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In the present investigation, the effect of annealing temperature on the structural, electrical transport
and the magnetocaloric effect of Nd0.6Sr0.4MnO3 manganites have been studied. Rietveld refinement of
XRD data reveals that all samples are single phase with a space group (Pnma). Heat treatment enhances
the grain size and decreases the porosity. All samples suffer Curie transition from ferromagnetic to
paramagnetic. Magnetocaloric parameters have been determined by the analysis of isothermal M (H)
curves around Curie temperature (DH ¼ 2 T) for samples. Heat treatment enhances magnetic entropy,
which reaches a maximum at Tan ¼ 900 �C. In addition, the rate cooling power records highest value at
Tan ¼ 700 �C.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Manganites have been studied for many years ago [1]. Recon-
sidered once again on the study of such these materials after the
discovery of its colossal magnetoresistance, which has more tech-
nological applications [2e4]. Moreover, it shows complex elec-
tronic, magnetic properties and phase diagram. In the solid state
physics nearly all of the freedom degrees, which are known as
itinerant charges, localized spins, electronic orbits and lattice vi-
brations play an essential role in the magnetic and transport
properties.

Besides, manganites have models for describing the strongly
correlated electron systems. The correlation betweenmagnetic and
electric properties of these materials was most extensive studied
for lanthanum-containing manganites, while for neodymium con-
taining manganites have been studied to a much lesser extent.
Some examples for neodymium containing manganites, the Nd1-
xCaxMnO3 compound suffers the Curie temperature (TC) reaches to
107 K, which depends on the calcium concentration [5].
Nd0.6Sr0.4MnO3 (NSMO) compound with intermediate bandwidth
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shows ferromagnetism, and much higher TC compared to the other
doping levels of Sr2þ according to the established phase diagram
[6]. Bulk NSMO systems show ferromagnetic - paramagnetic (FM-
PM) transition ~ 280 K.

A few years ago many researchers have focused on the studying
of a magnetocaloric effect for mixed-valence manganites. The
magnetocaloric effect (MCE) is characterized by an adiabatic tem-
perature change (or isothermal entropy change DS) arising from an
externally applied magnetic field change. Magnetic refrigeration
based on themagnetocaloric effect (MCE) of materials, which offers
the possibility of energy saving and environment friendly. A simple
magnetic materials have not sufficient values from magnetocaloric
to serve as magnetic refrigerator [7]. Therefore, many research ef-
forts have focused to find other factors contribute to the overall
MCE. In this framework, NdBaMn2O6 is an interesting compound
because it has coincided between the anti-ferromagnetic transi-
tions and orbital ordering in the same point [8e11]. This due to
highly complex behavior of the MCE dependent on the applied
magnetic field and a direction of change in the sample temperature.

There are little researches on the effect of the heat treatment on
the physical properties particularly the MCE. Consequently, in this
paper we will present the effect of heat treatments on structural,
electrical, magnetic and magnetocaloric properties of
Nd0.6Sr0.4MnO3 compound.
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Fig. 1. (a)X-ray diffraction patterns of as prepared and annealed samples for
Nd0.6Sr0.4MnO3. (b) Rietveld plot of XRD pattern of as prepared sample, black dots lines
indicate the experimental data, the line overlapping them indicate calculated profiles.
The lowest curve shows the difference between experimental and calculated patterns.
The vertical bars are the expected Bragg's positions.
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2. Experimental technique

The Nd0.6Sr0.4MnO3 perovskite structure compound was pre-
pared using conventional solid state reaction method. High purity
powders of Nd2O3, SrCO3 and MnCO3 were used as raw materials
and were mixed and calcined at 900 �C for 12 h in air with inter-
mediate grinding. The powders were well ground again, then
pelletized and sintered at the 1200 �C for 30 h with intermediated
grinding. The Samples were exposed to the annealing process for
2 h at Tan ¼ 600, 700, 800 & 900 �C. The structural characterization
was done through X-ray diffraction (XRD) with CuKa radiation at
room temperature. Themicrostructures of samples were studied by
Jeol JSM-6610LV scanning electron microscope (SEM). The tem-
perature dependence of resistivity was measured by a standard
four point method in zero field and 0.6 T. Magnetic measurements
were carried out using vibrating sample magnetometer (VSM, EV9
Model).

The magnetocaloric effect (MCE) in Nd0.6Sr0.4MnO3 sample was
analyzed through the study of variation of isothermal magnetic
entropy change with temperature DSM (T, H). It determines the
thermodynamic Maxwell relation (dS/dH)T¼ (dM/dT)H [12] by
means of,

DSM ¼ SMðT ;HÞ � SMðT ;0Þ ¼
ZH

0

ðdMðT ;HÞ=dTÞHdH (1)

At this way, numerical integration of two smoothed consecutive
isothermal M(H) curves aroundmean temperature T¼ 1/2(Tiþ1þTi)
allow us to approximately determine DSM (T, H) [13] by,

DSMðT;HÞ ¼
X
i

1
ðTiþ1 þ TiÞ

½Miþ1ðTiþ1;HÞ �MiðTi;HÞ�DH (2)

A suitable parameter often used to describe the potential of
magnetocaloric materials is the relative cooling power (RCP) [14]
which is defined by,

RCP ¼ jDSjmaxdTFWHM (3)

where jDSjmax is the maximum value of magnetic entropy change
and d TFWHM is the full width at half maximum of the peak in the
entropy change. Moreover, Paramagnetic Curie temperature Q, is
determined from the Curie-Weiss law c ¼ C/(T -Q), where C is the
Curie constant.
3. Results and discussions

3.1. Structure

Fig. 1-a shows The XRD patterns of as prepared and annealed
samples for Nd0.6Sr0.4MnO3 (Tan¼ 600, 700, 800& 900 �C). It is clear
that all samples have a single phase orthorhombic structure with a
space group (Pnma) [15,16]. There are small extra peaks appear at
2qz 27.56�, 28.61�, 4.51� which are indexed asMn3O4, SrMnO3 and
SrMnO3 (<0.5%) respectively. The shape of the diffraction peaks
doesn't change and this means no significant change in ortho-
rhombic structure. Whereas the intensity of peaks changes with
increasing the annealing temperature indicating that the crystal-
linity of NdSrMnO become better and its size increases. Further-
more, the diffraction peak (121) shifts to lower angle at
Tan ¼ 600 �C, thereafter it shifts to higher angle (see the inset Fig. 1-
a). This means the lattice parameters increase at Tan ¼ 600 �C, and
decrease thereafter as increasing the annealing temperature.

Rietveld analysis with FULLPROF program of the pattern as
shown in (Fig. 1- b) confirms that the NSMO compound crystallizes
in a single phase as an orthorhombic structure (space group Pnma).
The lattice parameters and the cell volume calculated and tabulated
in Table 1. It is seen that the values of lattice parameters change
unsystematic with a very small rate as increasing Tan. Besides, the
value of cell volume increases for the first annealing temperature,
thereafter it decreases with increasing annealing temperature. This
confirmed by the shift of peaks as mentioned before.

Fig. 2- show the surface morphology and EDAX spectra for as
prepared and annealed samples of Nd0.6Sr0.4MnO3. It is obvious
that, there is a uniform distribution of grain sizes for the as pre-
pared sample. The grain size increases and porosity decrease with
increasing Tan. Moreover, EDAX spectra reveal the presence of raw
elements which confirms that there is no loss of any ingredient
after annealing process. The average crystallite size 〈CS〉 was
calculated using Scherer's formula:

〈CS〉 ¼ kl
b cosq

(4)

l is the wavelength of CuKa radiation, k ¼ 0.89 depend on the grain
shape, b is the full-width at half maxima of XRD peak. The value of
〈CS〉 is found to vary from 15 to 26 nm (Table 1). Also, we have
estimated the values of average grain size 〈GS〉 from SEM photo-
graphs of samples. Both crystallites and grain size plotted in Fig. 3,



Table 1
Crystal lattice parameters, the cell volume, the average grain size and crystal size of as prepared and annealing samples.

Sample Lattice parameters Cell volume (Å)3 Average grain size(mm) Crystal size(nm)

a(Å) b(Å) c(Å)

as prepared 5.464 7.710 5.409 227.86 0.33 14.79
600 �C 5.48 7.720 5.410 228.8 0.43 14.9
700 �C 5.474 7.711 5.414 228.52 0.43 18.63
800 �C 5.462 7.712 5.409 227.81 0.41 18.65
900 �C 5.448 7.707 5.397 226.62 0.516 25.9

Fig. 2. SEM of Nd0.6Sr0.4MnO3 and annealed samples: (a) as prepared, (b) Tan ¼ 600
�
C, (c) Tan ¼ 700

�
C, (d) Tan ¼ 800

�
C, (e) Tan ¼ 900

�
C and (f) EDAX of as prepared sample.
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generally they behave the same trend as increasing with the in-
crease annealing temperature. This indicates that the grain
boundaries decrease. The scale of 〈CS〉 is in the nanometer range,
but the 〈GS〉 is of a micrometer. The large difference between them
due to a grain can consist of several agglomerated crystals.

3.2. Electrical resistivity

Fig. 4 depicts the variation of resistivity r(T) with temperature
from 80 to 293 K of as prepared and annealed samples for
Nd0.6Sr0.4MnO3. The five samples exhibit a transition at a certain
temperature Tms frommetallic state (dr/dT > 0) to semiconducting
one (dr/dT < 0) by increasing ambient temperature. As seen in
Table 2, the value of Tms still unchanged up to Tan¼ 800 �C and then
decreases at Tan ¼ 900 �C. On the other hand, the value of r de-
creases at the first annealing and it raises to the highest value at
Tan ¼ 700� C, thereafter it decreases again as shown in Fig. 4. It is
known that the annealing process may causes decrease or increase
the resistance as the following: Grain boundaries play significant
role in the resistance of manganite materials. It is known that the
annealing process may causes decrease or increase the resistance as
the following: Upon annealing, grains increase in size, then the



Fig. 3. Variation of crystal size and grain size with annealing temperature of
Nd0.6Sr0.4MnO3 samples.

Fig. 4. The variation of resistivity for as prepared and annealed Nd0.6Sr0.4MnO3

samples.
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resistivity decreases (Tan ¼ 600 �C). As for Tan ¼ 700 �C, Sr
agglomeration can intensify the carriers scattering and hence the
resistivity increases. Moreover the very small size of the segregated
Sr or the impurity phase perhaps is the reason why XRD cannot
detect them [17]. The increasing of annealing temperature than
700 �C may lead to decreasing the agglomeration of Sr, which
Table 2
Tms, Tc, Er, hoping parameters as function of annealing temperature.

Sample As prepared 600

Tms(K) 235 235
TC(K) 272 269
D(K)q 539 529
Er(mev) 137 114
N(Ef) eV�1 cm 1.77 � 1023 1.69 � 1023
s (Ucm) �1 47.9 � 10�6 72.9 � 10�6

r₀ (U.cm) 0.102 0.0064
r2 � 10�5 (U cm/K2) 46.8 39.6
r4.5 � 10�11 (U cm/K4.5) �12.6 �18.4
nph � 10�12(Hz) 11.247 11.029
WH(meV) 133.238 110.505
WD(meV) 266.5 221.01
J(mev) 26.681 26.293
H(meV) 32.352 30.574
decreases the scattering and then decreases the resistivity for 800
and 900 �C.

3.3. Conduction mechanisms

At temperatures lower than transition temperature (character-
ized by FM phase) of the r-T plotsmeasuredwas found to be fit well
by the empirical relation (not shown in figure)

r ¼ r0 þ r2T
2 þ r4:5T

4:5 (5)

where the terms r0, r2T2 and r4.5T4.5 are arise due to the grain/
domain boundary [18,19], the electron-electron scattering [20] and
the electron-magnon scattering process [21] respectively.

Table 2 shows that the values of fitting parameters r₀ > r2 > r4.5,
this means that both grain boundaries and electroneelectron
scattering process play a role besides an electronemagnon scat-
tering process in conduction mechanism. As expected, the value of
r₀ for the sample at Tan ¼ 700� C is the highest. This referred to the
size of the domain boundary becomes larger and it causes increase
in the resistivity. Mostly, the values r4.5 decrease with increasing
Tan. This behavior may be due to partial alignment of the spins
which results in high annealing temperature.

The data of electrical resistivity at T � Tms are divided into two
distinct parts, one is Mott's variable range hopping (VRH) and the
other is small polaron hopping (SPH) model [22,23]. Mott's VRH
model is proper at qD/2 � T � Tms. qD is the Debye temperature
obtained from ln(r/T) versus 1/T above Tms. It follows the expres-
sion in the three-dimensional hopping [24].

s ¼ soexp
�
To
T

��1
4

(6)

where T₀ is the Mott characteristic temperature and expressed as
the density of states in the vicinity of Fermi energy, N(EF) and
localization length “1/a” as follows:

T0 ¼ 18
kBNðEFÞa3

(7)

where a ¼ 2.22 nm�1 has been reported by Virt et al. [25]. The
experimental data for these models are shown in Fig. 5(a, b) of the
as prepared and annealed samples at 600

�
C(as an example). The

plots reveal that the data fits very well with the VRH model for the
considered temperature range. It suggesting the conduction being
governed by the disorder induced localization of charge carriers. As
seen in Table 2, the values of density of states N(EF) agree with our
previous work [26]. In addition, we observe the decreasing of qD
700 800 900

235 235 230
276 273 276
540 529 519
109 99 83
2.1 � 1023 2.05 � 1023 2.34 � 1023
17.5 � 10�6 22.4 � 10�6 39.6 � 10�6

0.23 0.195 0.103
1.14 96.6 48.5
�30.4 �35 �12
11.252 11.029 10.816
104.895 95.003 79.704
209.8 190 159.4
26.69 26.293 26.91
30.481 29.440 27.901



(b)
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with increasing Tan, which indicates an increase in SPH range.
The data in the temperature range T>qD/2 have fitted to the SPH

model [27,28] which gives:

r
T
¼ ra exp

�
Er
kBT

�
(8)

Where, ra ¼ [kB/nphNe2R2C(1�C)exp(2aR)], kB is the Boltzmann
constant and T is the temperature (Kelvin), N is the number of ions
site per unit volume, Rz (1/N)1/3 is the average intersect spacing, C
is the fraction of sites occupied by polaron, a is the electron wave
function decay constant and nph is the optical phonon frequency
calculated by the relation hnph ¼ kBqD.

Fig. 6(a,b) shows an SPH model for as prepared and annealed
samples at the 600

�
C respectively. The activation energy is given by

Ref. [29]:

Er ¼ WH þWD=2 for ðT> qD=2Þ (9)

Er ¼ WD for ðT< qD=4Þ (10)

where WH is the polaron hopping energy and WD is the disorder
energy. The parameters calculated and tabulated in Table 2. It
shown the value of Er decreases with increasing the annealing
(b)

Fig. 5. ln(s) versus (T)�1/4 for Nd0.6Sr0.4MnO3 and annealing samples: (a) as prepared
and (b) tan ¼ 600 �C, the solid line indicates the best fit to the (VRH) model between
Tms and qD/2.

Fig. 6. ln (r/T) versus 1/T for as prepared and annealed Nd0.6Sr0.4MnO3 samples: (a)
green and (b) Tan ¼ 600 �C.
temperature and it is inversely proportional to the grain sizes. This
means that with increasing grain size, inter conductivity between
Fig. 7. Specific magnetization of as prepared and annealing Nd0.6Sr0.4MnO3 samples.



Fig. 8. Temperature dependence of specific magnetization for Nd0.6Sr0.4MnO3, as
prepared (a),700

�
C (b) and 900

�
C (c) samples; collected during a heating (squares)

and cooling (circles) cycle and measured under applied field of 10 mT (blue) and 0.5 T
(red). Vertical and horizontal insets show inverse susceptibility and numerical differ-
entiation around TC derivate from M(T) curves at 10 mT and 0.5 T, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 9. Isothermal specific magnetization M(H) curves for Nd0.6Sr0.4MnO3 as prepared
(a), 700 �C (b) and 900 �C (c) samples measured at selected temperatures.
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grains increase cooperation of the conduction electrons to hop the
neighboring size [19].

The data in Table 2 confirm the small polaron formation,
because they are obeying the condition relation J < WH/3. To know
Table 3
Curie TC, saturation temperatures for studied samples and Magnetocaloric parameters fo

Sample TC (K) heating Q (K) MS [A.m2/Kg] C (K.m3/

As prepared 272 (261) 262 49.7 7530
6560

700 �C 276 (270) 269 48.6 7010
900 �C 276 (269) 268 72.1 5120
the kind of conduction is adiabatic or non-adiabatic by being Hol-
stein criteria, where:

J > H for adiabatic condition.
J < H for non-adiabatic condition.
r analyzed samples.

Kg) Tmax (K) jDSjmax[J/Kg.K] DTFWHM (K) RCP [J/Kg]

264 1.8 21 38

278 2 27 54
268 2.9 16 46



Fig. 10. Absolute entropy change for Nd0.6Sr0.4MnO3 as prepared, 700 �C and 900 �C
samples determine from their isothermal M(H) curves.
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Where JðTÞz0:67hnphðT=qDÞ1=4 (11)

and H ¼ ð2kBTWH=pÞ1=4
�
hnph

.
p
�1=2

(12)

In view of our data, we found that the as prepared and annealed
NSMO samples have a non-adiabatic conduction (J < H).
3.4. Magnetization

The temperature dependence of magnetization was studied in
zero field M (T)ZFC cooling regimes at a fixed applied magnetic field
10 mT within a temperature rang 100e400 K (as shown in Fig. 7).
The TC values are determined by the minimum of the dM/dT versus
temperature curves and tabulated in Table 2. It can be seen that the
M(T)ZFC for as prepared sample undergo a drop in the magnetic
moment, indicating the ferromagnetic order is weaken and mag-
netic disorder increases. On the contrary, the annealing process
modified the magnetic moment, which increases with decreasing
the temperature. Moreover, the values of the magnetization and
Curie temperature change un-sequential with annealing tempera-
ture. This means that TC is independent of the heat treatment, and it
is an intrinsic property. In general variations in TC values take place
whenever there is a change in MneOeMn bond angle as well as
MneO bond length, thus indicating the presence of magnetic in-
homogeneity in the sample as it nears the transition temperature.
In contrast to this argument, in the case of the magnetic homoge-
nous, TC may be independent of grain size as mentioned earlier
[30e32]. Regarding, the effect of annealing process on the thermal
hysteresis magnetization curves as shown in Fig. 8. The thermal
hysteresis is about 12e13 K quantified in accordance with their TC
Table 4
Comparison of maximum entropy change, Curie temperature, and RCP for Nd0.6Sr0.4MnO

Sample TC(K) heating DH(T)

as prepared 272 2
700 �C 276 2
900 �C 276 2
Nd0.7Sr0.3MnO3 240 2
Nd0.7Sr0.3MnO3 203 1.4
Nd0.5Sr0.5MnO3 150 1.4
Nd0.7Sr0.3MnO3 155 1.35
values. Curie paramagnetic temperatures, Q, also present nearly
values, except for as prepared sample that shows vanishing thermal
hysteresis under this criterion (H ¼ 0.5 T).

As seen in Table 3, the saturation magnetization, MS (estimated
from M(T) in heating and cooling curves at 100 K) and Curie con-
stant per unit mass (C) show together an outstanding change for
sample 900 �C which could point to the atomic magnetic moment
is higher. Fig. 9 shows the variation of magnetization with applied
magnetic field at different temperature near Tc for the as prepared
and annealed samples. The most striking fact depicted by plots is a
notable high signal for sample (Tan¼ 900 �C) that agrees on thermal
hysteresis of M(T) curve at 0.5 T. Generally, Large thermal hysteresis
(>10 K) is observed in all specimens, inferring a first-order mag-
netic transition. It is worth noting that not charge ordering is
detected in the studied temperature range. Focusing on heating,
FM-PM temperatures are similar to those cited in the previous
literature [33,34] and slightly rise with annealing temperature that
could be attributed to increases in grain size [35] or homogeniza-
tion of samples.

3.5. Magnetocaloric effect

The magnetic entropy change as a function of temperature for
three samples at applied magnetic field 2 T, as shown in Fig. 10. It is
seen that the magnetic entropy changes at TC for DH ¼ 2 T and
increase with annealing temperature, reaching almost 3 J/kg$K at
900 �C. Un-asymmetrical variations of the DS (T) curves with
applied magnetic field, in NSMO manganite were observed and are
probable due to the grain boundary effects, un-homogeneity of
structure and stoichiometry [36,37]. This feature negatively affects
the magnetic cooling efficiency of a magnetic refrigerator. The
magnetocaloric parameters (Tmax, DSmax, DTFWMH and RCP) tabu-
lated in Table 3. The amounts jDS jmax, TC and RCP for as prepared,
700 �C and 900 �C samples are comparable to the values found in
other NSMO compounds as in Table 4 [38e41]. The present system
has a large TC and RCP achieved after annealed sample 700 �C. In
general, comparing the data in Table 4, we can say that our
composition, especially after the heat treatment is one of the
manganite systems, as functions of annealing temperature of
Nd0.6Sr0.4MnO3 could be used as magnetic refrigerants in the room
temperature range.

4. Conclusion

Electrical resistivity, magnetization and magnetocaloric effect
were studied of annealing temperature of Nd0.6Sr0.4MnO3 manga-
nites. The NSMO system has revealed FM-PM transitions at a
certain temperature. Conduction mechanism in the high-
temperature range (T > Tms) of conductivity data can be success-
fully fitted with the VHR in the range qD/2 � T � Tms, whereas the
non-adiabatic small polaron hopping model is applicable in the
high temperature T > qD/2. DSmax parameter increases with
annealing temperature, reaching almost 3 J/kg$K for sample 900 �C.
3 and other NSMO compounds.

jDSjmax[J/Kg.K] RCP[J/Kg] Ref.

1.8 38 Present work
2 54 Present work
2.9 46 Present work
5.3 80 [38]
3.8 e [39,40]

10.5 e [39]
1.9 15 [41]
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In addition, RCP achieved its highest value 54 J/kg at Tan ¼ 700 �C.
Anyway, our system achieved data can be applicable with compa-
rable to the values found in similar manganites.
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