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La0.8Ca0.2� xhxMnO3 (x¼ 0.00, 0.10, and 0.20) perovskite was prepared by the conventional

solid-state reaction and annealed at 1473K. X-ray diffraction and scanning electron microscopy

shown the existence of a secondary phase attributed to the unreacted Mn3O4 oxide. The magneto

transport properties have been investigated based on the temperature dependence of the resistivity

q(T) measurements under several applied magnetic fields. We note that the La0.8Ca0.2MnO3

(x¼ 0.00) sample has a classical metal-insulator transition at Tq. But we have observed that the

lacunars samples (x¼ 0.10 and 0.20) include a metallic and insulator behavior simultaneously

below Tq and the resistivity is dominated by tunneling through the barriers associated with the

insulating phase. In other words, the calcium deficiency favors the enhancement of the insulator

behavior. The electrical resistivity is fitted with the phenomenological percolation model, which is

based on the phase segregation of ferromagnetic metallic clusters and paramagnetic insulating

regions. Furthermore, we found that the estimated results are in good agreement with experimental

data. Above all, the resistivity dependence on the temperature and magnetic field data is used to

deduce the magnetic entropy change. We have found that these magnetic entropy change values

are similar to those calculated in our previous work from the magnetic measurements. Finally,

we have found an excellent estimation of the magnetic entropy change based on the Landau theory.

VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4718450]

I. INTRODUCTION

Recently, doped manganites with general formula

Ln1�xAxMnO3 (where Ln is a rare earth: La, Pr, Sm, and A

is a divalent element: Ca, Sr, Ba…) have attracted consider-

able research interest. Numerous studies have been devoted

in the rare earth manganite perovskite which are exhibiting

colossal magnetoresistance (CMR) properties1–3 as well as a

magnetocaloric effect (MCE).4–7 These materials have a

wide range of technological applications such as read heads

for magnetic information storage, spintronic applications,

and magnetic refrigeration. For this reason, it is essential to

study their electric and magnetic properties.

Experimentally, those manganites exhibit a metal-to-in-

sulator transition accompanied by a ferromagnetic-to-para-

magnetic transition near the Curie temperature TC. The

metallic behavior is usually described in terms of electron

scattering process and electron–phonon interaction.8 On the

other hand, in the insulator state the carriers are localized as

small polarons due to a strong Jahn Teller (JT) distortion. In

this state, the electrical conduction is governed by small po-

laron hopping mechanism.9–11 In order to understand the

electrical behavior in the whole temperature range, Li

et al.12 have developed a new model based on the phase

segregation mechanism.13 This model supposes that the

materials are composed of paramagnetic and ferromagnetic

regions. Going from the metallic phase to insulating phase,

ferromagnetic regions become paramagnetic. Following this

mechanism, the electrical resistivity at any temperature is

determined by the change of the volume fractions of both

regions.

Further, the double exchange theory14–16 qualitatively

shows a correlation between ferromagnetism and electrical

conductivity in some manganites.17,18 Also, we can see a

strong correlation between resistivity and magnetic entropy

change (DSM) described by Xiong et al.19 So we can calcu-

late DSM based on the electric measurement.

In this paper, we have studied the calcium deficiency

effect on the resistivity behavior, and we have simulated it

based on the representations of the percolation theory. Then

we have deduced the magnetic entropy change (�DSM) from

resistivity versus temperature under several applied magnetic

field. Finally, we found that the deduced (�DSM) values are

in agreement with those determined from magnetic measure-

ments and those calculated from the Landau theory.

II. EXPERIMENTAL

The La0.8Ca0.2MnO3 sample was prepared using the

conventional solid-state reaction described previously.20 The

sample structure was characterized by x-ray diffraction with

CuKa radiation (k¼ 1.5406 Å). Then, the morphologies of

products were investigated using a scanning electron micro-

scope (SEM). Electrical measurements were recorded in a

“quantum design” physical properties measurement system

(PPMS) in a temperature ranging from 2 to 300K under sev-

eral magnetic fields rising from 0 to 5 T.
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III. RESULTS AND DISCUSSIONS

SEM micrographs are performed using the Angle-

selective Backscattered electron (AsB) detector. These Back-

scattered electrons are sensitive to the atomic number of

atoms in the sample, so the areas formed of atoms with high

atomic number appear brighter than others. This method will

help to measure the chemical homogeneity of a sample and to

allow a qualitative analysis. SEM micrographs of all samples

given in Fig. 1 show the coexistence of two phases in our sam-

ples. The main proportion is attributed to the principal

La0.8Ca0.2� xhxMnO3 (white) phase; the secondary minor

phase is attributed to the unreacted Mn3O4 (dark). The

presence of two phases is confirmed by the Energy Dispertive

X-ray (EDX) analysis of chemical species, where the electron

beam is focused on the white area then on the dark one

(Fig. 1). This result is illustrated in our previous work20 using

the x-ray diffraction (XRD), when a supplementary peak is

superimposed with the Mn3O4 Bragg-position. Also, from

Fig. 1 we can notice that the Mn3O4 quantity percentage

increases when x increases. Moreover, the x-ray patterns

(Fig. 2) show that the intensity of Mn3O4 peaks increase with

the calcium deficiencies. This confirms that the percentage of

this secondary phase increases when increasing the calcium

deficiency. It is important to note that the stoichiometry of

La0.8Ca0.2�xhxMnO3 phase is not affected by the formation

of Mn3O4 secondary phase.
21

Besides, our curves of magnetization as a function of

temperature20 reveals that all samples exhibit a magnetic tran-

sition from the paramagnetic (PM) state to ferromagnetic

(FM) one. According to the formula La3þ0:8Ca
2þ
0:2�xhxMn3þ0:8� 2x

Mn4þ0:2þ2xO
2�
3 , the increase of x leads to the reduction of dou-

ble exchange (DE) mechanism between Mn3þ and Mn4þ ions.

This explains the decrease of the magnetization when increas-

ing the calcium deficiency. In Fig. 3, we report the inverse of

magnetic susceptibility (v�1) as a function of temperature. For

the samples with x¼ 0.00 and x¼ 0.10, v�1 follows the

Curie-Weiss law (linear behavior in the paramagnetic region).

The down turn in the magnetic susceptibility at temperatures

above TC for the sample with x¼ 0.20 is the signature of the

“Griffiths phase.”22 The deviation from Curie-Weiss law in

the PM region is due to the presence of FM clusters within the

PM region.

The temperature dependence of electric resistivity plotted

in Fig. 4 shows that all samples have a ferromagnetic-metallic

to paramagnetic-insulator transition near Tq. However, the cal-

cium deficiency leads to increase the values of the resistivity

due to the reduction of the DE interaction between spins of

Mn3þ and Mn4þ ions. Below Tq, the lacunars samples

(x¼ 0.10 and 0.20) show a complex electrical behavior char-

acterized by a minimum of resistivity in the metallic state, and

then begin to increase when decreasing temperature. This can

be explained by a co-existence of metallic and insulator

FIG. 1. Scanning electron micrographs of La0.8Ca0.2� xhxMnO3 samples

(x¼ 0.00, x¼ 0.10, and x¼ 0.20) and the EDX analysis of chemical species

of x¼ 0.00 sample.

FIG. 2. XRD patterns of La0.8Ca0.2�xhxMnO3 and Mn3O4 compounds. As-

terisk marks the tiny impurity of Mn3O4.

FIG. 3. Inverse of magnetic susceptibility (1/v) versus temperature (T) for

La0.8Ca0.2� xhxMnO3 samples (x¼ 0.00, x¼ 0.10, and x¼ 0.20) measured

at applied magnetic field of 0.05 T.
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behavior. That is due to the fact that the electrical resistivity

of our materials depends on the respective volume fractions of

the La0.8Ca0.2� xhxMnO3 and Mn3O4 phases. We know that

the pure Mn3O4 oxide has a high resistivity values on the

order of 108 X cm at room temperature and higher values for

T< 300K.23 Moreover, at low temperatures, the resistivity is

dominated by tunneling through the barriers associated with

long intrinsic structural defects, such as grain boundaries and

inclusions of the insulating phase.24–26 In our case, the insulat-

ing Mn3O4 secondary phase can be considered as energy bar-

riers for the electrical transport process. So, the increase of the

resistivity values of the La0.8Ca0.2� xhxMnO3 samples with

increasing x has been also explained by the increase of the

high resistive Mn3O4 phase concentration. It is remarkable, on

the one side, that Tq decreases when the rate deficiency

increases between x¼ 0.00 and x¼ 0.10 samples. On the other

side, the increase of Tq for x¼ 0.20 is due to the onset of Grif-

fiths phase in these samples when the ferromagnetic clusters

cause a delay of the metal-insulator transition (Fig. 4).

In order to understand the transport mechanism in our

samples, we will use a theoretical model which describes it.

Taking La0.8Ca0.2MnO3 (x¼ 0.00) sample into considera-

tion, the resistivity increases when decreasing temperature

from 300K and reaches a maximum at Tq. This region

(T> Tq) is characterized by a semiconductor behavior which

is described by the adiabatic small polaron hopping

mechanism9–11 according to the following formula:

qðTÞ ¼ CT exp
Ea

KBT

� �

; (1)

where C is a pre-exponential coefficient, Ea is the activation

energy, and KB is the Boltzmann constant. In low-

temperature ferromagnetic phase (T< Tq), the q(T) curve is

approximated by an expression that includes several scatter-

ing mechanisms according to the following formula:

qðTÞ¼ q0þAT2þBT5; (2)

where q0 is the residual resistivity, the AT2 term is attributed

to the single-magnon’s scattering contribution, and the BT5

term is attributed to the electron–phonon interaction.8 For the

lacunars samples (x¼ 0.10 and 0.20), we can use the scatter-

ing mechanisms model only for a short range below the

metal-insulator transition temperature Tq where these materi-

als are characterized by a metallic behavior (dq/dT> 0).

Unfortunately, the small polaron hopping mechanism

and scattering one (Eqs. (1) and (2)) cannot describe the

electric behavior near the metallic-insulator temperature Tq.

In order to understand the transport mechanism in the entire

temperature range, Li et al.12 have developed a new phenom-

enological model based on the phase segregation mechanism

(percolation approach).

The percolation approach assumes that the materials are

composed of paramagnetic and ferromagnetic regions. The

semiconductor-like transport properties are exhibited in the

paramagnetic regions, while metallic transports always show

up in ferromagnetic regions. Then the electrical resistivity of

the system at any temperature is determined by the change

of the FM volume fractions in both regions. According to Li

et al.,12 the resistivity is formulated as

qðTÞ¼ qFM f þ qPMð1� f Þ; (3)

where f and (1� f) are the volume fractions of FM domains

and PM regions, respectively. The f function well satisfies

the Boltzmann distribution given as

f ¼
1

1þ expðDU=KBTÞ
; (4)

where DU is the energy difference between FM and PM

state. In this percolation approach, DU(T) can be developed

around Tmod
C at the first order of (T � Tmod

C ). Therefore, we

may write

DU � U0ð1� T=Tmod
C Þ. In this expression, Tmod

C is

PI–FM transition temperature used in this model and near/

equal to TC, U0 is taken as the energy difference for tempera-

ture well below Tmod
C .12 So, the total resistivity in whole tem-

peratures ranges can be written as

qðTÞ¼ ð1� f Þ�CT exp
Ea

KBT

� �

þ f �ðq0þAT2þBT5Þ: (5)

Figs. 5(a)–5(c) display the simulated (solid line) and experi-

mental results for the q(T) curves obtained at zero-field, 2 T

and at 5 T for all samples x¼ 0.00, x¼ 0.10, and x¼ 0.20,

respectively. It can be seen that the results calculated from

Eq. (5) agree with the experimental data. Then, we found

that the percolation model describes well enough the resistiv-

ity behavior in a wide temperature ranges including the

region of phase transition whatever the external magnetic

field. The best-fit parameters are given in Table I.

Fig. 6 shows the ferromagnetic phase volume fraction as

a function of temperature f(T) for all samples. It is clear that

f(T) remains equal to 1 below the metal-insulator transition

temperature. That confirms the strong dominance of FM

fraction in this range. Then, FM volume fraction begins to

decrease until 0 going from the ferromagnetic-metallic state

to the paramagnetic-insulator one. This confirms the validity

of the percolation approach which assumes a conversation of

ferromagnetic region to paramagnetic one when increasing

the temperature.

FIG. 4. Zero field electrical resistivity (q) as a function of temperature (T)

La0.8Ca0.2� xhxMnO3 samples (x¼ 0.00, x¼ 0.10, and x¼ 0.20).
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The electrical resistivity of carriers increases when

increasing the calcium deficiency rate described above. This

is equivalent to the increasing in the activation energy Ea in

the transport process of the carriers. Moreover, it can be seen

that for all samples the activation energy Ea decreases when

increasing the applied magnetic field. Thus, due to the spins’

attempt to align along the magnetic field, which favors the

conduction and decreases the ability of charge localization

and the electrons jumping requires less energy. So the results

of Ea are reasonable.

Many researchers have shown a strong correlation

between electrical and magnetic properties.27–29 In mangan-

ites, the CMR and MCE effects are usually observed near

the magnetic phase transition temperature. It is obvious that

there is a relationship between the change in magnetic en-

tropy and resistivity. In this context, Xiong et al.19 proposed

a relationship between DSM and q given by

DSM ¼ �a

ðl0H

0

@LnðqÞ

@T

� �

dðl0HÞ; (6)

where the parameter a determines the magnetic properties of

the sample. For the manganite La0.67Ca0.33MnO3 the param-

eter a is equal to 21.72 emu/g.19 For our materials, we found

that a is equal to 22.82 emu/g. This is determined from the

fitting of q versus M curve around the transition temperature

TC with the equation: q¼ a exp(�M/T)19 (not shown here).

TABLE I. Obtained parameters corresponding to the best fit to the Eq. (5) of the experimental data of La0.8Ca0.2� xhxMnO3 samples (x¼ 0.00, 0.10, and

0.20) at 0, 2, and 5 T.

x q0(Xm) A � 10�8 (Xm/K2) B � 10�14 (Xm/K5) C � 10�8 (Xm) Ea/KB (K) DU/KB (K) Tmod
C ðKÞ

x ¼ 0.00

0T 0.0016 3.894 2.279 6.422 1282 5483 206

2T 0.0012 3.130 1.211 8.061 1233 4792 221

5T 0.0010 2.838 0.556 13.76 1175 4188 239

x ¼ 0.10

0T 0.0185 6.321 858.5 5.803 1353 3655 214

2T 0.0131 11.80 1.053 8.403 1307 3533 230

5T 0.0118 9.405 93.93 18.59 1287 3513 252

x ¼ 0.20

0T 0.0601 74.45 3.095 9.614 1385 3432 222

2T 0.0465 59.40 2.072 13.19 1376 3414 237

5T 0.0379 67.67 2.931 68.90 1388 3281 262

FIG. 6. The temperature dependence of ferromagnetic phase volume frac-

tion for different samples: x¼ 0.00 (a), x¼ 0.10 (b), and x¼ 0.20 (c).FIG. 5. Electrical resistivity (q) as a function of temperature (T) of

La0.8Ca0.2� xhxMnO3 samples with x¼ 0.00 (a), x¼ 0.10, (b) and x¼ 0.20

(c) under applied magnetic field of 0, 2, and 5 T.
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Now, from the q(H,T) curves plotted in Fig. 7, we have

estimated the magnetic entropy change (DSM) using Eq. (6),

for an applied magnetic field of 5 T. In Fig. 8, we have repre-

sented the temperature dependence of magnetic entropy

change deduced from the experimental M(T, l0H) curves, as

described in our previous work,20 and the one calculated

from electrical measurement using Eq. (6). We found that

the estimated values agree with the experimental ones in the

temperature range around TC. The little difference between

these two curves can be explained by the effect of the

Mn3O4 secondary phase on the electrical properties.

Finally, we have attempted to explain the magnetic en-

tropy change obtained from experimental data based on Lan-

dau theory of phase transitions.30 Very often, Landau’s

theory of second order phase transition and mean-field

approximation is used to describe the magnetic properties.

The Gibb’s free energy can be written as

GðM;TÞ¼ G0 þ
aðTÞ

2
M2 þ

bðTÞ

4
M4 þ

cðTÞ

6
M6 þ :::�l0HM;

(7)

where a(T), b(T), and c(T) are a temperature dependent

parameters containing the information of magnetoelastic

coupling and electron–electron interaction.31 From energy

minimization, the magnetic equation of state is derived

within this theory,

l0H ¼ aðTÞM þ bðTÞM3 þ cðTÞM5: (8)

The values of the a(T), b(T), and c(T) parameters and their

dependence on temperature can be obtained from experimen-

tal isothermal magnetization measurements from polynomial

fit of the magnetization (M) versus the applied magnetic field

(l0H).

The magnetic entropy is obtained from differentiation of

the magnetic part of the free energy with respect to

temperature,

�SMðT;l0HÞ ¼
@G

@T

� �

l0H

¼
a0ðTÞ

2
M2þ

b0ðTÞ

4
M4þ

c0ðTÞ

6
M6:

(9)

Using the a(T), b(T), and c(T) parameters, the temperature

dependence of the magnetic entropy change (�DSM) is cal-

culated through Eq. (9) as shown in Fig. 8. A clear corre-

spondence is found between the experimental magnetic

entropy change (�DSM) and the estimated one using Landau

theory.

IV. CONCLUSION

Electrical properties of La0.8Ca0.2MnO3 compound have

been investigated. The temperature dependence of resistivity

has revealed the presence of a metal-insulator transition at

Tq. The conduction mechanism was explained by a small

polaron hopping in the insulating region, and by electron

scattering mechanisms in the metallic region. Then, to under-

stand the transport mechanism in the entire temperature

range, we have used the phenomenological percolation

model, which is based on the phase segregation of ferromag-

netic metallic clusters and paramagnetic insulating regions.

In addition, from the temperature dependence of the re-

sistivity measured at several applied magnetic field q(H,T),

we have calculated the magnetic entropy change based on

the following equation: DSM ¼ �a
Ð l0H

0

@LnðqÞ
@T

h i

dðl0HÞ:

The calculated (�DSM) values were found to present a

similar maximum of the magnetic entropy change

(�DSMax¼ 4.15 J/K kg) to this deduced from the experimen-

tal M(T, l0H) curves, around the Curie temperature TC. In

addition, using the Landau theory, we have found an agree-

ment between the experimental and calculated magnetic en-

tropy change.
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