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ABSTRACT

We report the results of a detailed investigation of the role of cation substitution

Co ? Mn on the structural, microstructural, magnetic, and transport properties

of the manganite system La2/3Ca1/3Mn1-xCoxO3 (x = 0.0, 0.1, 0.2 and 0.3). It is

found that the replacement of Mn with Co does not change the crystal structure

of the parent compound La2/3Ca1/3MnO3 which crystallizes in orthorhombic

structure with Pbnm space group. From a systematic analysis of the magneto-

transport measurements, it has been shown that the cobalt substitution leads to

a decrease in the system magnetization and lowering of Curie and metal–in-

sulator transition temperatures. The magnetoresistance percentage (MR%),

which is found to change significantly by Co substitution and exceeds 100% for

x = 0.3 sample at low temperatures, is also reported at 1 T applied magnetic

field.

1 Introduction

Investigation of the role of the transition element

doping of the cobaltites and manganese oxides with

perovskite structure has received extensive attention,

recently [1–20]. The subject, indeed, promises an in-

depth understanding of the fundamental condensed

matter physics and its technological prospective

applications for current and near-future technologies.

The compounds with formulas LaMnO3 and LaCoO3

are examples of such perovskite structures that

exhibit insulator and antiferromagnetic properties at

room temperature due to the absence of Mn4? and

Co4? ions, respectively [21, 22]. On the other hand,

substituting the divalent elements, such as Sr, Ca, and

Ba, instead of La3? ions can lead to trivalent Mn or Co

ions to be converted to a mixture of Mn3? and Mn4?

or Co3? and Co4? [1, 2]. Recent studies have shown a

phase transition from an insulating phase to the fer-

romagnetic metallic one as a function of the increas-

ing inverse temperature, which is caused by the

substituting La3? ions by Sr2? ones [1–4]. This phase

transition is signaled by a sharp change in the resis-

tivity of the considered compounds. However, we

would like to stress here that the physical mecha-

nisms that explain the magnetoresistance effects for

these oxides are quite different. While in the man-

ganite system, the existence of ferromagnetism and

the metallic behavior is attributed to the double-ex-

change (DE) interaction between Mn3? and Mn4?

ions [23–25], and strong electron–phonon interaction

arising from the Jahn–Teller splitting plays a crucial
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role in the observed colossal magnetoresistance

(CMR) effect [26, 27], the observed exotic features in

the hole-doped lanthanum-based cobaltites arise

from their additional spin and lattice degrees of

freedom. More explicitly, cobalt ions may possess

either high, intermediate, or low-spin states

depending on the temperature of the environment,

which strongly affects the magneto-electrical prop-

erties of the system.

The perovskite structures have the general formula

ABO3 where A and B indicate metallic cations and O

is a nonmetallic anion [23, 24]. Recently, the A-site of

manganese perovskites has been substituted by var-

ious rare earth and alkaline earth elements which

were shown to lead to several unusual features in the

properties of the resulting compounds [6, 19, 28–32].

In B-site substitution, manganese is, generally,

replaced by transition elements. Since Mn ions play a

key role in the magnetoresistance of manganites, the

substitution of B-site with transition metals is a very

effective way of tailoring the magnetic properties of

LaMnO3. In recent years, particular transition ele-

ments, such as Ti, Cr, Fe, Co, and Cu, were used as

dopants in manganites [1, 12, 33–35]. Doping in the

B-site causes substantial changes in the Mn3?–O–

Mn4? chain and leads to irreversible interactions

among the Mn ions and the transition element. In this

kind of substitution, the Mn3?/Mn4? ratio can

change substantially in the manganese sublattice

which can affect the magnetic and electrical features

and create structural inhomogeneities in the sample

[12, 34, 36].

In the present study, we aim to investigate the

manganite system La2/3Ca1/3Mn1-xCoxO3 (x = 0.0,

0.1, 0.2, and 0.3). Among the other transition ele-

ments, cobalt substitution is expected to have a spe-

cial effect due to the possession of prominently

different electron configuration and spin states from

Mn [1–4]. Co doping is expected to lead to substantial

changes in the crystalline and the magneto-electric

properties. We have carried out an extensive experi-

mental study of the effect of the amount of cobalt

doping on the structural, microstructural, electric,

and magnetic properties. We have found that Co

substitution leads to a marked reduction in the Curie

and the metal–insulator transition temperatures and

a decrease in the spontaneous magnetization. We also

show that 30% of substituted Co can significantly

enhance the magnetoresistance of the considered

manganite system at low temperatures.

2 Experimental

The manganites formulated as La2/3Ca1/3Mn1-xCox-

O
3

with x = 0.0, 0.1, 0.2, and 0.3 were prepared using

the traditional solid-state reaction method. The

powders La2O3, CaCO3, CoO, and MnO2 were

selected to have purity higher than 99.9% which were

mixed in stoichiometric ratios, ground, and then

calcined at temperature 1173 K for 20 h. The obtained

black powder was further ground by using pestle and

mortar. The resulting powder was pelletized and

then sintered for 20 h at temperature 1273 K with two

intermediate grindings. As a final procedure, the

resultant pellets are reground, further pelletized, and

then annealed for 24 h at temperature 1423 K. To

avoid the formation of oxygen vacancies, all pellets

were left to be furnace-cooled down to room tem-

perature. Hereafter, the studied samples will be

called as C0, C1, C2, and C3 for x = 0.0, 0.1, 0.2, and

0.3, respectively. To examine the crystal structure and

the phase purity, we employed powder X-ray

diffraction (XRD) method which uses a Rigaku Mul-

tiflex diffractometer with CuKa radiation at wave-

length k = 1.5418 Å. Diffractograms were arranged to

measure 2h angle values in the range 20�–80� by

using 0.004� step size with a 3 s per step. The Rietveld

method in JANA2006 software was used to refine the

phase structure of the measured X-ray data [37].

Scanning electron microscope (SEM) (code: JEOL

6390-LV) was used to investigate the microstructure

of the samples. The resistivity of the samples is

measured using the traditional four-probe method on

a He gas contact cryocooler and superconducting coil

magnet over a temperature range between 50 and

300 K. The response of the sample resistivity to the

applied magnetic field (which was set 1 T) is indi-

cated by the quantity named as the magnetoresis-

tance percentage (MR%) which is given by the

following formula:

MR % ¼ ½ðR0 � RHÞ=R0� � 100; ð1Þ

where RH (R0) is the measured resistance under 1 T

(0 T) magnetic field. The magnetization measure-

ments of samples were performed under 50 Oe

applied field with a 7304 model Lake Shore Vibrating

Sample Magnetometer (VSM) under zero-field-

cooled mode.
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3 Results and discussion

3.1 Structure and morphology

We have performed powder X-ray diffraction mea-

surements to analyze the structural phase character-

ization of the considered compounds. The diffraction

patterns are shown in Fig. 1. We also make an

enlargement of the most intense peaks for higher

visibility in the inset of Fig. 1. The powder X-Ray

diffraction patterns indexed in an orthorhombic-dis-

torted perovskite-type structure with (N�62) space

group over the whole doping concentration range

[13, 38]. In Fig. 2, we demonstrate the Rietveld-re-

fined XRD patterns of the samples, and the structural

parameters are tabulated in Table 1. We would like to

remark here that the observed XRD patterns and the

calculated one through Rietveld refinement are in

good agreement based on discrepancy factor as

Goodness of Fit (GOF) and Reliability factors (Rp and

Rwp) shown in Table 1. One may conclude here that

the samples of interest have a single-phase. The XRD

peaks are relatively sharp and have a high intensity

which shows that the compounds of interest are

deeply crystalline. From the Rietveld-refined analy-

sis, there are no observed impurity peaks indicating

lanthanum or manganese oxide phases through the

experimental accuracy limits.

From the XRD analysis, it is also found that the

lattice parameters slightly change with the increase in

cobalt content. This results in a slight cell volume

increase as a function of the amount of Co doping,

except x = 0.2 sample (see Table 1). The unit cell

volume increase can be also justified from the

diffraction peaks in the inset of Fig. 1. The peaks shift

to the lower 2h values as the Co content increases

which shows the signatures of the enhancement in

the unit cell parameters [39]. The radius of the sub-

stituted elements and the concentrations of the Mn3?

and Mn4? ions are different which can be considered

as the main reasons for the shifts in the diffraction

peaks. Like manganese, cobalt can be found in the

perovskite structure in various valences and spin

states [40]. The spin states of Co2?, Co3?, and Co4?

ions can be found in a high or a low state. There can

be a random distribution of Mn and Co ions in the

lattice which is the main reason for the slight cell

volume increase [18]. For example, the ionic radius of

Co2? ion in the high-spin (HS) state is larger than the

ionic radius of Mn3? ion in the HS state and Mn3?

ions can be replaced by Co2? ions. Also, it is expected

that Mn4? ions can be replaced by Co3? ions in the

low-spin (LS) state. Thus, the reason for the slight

increase in unit cell volume with increasing cobalt

content may be confirmed with this assertion (see

Table 2 for ionic radii of Mn and Co cations).

It is important to analyze the microstructure of the

samples since it gives insights into the effect of

structural aspects such as grain size and porosity on

the features of the manganites. For that purpose, we

use scanning electron microscopy (SEM) techniques

to investigate the microstructure and morphology of

the considered samples. The results are presented in

Fig. 3. The morphology of the samples is seen to be

composed of polycrystalline microstructure in which

the manganite particles are almost uniform and have

relatively fine grains. Moreover, from the SEM ima-

ges, we observe almost spherically shaped grains

with inhomogeneous size distribution. It seems that

the Co substitution leads to agglomeration with

varying degrees. Using Gaussian fitting method [42],

average particle sizes are estimated which decreases

from 1.28 lm for x = 0.0 sample to 0.93 lm for x = 0.3

sample.
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Fig. 1 (Color online) X-ray powder diffraction patterns for La2/

3Ca1/3Mn1-xCoxO3. Here the lines colored as (black, red, blue,

magenta) correspond to x = (0.0, 0.1, 0.2, 0.3) samples,

respectively. The inset demonstrates the shift in the most intense

peaks due to variation in the Co doping concentration
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3.2 Magneto-electrical properties

In Fig. 4, we depict the magnetization as a function of

the temperature for the samples of interest in a fixed

magnetic field at 50 Oe. We observe sharp drops in

the magnetization as a function of the temperature

which indicates the magnetic transitions in the sam-

ples. This also verifies here that the samples have

high homogeneity as mentioned above in the XRD

measurement analysis. The sharp changes in the

magnetization elucidate the phase transition from the

ferromagnetic regime to the paramagnetic regime
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Fig. 2 (Color online) Rietveld refinement powder XRD patterns

for a La2/3Ca1/3MnO3 and b La2/3Ca1/3Mn0.7Co0.3O3. The red

cross line shows the experimental data, while the blue solid line

demonstrates the calculated pattern. The black ticks represent the

positions of the Bragg reflections for the main phase. The magenta

line at the bottom shows the difference between the experimental

and the calculated patterns
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where the transition temperature is known as the

Curie temperature (TC). The minimum of the

derivative dM/dT can be used to determine the Curie

temperature which is drawn for the undoped sample

in the inset of Fig. 4 and tabulated in Table 3 for all

samples. It is obvious from Fig. 4 and Table 3 that the

cobalt substitution results in a decrease both in the

system magnetization and in the Curie temperature.

This is expected since the Co doping decreases the

LCMO ferromagnetic ratio. As a further explanation,

the double-exchange interaction is controlled by

Mn3? and Mn4? ions which determine TC in the

La1-xCaxMnO3 system [23–25]. By cobalt doping,

Mn3? ions are partially replaced by Co atoms which

can weaken the double-exchange interaction between

Mn3? and Mn4? ions. This results in a decrease both

in the magnetization and the Curie temperature [1, 4].

The decrease of the magnetization, M, at low tem-

peratures (\ 100 K) for the C2 and C3 samples is due

to magnetic inhomogeneities that are attributed to the

strong competitions between the ferromagnetic dou-

ble-exchange and antiferromagnetic superexchange

(phase separation) interactions [2]. In Table 3, the

transition widths DTC, which are the value of the full

width at half maximum of the dM/dT peaks (see the

inset of the Fig. 4), are also tabulated which decreases

as the function of the amount of Co content indicating

the sharp phase transition as a function of

temperature.

Now we investigate the effect of Co substitution on

the parameter, the so-called, electrical resistivity at

different temperatures. From such an analysis, one

can determine the effect of doping on the possible

transition between metallic and insulator phases and

the critical temperature in which the phase transition

occurs. Therefore, in Fig. 5, we depict the tempera-

ture dependence of the resistivity for the samples

with and without Co substitution. It is clear from the

figure that the Co substitution significantly increases

the resistivity of the samples. However, the increase

in resistivity has no linear dependence on the amount

of Co substitution at a given temperature. Please

remark here that the increase (decrease) in the resis-

tivity with the increase in the temperature is the

indication of the metallic (insulator) phase. We report

here that for all samples, both phases exist. For the

compounds with x = 0.0, 0.1, and 0.2, there is one

characteristic (peak) temperature Tp that highlights

the metal–insulator transition. For the temperatures

below Tp, the resistivity increases as a function of

temperature indicating the metallic phase. On the

other hand, for the temperatures T[Tp the samples

have an insulating phase. It is obvious from the fig-

ure (also from Table 3) that the characteristic tem-

perature substantially decreases as the amount of Co

substitution increases. An interesting result is

obtained for the 30% Co substitution case in which

we report two characteristic temperatures Tp1 and Tp2

as labeled in Fig. 5 (see also Table 3) [15, 43]. Between

Tp1 and Tp2, the sample has both an insulator and

metallic phases. The low-temperature metal–insula-

tor transition at TP2 for the C3 sample is related to the

granular nature of the ceramics and can be explained

as follows: The considered ceramic manganite sam-

ple is composed of two phases: the grain inside as the

bulk phase, and the grain boundary regions as the

Table 1 Lattice parameters a, b, and c (in units of Å), the volume

of the unit cell (in units of Å3), and the refinement parameters for

La2/3Ca1/3Mn1-xCoxO3 with x = 0.0, 0.1, 0.2, and 0.3 samples

which are obtained from the Rietveld refinement analysis of the

powder XRD patterns

x 0.0 0.1 0.2 0.3

Space group Pbnm (N�62)

La2/3Ca1/3Mn1-xCoxO3

a (Å) 5.4425 5.4581 5.4537 5.4553

b (Å) 5.4012 5.4162 5.4120 5.4304

c (Å) 7.6994 7.6561 7.6592 7.6741

V (Å3) 226.3347 226.3361 226.0712 227.3461

GOF 0.42 0.83 0.86 0.95

Rp 5.13 9.14 8.52 9.97

Rwp 7.03 12.75 12.13 14.58

Table 2 Ionic radii (Å) of Mn

and Co cations [41] Coordination Mn3? Mn4? Co2? Co3? Co4?

HS LS HS LS HS LS HS LS HS LS

VI 0.645 0.58 0.53 0.745 0.65 0.61 0.542 0.53 –
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Fig. 3 Scanning electron microscopy (SEM) micrographs of La2/3Ca1/3Mn1-xCoxO3 with x = 0.0 (a), 0.1 (b), 0.2 (c), and 0.3 (d)
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Fig. 4 (Color online)

Magnetization versus the

temperature for the samples

La2/3Ca1/3Mn1-xCoxO3 with

x = 0.0, 0.1, 0.2, and 0.3. The

inset shows the phase

transition temperature, TC, for

the parent sample, i.e., x = 0.0

J Mater Sci: Mater Electron (2021) 32:7176–7186 7181



surface phase. Hence two electrical transport pro-

cesses are in competition: the bulk one similar to that

in the single crystals (corresponding to Tp1 which is

near Tc and is in accordance with our results in the

M(T) curve) and the intergranular transport through

the surface phase of the grains corresponding to the

Tp2 at a lower temperature [44]. In comparison to the

undoped sample (x = 0.0), the characteristic temper-

ature shifts to the smaller values for 30% Co-substi-

tuted sample. The change in the resistivity and Tp for

the Co-substituted samples can be interpreted as

follows. The introduced Co ions perturb the Mn3?–

O–Mn4? network which can reduce the available

states for hopping. The interaction in the network is

weakened by the Co ions which can decrease the

conductivity and the characteristic temperature

[10, 11].

Now we investigate how the external magnetic

field affects the resistivity of the considered samples

at different temperatures. In Fig. 6, we plot the

magnetoresistance percentage (MR%) versus tem-

perature under 1 T applied magnetic field. Please

recall here the formula of the magnetoresistance

percentage which is given as MR% = [(R0 - RH)/

R0] 9 100. The negative MR% values indicate the

enhancement of the sample resistivity under the

applied magnetic field. High absolute MR% values

are desirable for the technological applications which

demonstrate a strong response of the sample resis-

tivity to the applied magnetic field [45, 46]. For the

sample without Co substitution, we report positive

MR% values for the all considered temperature

range. This indicates the reduction of the resistivity

under 1 T magnetic field. Approximately, 60% MR

value can be obtained around 190 K. For the 10% Co-

substituted sample, we have positive MR% values

which are less in contrast to the undoped sample one.

The MR% values range approximately between 5 and

20% and do not show any appreciable dependencies

on the temperature. For the 20% Co substitution, even

the 1 T magnetic field has no pronounced effect on

the resistivity for the temperatures approximately

lower than 130 K; the sample resistivity can be

increased by the field for the temperatures higher

Table 3 Experimental parameters obtained from M(T) and

q(T) data for the samples La2/3Ca1/3Mn1-xCoxO3 with x = 0.0,

0.1, 0.2, and 0.3

Parameters (K) x = 0.0 x = 0.1 x = 0.2 x = 0.3

TC 190 140 123 104

DTC 25.9 22.8 16.6 12.2

TP1 201 160 38 116

TP2 – – – 54

All the parameters are explained in the text
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than 130 K. This is indicated by the negative MR%

values as shown by the blue triangular line in Fig. 6.

However, the negative MR% values are almost the

same at different temperatures for the 20% Co-sub-

stituted sample. A remarkable result is obtained for

the 30% Co substitution. The absolute MR% values

can be higher than 100% for the temperatures smaller

than 100 K (see the inset in Fig. 6). In other words, at

low temperatures, there is a significant increase in the

resistivity under the external magnetic field. On the

other hand, the resistivity for the 30% Co-substituted

sample can also exhibit reduction under the field at

high temperatures (T[ 200 K) as noted by the posi-

tive MR% values (approximately 10%) in the inset.

The sign of MR% changes from negative to positive

values when the temperature is increased above the

Curie temperature, TC. At high temperatures above

TC, the magneto-transport properties are primarily

determined by the conduction of lattice polarons,

while at low temperatures below TC, the obtained

negative magnetoresistance is correlated with the

spin-polarized tunneling at the grain boundaries

which is determined by the magnetic domain rotation

at the grain boundaries. Magnetic coupling between

the Co and Mn spin lattices may play a prominent

role and the increase of resistivity caused by chemical

pressure may lead to negative MR% values [47, 48].

4 Conclusion

In summary, we have given a comprehensive analy-

sis of the structural, microstructural, magnetic, and

transport properties of the manganite system deno-

ted by the formula La2/3Ca1/3Mn1-xCoxO3 with

x = 0.0, 0.1, 0.2, and 0.3. The explicit role of the Co

substitution with the Mn site has been revealed.

Powder X-ray diffraction analysis shows that all

systems crystallize in a orthorhombic structure with

Pbnm space group. The analysis also demonstrates a

slight increase in the lattice parameters with the

cobalt substitution. By using SEM analysis, we esti-

mate the average grain sizes which decrease by the

amount of Co content from 1.28 lm (x = 0.0) to

0.93 lm (x = 0.3). The cobalt substitution is found to

decrease both the system magnetization and the

Curie temperature which are the explicit indicators of

the weakening of the double-exchange interaction in

the Mn3?–O–Mn4? network. From the transport

measurements, the Co substitution is found to

increase the resistivity of the samples significantly.

Besides, the metal–insulator transition temperature is

shown notably decreased by the amount of Co sub-

stitution. Approximately, 60% MR value is reported

around 190 K for x = 0.0 sample which can be

increased or decreased depending on the tempera-

ture and the Co content. Specifically, the absolute
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Fig. 6 (Color online) The

calculated temperature-

dependent MR% values for the

samples La2/3Ca1/

3Mn1-xCoxO3 with x = 0.0,

0.1, and 0.2 under 1 T applied

magnetic field. The inset

shows the temperature

dependence of the resistance

for x = 0.3 sample at zero and

1 T magnetic field and MR%

value versus temperature
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MR% values can be higher than 100% as obtained for

x = 0.3 sample at low temperatures which promises

potential technological applications.
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