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Abstract
Structural and magnetic properties of La0.6Ca0.4−xSrxMnO3 manganites have been investigated for x = 0.0, 0.1 and 0.4. The 
Rietveld analysis of X-ray diffraction data indicates that, with increasing Sr content, a structural phase transition from rhom-
bohedral to orthorhombic is occurred. Structural parameters are calculated and found to be dependent upon the composi-
tion. The nanometric size of our samples estimated using Debye–Scherrer equation is confirmed by SEM images. Magnetic 
measurements according to the zero-field cooled and field cooled procedures are performed. The observed irreversibility 
between the two modes is assigned to the presence of magnetic anisotropy which has been explained as arising from the 
surface effects. The blocking temperature (TB) is estimated and found to increase as the particle size increases. Above TB, 
the materials show a superparamagnetic (SPM) behavior where the coercivity and remanence magnetizations are almost 
zero that favors their application in the biomedical field. Studying the thermal variation of dc susceptibility confirms the 
SPM nature of the studied compounds. The good fit of the magnetization vs. magnetic field curves with Langevin function 
supports our findings. From this simulation, the saturation magnetization is calculated and found to increase as particle size 
increases which is explained in terms of Core–shell model. With the reduction of particle size to the nanometric scale, single 
domain structure and SPM regime structure are detected.

1  Introduction

The physics of nanoscale magnetic materials have attracted 
a great deal of interest in recent years due to their wide rang-
ing applications such as magnetic sensors, magnetic record-
ing media, permanent magnets, ferrofluids, and in biomedi-
cine [1–3]. When the size of magnetic particle decreases 
to a few nanometers, the energy necessary to divide itself 
into magnetic domains is greater than the energy needed 
to remain as a single magnetic domain [4], resulting in a 
transition from the usual multidomain structure of the bulk 

to a monodomain structure. For a particle size smaller than 
the single domain size, the spins are progressively affected 
by the thermal fluctuations, and fundamentally, a ferromag-
netic material becomes superparamagnetic. In the superpara-
magnetic regime, each particle behaves like a paramagnetic 
atom, but with a superspin [5]. When a superparamagnetic 
regime is achieved, the magnetization direction of the nano-
particle rapidly fluctuates between the opposite directions of 
the magnetization easy axis. The typical time between two 
flips is called the Neel relaxation time [6]. The tempera-
ture, at which the magnetic anisotropy energy of a nano-
particle is overcome by thermal activation and the whole 
system becomes superparamagnetic, is known as the block-
ing temperature (TB) [7, 8]. Blocking temperature is one of 
the superparamagnetic properties that depends on the size 
of nanoparticles [9]. Above the blocking temperature, the 
material shows no hysteresis which is the criterion of super-
paramagnetism phenomenon.

Superparamagnetic materials have a wide range of 
applications, especially their biomedical applications are 
noteworthy, such as use in treatments (targeted drug deliv-
ery) [10, 11], in magnetic hyperthermia [12–14], and in 
imaging (contrast for magnetic resonance imaging (MRI)) 
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[15, 16]. Hundreds of magnetic materials with consider-
able biomedical applications were found, and still today, 
dozens of new materials are described every year.

Many researchers have focused on complex metal 
oxides based on Fe ions with perovskite, spinel, and mag-
netoplumbite structure [17, 18]. These materials have 
attractive interest for studying due to their physical prop-
erties which are important for many applications that are 
required, such as use in hyperthermia. One of the most 
attractive systems for research are the hexaferrite materi-
als. Due to their high functional properties, Trukhanov 
et al. [19, 20] have deeply reported the structural and mag-
netic properties of ferrites with hexagonal crystal structure 
substituted by different cations which are prepared by the 
conventional solid reaction method. Also, Almessiere et al. 
[21] have evaluated the magnetic properties of nanohexa-
ferrites synthesized by the citrate sol–gel autocombus-
tion approach. Excellent chemical stability and corrosion 
resistance of hexaferrites make them environmentally 
safe and fit for use practically without restriction in time. 
From a practical standpoint, hexagonal ferrites have great 
potential as materials for high-frequency electromagnetic 
applications.

Nowadays, perovskite manganese oxides with for-
mula R1−xAxMnO3 (where R is a trivalent rare earth ion 
and A is a divalent alkali earth ion) have been the focus 
of intense research due to their impressive physical prop-
erties [22–30]. Numerous convincing arguments confirm 
that perovskite-based manganite compounds will perform 
a crucial role in the upcoming technologies of the near 
future. Recently, lanthanum strontium manganites with a 
typical composition of La1−xSrxMnO3 (LSMO) are consid-
ered as a valuable research subject in this context [31–36]. 
The increasing attention on LSMO magnetic nanoparticles 
is attributed to their wide range of Tc from 283 to 380 K, 
biocompatibility and superparamagnetic nature [37, 38]. 
Some researchers have discussed about the prospects of 
La0.67Sr0.33−xKxMnO3 (LSKMO) nanoparticle compounds 
prepared using sol–gel method as suitable candidates for 
hyperthermia treatments [39]. Horiki et  al. [40] have 
reported that La0.666Sr0.373Mn0.943Cu0.018O3 compounds are 
promising heating mediators for inducing magnetic hyper-
thermia. Other studies have argued about the properties of 
La1−xAgxMnO3−δ nanoparticles [41, 42], as effective heating 
candidates for magnetic hyperthermia purposes. Obviously, 
several nanosized manganites have been fully characterized 
with deep study of the most intimate details of the struc-
tural, magnetic and other characteristic properties, but to 
the best of our knowledge, the superparamagnetic behavior 
of La0.6Ca0.4−xSrxMnO3 (LCSMO) nanoparticle compounds 
has not been studied yet.

In this study, a systematic investigation of the structural 
and magnetic characteristics of La0.6Ca0.4MnO3 (x = 0.0), 

La0.6Ca0.3Sr0.1MnO3 (x = 0.1) and La0.6Sr0.4MnO3 (x = 0.4) 
is presented.

2 � Experiment

The La0.6Ca0.4−xSrxMnO3 compounds were synthesized 
using the citric–gel method [43]. The starting precur-
sors: La(NO3)6H2O, Ca(NO3)24H2O, Mn(NO3)26H2O, 
and Sr(NO3)2 were dissolved in distilled water. To obtain 
a transparent stable solution, the citric acid and the ethyl-
ene glycol were added. After pre-annealing the mixture at 
80 °C to eliminate excess water, the solution was annealed 
at 120 °C. The obtained powder was calcined at 700 °C for 
12 h. Finally, the powder was pressed into pellets and sin-
tered at 900 °C for 18 h.

The structure and phase purity of the prepared specimens 
were verified using the powder X-ray diffraction technique 
with CuKα radiation ( � = 1.5406 Å), at room temperature, 
by a step scanning of 0.015° in the range of 20° ≤ 2θ ≤ 80°. 
Grain size determination was carried out using a scanning 
electron microscope (SEM). The elemental composition of 
compounds was checked by the energy-dispersive X-ray 
analysis (EDAX). Magnetic measurements were performed 
by BS1 and BS2 magnetometers developed in Louis Neel 
Laboratory of Grenoble. The measurements of magnetiza-
tion vs. temperature M(T) , in the zero-field cooled/field 
cooled (ZFC/FC) modes, were obtained under an applied 
magnetic field of 0.05 T with a temperature ranging from 
5 to 450 K. In this kind of experiment, the samples were 
initially cooled to 5 K, in the absence of a magnetic field 
(ZFC). At 5 K, a magnetic field of 0.05 T was applied and 
the sample was then heated to the desired temperature. The 
sample is then cooled again to the lowest temperature with 
the constant field still applied (FC). MZFC(T) and MFC(T) 
were measured during heating at intervals of no more 
than 5 K. In our measurements, the typical time window 
Δt ≈ 100 s. The isothermal magnetization curves M

(

�0H
)

 
were measured at a temperature of 5 K under an applied 
magnetic field varying from 0 to 10 T. The hysteresis cycles 
were performed at a temperature slightly below the Curie 
temperature and at magnetic fields between − 10 and 10 T.

3 � Results and discussion

3.1 � Structural and microstructural properties

The X-ray diffraction (XRD) patterns of our synthesized 
samples are depicted in Fig. 1a. It is worthy highlight-
ing that, with increasing Sr concentration, the diffrac-
tion peaks’ positions shift towards lower angle side (inset 
Fig. 1a). Rietveld refinement of the XRD patterns using 
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Fullprof program [44] are presented in Fig. 1b–d. The 
fitting between the observed and the calculated diffrac-
tion profiles shows an excellent agreement, taking into 
consideration the low values of the tolerance factor �2

(Table 1). All samples are single phase without any trace 
of impurity confirming the high purity of the product 
materials. As shown in Fig. a, structural phase transition 
due to the increase of Sr fraction x is noted. For x = 0.0, 
all the diffraction peaks are indexed in the rhombohedral 
structure with R-3c space group. While, for x = 0.1 and 
0.4, the structure becomes orthorhombic with Pbnm space 
group. Refinement values of the structural parameters are 
gathered in Table 1. The results indicate the increase of 
the unit cell volume per formula unit with the increase of 
Sr fraction x , which is coherent with the observed shifts 
of the diffraction peaks’ positions. This increase can be 
related to the fact that the ionic radius of the strontium 
ion (r(Sr2+) = 1.31 Å) is larger than that of the calcium 
(r(Ca2+) = 1.18 Å) [45], which leads to an enhancement 
of the average A-site cationic radius rA =

∑

xiri as well as 
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Fig. 1   a Powder XRD patterns of La0.6Ca0.4−xSrxMnO3 (x = 0.0, 0.1 and 0.4) compounds. The inset shows a zoom of the most intense peaks. 
Rietveld refinement of b x = 0.0, c x = 0.1 and d x = 0.4. The inset exhibits the crystal structure

Table 1   Results of Rietveld refinement determined from XRD pat-
terns for La0.6Ca0.4−xSrxMnO3 (x = 0.0, 0.1 and 0.4) compounds

Compound x = 0.0 x = 0.1 x = 0.4
Space group R3c Pbnm Pbnm

a (Å) 5.457 (1) 5.480 (4) 5.507 (1)
b (Å) 5.457 (1) 5.451 (3) 5.461 (1)
c (Å) 13.371 (2) 7.696 (1) 7.733 (1)
V/FU (Å3) 57.131 57.477 58.140
⟨Mn − O −Mn⟩ (°) 163.9 160.595 159.02
⟨Mn − O⟩ (Å) 1.9487 1.959 1.969
r
A
 (Å) 1.2016 1.2146 1.2536

σ2 ( 10−4 × Å2) 3.11 12.7 21.20
tG 0.92026 0.92486 0.9386
R
F(%) 1.34 3.05 1.28

R
B(%) 1.7 2.08 1.26

R
p(%) 20.8 14.6 15.4

R
wp(%) 14.3 10.5 11.3

R
exp(%) 11.18 9.05 8.29

�2(%) 1.733 1.897 1.911
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the A-site cation size mismatch �2 =
∑

xir
2
i
− r2

A
 , where xi 

and ri are the atomic fraction and ionic radii of i-type ions 
at A-site, respectively.

As given in Table 1, the average Mn–O-bond length is 
found to increase simultaneously with increasing x, whereas 
the average Mn–O–Mn-bond angle displays the inverse cor-
relation to the variation of the Mn–O-bond length. These 
results are in good agreement with those found by Radelli 
et al. [46]. The crystal structure of La0.6Ca0.4−xSrxMnO3 
compounds after refinement is introduced in the inset of 
Fig. 1b–d, respectively. The Mn atom of each sample is 
coordinated by six oxygen atoms forming an octahedral 
structure, almost regularly. Based on the evaluated intera-
tomic distances and angles as well as the crystal structure 
of La0.6Ca0.4−xSrxMnO3, it is clearly apparent that the MnO6 
octahedra are weakly distorted with increasing x.

To confirm the structure of materials, Goldschmidt’s tol-
erance factor tG as an indicator for the stability and distortion 
of crystal structure was calculated [47]:

where rA,rB and rO are the radii of A, B and O site ions in the 
ABO3 structure, respectively.

Oxide-based manganite compounds have a perovskite 
structure if their tolerance factor is between 0.78 and 1.05 
[48]. Departing from Table 1, it is obvious that the values 
of tG lie within the stable range of the perovskite structure. 
The tolerance factor tG was found to increase with increas-
ing x owing to an increase in the average A-site ionic radius. 
The increase in tG leads the system towards more symmetric 
structure.

It can be observed that in the inset of Fig. 1a, the XRD 
pattern peaks are broad, indicating the formation of nano-
sized La0.6Ca0.4−xSrxMnO3 compounds. The average crystal-
lite size of samples was calculated using the Debye–Scherrer 
equation [49]:

where, � = 1.5406 Å is the wavelength of Cu Kα radiation, 
K = 0.9 is the shape factor,� is the full-width at half-maxi-
mum of an XRD peak in radians and � is the Bragg angle.

The mean values of the crystallite size, summarized in 
Table 2, confirm that all compounds are of nanometric size.

The particle-size histogram from the size counting of the 
nanoparticles garnered from SEM images is presented in 
Fig. 2. Particles are distributed according to a Lorentzian 
function [50]. The distribution of particle size can signifi-
cantly affect the magnetic properties of samples [51]. The 
mean diameter of samples DSEM is found to lie in the nanom-
eter range (44–60 nm). As can be seen, DSEM is greater than 

(1)tG =
rA + rO

√

2
�

rB + rO
�

,

(2)Dsc =
K�

� cos �
,

the size obtained by XRD pattern mainly due to the aggrega-
tion of crystallites.

Figure 3 exemplifies the EDAX spectra of all compounds. 
The analysis was carried out on different zones. One can see 
that there are no residual side products. All the elements 
integrated during the preparation (La, Ca, Sr, Mn, and O) 
are present. The sample composition is similar to the desired 
one.

3.2 � Magnetic measurements

Magnetic measurements as a function of temperature per-
formed according to the standard zero-field cooling (ZFC) 
and field cooling (FC) procedures, under an applied mag-
netic field of 0.05 T, are represented in Fig. 4. A net irrevers-
ibility between FC and ZFC curves is noted by the appear-
ance of a large bifurcation between the two modes below the 
irreversible temperature (Ti) (Table 2) [52]. This irreversi-
bility is characterized by ΔM

M
= MFC−MZFC

MFC

 at 5 K. It can be 
associated with the presence of magnetic anisotropy 
[53–55]. It is known that the response of the spin to the 
external magnetic field depends on the competition between 
anisotropy energy and the applied magnetic field strength. 
At low measuring fields and mainly at low temperature 
below Tc, all the spins will not be oriented in the direction 
of the applied magnetic field, indicating the dominance of 
the magnetic anisotropic field over the applied magnetic 
field. Hence, the magnitude of MZFC will depend on the ani-
sotropy. The difference between MFC and MZFC will be larger 
for the highly anisotropic compounds. In our study, ΔM

M
 is 

found to increase as particle size decreases (Table 2). Similar 

Table 2   Crystallite size D
sc

 , MFC
−M

ZFC

M
FC

(5K) , irreversibility temperature 
T
i
 , blocking temperature T

B
 , anisotropy energy KV, Curie temperature 

T
C
 , Curie Weiss temperature �

cw
 , saturation magnetization Mexp

s  , shell 
thickness, critical diameter D

c
 of single domain and the diameter 

D
SPM

 below which the SPM limit of La0.6Ca0.4−xSrxMnO3 (x = 0.0, 0.1 
and 0.4) compounds occurs

Compound x = 0.0 x = 0.4 x = 0.1

D
sc

 (nm) 23.8 25.5 30
M

FC
−M

ZFC

M
FC

(5K) 0.524 0.325 0.17

T
i
 (K) 210 350 295

T
B
 (K) 150 195 255

KV
(

10
−20

J
)

5.177 6.730 8.802
T
C
 (K) 255 365 304

�
CW(K) 265 369 310
M

exp

s

(

�
B
∕Mn

)

2.82 3.00 3.44
t  (nm) 0.932 0.753 0.453
D

c
 (nm) 83.7 51.1 46.3

D
SPM

 (nm) 29.9 30.5 31.8
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results have been reported by Andrade et al. [56]. Such 
increase of ΔM

M
 with the reduction of particle size may be 

related to the increasing surface/volume ratio, resulting in 
an increase of magnetic anisotropy. Therefore, it may be 
concluded that the anisotropy is increased due to surface 
anisotropy. Results are in good agreement with those 
reported in the previous studies [57–59], where the authors 
have argued that surface effects can lead to a variety of 

effects in systems of nanoparticles including large 
anisotropy.

In ZFC procedure, when the system is cooled from room 
temperature at zero magnetic field, the magnetic moments of 
the particles are oriented at random. Thus, the total magneti-
zation trends down to zero. Applying an external magnetic 
field of 0.05 T brings the system to a new magnetic state. 
The particles start to orient their magnetic moments paral-
lel to the applied field by increasing temperature. The ZFC 
curve shows a maximum, which corresponds to the blocking 
temperature (TB) of system. At this temperature, the thermal 
energy (kBT) becomes comparable to the anisotropy energy 
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Fig. 2   Size distribution histogram of La0.6Ca0.4−xSrxMnO3 (x = 0.0, 
0.1 and 0.4) compounds. The inset shows the SEM image

Fig. 3   EDAX analysis spectrum of La0.6Ca0.4−xSrxMnO3 (x = 0.0, 0.1 
and 0.4) compounds
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(KV) of the system. While, above this temperature, ther-
mal energy dominates the anisotropy energy leading to a 
quick and spontaneous rotation of magnetic moment of par-
ticles and making the system to behave in the SPM regime 
[60–63]. The observed wide maximum of the ZFC curve is 
a direct consequence of the noticeable scatter in nanoparticle 
size as observed previously from the SEM analysis [64, 65]. 
Each particle gets blocked at a blocking temperature TB, and 
the broad nanoparticle distribution range will be associated 
with the mean value of TB. Departing from Table 2, it is 
noticed that TB increases with the increase in the crystal-
lite size. Similar results have been found in the previous 
reports [57, 62, 66, 67]. It is well known that the value of 
TB strongly depends on the volume of the nanoparticles as 
follows KV = 25kBTB [68], where K is the anisotropy con-
stant containing the volume anisotropy and the surface or 
interface anisotropy constant [69], V  is the volume of nano-
particle and kB is the Boltzmann constant. The values of the 
magnetic anisotropy energy KV are displayed in Table 2. 
For larger particles, the larger volume causes increased ani-
sotropy energy, which decreases the probability of a jump 
across the anisotropy barrier, and hence, the blocking is 
shifted to a higher temperature [57].

In the case of the FC measurement, Fig. 4 shows that the 
magnetization increases in a monotonous way with the tem-
perature decrease. All the samples exhibit a clear magnetic 
transition from PM to FM state at the Curie temperature Tc, 
defined as the temperature at which dM∕dT  shows a mini-
mum (see inset of Fig. 4). The Curie temperatures Tc for all 
samples are regrouped in Table 2. Tc is found to increase 
from 255 K for x  = 0.0 to 365 K for x = 0.4. The increase of 
Tc should be explained by considering the fact that increas-
ing x increases the average A-site ionic radius rA which 
enhances the strength of magnetic exchange interaction 

between Mn3+ and Mn4+ and favors the FM order that results 
in shift of Curie temperature to higher temperature [70, 71]. 
The variation of Tc can also be related to the A-site disorder 
�2 . Obviously, we can see that Tc increases as �2 increases. 
Similar results have been reported in Refs. 71, 72 where the 
authors show a linear increase of Tc with �2 based on the 
studies of the perovskites with fixed rA.

The increase in the average crystallite size causes a non-
monotonic increase in the Curie temperature. As the propor-
tion of the surface layer in the crystallite volume increases, 
the ferromagnetism is weakened [73]. This fact explains the 
minimum values of Tc in the sample with an average crystal-
lite size of ≈ 30 nm. However, an increase in the proportion 
of the surface layer in the crystallite volume also causes a 
compression of the unit cell [74] and an enhancement of the 
exchange interactions. This fact explains an increase in Tc 
for the sample with an average crystallite size of ≈ 25 nm. 
The anomalous behavior of the magnetic properties of man-
ganites under investigation can be explained in terms of the 
competition between the two size effects. Our results are in 
good agreement with those reported in Trukhanov et al.’s 
studies [75, 76].

The inverse magnetic susceptibility of FC as a function of 
temperature �−1(T) for all samples is presented in Fig. 5. It 
is known that the fitting of the inverse magnetic susceptibil-
ity �−1(T) curve using Curie–Weiss law 1∕� =

(

T − �cw
)

∕C 
[77] provides a valuable information about the magnetic 
character of material [78–81]. In our case, by fitting the 
high-temperature region of �−1(T) , the Curie–Weiss tem-
perature �cw corresponds to 265, 310 and 369 K for x = 0.0, 
0.1 and 0.4, respectively (Table 2). The obtained values of 
�cw are positive, validating the ferromagnetic character of 
our samples. Generally, �cw is slightly higher than Tc which 
can be associated with the presence of the superparamagnet-
ism phenomenon [50]. However, at higher temperatures, we 
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note the presence of a clear deviation from the linear region 
of �−1(T) whose extension intersects the temperature axis at 
Ti. Except for the compound with x = 0.1, the deviation from 
the Curie–Weiss law is practically absent which is likely 
to result from the proximity of the irreversible temperature 
value (Ti = 295 K) to the Curie one (Tc = 304 K). The devia-
tion of �−1(T) from the Curie–Weiss law describes the PM/
SPM transition at Ti [82, 83]. Presently, we can come to 
conclude the existence of SPM clusters within the FM phase, 
in the temperature range between TB and Tc [50].

Figure 6 shows magnetization hysteresis curves for all 
samples measured in the temperature range between TB and 
Tc, at magnetic fields ranging from − 10 to 10 T. These 
curves clearly indicate that above TB, nanoparticles under 
investigation lose their hysteresis property. Zero coercivity 
and zero remanence are the characteristic features of the 
SPM behavior of the magnetic nanoparticles [84].

To further analyze the SPM nature of our samples, the 
magnetization vs. applied magnetic field curves were ana-
lyzed using the Langevin function [85, 86] in the framework 
of the superparamagnetic regime in the Boltzmann equilib-
rium regime as follows:

where Ms is the saturation magnetization, kB is the Boltz-
mann’s constant, and � is the magnetic moment of the 
particle.

The best-fit results of our data are demonstrated in 
Fig. 7, confirming that these samples can be considered as 
SPM. Comparable findings were reported by Keshri et al. 
[39]. From this simulation, the saturation magnetizations 
of compounds were calculated. The values are regrouped 
in Table 2. It is noted that the saturation magnetization 

(3)M
(

�0H, T
)

= Ms

(

coth

(

��0H

kBT

)

−

(

kBT

��0H

))

,

increases with the size of the crystallites. This result can 
be explained in terms of the Core–shell model [56, 87]. In 
this model, the core has an FM character, while the shell 
is ferrimagnetic. The thickness of the shell (t) can be esti-
mated by the following relation [88, 89]:

where Dsc points to the crystallite size, Mexp
s  is the experi-

mental saturation magnetization obtained from the fitting 
of M vs. �0H and Mthe

s
 is the theoretical saturation mag-

netization. As La0.6Ca0.4−xSrxMnO3 (x = 0.0, 0.1 and 0.4) 
compounds have a similar ratio of Mn3+/Mn4+ (0.6/0.4), 
the theoretical saturation magnetization, which is in accord-
ance with the ferromagnetic arrangement, is reported to be 
3.6 �B∕Mn , according to the following expression [50] 
Mthe

s
= g × �B

(

0.6 × S
(

Mn3+
)

+ 0.4 × S
(

Mn4+
))

 ,  w i t h 
S(Mn3+) = 2, S(Mn4+) = 3

2
 , 0.6 and 0.4 are the molar fractions 

of Mn3+ and Mn4+, respectively, and g = 2 is the factor of 
Landé. The values of t are given in Table 2. We can disclose 
a clear relationship between the crystallite size, the thick-
ness of the shell, and the saturation magnetization of par-
ticles. When the crystallite size becomes smaller, the shell 
thickness increases which enhances the intercore separation 
between two neighboring crystallites, resulting in a decrease 
in the magnetic exchange energy. This explains the reduction 
of the saturation magnetization [90].

With the reduction of particle size to the nanometric 
scale, a single domain structure and superparamagnetic 
regime structure are detected.

(4)t =
Dsc

2

(

1 − 3

√

M
exp
s

Mthe
s

)

,
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Fig. 6   Hysteresis loop for x = 0.0 (at 200 K), x = 0.1 (at 280 K) and 
x = 0.4 (at 300 K)
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Fig. 7   The applied magnetic field dependence of magneti-
zation 0 ≤ �

0
H ≤ 10  T measured at a temperature of 5  K for 

La0.6Ca0.4–xSrxMnO3 (x = 0.0, 0.1 and 0.4) compounds. The solid line 
represents the calculation which gives the best fit to experiments
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The critical diameter Dc below which the system switches 
from multidomain structure to single magnetic domain 
structure is given by the relation [91]:

where A = 10−11Jm−1 is the exchange constant, K is the uni-
axial anisotropy constant, �0 is the vacuum permeability, and 
Ms is the saturation magnetization.

The values of Dc provided in Table 2 are larger than those 
of the crystallite sizes. Samples under investigation are all 
considered as single magnetic domain nanoparticles.

The diameter DSPM , below which the nanoparticles can be 
the seat of SPM phenomenon, is expressed as [50]:

where kB is the Boltzmann constant, T = 300K is the tem-
perature, K is the uniaxial anisotropy constant, �m ≈ 100 s is 
the average measurement time taken for the thermal energy 
to flip the magnetization [6] and �0 ≈ 10−9 s is the resonance 
relaxation time of the spin system [92].

The obtained values of DSPM listed in Table 2 are larger 
than those of crystallite sizes which strongly confirm the 
existence of the SPM phenomenon in our compounds.

4 � Conclusion

In summary, the structural and magnetic properties of 
La0.6Ca0.4−xSrxMnO3 for x = 0.0, 0.1 and 0.4 nanoparticle 
compounds have been studied. Rietveld analysis reveals the 
dependence of structural properties with the increase of Sr 
content. The nanometric size of samples, estimated using 
Debye–Scherrer equation and confirmed by SEM images, is 
at the origin of single domain particle formation and super-
paramagnetism phenomenon existing below Tc. Magnetiza-
tion curves as a function of temperature performed accord-
ing to the standard ZFC and FC processes show a clear 
PM/FM transition at Tc and the presence of SPM behavior 
within the FM phase in the temperature range between TB 
and Tc where the coercivity and remanence magnetizations 
are almost zero. The observed irreversibility between FC 
and ZFC modes was attributed to the presence of magnetic 
anisotropy which has been explained as arising from the 
surface effects. The blocking temperature (TB) was found 
to be dependent upon the particle size. The evolution of 
Tc was explained by both the average A-site ionic radius 
and the A-site cationic disorder. From a theoretical point of 
view, the SPM behavior has been confirmed by Langevin 
function for fitting which is found in good agreement with 

(5)Dc =
72

√

AK

�0M
2
s

,

(6)DSPM = 3

√

6kBT

�K
ln

(

�m

�0

)

,

magnetization vs. magnetic field curves. Saturation magneti-
zation was observed to increase with the increase in particle 
size giving an evidence for the formation of a magnetically 
ferrimagnetic layer at the surface.
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