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ABSTRACT

The effect of light Ni-substituted Manganese on the physical properties of

La0.2Sr0.8MnO3 perovskite prepared by the standard solid-state reaction method

was investigated. Field Emission Scanning Electron microscopy confirms the

particle size composition and grain boundaries in these samples. Moreover, the

presence of all the chemical elements with atomic ratios coordinating with the

general formula La0.2Sr0.8Mn1-xNixO3 (x = 0.0 and 0.1) was confirmed by

Energy-dispersive X-ray spectroscopy. X-ray diffractions analyses indicate that

both compounds have a rhombohedral structure with an R3C space group, for

which the cell parameter increases with nickel addition. A competition between

ferromagnetic and antiferromagnetic moments is evidenced at room tempera-

ture for both compounds by measuring the magnetization versus magnetic field.

Saturation magnetization and the corresponding residual magnetization

decrease with the Ni substitution; however, the coercive field increases. These

changes are correlated with those evidenced by structural properties. Conduc-

tance measurements as a function of frequency from 102 Hz to 5 MHz are

analyzed in the temperature range 300 K–420 K in order to evidence the con-

duction mechanism.
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1 Introduction

Due to their variety of applications, manganite per-

ovskites materials are recently devoted with contin-

uous structural, magnetic, and electronic

investigations. These materials exhibit various elec-

tric and magnetic phenomena depending on the

composition of each element, such as ferromagnetic,

antiferromagnetic, charge, and orbital ordering [1].

The properties of these materials are principally

derived from the double-exchange interaction Mn3?–

O–Mn4? [2]. Consequently, they can drive excellent

magneto-transport properties, based on both ferro-

magnetic and antiferromagnetic complexes allowing

their use as active layer in spintronics devices [3] and

sensors [4]. Indeed, the discovery of colossal mag-

neto-resistance (CMR) [5] in these manganites rep-

resents a starting point for benefitting technological

applications such as sensors for magnetometry

applications [6], storage media [7], and supercapaci-

tors [8]. These exotic applications are based on the

competition between spin and freedom lattice degree

[9].

Among these manganites, SrMnO3 perovskite has

been used as active layers for humidity monitoring

applications due to its low cost, low contamination

impact, and good stability of the resistivity and

environmental factors [10]. The SrMnO3 has been also

extended for super-capacitor prototype with higher

cycling stability [8]. Moreover, a combination of

optoelectronic, magnetic, and thermoelectric study

with DFT calculations supports its applications for

UV visible optical devices [11].

Scientific communities try continuously to under-

stand the mechanism in manganite materials forma-

tion in order to improve their properties which can

lead to their use in specific applications. Conse-

quently, much attention has been devoted to explain

the fundamental mechanisms combining their mag-

netic and transport properties. To improve physical

functionalities, we often proceed by a substitution

ABO3 in A or B sites with a series of alkaline earth or

rare earth metal ions. Particularly, the substitution

induces change in the Curie temperature and satu-

ration magnetization [12], due to the fact that the rare

earth substitution leads to a change of valence states

of manganese which plays a core role in the transport

properties. The quaternary La1-xSrxMnO3 has been

classified among the materials with excellent CMR

effects. The increase of the Sr concentration more

than 0.5 leads to some change due to the straightness

of the bonds Mn–O–Mn [9]. The ferromagnetism of

these materials is essentially derived from structural

properties such as oxygen vacancies [13], double-ex-

change interaction Mn3?/Mn4?, and the strain.

Moreover, the simple substitution of Ni in Mn site of

La0.8Sr0.2MnO3 is an efficient way to tune its bifunc-

tional catalytic activity [14]. Added to the higher

relative cooling power (RCP), it has been demon-

strated that the transition temperature and MCE are

tuned to nearly room temperature by Ni substitution

for Ni concentration of 0.1 [15, 16].

Recent progress are nowadays focused on the rare

earth element substitution on perovskite manganite

at the nano-scale, exhibiting new experimental

behaviors which can be used for new nano-electronic

devices [10]. In this work, we are interested in the

nickel-substituted manganese on the perovskite oxi-

des La0.2Sr0.8MnO3 at lower Ni concentration pre-

pared with the standard solid-state reaction method.

Changes of structural properties have been studied

by X-ray diffraction (XRD) analyses and field emis-

sion scanning electron microscope (FESEM) coupled

with energy-dispersive X-ray (EDX) analysis. Then,

in order to evaluate the effect of manganese substi-

tution on the magnetic properties, magnetization has

been measured using vibrating sample magnetome-

ter. Moreover, conductance measurements are ana-

lyzed in large frequential domain (102 Hz–5 MHz) in

order to evidence the effect of Ni-substituted Mn on

the conduction mechanism.

2 Experimental details

Perovskite oxides La0.2Sr0.8MnO3 (LSMO) and La0.2-
Sr0.8Mn0.9Ni0.1O3 (LSMNO) powders were prepared

by the standard solid-state reaction method [16]. The

precursors LaO3, SrO3, MnO3, and NiO with purity

better than 99.99% were weighed with the stoichio-

metric ratios and mixed using an agate mortar and

then calcined at 1000 �C for 8 h. The resulting pow-

ders were ground, pelletized, and sintered at 1500 �C
for 48 h with one intermediate grinding. The pow-

ders of both samples, thus, obtained were well

ground again and were compressed into pellets of

8 mm (1 mm) diameter (thickness). On the other

hand, in order to decrease their porosities, both

materials were annealed at 1500 �C for 24 h under

oxygen atmosphere.
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The structural properties are studied using a Phi-

lips X pert, X-ray diffractometer with CuKa radiation

(k = 1.54 Å). FESEM is employed to examine the

morphological characteristics of the samples and also

EDX analysis was used to check the presence of

chemical elements introduced during the sample

preparation using a FESEM, TeScan—Mira III, Czech

Republic. A vibrating sample magnetometer (8600

Series VSMModel lake shore) was employed to study

the magnetic properties of both samples at room

temperature. Conductance measurement data are

deduced from impedance spectroscopy measure-

ments using an N4L-NumetriQ type PSM1735.

3 Results and discussion

3.1 X-ray diffraction results

Figure 1 shows XRD patterns of both samples LSMO

and LSMNO. In both cases, the interplanar lines

spacing was calculated in order to investigate the

phase formation and probe the structure of the syn-

thesized La0.2Sr0.8Mn1-xNixO3. As shown, XRD pat-

tern of both samples reveals that a pure and single-

phase perovskite structure has been successfully

formed. No trace of the secondary phase was detec-

ted within the sensitivity limit of the experiment. All

the patterns are in good accordance with the JCPDS

card no. 01-075-0440 as shown in Table 1. It is con-

cluded that the lines in the pattern’s major planes

(012), (020), (110), (202), (024), (116), (214), (208), (006),

and (128) indicate rhombohedral (hexagonal setting)

perovskite structure with space group R3C. As

shown in Table 1, no additional lines are detected

after nickel addition, reflecting that both materials

exhibit the same phase.

The average of lattice parameters was calculated

for all lines in each sample according to the following

formula [17, 18]:

1

d2hkl
¼ 4

3

h2 þ hkþ k2

a2

 !
þ L2

c2
ð1Þ

where dhkl is the interplanar spacing (recorded auto-

matically) and h, k, and l are the Miller indices of each

plane. The lattice parameters for LSMO sample were

a = b = 5.4929 Å and c = 13.3235 Å, while for the

LSMNO sample they were a = b = 5.5072 and

c = 13.3875 Å which exactly match the value given in

this card (a = b = 5.4694 and c = 13.4183 Å). Unit cell

volume and lattice parameters increase after Nickel

addition as summarized in Table 2 and follow the

same trend found by Wang et al. [19] and Kuharu-

angrong et al. [20]. The nickel ion can be present as

Ni2? as the most stable state with radius 0.70 Å.

Other states of nickel can also be present such low

Ni3? high spin, Ni3? lower spin, and Ni4? with radii,

respectively, of 0.56 Å, 0.60 Å, and 0.48 Å. However,

as previously reported, Mn ions are likely to be in the

Mn3? low spin or Mn4? states with radii of 0.58 Å

and 0.53 Å, respectively [21]. However, it has been

largely reported in the literature that when substi-

tuting Mn by Ni via X-ray Photoelectron spec-

troscopy (XPS) and/or Electron paramagnetic

resonance (EPR) studies Nickel exist as Ni2? ions

[14, 19, 22], especially at lower Ni concentration.

Furthermore, as shown in Fig. 2, we show a shift of

plane (110) position toward smaller angle, accompa-

nied with a peak broadening and a decrease of the

XRD intensity. Similar behavior has been previously

reported for La0.7Sr0.3Mn1-xCrxO3 [23]. These effects

are attributed to the crystallite size growth and/or to

the decrease in the degree of crystallinity. The value

of integral line breadth (area under the peak/maxi-

mum peak intensity) was used to obtain the pure

broadening of the characteristic peak for both LSMO

and LSMNO perovskites [24]. The integral breadth of

observation (B) in the sample is corrected by sub-

tracting the value of the instrumental broadening

(b) to give only that of pure sample breadth (b). Fig-
ure 3 shows the integral breath of both LSMO and

Fig. 1 X-ray diffraction pattern of polycrystalline LSMO (a) and

LSMNO (b) fired at 1500 �C in air for 24 h, showing the Miller

index of the corresponding plans
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LSMNO perovskites. As is evident from the figure,

the broadening of the XRD peaks increases with the

addition of nickel which may be the consequence of

smaller grain sizes [21]. It is noted that the phase of

LSMO after adding nickel is not changed, due to the

fact that both Ni2?-ion and Mn3?-ion have similar

ionic radii (70 pm and 72 pm respectively), giving

rise to easier substitution process. The manganite

LSMNO exhibits a more large bandwidth reflecting a

weak electron and phonon interaction. This weak

electron–phonon interaction indicates that lattice

effects are minor by comparison to those induced by

electronic and magnetic structure modifications.

Therefore, Ni2?-ion can only be used as a control

parameter to change the magnetic and transport

properties of these manganite’s [25–29].

The physical, mechanical, and morphological

properties of perovskites depend on the degree of

crystallinity and on the growth of the preferred ori-

entation in the crystal part. Usually, both quantities

depend on the different parameters used on the

preparation method, such as the sintering tempera-

ture, the heating time, and the cooling rate [30, 31].

The heat treatment of the samples reduces residual

stored stress, internal stress, average crystallite sizes,

and beak breadths. Thus, perovskite is usually a

mixture of the crystalline and amorphous phases [32].

The XRD data were used to calculate the degree of

Table 1 XRD data of major peaks analysis, Millar indices, area under the peak, Bragg’s angles, d-values, maximum intensity of X-ray,

and the integral breadth of LSMO and LSMNO samples

No (hkl) LSMO LSMNO

Area 2h0 d(Å) Imax b(rad) 9 10–3 Area 2h0 d(Å) Imax b(rad) 9 10–3

1 (012) 46.50 23.033 3.862 75 24.15 50.13 23.083 3.853 55 28.86

2 (020), (200) 54.15 30.083 2.971 72 30.18 49.95 30.333 2.947 65 34.94

3 (110) 174.30 32.983 2.716 271 32.40 131.95 32.933 2.720 168 37.20

4 (202) 111.75 40.633 2.221 86 36.86 67.55 40.533 2.226 79 42.00

5 (024) 166.08 47.133 1.928 129 39.72 107.33 46.983 1.934 96 46.48

6 (116) 75.78 56.333 1.633 77 43.53 56.83 56.433 1.631 59 50.34

7 (214) 228.80 58.783 1.571 147 44.47 131.03 58.433 1.579 98 51.30

8 (208) 127.35 69.033 1.360 108 46.06 91.78 68.983 1.362 87 52.90

9 (006) 72.35 74.733 1.270 74 45.44 36.35 74.483 1.274 59 53.87

10 (128) 115.53 78.133 1.223 81 47.66 82.60 78.433 1.219 69 55.14

Table 2 XRD data analysis of LSMO and LSMNO samples prepared at 1500 �C in air for 24 h

Parameters LSMO LSMNO

Lattice parameters (Å) a = b = 5.493; c = 13.324 a = b = 5.507; c = 13.388

Volume of unit cell (Å3) 401.996 406.033

Average integral breadth (bInt) (radian) 5.626 9 10–3 6.407 9 10–3

Estimated average crystallite size (DInt) (nm) 26 23

Average micro-strain\ eInt[ 4.752 9 10–3 5.406 9 10–3

Correction average of FWHM (bFWHM) (radian) 5.072 9 10–3 5.963 9 10–3

Estimated average crystallite size (DFWHM) (nm) 29 25

Average micro-strain\ eFWHM[ 4.281 9 10–3 5.034 9 10–3

Crystalline area of the peaks, (AC) 657.975 805.475

Total area of the whole pattern AT = (AA ? AC) 871.65 694.50

Degree of crystallinity

XC = 100�Ac/(AA ? AC)

75.49% 50.32%

Amorphous area (AA) 211.675 345.05

Amorphousity degree, XA = 100�AA/(AA ? AC) 24.50% 49.68%
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crystallinity of the semi-crystalline perovskite

[33–36]. The procedure consists on calculating each of

the peaks area corresponding to (012), (020), (110),

(202), (024), (116), (214), (208), (006), and (128) planes

and by assuming their sum as the crystalline part.

The amorphous contribution is, however, estimated

by the wide diffraction band of the spectrum,

approximated by the background curve. A typical

fitting procedure is used in this work to separate the

crystalline peaks from the amorphous pattern of

LSMO and LSMNO. The crystalline part was sepa-

rated from the amorphous part by EVA software

using the Hermans–Weidinger method [37]. Then,

the degree of crystallinity, XC, was obtained for each

sample as a ratio between the area under the crystal

peaks, AC, and the total area under the diffraction

curve, AT = AA ? AC.

XC ¼ 100:AC

AA þ AC

ð2Þ

The degree of crystallinity and the degree of

Amorphousity are estimated and recorded in Table 2.

As it is shown, the amorphousity is increased after Ni

addition.

An XRD profile analysis is one of the most accurate

techniques for estimating the crystallite size [38–41]

and the irregular displacement strain of the atoms

with respect to the positions of the reference lattice

[42].

The three most important sources of line broad-

ening are the instrumental factor, crystallite size, and

micro-strain. The calculation is based on the shape of

the peak where there are two ways. Full width at half

maximum (FWHM) and integral breadth are applied

to the shape of the peaks and leads to more accurate

results as in the following relationships [43]:

bhkl ¼ bL ¼ bstrain þ bcrystallitesize þ binst ð3Þ

bcorrect ¼ bL ¼ ðbhkl � binstÞ ¼ bstrain þ bcrystallitesize ð4Þ

The crystallite size and micro-strain are calculated

according to the Debye–Scherrer’s relationships

[17, 43, 44]:

DFWHM ¼ kk
bFWHMcosh

and DInt ¼
kk

bIntcosh
ð5Þ

heFWHMi ¼
bFWHMcoth

4
and heInti ¼

bIntcoth
4

ð6Þ

In Eq. (6), K is the shape factor taken in our case

which is equal to 0.94, since there is not another

analysis to estimate the average of crystallites shapes

to evaluate its proper value. k is the incident X-ray

wavelength (k = 0.1542 nm), D is the crystallite size,

and hei is the average micro-strain. The crystallite

size and internal micro-strain were calculated

according to the FWHM and integral breadth for both

LSMO and LSMNO. All results are summarized in

Table 2. It should be noted that the obtained nano-

crystallite sizes remains an estimation due to the

instrumental limits and the crystallite shape distri-

bution [45]. The estimated average value of nano-

crystallite is considered to be decreased as the case of

many Ni-substituted Mn in large variety manganites

[15, 19, 22, 46, 47]. That is, as the strength of the

chemical bonds between the elements decrease, and

Fig.2 The shift of (110) plane position from LSMO (a) to

LSMNO (b)

Fig. 3 Integrated breadth of the main planes of the two samples

LSMO (a) and LSMNO (b)

26988 J Mater Sci: Mater Electron (2021) 32:26984–26997



consequently, the crystallization decreases. On the

other hand, the internal micro-strain exhibited a

contrast behavior, i.e., a gradual increase when add-

ing nickel ions is evidenced. This difference may be

due to lower degree of preferred direction and lower

structural defects including grain boundaries.

Because of the high degree of preferred orientation, a

single meditation arrangement can be measured with

sufficient accuracy.

3.2 Surface morphology and compositional
analysis

In order to study the surface morphology of the

perovskite samples using a FESEM and estimate the

proportions of the elements using EDX, the powder

samples were affixed to a glass (SiO2) holder. So we

notice the presence of the characteristic line of the

silicon element in the spectrum of the two samples.

The microstructure of LSMO and LSMNO obtained

by FESEM shows the effect of nickel-substituted Mn

on the surface morphology as shown in Fig. 4. Where

many microscopic images were photographed at

different position and magnifications starting from 10

to 135kx for each sample, and the large magnification

was chosen to show the most accurate details of the

surface morphology. Figures 4a and b illustrate the

FESEMmicrographs obtained for LSMO and LSMNO

at the same magnification (5kx) to make easier com-

parison showing a decreasing trend in particle sizes

after Ni substitution. The structure shows strong

agglomeration of nanoparticles in all samples con-

stituted by grains and grain boundaries. This is evi-

dence of the good growth of the crystallization

during the thermal preparation process. It has been

confirmed that Ni substitution leads to a decreased

particle size of perovskite oxides, as recently reported

in the case of La0.7Sr0.3Mn1-xNixO3 [48]. The reduc-

tion in particle size leads to an increase in the surface

area of the granules specified for perovskite oxide, as

LSMNO exhibits a greater surface area of the grains,

nearly twice the surface area of the non-activated

LSMO. The average particle size in the case of LSMO

(180 nm to 270 nm) was strongly reduced for

LSMNO (80 to 190 nm) and calculated according to

the analysis of several FESEM obtained images

[27, 49]. In Fig. 4, images (c) and (d), having the same

magnification of 70kx, we notice cracking and

demolition in crystal agglomeration and a decrease in

particle size after adding nickel. Same effects are also

seen for images (e) and (f), which are taken at the

same magnification of 135kx. Disintegration,

destruction of crystal agglomeration, and reduction

of particle size are the most revealed effects with the

addition of the Nickel element.

In addition, EDX spectra shown in Fig. 5 reveal the

presence of all chemical elements (La, Sr, Ni, Mn and

O) that were introduced along the development of

LSMO and LSMNO samples, confirming that there

Fig. 4 High-resolution

scanning electron microscopy

(HRSEM) micrographs of the

LSMO (a, c, e) and LSMNO

(b, d, f) samples prepared at

1500 �C for 24 h at different

magnifications; as the zoom

for the two images (a) and

(b) was 50kx, and for the two

images (c) and (d) was 70kx,

while the zoom for the two

images (e) and (f) was 135kx
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was no loss of any integral component after Ni sub-

stitution treatment. The appearance of the character-

istic line of the Si element is due to the glass holder of

the samples. The ratio of silicon and oxygen pro-

duced by the glass holder for samples was corrected

and deleted from the device measurements, which

depends on the atomic ratio of each element in SiO2.

Table 3 presents three methods for measuring the

proportions of the elements in the LSMO and

LSMNO samples. The first method is to calculate the

atomic ratios of the elements in a theoretical way, and

the second method is done according to the charac-

teristic lines in the spectrum of the EDX device.

However, the third method is to calculate the ratio of

the elements as the ratio of the atomic weight in the

compound while keeping the stoichiometric chemical

weight of the compound constant. The obtained

results show that the ratio La/Sr is changed when

adding nickel. This is due to the fact that the process

is accompanied by amourphoucity increase which

leads to the irregular atomic concentration. Espe-

cially, we see excess of oxygen on the surface.

3.3 Study of magnetization
versus magnetic field

To evidence the effect of Ni addition on the LSMO

perovskites, we will briefly report the valence of Ni

when substituting Mn for large variety of mangan-

ites. In the case La0.7Pb0.3Mn1-xNixO3 in Full Ni

concentration range (x = 0–0.5), XPS results confirm

Ni2? ionic nature. Similarly, via an EPR study of Ni-

doped LaCaMnO Perovskite, Rubinstein [50] et al.

found that Nickel exist as Ni2? ions when replacing

Mn. Same conclusion is also evidenced in the case of

La0.67Sr0.33Mn1-xNixO3 for lower Ni concentrations

(x B 0.2) by an XPS study [19]. In the same context

[14], it is demonstrated via an XPS study of La0.8-
Sr0.2Mn1-xNixO3 that when substituting Ni by Mn,

the ratio of Ni3?/Ni2? decreases greatly for lower Ni

concentration and also ionic entities of Mn are only

Mn3? and Mn4?. However, as explained in reference

[13], when there are oxygen vacancies, due to the

formation of imbalance in the atomic ratio between O

and Mn atoms a new adaptive situation produces

Fig. 5 Energy Dispersive Spectroscopy (EDS) spectrum of LSMO and LSMNO prepared by heat treated at 1500 �C for 24 h, shown as a

plot of X-ray counts versus energy. Energy peaks corresponding to various elements in the sample are indicated

Table 3 Quantitative

elemental analysis of LSMO

and LSMNO perovskite

prepared at 1500 �C for 24 h

Element LSMO LSMON

Theoretical At % Wt % Atomic % Theoretical At % Wt % Atomic %

O 23.903 53.825 60.612 23.858 77.085 65.958

Mn 27.357 16.607 19.824 24.576 5.754 19.369

Ni – – – 2.917 0.274 0.869

Sr 34.906 20.313 15.205 34.840 11.383 6.785

La 13.834 9.255 4.359 13.808 5.504 7.018

Total 100.00 100.00 100.00 99.999 100.00 99.999

26990 J Mater Sci: Mater Electron (2021) 32:26984–26997



Mn2? ions. According to our synthesis route when

supposing that there are no oxygen vacancies, the

above published results permit to conclude that the

preponderant ionic species are Ni2?, Mn3?, and

Mn4?.

Figure 6 shows the magnetization versus magnetic

field for both materials. It is noted that the magneti-

zation starts to saturate approximately at a magnetic

field 2.5 KPo with nearly 0.563 lB and 0.357 lB,
respectively, for LSMO and LSMNO. Then, the

magnetization slightly continues to increase giving

rise to a long tail, where their values reach 0.610 lB
and 0.376 lB for higher magnetic field of 10 KPo. The

long tail of magnetization in both cases is due to the

competition between the ferromagnetic and antifer-

romagnetic moments coupling as demonstrated in

the case of La0.7Sr0.3Mn1-xNixO3 [51]. Therefore,

before adding Nickel, the most origin ferro–antiferro

competition arises essentially from ferromagnetic

Mn3?/Mn4? moment and the antiferromagnetic

Mn3?/Mn3? (and/or Mn4?/Mn4?) moments. How-

ever, after nickel addition, the new ferromagnetic

Mn4?/Ni2? moment would be created. At the same

time additional positive exchange interactions

between Ni2?/Mn3? and Ni2?/Ni2? [52] would be

created. To support the magnetization decrease, we

refer to the global neutrality of both materials

according to the material composition, where the

charge conservation can be checked from the general

electronic formula: La3?0.2Sr
2?

0.8(Mn3?0.2-y,

Mn4?0.8-x?y) Nix
2?O3

2-. Indeed, in the case of the

reference material (La3?0.2Sr
2?

0.8(Mn3?0.2,

Mn4?0.8)O3
2-), both ionic entities Mn3? and Mn4? can

contribute to the ferromagnetic coupling. However,

when nickel is added at x = 0.1(y = 2x) (La3?0.2-

Sr2?0.8(Mn4?0.9) Ni0.1
2?O3

2-, only Mn4? ions can

exist, giving rise to the suppression of the Mn3?/

Mn4? moment known as ferromagnetic components

[52]. Therefore, the initial ferromagnetic moment

(Mn3?/Mn4?) is replaced by Mn4?/Ni2? moment.

The suppression of antiferromagnetic Mn3?/Mn3?

moment is accompanied by the appearance of both

Ni2?/Mn3? and Ni2?/Ni2? moments. Based on these

results and according to the lower Ni concentration,

the magnetization might be decreased. It is also

reported that the decrease of magnetization satura-

tion is related to a large grain boundary volume

present in nano-crystalline influencing the number of

atoms in ordered states [53].

The inset of Fig. 6 displays a hysteresis loop plot,

which shows the remanent magnetization values

Mr = 0.034 lB and 0.019 lB, respectively, for LSMO

and LSMNO. Their corresponding coercive fields are

approximately 22.8 Oe and 44.5 Oe. Therefore, the

weak fraction of Ni substituting Mn induces the

increase of coercive field and a net decrease of

remanent magnetization. However, compared to

other perovskites [25], Hc remains very weak, sup-

porting their use as memory device. According to

previous study [53, 54], the remanent magnetization

depends on its saturation value. However, some

other parameters lead to the variation of Mr and Hc,

such as texture, nano-crystallites size, anisotropy, and

phases present in the material. In our case, anisotropy

caused by grain size decrease and the increase of

amorphousity caused by Ni2? cations lead to the

magnetic moment arrangement and consequently the

increase of coercivity.

3.4 Conductance analysis

The variation of the conductance G with frequency

from 102 Hz to 5 MHZ in the temperature ranging

from 300 to 420 K is shown in Fig. 7a and b, respec-

tively, for LSMO and LSMNO samples. At lower

frequency (less than 105 Hz), the conductance is

approximately constant and correspond to the long

range translational motion of ions [55]. In this fre-

quency range, dominated by dc conductance, the

electric field cannot affect the hopping conduction

mechanism. For both cases, the Gdc values (plateau)

increase with temperature rising, indicating that the

Fig. 6 The magnetization versus magnetic field for LSMO (a) and

for LSMNO (b). The onset represents their hysteresis loop plot,

respectively
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process is thermally activated where the mobile ion

can hop successfully to its nearest vacant site. How-

ever, at higher frequencies the conductance increase

sharply with frequency and correspond to the Gac. In

the full frequency range, the evolution of the con-

ductance can be written as the single power Jonscher

law [56]:

G xð Þ ¼ Gdc þ Gac ¼ Gdc þ Axn ð7Þ

In this expression, A represents the pre-exponential

factor that determinates polarazability and n is a

frequency factor, providing information degree of

interaction between mobile carriers and lattices

[57, 58]. The fitting data relative in all measurement

temperatures are summarized in Table 4.

From these results, and based on continuous

increase of Gdc in the full temperature range, we

present the Arrhenius plot of the Gdc (T) according to

(Eq. 8) in Fig. 8. In this equation, G0 is the pre-expo-

nential factor, Ea is the activation energy, KB is the

Boltzman constant, and T is the temperature. The

activation energies required to activate the mobile

charge carriers in both cases are calculated from the

linear fit. In the case of LSMO, the activation energy

until temperature range is 164 meV. However, in the

case LSMNO, two temperature ranges are selected

(T\ 400 K) and (T[ 400 K). Their typical corre-

sponding activation energies are, respectively,

65 meV and 322 meV. We think that both energies

are attributed to grain and grain size contributions.

The obtained values of activation energies are in

good agreement with other perovskites-type ferro-

electric oxides [59].

Gdc Tð Þ ¼ G0expð�
Ea

kBT
Þ ð8Þ

In all cases, the Gdc is assisted by trapping of

polaron in the potential well of height Ea. When

temperature gets higher, one side of the well will be

lowered, allowing polarons jumping into the nearest

neighboring site. This thermal process leads to the

conductivity exponential rise, confirming thermally

activated conduction.

Figures 9a and b illustrate, respectively, the evo-

lution of frequency factor n as a function of temper-

ature for both LSMO and LSMNO perovskites and

the fitting parameters at the temperature of 420 K.

The temperature dependence of the frequency

factor n permits to give specification of the Gac con-

duction mechanisms [58]. As shown in Fig. 9a, the

frequency factor in both cases is higher than 1 and

shows a different variation. Based on the literature,

the values of this factor can be either less or higher

than 1, depending on the material nature. When

n reaches values greater than 1, it is proposed [60]

that the charge carriers undergo a motion encom-

passing localized hopping between neighboring sites

and if n is less than 1, the motion involves a trans-

lational motion with a sudden hopping. Moreover, it

has been recently reported [61] that (n[ 1) means a

motion of mobile charge carriers from site to site with

tunneling effect as proposed by Gilory et al. [62]. In

our case, for the LSMO, the n value shows globally a

monotonic increase with temperature supporting the

non-overlapping small polaron tunneling (NSPT)

model for conductivity. However, in the case of

LSMNO, the frequency factor n decreases until

Fig. 7 Dependence of conductance with frequency in the temperature range 300–420 K for both LSMO (a) and LSMNO (b)
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reaching a minimum and then increases with rising

temperature, matching well with the overlapping

large polaron tunneling (OLPT) model [58]. There-

fore, the interaction between individual charges and

lattice distortion couldn’t give overlapping in the

case of LSMO. However, adding Nickel leads to give

a higher spatial extension of the polaron wells by

comparison to the interatomic distances, giving rise

to the overlapping of two neighboring sites.

4 Conclusion

Perovskite oxide LSMO and LSMNO powders were

successfully prepared by the standard solid-state

reaction method in order to carry out the effect of

lower Nickel substituted Mn on structural, magnetic,

and conductive properties. EDX experimental results

are in good accordance with those obtained theoret-

ically, supporting the full integral reaction of all

standard elements. From FESEM results, both mate-

rials contain agglomerations of nanoparticles consti-

tuted by grains and grain boundaries, with further

reduced particle size when adding Ni element.

Whereas X-ray analyses show that both materials

crystallize in single-phase rhombohedral structure

with 3RC group, Ni adding leads to some structural

modifications such as the nano-crystallite size

decrease and the increase of the amorphoucity. Lat-

tice parameters and internal micro-strain are

Table 4 Fitting parameter of

G xð Þ according to Eq. 7 T (K) Nickel content (x) Gdc (10
–5) (S) A (10–12) (Si) n R2

300 0.0 1.372 723.910 1.030 0.990

0.1 0.855 5.252 1.286 0.996

310 0.0 1.785 224.790 1.224 0.991

0.1 0.941 14.572 1.237 0.994

320 0.0 2.088 11.522 1.260 0.992

0.1 0.9736 37.960 1.191 0.992

330 0.0 2.430 2.314 1.20574 0.991

0.1 1.017 63.53 1.167 0.989

340 0.0 2.963 3.027 1.330 0.994

0.1 1.119 68.140 1.168 0.986

350 0.0 3.402 3.8434 1.307 0.994

0.1 1.137 36.050 1.204 0.987

360 0.0 3.856 3.852 1.300 0.994

0.1 1.189 27.490 1.219 0.988

370 0.0 4.324 1.870 1.339 0.995

0.1 1.263 14.507 1.254 0.9892

380 0.0 5.164 0.3120 1.447 0.997

0.1 1.427 8.729 1.281 0.990

390 0.0 5.988 0.170 1.477 0.997

0.1 1.5158 5.075 1.309 0.991

400 0.0 6.906 0.098989 1.5032 0.998

0.1 1.7131 2.010 1.358 0.993

420 0.0 8.959 0.047 1.536 0.998

0.1 2.676 0.2941 1.450 0.998

Fig. 8 Arrhenius plot of the Gdc(T) in the temperature range

300–420 K: (j): Experimental and (—): Linear fit for both

LSMO and LSMNO
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consequently increased. Furthermore, from magnetic

measurements, we support the existence of Nickel as

Ni2? replacing Mn3? with approximately same

radius ions which lead to reduce the saturation and

remanent magnetizations and nearly twice value of

the coercive field. Both ferromagnetic and antiferro-

magnetic moments coupling are present; however, Ni

addition leads to the suppression of the Mn3?/Mn4?

moment known as ferromagnetic components.

Moreover, from conductance measurements, the

lower frequency direct conductivity is thermally

activated for which the activation energy deceases

from 164 to 65 meV after Nickel addition. However,

at higher frequencies, the conduction is assisted by

non-overlapping small polaron tunneling (NSPT)

model for LSMO and, the overlapping large polaron

tunneling (OLPT) model for LSMNO. Nickel addition

leads, therefore, to reducing the wall height and gives

the resulting polaron a more spatial extension

exceeding the interatomic distances.
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