materials is
related to MR phenomenon applications, such as magnetic
sensors and magnetic data storage devices [3]. This property
made them good potential application materials [4] and
especially the La–Sr–Mn–O system that became a refer-
ence [5], where the Sr2þ system is known with its room
temperature Tms [6]. The high values of MR are obtained
under high magnetic fields, which hinder its potential
applications, while polycrystalline or granular material tends
to show high MR values under low magnetic fields, which
known as low-field magnetoresistance all over temperature
ranges due to the presence of grain boundaries [7]. In another
way, these oxides were found to be good thermoelectrics [8],

and this discovery draws attention in this direction [9, 10].
The importance of thermoelectric power (TEP) is not only
related to applications, but also to understand the transport
mechanism in polycrystalline materials [11].

Ni2þ was substituted previously in Mn sites in several
systems such as in (La, Ca)MnO3 [12, 13] and (La, Sr)
MnO3 [14–16] and it was found to alter transport, magnetic
and sometimes structural properties by changing the
Mn3þ/Mn4þ ratio. But, annealing-effect studies in this
transition metal have not received enough attention. So, in
this work, we will investigate the effect of annealing time on
La0.7Sr0.3Mn1–xNixO3 compounds, trying to determine its
effect on transport properties that may have an important
effect on these properties of perovskite materials [17]
seeking to obtain an enhancement in MR given by these
compounds.

2 Experimental La0.7Sr0.3Mn1–xNixO3 series compo-
sitions with x¼ 0, 0.075, and 0.1 at.% were prepared by the
conventional solid-state reaction method. High purity
powders of La2O3, SrCO3, MnCO3, and NiO were mixed
in stoichiometric proportions. La2O3 was dehydrated at
873K for 6 h. The mixture was ground for 6 h to ensure
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homogeneity, pelletized and calcined in air at 1173K for
10 h. Then, they were reground for 5 h, pelletized, sintered
at 1373K for 20 h and left for gradual cooling to room
temperature. Samples were exposed to an annealing process
for 10 and 20 h at 1173K. The electrical measurements were
carried out by the standard four-point Van der Pauw
technique in the temperature range 80–290K [18–20], and
under a magnetic field of 0.5 T. Samples were examined
by X-rays, using a Brucker (Axs-D& Advace) powder
diffractometer at room temperature with CuKa radiation
(l¼ 1.5406Å) and the microstructure was investigated by a
Jeol JSM-6610LV scanning electron microscope (SEM).

3 Results and discussion
3.1 Structure Figure 1 shows XRD patterns of the as-

prepared and annealed polycrystalline La0.7Sr0.3Mn1–xNixO3

(x¼ 0, 0.075, and 0.1 at.%) samples. These patterns show
that they are nearly single phase with a small La2O3 impurity
peak around 2u¼ 308 whose intensity decreases with
doping, the same peak was previously observed by other
researchers [21]. Rietveld refinement for the XRD patterns
proved the crystallization of parent compound LSMO in the
R-3c rhombohedral structure and doped samples in the Pbnm
orthorhombic structure. There is no change in structure with
annealing times compared with the as-prepared samples,
where LSMO is still rhombohedral and doped samples are
still orthorhombic, just a slight tendency to decrease in peak
intensity. This stability in structure and intensity decrease
with annealing time was observed and reported also by [22].
In addition, there are no new peaks, that means there are no
additional phases. Particle size was calculated from XRD
using the Laue–Scherrer equation, it decreases with doping
and with annealing times as listed in Table 1, that will have
an important effect on the related transport properties as
will be seen later.

To check the presence of elements in La0.7Sr0.3Mn1–xNixO3,
energy-dispersive analysis by X-rays (EDAX) was carried
out, and Fig. 2 shows the existence of every element in the
as-prepared and annealed samples. Sample morphology was
determined using SEM that was carried out on the powder
compounds of as-prepared and 20 h annealed samples. As in
Fig. 3, SEM micrographs for samples show that both Ni2þ

doping and annealing process reduce grain size, and the
grains agglomerate with each other forming clusters. This
behavior may be explained by considering the grain
boundary effects. Also, it is noted that the SEM average
grain size is greater than the XRD particle size (Table 1) that
indicates grain may contain several particles [23].

3.2 Electrical properties Figure 4 shows the tem-
perature dependence of resistivity curves, r(T), for the
as-prepared and annealed samples. For the as-prepared
samples, there is a decrease in Tms (Table 2) towards lower
temperatures with doping disappears at x¼ 0.1 and an
increase in resistivity, that is in agreement with [16]. The as-
prepared LSMO has a small Tms compared with previous
works that may be attributed to the smaller particle and

Figure 1 XRD patterns of the as-prepared and annealed samples
of La0.7Sr0.3Mn1–xNixO3 (x¼ 0, 0.075, and 0.1).

Table 1 Grain size and particle size calculated from SEM and
XRD, respectively.

x conditions SEM
(mm)

particle size
(nm)

0 as-prepared 0.752 23.52
10 h – 23.4
20 h 0.573 16.56

0.075 as-prepared 0.582 16.85
10 h – 16.54
20 h 0.379 16.31

0.1 as-prepared 0.394 16.34
10 h – 13.6
20 h 0.313 13
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grain size [24]. Also, with increasing annealing time, we can
see the same behavior in Tms and r. These two important
conjugated phenomena, Tms decrease and resistivity
increase, may be due to some correlated transport and
structural reasons, as double-exchange mechanism (DE)
decreases because of the disturbance in Mn3þ/Mn4þ ratio,
oxygen-vacancy introduction [25], particle and grain size
decrease (Table 1) and MnO6 tilting distortion that increases
as a result of Mn substitution by Ni2þ ions, that helps
Mn–O–Mn bond bending. In the as-prepared samples,
Ni2þ content increase is responsible for the DE decrease,
while in the annealed samples, the DE decrease is related
to the decrease in Mn4þ ratio that can be affected by heat
treatment [26] due to oxygen vacancies formation [25] and
hence the increased resistivity, that was previously observed
by [27] in annealed La0.67Ca0.33MnO3. With respect to the
structural reasons, decreasing Mn4þ by the annealing process
increases Mn3þ ratio, which is a Jahn–Teller active ion, so
there is an increase in distortion that increases resistivity. Also,

grain size plays an important role in the transport properties, as
stated above. From Table 1, grain size decreases with doping
and annealing time, that is in agreement with [28], this
decrease results in various consequences. First, grain size
decrease can decrease bond angle and increase its length [29].
Secondly, the grain’s outer shell ratio or surface ratio
increases with decreasing grain size [30], and this layer has
random magnetic states and defects [31, 32]. Both of the
previous consequences can decrease DE, increase resistivity
and decrease Tms with doping and annealing time.

3.3 Magnetoresistance (MR) Figure 5 shows the
temperature dependence of MR of the as-prepared and
annealed samples. This figure exhibits the significance of
the annealing process on MR. In the LSMO parent sample,
the first annealing time (10 h) increases the MR peak height
around 155K from �9% to �28.11%, and the second
annealing time (20 h) increases it with more height to
�34.58% with a shift to 150K. With respect to room

Figure 2 Energy-dispersive analysis by X-rays
(EDAX) of the as-prepared and 20h annealed
samples.
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temperature (RT) (290K) MR, an enhancement from
�0.13% to �4.59% and �2.37% is observed for 0, 10 h,
and 20 h annealing times, respectively. The MR of x¼ 0.075
is notably enhanced in RT, where it increases from �0.73%
to �8.45% and �10% upon annealing at 10 and 20 h,
respectively. On the other hand, the as-prepared x¼ 0.1
exhibits a broad peak around 200K, and is shifted to higher
temperatures around 225K with the first annealing time
(10 h), nearly with the same MR value. With 20 h annealing
time, this peak becomes sharper and is shifted to 155K
with MR height �11.94%, this reveals an enhancement in
MR at this temperature compared with the as-prepared one.
The enhancement in MR for all samples with annealing
times in different temperature ranges may be ascribed to
oxygen deficiency [33] and grain boundaries due to grain
size decrease or spin-dependent scattering at these grain
boundaries [7] that is due to spin-polarized carriers tunneling
across barriers.

3.4 Conduction mechanism above and below
Tms To know the nature of conduction, the parts of r(T)
curves above and below Tms will be studied independently.
In the semiconducting region (above Tms), various inves-
tigations have discussed the presence of two important
main conduction mechanisms, small polaron hopping (SPH)
and Variable-range hopping [3, 34]. Figure 6a shows data
fitting of the as-prepared x¼ 0.075 as an example with SPH
model of Mott and Davis [35] with expression r/T¼
r0 exp(Er/kBT) at T> uD/2 [35], where r0¼ [kB/yphNe

2R2C
� (1 –C)exp(2aR)], kB is Boltzmann constant, T is the

absolute temperature, N is the number of ion sites per unit
volume, R� (1/N)1/3 is the average intersite spacing, C is the
fraction of sites occupied by a polaron, a is the electron wave
function decay constant, yph is the optical phonon frequency
(estimated from hyph¼ kBuD relation, uD is Debye tempera-
ture) and Er is the sum of the activating energy and the
energy required to create free carriers (disorder energy).
Er can be written as

Er ¼ WH þWD=2 for T > uD=2; ð1Þ

¼ WD for T < uD=4; ð2Þ

where WD is the disorder energy and WH is the polaron
hopping energy, WH is the difference between the electric
and thermopower activation energies (WH¼Ep –Es) [36].

Heat treatment of the parent LSMO decreases uD (K) and
yph (Hz) with annealing times (Table 2), which means an
increase in the SPH range, while a decrease in the SPH range
in the doped samples is noticed, which causes an increase in
the same parameters upon annealing time. The Er and WH

parameters increase with increasing doping and annealing
times as is clear from Tables 2 and 4. This increase in Er
may be due to the increase in eg electron localization that
results from electron–phonon interaction (gph), that results
in a decrease in the number of states N(Ef) (Table 4), and
so an increase in resistivity. It can be emphasized by the
non-sequence increase in gph (Table 3) that has been
estimated for the as-prepared and annealed samples and
has the same strong electron–phonon interaction since it is

Figure 3 SEM micrographs of as-prepared and annealing for 20 h samples x¼ 0 (a) and x¼ 0.075 (b).
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still greater than 4 (gph> 4) [37]. Grain size also can be a
reason contributing to the Er increase. As a result of the
grain size decrease or increasing in grain boundaries with
annealing times, the spins in the outer shell of the grain will
be more random, according to the core–shell model [30].
This may give rise to the probability of Mn3þ, Mn4þ, and
Ni2þ to not having the same spin alignment, which makes
polaron hopping between these ions more difficult and
needs more energy for hopping [38].

Results in Table 3 confirm small-polaron formation
even in the annealing conditions for both parent and doped
samples, because they still obey the relation J<WH/3, which
is the condition of small-polaron formation [39]. To determine
what happens if the conduction by small polaron is adiabatic
or nonadiabatic, Holstein criteria are applied [39], where:

J>H for adiabatic condition,
J<H for nonadiabatic condition,

where

JðTÞ � 0:67 hyph ðT=uDÞ1=4; ð3Þ

and

H ¼ ð2kBTWH=pÞ1=4 ðhyph=pÞ1=2: ð4Þ

According to these criteria, Table 3 shows that the as-
prepared samples x¼ 0 and 0.075 are in the adiabatic
conduction state (J>H), and x¼ 0.1 is in the nonadiabatic
one, while, in heat treatment, with increasing annealing
times, the parent compound cannot preserve the adiabatic
conduction of its as-prepared system and converts to the
nonadiabatic system, verifying the condition J (290K)<H
(290K) for all annealing times. Heat treatment of doped
samples cannot affect their as-prepared conduction state,
where x¼ 0.075 still in the adiabatic conduction state and
x¼ 0.1 in the nonadiabatic conduction state for all annealing
times.

With respect to the VRH model that has the formula
s¼ s0 exp (–T0/T)

1/4 [35], Fig. 6b shows the best fitting with

Figure 4 Temperature dependence of resistivity for the as-
prepared and annealed samples of La0.7Sr0.3Mn1–xNixO3 (x¼ 0,
0.075, and 0.1).

Table 2 Tms, Er, uD and yph determined for the as-prepared and
annealed samples of La0.7Sr0.3Mn1–xNixO3.

x conditions Tms

(K)
Er
(meV)

uD
(K)

yph
(Hz)

0 as-prepared 155 111.23 430 8.96� 1012

10 h 115 140.45 370 7.71� 1012

20 h 90 143.33 360 7.5� 1012

0.075 as-prepared 116 112.60 440 9.17� 1012

10 h 94 115.75 440.04 9.17� 1012

20 h – 117.71 460 9.59� 1012

0.1 as-prepared – 127.94 349.9 7.29� 1012

10 h – 147.91 350 7.3� 1012

20 h – 150.94 370.37 7.72� 1012
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this model in temperature range Tms<T< uD/2. In this
concept, carriers can hop from one site to another and this
needs energy, so it was important to determine some related
parameters such as hopping energy (Eh) and hopping
distance (Rh). These parameters were determined at 290K
from the relations Eh(T)¼ 1/4kBT

3/4T0
1/4 and R¼ 3/8a�

(T0/T)
1/4, respectively [40]. Due to eg electron localization

and Mn–O–Mn angle decreasing with annealing time,
carriers need more energy for hopping. So, we can see an

increase in Eh, Rh and a decrease in N(Ef) (Table 4) that
may appear as an increase in the resistivity.

At low temperatures, below Tms, the following empirical
equations were applied to the electrical resistivity data:

r ¼ r0 þ r2T
2; ð5Þ

r ¼ r0 þ r2:5T
2:5; ð6Þ

Figure 5 Temperature dependence of magnetoresistance for the
as-prepared and the annealed samples of La0.7Sr0.3Mn1–xNixO3

(x¼ 0, 0.075, and 0.1).

Figure 6 (a) SPH and (b) VRH models for the as-prepared
x¼ 0.075, where the straight line represents the best-fitted points
with these models.

Table 3 H, J, WH/3, and gph parameters determined for the as-
prepared and annealed samples.

x conditions H
(meV)

J
(meV)

WH/3 gph

0 as-prepared 22.21 22.45 36.73 5.96
10 h 21.86 20.05 46.57 8.78
20 h 21.65 19.64 47.31 9.17

0.075 as-prepared 22.45 22.48 36.6 5.8
10 h 22.62 22.84 37.74 5.98
20 h 22.6 23.61 34 5.21

0.1 as-prepared 20.73 19.23 42.13 8.39
10 h 21.47 19.24 48.35 9.63
20 h 22.19 20.07 49.36 9.3
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r ¼ r0 þ r2T
2 þ r4:5T

4:5; ð7Þ

r ¼ r0 þ r2T
2 þ r4:5T

4:5 þ r5T
5: ð8Þ

Equation (8) was found to be the best-satisfied one
(Table 5), which confirms the presence of grain boundaries
(r0), electron–electron (r2T

2), electron–phonon interactions
(r5T

5), and spin-wave fluctuation (r4.5T
4.5). From Table 6, a

general increase in r0, r2, r4.5, and r5 with annealing time
for both parent LSMO and x¼ 0.075 can be seen, but the
grain-boundary component r0 is the most effective one.

3.5 Thermoelectric power Thermoelectric power
investigation was carried out in terms of Seebeck coefficient

(S) variation with temperature, and the annealing process had
a notable effect on the thermoelectric properties. The S
values of as-prepared and annealed samples are in micro-
volts, and exhibit a crossover from positive to negative sign
at a certain temperature T� for the as-prepared x¼ 0 and
0.075 samples. T� decreases with increasing annealing time
as shown in Table 7, which means a decrease in hole
conduction interval or an enhancement in electron conduc-
tion dominance with annealing times. Figure 7 shows the
temperature dependence of S, S(T), and we can see a
non-sequential increase towards negative S with annealing
time. This can be attributed to the influence of Mn4þ ions by
annealing process [41] and oxygen vacancies, which results
in a decrease in its ratio compared with Mn3þ, and may be
the reason for the increase of S at high temperatures [42].
Also, with looking at the room temperature S, we can see a
general improvement in its absolute value with annealing
time.

In addition, the S(T) curves exhibit a slightly broad peak at
Ts, and here, wewill try to analyze regions above and below Ts.
In ferromagnetic materials, there are spin interactions with
electrons that cause magnon drag and interaction between
electrons and phonons producing phonon drag. The S(T)
variation below Ts was analyzed by the equation

S ¼ S0 þ S1T þ S3=2T
3=2 þ S3T

3 þ S4T
4; ð9Þ

where S0 is a constant, S1 is the diffusion coefficient, S3/2
is the magnon drag coefficient, S3 is the phonon drag

Table 4 N(EF), WH, Rh, and Eh determined for as-prepared and
annealed samples.

x conditions N(EF)
(eV–1 cm–3)

WH

(meV)
Rh

(Å)
Eh(T)
(meV)

0 as-prepared 47.51� 1020 110.19 10.77 39.92
10 h 34.16� 1020 139.71 11.7 43.35
20 h 2.39� 1020 141.94 22.73 84.23

0.075 as-prepared 12.57� 1020 109.81 15 55.59
10 h 12.3� 1020 113.23 15.08 55.91
20 h 11.8� 1020 103 15.26 56.55

0.1 as-prepared 10.8� 1020 126.39 15.57 57.72
10 h 9.3� 1020 145.06 16.27 60.30
20 h 3.68� 1020 148.09 20.41 75.66

Table 5 The square of linear correlation coefficient (R2) values in
the ferromagnetic region for the as-prepared and annealed samples.

x conditions Eq. (5) Eq. (6) Eq. (7) Eq. (8)

0 as-prepared 0.987 0.981 0.991 0.999
10 h 0.981 0.983 0.990 0.999
20 h 0.970 0.970 0.987 0.990

0.075 as-prepared 0.963 0.959 0.997 0.999
10 h 0.990 0.989 0.990 0.996
20 h – – – –

0.1 as-prepared – – – –

10 h – – – –

20 h – – – –

Table 6 Best-fit parameters obtained from experimental resistivity data in the ferromagnetic metallic region.

x conditions r0 r2 r4.5 r5

0 as-prepared 6.23 479� 10�4 1.5� 10�1 1.1� 10�9

10 h 181.1 3.99� 10�2 1.2� 10�6 9.6� 10�8

20 h 347 5.04� 10�4 5.4� 10�7 5.3� 10�8

0.075 as-prepared 265.2 57� 10�4 31.2� 10�8 24� 10�9

10 h 484.1 4.6� 10�2 1.8� 10�6 1.4� 10�7

20 h – – – –

0.1 as-prepared – – – –

10 h – – – –

20 h – – – –

Table 7 Es, a and T� determined from TEP above Ts value.

x conditions Es

(meV)
(e/kB)a T�

(K)

0 as-prepared 1.039 �8.5 148
10 h 0.74 �11.1 –

20 h 1.39 �9.8 –

0.075 as-prepared 2.78 �1.9 233
10 h 2.51 �11.3 163
20 h 14.47 �58.71 143

0.1 as-prepared 1.54 �10.4 108
10 h 2.84 �9.48 –

20 h 1.62 �11.3 –
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coefficient, and S4 is the spin-wave fluctuation. Table 6
indicates that phonon and magnon drag coefficients have a
little effect in this region, because of the small and nearly
constant values that they have. As a whole, from this data, it is
clear that diffusion and spin-wave fluctuation components
have the most effective contribution below Ts. Data above Ts
was analyzed by the Mott equation [35]:

S ¼ kB=e Es=kBT þ að Þ; ð10Þ

where Es is the thermal activation energy, and a is a polaron
kinetic-energy-related constant [43]. From Eq. (10), Es seems
to decrease with the first annealing time (10 h), and fluctuated
with the second annealing time (20 h) (Table 7). In TEP, there
are two important notes, the value of the a constant in
Eq. (10) (Table 7) is less than unity (<1) and this confirms the
small-polaron conduction in electrical measurements, and the
value of Es is less than Er, this large difference also supports
the small polaron conduction at high temperature [35].

4 Conclusions Electrical resistivity, MR and TEP
were studied as functions of annealing time. Resistivity
increased with annealing times and there was a notable
decrease in Tms. An enhancement in MRwith annealing time
was also noticed in different temperature ranges for each
sample, which was due to grain boundaries and oxygen
vacancies. Moreover, the conduction mechanism above and
below Tms was examined. SPH and VRH models were used
to examine the semiconducting region, SPHwas dominant at
T> uD/2 and VRH at Tms<T< uD/2. The metallic region
was examined by experimental relations, where the grain-
boundary component was found to be the effective one. S
was converted from positive to negative sign with annealing
times at T� and there was a general increase in the absolute
value of S with annealing.
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