
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10948-021-06013-7

ORIGINAL PAPER

Effect of Particle Size on Magnetic Phase Coexistence 
in Nanocrystalline  La0.4Bi0.3Sr0.3MnO3

Anita D. Souza1 · Sudhindra Rayaprol2 · M. S. Murari3 · Mamatha D. Daivajna1

Received: 30 May 2021 / Accepted: 20 August 2021 
© The Author(s) 2021

Abstract
Magnetic phase coexistence in the substituted perovskite compound,  La0.4Bi0.3Sr0.3MnO3, is attributed to the spontaneous 
moment and a step-like metamagnetic transition observed in the magnetization measurements in its magnetically order state. 
The magnetism of samples reduced to nanometer sizes by the “top down” approach exhibits interesting changes with respect 
to the bulk, thus giving a handle in influencing the physical properties by reducing the particle size. The bulk sample orders 
ferromagnetically at TC = 295 K, whereas in nano-sized samples with particle sizes in the range of 21–30 nm, even though 
TC does not change, the transitions are suppressed. The nano-sized powder samples show a broad hump in the plot of mag-
netic susceptibility, signifying the possible disordered antiferromagnetic state. A systematic decrease in the magnitude of 
magnetization in nano-sized samples shows that the reduction in magnetic interaction could be attributed to the formation 
of a magnetic dead layer around the magnetic core.
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1 Introduction

Rare earth perovskite manganites are known to exhibit inter-
esting physical properties such as charge ordering, orbital 
ordering, and phase separation in addition to their well-
known feature of colossal magnetoresistance (CMR) across 
the electrical and magnetic transition [1–3]. The magnetic 
field-induced first-order magnetic phase transition from 
charge-ordered antiferromagnetic phase (COAFM) to fer-
romagnetic metallic phase (FMM) is an interesting aspect 
of manganites that is vigorously pursued in the literature 
[4–6]. At lower temperatures, these systems exhibit phase 
coexistence which is highly sensitive to the external mag-
netic field, pressure, chemical substitution, and particle size 
reduction [7–11].

One of the popular ways of influencing the physical prop-
erties in manganites is by chemical substitution, which can 
be seen as inducing chemical pressure, substituting elec-
trons for holes or vice versa, or simply creating a system 
where only electron count is altered to control the physical 
properties [12–17]. Hole doping in manganites is widely 
explored owing to the rich phase diagram, which is sensitive 
to the type of dopant and its concentration [13–18]. Apart 
from chemical substitution, external perturbation such as 
hydrostatic pressure [9, 11], magnetic field [7], and particle 
size reduction to nanoscale [19–21] can also be used to tune 
the physical properties of manganites. Recent studies on the 
influence of particle size reduction on the physical properties 
of manganite nanoparticles reveal the appearance of new 
features such as superparamagnetism, large coercivity, and 
low field magnetoresistance which are different from the 
bulk counterpart [22–24]. These unique characteristics ena-
ble their potential for application in magnetic hyperthermia, 
photocatalysis, magnetic sensors, etc. [25–27]. In addition to 
the above, the melting of the robust charge-ordered state in 
manganite nanoparticles results in large magnetization thus 
making them suitable for magnetic refrigeration application 
[19, 28].

Recent literatures on  Bi3+ substituted perovskite system 
(i.e.,  LaSrMnO3 [29, 30],  LaCaMnO3 [31, 32],  PrSrMnO3 
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[33, 34],  LaBaMnO3 [35], and  LaAgMnO3 [36, 37]) reveal 
an overall reduction TC and net magnetization for partial  Bi3+ 
content. However, as  Bi3+ concentration increases, a change 
in magnetic ground state has been noticed for  LaSrMnO3 
[29, 38],  LaCaMnO3 [31, 32], and  PrSrMnO3 [34]. Whereas 
in case of  Bi3+ substituted  NdCaMnO3 [39] and  NdSrMnO3 
[40], an interplay between charge ordering and antiferro-
magnetism has been observed. The detailed analysis of our 
study describes that the systematic replacement of  La3+ with 
 Bi3+ in  La0.7−xBixSr0.3MnO3 bulk polycrystals results in a 
cross-over from dominant FM interaction (x ≤ 0.25) to AFM 
interactions (x ≥ 0.4) with magnetic phase coexistence for 
x = 0.3 and 0.35 [10, 41–45]. Though x = 0.35 represents the 
half-doped regime of  La3+ and  Bi3+, where it is expected to 
have competitive phase coexistence of FM and AFM ground 
state [42, 44], we found that it is more AFM compared to 
x = 0.3. Thus, in the present work, we have chosen the phase-
coexistence compound,  La0.4Bi0.3Sr0.3MnO3 (x = 0.3) and 
subjected it to high-energy planetary ball mill for reducing 
the particle size. The results of structural and magnetic prop-
erty studies are presented and discussed here in the context 
of understanding the influence of particle size reduction 
on the magnetic phase coexistence in  La0.4Bi0.3Sr0.3MnO3 
(henceforth referred to as LB3SMO).

2  Experimental Details

The polycrystalline bulk sample of LB3SMO was prepared 
by solid-state reaction of high-purity oxides of (all with 
stated purity ≥ 99.9%)  La2O3 (Sigma Aldrich),  Bi2O3 (Sigma 
Aldrich),  SrCO3 (Sigma Aldrich), and  MnO2 (Alfa Aesar) 
following the equation:

The detailed methodology of the bulk synthesis is 
reported elsewhere [42, 43]. In the second step, the sintered 
pellets obtained at the end of the first step were crushed into 
a fine powder and then subjected to high-energy planetary 
ball milling to prepare nanoparticles. The detailed method-
ology of preparation of the nanoparticles has been reported 
in our earlier communications [45]. In the present case, the 
milling time was varied from t = 0 h (which is a bulk sam-
ple, finely ground) to 48 h. A small quantity of sample was 
removed after 0, 12, 24, 36, and 48 h of milling. The sam-
ples will be hence referred to as LB3SMO-0, LB3SMO-12, 
LB3SMO-24, LB3SMO-36, and LB3SMO-48, respectively.

Powder X-ray diffraction (XRD) measurements carried 
out on a Bruker D8 Advance powder X-ray diffractom-
eter with a step-size of 0.02° (in 2θ) using Cu-Kα as the 
radiation source, establish the crystal structure and phase 
purity of the prepared samples. Neutron powder diffraction 
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(NPD) measurements were carried out on LB3SMO-0 and 
LB3SMO-48 samples at room temperature using a position-
sensitive detector-based focusing crystal diffractometer, PD-3 
at Dhruva Reactor, Trombay [46]. Field emission scanning 
electron microscope (FESEM) was used to analyze the sur-
face morphology using Oxford Zeiss Sigma Microscope. 
Transmission electron microscope (TEM) images were 
taken on LB3SMO-48 sample at room temperature on FEI 
Tecnai F30 Twin. Magnetic measurements were carried out 
using quantum design physical property measurement system 

Fig. 1  X-ray diffraction patterns of LB3SMO-t samples refined using 
the Rietveld method are shown here. The vertical lines indicate the 
Bragg peak positions; first row indicates positions of the parent 
phase, LB3SMO, whereas the second row indicates positions for the 
secondary phase,  Mn3O4
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(QD-PPMS)-based vibrating sample magnetometer (VSM) in 
magnetic fields up to ± 90 kOe and temperature down to 3 K.

3  Results and Discussions

3.1  Structural Studies

The XRD profiles of all samples of the LB3SMO series were 
analyzed by the Rietveld refinement method using the Full-
Prof program [47]. It can be clearly seen from Fig. 1 that all 
samples crystallize in orthorhombic structure, space group 
Pnma. The LB3SMO-0 sample has a small fraction of the 
 Mn3O4 phase (~ 5% of phase fraction) [48]. After ball mill-
ing, no additional peaks were observed in the XRD patterns, 
hence ruling out any contamination from the milling jars/
balls. The refinement parameters are summarized in Table 1. 
With increasing milling time, Bragg peaks broaden (e.g., see 
the peaks (1 2 1), (2 0 2), and (3 2 1) in Fig. 2a), which is 
more than the instrumental line width, clearly indicating a 
reduction of particle size and increase in the microstrain. It 

can be seen in Fig. 2a that for LB3SMO-0 sample the peaks 
are sharp, which broadens with increasing milling and over-
laps after a certain time of milling. Figure 2b shows the varia-
tion in full width at half maxima (FWHM) with milling time, 
of the peaks (1 2 1) at 2θ = 32.6° and (3 2 1) at 2θ = 58.2°, 
respectively. A significant increase in the FWHM is observed 
up to a milling time of 24 h, beyond which the FWHM attains 
saturation value. This observation indicates that ball milling 
can reduce the particle size down to a certain limit only.

From the detailed analysis of the XRD data by the Riet-
veld refinement method using FullProf, an estimate of par-
ticle size and microstrain can be made. FullProf generates 
the microstructure file by an integral breadth method where 
the average size and strain for each reflection is computed 
[49]. Figure 3 illustrates the variation in particle size and 
microstrain with milling time. It can be noticed here that 
with the initial phase of ball milling (t = 0–24 h), there is a 
drastic reduction in particle size from 223 to 21 nm, similar 
to the trend observed in the variation of FWHM. Beyond 
24 h of ball milling, particle size shows a small increment, 

Table 1  Unit cell parameters 
and Rietveld refinement 
parameters of X-ray diffraction 
patterns for bulk and ball-
milled LB3SMO (orthorhombic 
structure, space group Pnma)

LB3SMO-t t = 0 h t = 12 h t = 24 h t = 36 h t = 48 h

a (Å) 5.48448 (17) 5.49054 (26) 5.48933 (46) 5.49116 (59) 5.48849 (52)
b (Å) 7.74061 (21) 7.72615 (31) 7.71701 (48) 7.72049 (61) 7.72783 (60)
c (Å) 5.51615 (16) 5.52972 (26) 5.52291 (46) 5.52695 (59) 5.52898 (51)
V (Å3) 234.178 (12) 234.575 (18) 233.957 (31) 234.312 (40) 234.507 (36)
Rp 12.0 7.9 7.8 7.6 7.5
Rwp 15.6 10.1 9.9 9.5 9.5
Rexp 9.9 9.2 9.3 8.9 9.2
χ2 2.4 1.2 1.1 1.17 1.1
Bragg R factor 8.9 4.5 11.4 5.7 5.3

Fig. 2  (a) Broadening of (1 2 
1), (2 0 2), and (3 2 1) Bragg 
peaks is shown for comparison 
between bulk and nanoparticles 
of LB3SMO samples. (b) Plot 
shows the variation in FWHM 
of (1 2 1) and (3 2 1) peaks as a 
function of milling time
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i.e., 24 nm for 36 h and 23 nm for 48 h of ball milling. The 
increase is very small, i.e., 3 nm and cannot be considered 
significant change. Therefore, we conclude that the particle 
size tends to saturate beyond 24 h of ball milling, while the 
induced microstrain increases monotonously up to 36 h of 
ball milling and then decreases marginally. The observed 
slight increase in particle size beyond 24 h of ball milling 
may be assigned to the agglomeration resulting from the 
local heating effect during ball milling process due to con-
stant collision between the ball and the sample mass with 
walls of the vials. Since the feed size at the beginning of the 
milling process is large, the enhanced rate of dislocation 
densities and defects induced in the starting step of ball mill-
ing results in a tremendous decrease in particle size. Further, 
 Bi2O3 is a good ionic conductor and possesses a lower melt-
ing point, making it a suitable sintering aid [50]. It has been 
reported earlier that the addition of Bi results in agglomera-
tion among the particles, thus ceasing the reduction of par-
ticle size below a certain limit [10, 41]. The agglomerated 
grain distribution in ball-milled powders has been validated 
from the FESEM and TEM images.

In addition to XRD, room temperature neutron diffrac-
tion (ND) patterns were measured for LB3SMO-0 and 
LB3SMO-48 samples to understand the cationic distribution 

and other structural parameters. Figure 4 shows the ND pat-
terns refined by the Rietveld method using the FullProf pro-
gram [47]. ND patterns of both the samples were refined 
using the structural model that was used for XRD data 

Fig. 3  Variation of particle size and microstrain is shown as a func-
tion of milling time for LB3SMO sample

Fig. 4  Neutron diffraction patterns of LB3SMO-0 and LB3SMO-48 
samples refined using the Rietveld method are shown here. The first 
row of vertical lines indicates the Bragg positions for the parent phase 
(LB3SMO), whereas the second row indicates the Bragg peak posi-
tions for the secondary phase,  Mn3O4
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analysis (i.e., orthorhombic structure, space group Pnma). 
The structural parameters and the reliability values of refine-
ment are summarized in Table 2. The quantification of the 
secondary phase (i.e.,  Mn3O4 phase) in the bulk sample was 
done by carrying out two-phase Rietveld refinement using 
the FullProf program. The LB3SMO-0 sample shows the 
presence of ≈ 6% parasitic  Mn3O4 phase which reduces 
to ~ 2% for LB3SMO-48, probably due to sintering caused 
by the heat generated during ball milling. Comparing the 
FWHM of the peaks of both LB3SMO-0 and LB3SMO-48 
samples, it can be clearly seen that the peaks of LB3SMO-48 
samples are broader than that of LB3SMO-0, indicating 
that ball milling does reduce the particle size, confirming 
the observations made from the XRD results. With the ball 
milling done up to 48 h, the average Mn–O bond length 
increases from 1.9561 Å for LB3SMO-0 to 1.9593 Å for 
LB3SMO-48 while the Mn–O–Mn bond angle decreases 
from 165.18° for LB3SMO-0 to 164.01° for LB3SMO-48. 
The tilting of  MnO6 octahedra given by increases from 7.41° 
for LB3SMO-0 to 7.99° for LB3SMO-48, respectively. This 
shows that ball milling induces distortion in the system, 
which can alter the physical properties.

3.2  Microstructural Studies

3.2.1  Field Emission Scanning Electron Microscopy

FESEM images of the LB3SMO-0 (bulk pellet) and pow-
ders of LB3SMO samples ball-milled for different times are 
shown in Fig. 5a and b–e. The images were recorded after 
sonicating the powders in isopropyl alcohol for 10 min. The 
LB3SMO-0 sample exhibits a well-defined granular surface 

with clear grain boundaries (Fig. 5a), while the ball-milled 
LB3SMO powders are agglomerated with granular mor-
phology (Fig. 5b–e). The elemental composition verified by 
energy dispersive X-ray analysis (EDAX) (Table 3) exhibits 
a good agreement between nominal and observed values.

3.2.2  Transmission Electron Microscopy

Room temperature TEM images of LB3SMO-48 sample are 
shown in Fig. 6a. Seen in Fig. 6a are the highly agglomerated 
particles with granular morphology, confirming the observa-
tions made from the FESEM studies. The electron diffraction 
pattern shown as the inset of Fig. 6a exhibits the crystalline 
nature of the nanoparticles. Figure 6b shows an enlarged 
image of the nanograin recorded. The image clearly distin-
guishes two regions, an ordered crystalline core where atomic 
planes are observed and the surface surrounding this core with 
no long-range crystalline order. The distorted non-crystalline 
surface represents the shell enclosing the core, thus confirm-
ing the core–shell structure in these nanoparticles.

3.3  Magnetization Studies

3.3.1  Magnetic Susceptibility ( �  vs. T)

The magnetic susceptibility ( � = M/H) as a function of tem-
perature for LB3SMO-t (t = 0, 12, 24, and 48 h) samples was 
measured in an applied dc magnetic field of 100 Oe. � (T) 
was measured in zero field cooled (ZFC) and field cooled 
(FC) states of the sample. As  Mn3O4 orders magnetically 
only below 50 K (TN ~ 42 K) [48], we have restricted all 
our studies down to 50 K only. Figure 7 shows the � (T) 
plots recorded in the temperature range 50–360 K. As the 
temperature is lowered from 360 K, a clear transition from 
paramagnetic (PM) to ferromagnetic (FM) state is observed 
at TC = 295 K (determined from the minima of dM/dT curve) 
for LB3SMO-0 sample [42, 43]. In the case of LB3SMO-12 
and LB3SMO-24 samples, the PM to FM transition appears 
to be broadened and completely suppressed in the case of 
LB3SMO-48 sample. However, no changes in TC have been 
noticed with an increase in milling time. Similar observa-
tions were previously made for ball-milled nanoparticles [10, 
41, 45, 51]. The unaffected value of TC demonstrates that the 
magnetic ordering in nanoparticles has major contribution 
from the core of the nanoparticles having same composi-
tion as that of the bulk, but the presence of surface disorder 
broadens the magnetic transition. In addition to the above 
observations, a broad hump in the � (T) curve is observed 
for LB3SMO-0 sample just below the completion of PM 
to FM transition. The hump in the � (T) becomes stronger 
and shifts towards the lower temperatures in the ball-milled 
samples. This disordered transition could be attributed to 
antiferromagnetic interactions in the system.

Table 2  Summary of the unit cell parameters, Mn–O bond length, 
Mn–O–Mn bond angles, and Rietveld refinement parameters for neu-
tron diffraction patterns of LB3SMO-0 and LB3SMO-48 samples 
(orthorhombic structure, space group Pnma)

LB3SMO-t t = 0 h t = 48 h

a (Å) 5.48951 (127) 5.48368 (56)
b (Å) 7.74268 (147) 7.72698 (91)
c (Å) 5.50812 (109) 5.53416 (59)
V (Å3) 234.114 (84) 234.495 (44)
Rp 8.2 3.2
Rwp 11.6 4.1
Rexp 3.9 2.9
χ2 8.5 2.1
Bragg R factor 9.7 5.5
Average Mn–O (Å) 1.9561 1.9593
Average Mn–O–Mn 165.18 164.01
Phase fraction (in %)
Phase 1: LB3SMO 96 98
Phase 2:  Mn3O4 06 02
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The Curie–Weiss law [52],

� =

C

T − �
p

; where C represents Curie constant

and �
p
is Curie −Weiss temperature

has been used to analyze the inverse magnetic susceptibil-
ity data (see Fig. 8) in the temperature region 340–360 K, 
which is well above the magnetic ordering temperature for 
all LB3SMO-t (t = 0–48 h) samples. From the linear part 
of the high-temperature region, θp values have been cal-
culated and are shown as a function of the milling time, 
as inset, in Fig. 8. The positive values of θp confirm the 

Fig. 5  (a) FESEM image of 
polycrystalline bulk pellet. 
(b–e) FESEM images of ball-
milled powders at different 
milling times
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predominant ferromagnetic interactions in the system. The 
values of effective paramagnetic moment estimated from 
the Curie constant are of the order of 4.6 µB. These val-
ues are tabulated in Table 4. By assuming the µeff values of 
 Mn3+ and  Mn4+ as 4.90 µB and 3.87 µB, respectively [52], 
the theoretical value of the effective paramagnetic moment 
for  La0.4

3+Bi0.3
3+Sr0.3

2+Mn0.7
3+Mn0.3

4+O3
2− can be derived 

using the relation,

The theoretical value of µeff = 4.62 µB is in good agree-
ment with the experimentally observed value of µeff. This 
also clearly rules out the role of the minor defective  Mn3O4 
phase in the magnetization of the main LB3SMO phase. 
Additionally, all samples show a deviation from linearity 
at temperature marked as T* suggesting the possible Grif-
fith’s phase-like singularity [53, 54] or the presence of FM 
polarons above TC ≤ T ≤ T* [55].

3.3.2  Isothermal Magnetization Studies (M vs. H)

To get a better understanding of the magnetic ground state, 
field-dependent magnetization curves were recorded on 
LB3SMO-t (t = 0–48 h) samples up to ± 90 kOe at various 
temperatures (Figs. 9–11). At 300 K (Fig. 9), the M-H loops 
exhibit weak ferromagnetic features for LB3SMO-t (t = 0, 

(1)�2
eff

= 0.7 × �2
eff

(

Mn3+
)

+ 0.3 × �2
eff
(Mn4+)

12, and 24 h) samples since the system is close to TC. How-
ever, the M(H) curves for LB3SMO-48 sample show almost 
like a linear variation of M with respect to H up to high 
fields and a slight deviation above 40 kOe, exhibiting weak 
magnetic interactions. It may be noted that, since the sample 
is weakly ferromagnetic at 300 K, room temperature neutron 
diffraction did not show any signs of magnetic ordering in 
LB3SMO-0 and LB3SMO-48 samples.

From magnetic susceptibility measurements, it is under-
stood that around 100 K, which is below the magnetic order-
ing, the system also exhibits a disordered antiferromagnetic 
phase. At 100 K (Fig. 10), the M-H curve for all samples 
displays metamagnetic transition, clearly seen by the step-
like feature at a critical field. The initial magnetization 
curve (virgin curve) shows a small value of ferromagnetic 
spontaneous magnetization (M0) below an applied field ˂ 
2.0 kOe. This could be due to the alignment of residual FM 
domains parallel to the applied magnetic field. The magni-
tude of M0 decreases from LB3SMO-0 to LB3SMO-12 sam-
ple, but for LB3SMO-24, the observed M0 value is higher 
than that of the bulk and then decreases for LB3SMO-48. 
A step in the magnetization has been observed in the virgin 
curve at a critical field, HCR1, above which magnetization 
increases abruptly and tends to saturate at fields ≥ 80 kOe. 
In the decreasing branch of M(H) loop, the system remains 
in the saturated magnetic state down to some field, HCR2, 
below which magnetization drops rapidly and approaches 
zero as the field, H, tends to zero. In the negative cycle of 
the magnetic field, the H increasing branch of the magneti-
zation is different from the demagnetization curve of the 
positive H sweep. A step-like feature is observed for low 
fields and the magnetization increases moderately up to the 
critical value HCR3, beyond which an abrupt change in M 
is observed. However, the magnetization in H decreasing 
sweep of the negative field is similar to the demagnetiza-
tion of the positive H cycle. These observed features suggest 
that the application of an external magnetic field induces 

Table 3  Nominal and experimental compositions for LB3SMO bulk 
polycrystals

Elements At% Experimental com-
position

Nominal compo-
sition

La 4.43 0.37 0.40
Bi 3.57 0.30 0.30
Sr 3.76 0.31 0.30
Mn 12.14 1.01 1.00

Fig. 6  (a) TEM image of 48-h 
ball-milled LB3SMO powder. 
Inset in (a) shows SAED pat-
tern. (b) Core–shell structure of 
the nanoparticle
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the formation of FM phase in AFM matrix and the system 
transforms from AFM state to FM state [2]. When the field 
is removed, a fraction of aligned FM spins transforms to 
the initial AFM state, whereas some FM spins remain in 
the ordered state resulting in the coexistence of FM and 
AFM phases. It is interesting to note here that the virgin 
M-H curve for LB3SMO-24 exhibits a distinct response 
compared to other samples of the LB3SMO-t series. The 

virgin and the envelope M(H) curve along the H increasing 
branch appear to be overlapping. This observation suggests 
that the field-induced magnetic transition in LB3SMO-24 
is reversible. Values of M0, HCR1, HCR2, HCR3, and Msat esti-
mated from the extrapolation of the magnetization step and 
the saturation plateau (see inset of Fig. 10) are summarized 
in Table 4. It can be noticed that the value of Msat = 3.42 μB 
for LB3SMO-0 sample is close to its theoretically expected 
value of 3.6 μB. The Msat decreases as the milling time is 
increased. The critical field for the step-in virgin curve and 
envelope curve, HCR1 and HCR3, increases with the increase 
of milling time, suggesting that a higher magnetic field is 
required to transform the magnetic state of the material.

The M-H loops recorded at 50 K (Fig. 11) for LB3SMO-24 
and LB3SMO-48 samples display a trend similar to that at 
100 K. The presence of step-like metamagnetic features with 
a small value of spontaneous magnetization has been noticed 
in the virgin M-H curve. In the demagnetization cycle, the 
system remains in a high magnetic state down to 6 kOe and 
the magnetization rapidly decreases to 0 at zero fields. When 

Fig. 7  Plot of magnetic susceptibility as a function of temperature for 
LB3SMO-t (for t = 0, 12, 24, 48 h) samples

Fig. 8  A plot of inverse magnetic susceptibility as a function of tem-
perature for LB3SMO-t (t = 0, 12, 24, 48 h) samples. The solid line 
indicates the fit given to Curie–Weiss law. Inset shows the variation 
in Curie–Weiss temperature with milling time
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the magnetic field is increased in the negative direction, the 
magnetization curve is similar to the demagnetization curve 
of the positive field and follows a similar pathway with fur-
ther field sweep. This indicates that the field-induced transi-
tion from the AFM to FM state is irreversible and the induced 
FM phase is stable at this temperature. The values of M0, 
HCR1, and Msat are also summarized in Table 4. The Msat 
values for LB3SMO-24 and LB3SMO-48 samples at 50 K 
are higher compared to that at 100 K while M0 value for 
LB3SMO-24 at 50 K is lower compared to that at 100 K, 
which is inverse in the case of LB3SMO-48 sample. Also, 
the HCR1 value for LB3SMO-24 at 50 K is lower compared to 
that at 100 K whereas for LB3SMO-48 sample HCR1 is very 
large at 50 K compared to 100 K.

From Table 4, it can be seen that there is an overall 
decrease in the magnitude of magnetization while the 
coercivity displays a monotonous rise as the milling time 
increases. The observed systematics can be understood 
by considering the core–shell model for the nanoparticles 
[56, 57]. According to this model, each magnetic nano-
particle has a magnetic (FM or AFM) core enclosed in a 
non-magnetic shell. The shell is made up of defects and 
dislocation densities thereby resulting in randomly ori-
ented magnetic spins. The shell thickness can be estimated 
by assuming that the net magnetization of the shell is zero 
and by using the relation [58],

where D represents the particle size, and MS (Bulk) and 
MS (Nano) correspond to the saturation magnetization in bulk 
and ball-milled nano-sized samples, respectively. In the pre-
sent case, since the magnetization of the system tends to 
saturate at 100 K, an effort to estimate the shell thickness 
has been made by considering the MS values for bulk and 
ball-milled powders at 100 K. Figure 12 displays the vari-
ation in the shell thickness and the ratio of the shell thick-
ness and particle size, as a function of the milling time. It is 
observed that the shell thickness increases as milling time 
increases, which affects the magnetization. Since ball mill-
ing induces more surface defects into the system, increased 
separation between the core results in the reduced magnetic 
interaction among the nanoparticle core, thereby resulting 
in the reduction of net magnetization, and increased coer-
civity. It is interesting to note that the theoretical value of 
the shell thickness estimated for LB3SMO-48 sample from 
the magnetization data (tS = 3.8 nm) is in good agreement  

(2)ts =
D

2

(

1 −

(

MS(Nano)

MS(Bulk)

)1∕3
)

Table 4  Values of TC, θp, �eff  , M90 kOe, HC, M0, Msat, critical fields 
(HCR), and other calculated microstructural parameters for LB3SMO-
t samples

LB3SMO-t t = 0 h t = 12 h t = 24 h t = 48 h

TC (K) 295 295 295 –
θp (K) 316 280 270 260
T* (K) 350 340 339 336
µeff (µB) theoretical 4.62 4.62 4.62 4.62
µeff (µB) experimental 4.64 4.22 4.65 4.62
HC (kOe) 300 K 0.01 0.04 0.04 0.05
M90 kOe (µB) 300 K 1.74 1.00 0.98 0.74
HC (kOe) 100 K 0.02 0.19 0.18 0.22
M90 kOe (µB) 100 K 3.49 2.35 2.23 1.94
M0 (µB) 100 K 0.83 0.62 1.06 0.39
Msat (µB) 100 K 3.42 2.17 2.06 1.17
HCR1 (kOe) 100 K 21.61 18.12 39.53 44.11
HCR2 (kOe) 100 K 19.39 24.12 22.39 25.42
HCR3 (kOe) 100 K 41.90 44.26 42.38 61.22
HC (kOe) 50 K – – 0.20 0.21
M90 kOe (µB) 50 K – – 2.33 2.03
M0 (µB) 50 K – – 0.794 0.450
Msat (µB) 50 K – – 2.14 1.80
HCR1 (kOe) 50 K – – 26.23 63.01
Dm (nm) 1.99 1.62 1.59 1.26

Fig. 9  Magnetization (M) vs. ramping field (H) measured at 300  K 
for LB3SMO-t (t = 0, 12, 24, 48 h) samples
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with the experimental TEM results (tS = 4.0  nm) (see 
Fig. 6b), thus validating the core–shell structure for the 
nanoparticles of LB3SMO samples. The observed mag-
netic phase coexistence in bulk, as well as ball-milled 
nano-sized samples, suggests that this characteristic is a 
consequence of the magnetic interaction between cores, 
having properties similar to that of the bulk material. It is 
well established in the literature that  La0.7Sr0.3MnO3 is a 
metallic ferromagnet [45] and  Bi0.7Sr0.3MnO3 is a charge-
ordered antiferromagnet [59]. Therefore, x = 0.3, i.e., 
 La0.4Bi0.3Sr0.3MnO3, represents an intermediate system, 
as if it were a mixture of both the parent phases, showing 
signatures of magnetic phase coexistence. Similar char-
acteristic of magnetic phase coexistence across interme-
diate concentration of  Bi3+ has been previously observed 
in case of  La0.67−xBixSr0.33MnO3,  La0.7−xBixCa0.3MnO3, 
 Pr0.6−xBixSr0.4MnO3 etc. [29–34]. Though substitution of 
 La3+ by  Bi3+ does not alter the  Mn3+/Mn4+ ratio as there 
is no change in the valence state (no additional electron or 
hole added to the system), due to the presence of the 6 s  

lone pair electrons in the outermost orbital of  Bi3+, there is 
a localization of charges across the Bi–O bonds. The spin 
direction of localized 2p electrons of oxygen is anti-parallel 
to  Mn3+/Mn4+ thereby resulting in the antiferromagnetic 
super-exchange coupling between Mn–O–Mn around the 
 Bi3+-rich region.

Further, from the magnetization plots, the magnetic 
domain size can be estimated using the relation [60],

where T = temperature, ρ = density of LB3SMO (≈10.028 g/
cm3), dM/dH is the value of the slope of M-H curve at H = 0, 
kB = Boltzmann constant, and MS = saturation magnetiza-
tion. The values of the domain size thus obtained are given 
in Table 4. The magnetic domain size decreases with an 
increase in milling time. Therefore, it can be concluded 
that the nanoparticles obtained from ball milling are multi-
domain in nature.

(3)Dm =

[

18kBT

��M2
S

(

dM

dH

)

H→0

]1∕3

Fig. 10  Magnetization (M) vs. ramping field (H) measured at 100 K 
for LB3SMO-t (t = 0, 12, 24, 48 h) samples. Inset shows the estima-
tion of values of M0, HCR1, HCR2, HCR3, and Msat from the extrapola-
tion of magnetization step and saturation plateau

Fig. 11  Magnetization (M) vs. ramping field (H) measured at 50  K 
for LB3SMO-t (t = 24, 48 h) samples
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4  Conclusions

Systematic analysis of the magnetization data for the bulk 
and nanoparticles of  La0.4Bi0.3Sr0.3MnO3 (LB3SMO) has 
been carried out to understand the role of size reduction on 
the magnetic phase coexistence. The particle size could be 
reduced from 223 nm for LB3SMO-0 sample to 23 nm for 
LB3SMO-48 sample by high-energy planetary ball mill-
ing. Though there is no change in the structure of bulk and 
nano-powders, systematic analysis of the neutron diffrac-
tion data shows that there is a small variation in the Mn–O 
bond lengths and the Mn–O–Mn bond angle after ball 
milling. The dc magnetic susceptibility for nano-powders 
displays disordered broad magnetic transition. The PM 
to FM transition observed at 295 K for LB3SMO-0 gets 
completely suppressed in LB3SMO-48 sample. The pres-
ence of field-induced metamagnetic transition in bulk and 
ball-milled powders at 50 K and 100 K along with small 
spontaneous magnetization describes the magnetic phase 
coexistence in the system. The field-induced AFM to FM 
transition observed in the M(H) measurements at 50 K for 
LB3SMO-24 and LB3SMO-48 samples indicates that the 
transition is completely irreversible. The observation of 
core–shell structure in TEM images strengthens the use 
of core–shell model for the nanoparticles to explain the 

systematic decrease in the magnitude of magnetization in 
ball-milled samples.

Acknowledgements A.D. is indebted to the Department of Science 
and Technology, India for financial support through the INSPIRE 
Fellowship (IF 170553). The authors are thankful to Dr. P.D. Babu 
(UGC-DAE-CSR, Mumbai) for magnetization data, M. Venugopal 
(UGC-DAE-CSR, Mumbai) for high-energy planetary ball milling, Dr. 
Mukul Gupta (UGC-DAE-CSR, Indore) for XRD measurements, and 
Ms. Bhagyashree Chalke (TIFR, Mumbai) for TEM images.

Funding Open access funding provided by Manipal Academy of 
Higher Education, Manipal.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Rao, C.N., Raveau, B.: Colossal Magnetoresistance. World Sci-
entific, Charge Ordering and Related Properties of Manganese 
Oxides (1998)

 2. Kaplan, T. A., Mahanti, S. D. (Eds.): Physics of Manganite. 
Springer Science & Business Media (2006).

 3. Ramirez, A. P.: Colossal magnetoresistance. J. Phys.: Condens: 
Matter 39, 8171 (1997).

 4. Li, Y., Miao, J., Sui, Y., Cheng, Q., Zhang, W., Wang, X., Su, 
W.: Metamagnetic phase transitions in perovskite manganites. J. 
Alloys Compds. 458, 11 (2008)

 5. Filippov, D. A., Levitin, R. Z., Vasil’ev, A. N., Voloshok, T. 
N., Kageyama, H., Suryanarayanan, R.: Spontaneous and field-
induced magnetostructural transitions, giant magnetostriction, 
and specific heat in  Ca0.85Sm0.15MnO3. Phys. Rev. B. 65, 100404 
(2002).

 6. Rawat, R., Mukherjee, K., Kumar, K., Banerjee, A., Chaddah, P.: 
Anomalous first-order transition in  Nd0.5Sr0.5MnO3: an interplay 
between kinetic arrest and thermodynamic transitions. J. Phys. 
Condens: Matter. 19, 256211 (2007).

 7. Wu, Y.Y., Li, H.N., Xia, Z.C., Huang, Y., Ouyang, Z.W., Li, L., 
Xiao, L.X., Peng, L.P., Huang, J.W., Zuo, H.K.: Magnetic field-
induced metamagnetic transitions of  Pr0.5Ca0.5Mn0.97Ga0.03O3. J. 
Appl. Phys. 110, 013907 (2011).

 8. Elovaara, T., Huhtinen, H., Majumdar, S., Paturi, P.: Irrevers-
ible metamagnetic transition and magnetic memory in small-
bandwidth manganite  Pr1−xCaxMnO3 (x = 0.0–0.5). J. Phys. 
Condens: Matter. 24, 216002 (2012).

 9. Thiyagarajan, R., Esakki Muthu, S., Barik, S. K., Mahendiran, 
R., Arumugam, S.: Effect of hydrostatic pressure on magnetic 
entropy change and critical behavior of the perovskite manganite 
 La0.4Bi0.3Sr0.3MnO3. J. Appl. Phys. 113, 023904 (2013).

Fig. 12  Plot shows the variation of shell thickness (tS) and the ratio of 
thickness and size (tS/D), as a function of milling time for LB3SMO

3329Journal of Superconductivity and Novel Magnetism (2021) 34:3319–3331

http://creativecommons.org/licenses/by/4.0/


1 3

 10. Zhang, T., X. P. Wang, Q. F. Fang, X. G. Li.: Magnetic and charge 
ordering in nanosized manganites. Appl. Phys. Rev. 1, 031302 
(2014).

 11. Arumugam, S., Saravanan, C., Thiyagarajan, R., Rao, G. 
N.: Effect of hydrostatic pressure on electrical resistivity of 
 La0.5Ca0.5Mn1−xMoxO3 (x = 0.03 and 0.05) manganites: experi-
mental and theoretical approaches. J. Magn. Magn. Mater. 507, 
166775 (2020).

 12. Souza, A. D., Babu, P. D., Rayaprol, S., Murari, M. S., Daivajna, 
M.: Study of combined effect of partial Bi doping and particle 
size reduction on magnetism of  La0.7Sr0.3MnO3. J. Magn. Magn. 
Mater. 497, 166020 (2020).

 13. Urushibara, A., Moritomo, Y., Arima, T., Asamitsu, A., Kido, G., 
Tokura, Y.: Insulator-metal transition and giant magnetoresistance 
in  La1−xSrxMnO3. Phys. Rev. B. 51, 14103 (1995)

 14. Huang, Q., Santoro, A., Lynn, J. W., Erwin, R. W., Borchers, J. 
A., Peng, J. L., Ghosh, K., Greene, R.L.: Structure and magnetic 
order in  La1−xCaxMnO3 (0 ≤ x ≤ 0. 33). Phys. Rev. B. 58, 2684 
(1998).

 15. Ju, H.L., Nam, Y.S., Lee, J.E., Shin, H.S.: Anomalous magnetic 
properties and magnetic phase diagram of  La1−xBaxMnO3. J. 
Magn. Magn. Mater. 219, 1 (2000)

 16. Sundaresan, A., Maignan, A., Raveau, B.: Effect of A-site cation 
size mismatch on charge ordering and colossal magnetoresist-
ance properties of perovskite manganites. Phys. Rev. B. 56, 5092 
(1997)

 17. Salamon, M.B., Jaime, M.: The physics of manganites: structure 
and transport. Rev. Mod. Phys. 73, 583 (2001)

 18. Saravanan, C., Thiyagarajan, R., Manikandan, K., Sathiskumar, 
M., Kanjariya, P. V., Bhalodia, J. A., Arumugam, S.: Effect of Cd 
doping on magnetocaloric effect and critical behavior analysis on 
perovskite  Nd1−xCdxMnO3 (x = 0, 0.1, 0.2, 0.3, and 0.4) mangan-
ite polycrystals. J. Appl. Phys. 122, 245109 (2017).

 19. Bingham, N. S., Lampen, P., Phan, M. H., Hoang, T. D., Chinh, 
H. D., Zhang, C. L., Cheong, S.W., Srikanth, H.: Impact of 
nanostructuring on the magnetic and magnetocaloric properties 
of microscale phase-separated  La5/8−yPryCa3/8MnO3 mangan-
ites. Phys. Rev. B. 86, 064420 (2012).

 20. Liu, Y., Sun, T., Dong, G., Zhang, S., Chu, K., Pu, X., Li, H., 
Liu, X.: Dependence on sintering temperature of structure, opti-
cal and magnetic properties of  La0.625Ca0.315Sr0.06MnO3 perovs-
kite nanoparticles. Ceram. Int. 45, 17467–17475 (2019).

 21. Sarkar, T., Mukhopadhyay, P. K., Raychaudhuri, A. K., Banerjee, 
S.: Structural, magnetic, and transport properties of nanoparticles 
of the manganite  Pr0.5Ca0.5MnO3. J. Appl. Phys. 101, 124307 
(2007).

 22. Liedienov, N. A., Kalita, V. M., Pashchenko, A. V., Dzhezherya, 
Y. I., Fesych, I. V., Li, Q., Levchenko, G. G.: Critical phenom-
ena of magnetization, magnetocaloric effect, and superpara-
magnetism in nanoparticles of non-stoichiometric manganite. 
J. Alloys Compd. 836, 155440 (2020).

 23. Das, K., Dasgupta, P., Poddar, A., Das, I.: Significant enhance-
ment of magnetoresistance with the reduction of particle size 
in nanometer scale. Sci. Rep. 6, 1–12 (2016)

 24. Jayakumar, G., Poomagal, D. S., Irudayaraj, A. A., Raj, A. D., 
Thresa, S. K., Akshadha, P.: Study on structural, magnetic and 
electrical properties of perovskite lanthanum strontium man-
ganite nanoparticles. J. Mater. Sci.: Mater Electron. 31, 20945–
20953 (2020).

 25. Khochaiche A, Westlake M, O'Keefe A, Engels E, Vogel S, Valceski 
M, Li N, Rule KC, Horvat J, Konstantinov K, Rosenfeld A.: First 
extensive study of silver-doped lanthanum manganite nanoparticles 
for inducing selective chemotherapy and radio-toxicity enhance-
ment. Mater. Sci. Eng. C. 123, 111970 (2021).

 26. Pashchenko, A.V., Liedienov, N.A., Fesych, I.V., Li, Q., Pitsyuga, 
V.G., Turchenko, V.A., Pogrebnyak, V.G., Liu, B., Levchenko, 

G.G.: Smart magnetic nanopowder based on the manganite 
perovskite for local hyperthermia. RSC Adv. 10, 30907–30916 
(2020)

 27. Afje, F. R., Ehsani, M. H.: Size-dependent photocatalytic activity 
of  La0.8Sr0.2MnO3 nanoparticles prepared by hydrothermal syn-
thesis. Mater. Res. Express. 5, 045012 (2018).

 28. Wang Y, Shao J, Yu Y, Shi Q, Zhu Y, Miao T, Lin H, Xiang L, Li 
Q, Cai P, Wang W.:Enhanced magnetocaloric effect in manganite 
nanodisks. Phys. Rev. Mater. 3, 084411 (2019).

 29. Kambhala, N., Chen, M., Li, P., Zhang, X.X., Rajesh, D., Bhagyashree, 
K.S., Goveas, L.R., Bhat, S.V., Kumar, P.A., Mathieu, R., Angappane, 
S.: Study of coexisting phases in Bi doped  La0.67Sr0.33MnO3. J. Magn. 
Magn. Mater. 406, 22–9 (2016).

 30. Daivajna, M. D., Rao, A., Okram, G. S.: Electrical, thermal and 
magnetic properties of Bi doped  La0.7−xBixSr0.3MnO3 mangan-
ites. J. Alloys Compds. 617, 345–351 (2014).

 31. Righi, L., Gutierrez, J., Barandiaran, J. M.: Structure, magnetic 
and transport properties in  La0.7−xBixCa0.3MnO3 (0.05 ≤ x ≤ 0.7) 
perovskites. J. Phys. Condens. Matter. 11, 2831 (1999).

 32. Sun, J. R., Gao, J., Fei, Y., Li, R. W., Shen, B. G.: Doping effects on 
the phase separation in perovskite  La0.67−xBixCa0.33MnO3. Phys. 
Rev. B. 67, 144414 (2003).

 33. Daivajna, M.D., Kumar, N., Awana, V.P.S., Gahtori, B., Christopher, 
J.B., Manjunath, S.O., Syu, K.Z., Kuo, Y.K., Rao, A.: Electrical, 
magnetic and thermal properties of  Pr0.6−xBixSr0.4MnO3 mangan-
ites. J. Alloys Compds. 588, 406–412 (2014).

 34. Daivajna, M. D., Rao, A., Lin, W. J., Kuo, Y. K.: Study of electri-
cal and magnetic properties of  Pr0.6−xBixSr0.4MnO3 (x = 0.20 and 
0.25). Physica B: Condens. Matter. 514, 54–60 (2017).

 35. Biswal, H., Singh, V., Nath, R., Sahu, J. R.: Magnetic proper-
ties and near-room-temperature large magnetocaloric effect in 
 (La1−xBix)0.67Ba0.33MnO3 (x = 0–0.3) ceramics.  Mater. Res. 
Bull.133, 111030 (2021).

 36. Lakshmi, Y.K., Kumar, K.S., Ganesan, V., Reddy, P.V.: Effect of 
bismuth doping on the structural, magnetic, electrical, and ther-
mopower behavior of lanthanum silver manganites. J. Mater. Sci: 
Mater. Electron. 31, 15931–15942 (2020)

 37. Ghani, M. A., Mohamed, Z., Yahya, A. K.: Effects of Bi substitu-
tion on magnetic and transport properties of  La0.7−xBixAg0.3MnO3 
ceramics. J supercond. Novel Mag. 25, 2395–2402 (2012).

 38. Barik, S. K., Mahendiran, R.: Effect of Bi doping on magnetic and 
magnetocaloric properties of  La0.7−xBixSr0.3MnO3 (0≤ x≤ 0.4). J. 
Appl. Phys. 107, 093906 (2010).

 39. Pillai, S. S., Santhosh, P. N., Kumar, N. H., Thomas, P. J., & Tuna, 
F.: Cluster glass properties and magnetic phase separation stud-
ies of  NdxBi0.5−xSr0.5MnO3 (x = 0.1, 0.2, 0.3 and 0.4). J. Phys: 
Condens. Matter. 21, 195409 (2009).

 40. Shang, C., Xia, Z. C., Zhao, B., Liu, D. W., Wang, Y. Q., & Su, Y. 
L.: Effects of  Bi3+ doping on charge ordering and high magnetic 
field phase diagram of  Nd0.6−xBixCa0.4MnO3. Mater. Res. Bull. 
121, 110611 (2020).

 41. Souza, A. D., Murari, M. S., Daivajna, M. D.: Structural, 
magnetic and magnetocaloric properties of nanostructured 
 La0.5Bi0.2Sr0.3MnO3 perovskites. Phys. B: Condens. Matter. 580, 
411909 (2020).

 42. Souza, A. D., Rayaprol, S., Sagdeo, A., Sinha, A. K., Daivajna, M. 
D.: Magnetic phase transformation in  La0.7−xBixSr0.3MnO3 (0.25 
≤ x ≤ 0.4). J. Magn. Magn. Mater. 511, 166966 (2020).

 43. Souza, A. D., Rayaprol, S., Murari, M. S., Daivajna, M.: Structural, 
magnetic and magneto-transport properties of  Bi0.7−xLaxSr0.3MnO3 
manganites, Ceram. Int. 47, 1021 -1022 (2021).

 44. Souza, A. D., Rayaprol, S., Murari, M. S., Daivajna, M.: Effect 
of milling on structure and magnetism of nanocrystalline 
 La0.7−xBixSr0.3MnO3 (x = 0.35, 0.40) manganites. Phys. B: Con-
dens. Matter. 606, 412792 (2021).

3330 Journal of Superconductivity and Novel Magnetism (2021) 34:3319–3331



1 3

 45. Souza, A. D., Babu, P. D., Rayaprol, S., Murari, M. S., Mendonca, L. 
D., Daivajna, M.: Size control on the magnetism of  La0.7Sr0.3MnO3. 
J. Alloys Compds. 797, 874–882 (2019).

 46. Siruguri, V., Babu, P.D., Gupta, M., Pimpale, A.V., Goyal, P.S.: 
A high resolution powder diffractometer using focusing optics. 
Pramana 71, 1197–1202 (2008)

 47. Roisnel, T., Rodríquez-Carvajal, J.: WinPLOTR: a windows tool 
for powder diffraction pattern analysis. Mater. Sci. Forum 378, 
118–123 (2001)

 48. Du, J., Gao, Y., Chai, L., Zou, G., Li, Y., Qian, Y.: Hausmannite 
 Mn3O4 nanorods: synthesis, characterization and magnetic proper-
ties. Nanotechnology 17, 4923–4928 (2006)

 49. De Keijser, T.H., Langford, J.I., Mittemeijer, E.J., Vogels, A.B.P.: 
Use of the Voigt function in a single-line method for the analy-
sis of X-ray diffraction line broadening. J. Appl. Crystallogr. 15, 
308–314 (1982)

 50. Chakraborty, A., Maiti, H.S.:  Bi2O3 as an effective sintering aid 
for La(Sr)MnO3 powder prepared by autoignition route. Ceram. 
Int. 25, 115–123 (1999)

 51. Roy, S., Dubenko, I., Edorh, D. D., Ali, N.: Size induced varia-
tions in structural and magnetic properties of double exchange 
 La0.8Sr0.2MnO3-δ nano-ferromagnet. J. Appl. Phys. 96, 1202 
(2004).

 52. Kittel, C.: Introduction to Solid State Physics. Wiley, New York 
(1976)

 53. Griffiths, R.B.: Nonanalytic behaviour above the critical point in 
a random Ising ferromagnet. Phys. Rev. Lett. 23, 17 (1969)

 54. Pramanik, A. K., Banerjee, A.: Griffith’s phase and its evo-
lution with Mn-site disorder in the half-doped manganite 

 Pr0.5Sr0.5Mn1−yGayO3 (y = 0.0, 0.025, and 0.05). Phys. Rev. B. 81, 
024431 (2010).

 55. Souza, J. A., Neumeier, J. J., Yu, Y. K.: Magnetic signatures of 
ferromagnetic polarons in  La0.7Ca0.3MnO3: colossal magnetore-
sistance is not a Griffiths singularity. Phys. Rev. B. 78, 014436 
(2008).

 56. Lopez-Quintela, M.A., Hueso, L.E., Rivas, J., Rivadulla, F.: Inter-
granular magnetoresistance in nanomanganites. Nanotechnology 
14, 212–219 (2003)

 57. Pękała, M., Pękała, K., Szydłowska, J., & Drozd, V.: Magnetic 
field induced evolution of highly resistant Griffith’s phase in fine 
grain manganite  La0.75Ca0.25MnO3. J. Magn. Magn. Mater. 475, 
189–194 (2019).

 58. Ho, T. A., Thanh, T. D., Oh, S. K., & Yu, S. C.: Effect of crystal-
lite size on the thickness of nonmagnetic shell and magnetic prop-
erties of  La0.7Ca0.3MnO3. J. Supercond. Nov. Magn. 28, 891–894 
(2015).

 59. Frontera, C., García-Muñoz, J.L., Aranda, M.A.G., Hervieu, M., 
Ritter, C., Calleja, A., Capdevila, X.G. and Respaud, M.: Mag-
netism in the low-doping regime (x < 0.50) of  Bi1−xSrxMnO3 
perovskites. J. Appl. Phys. 97, 10C105 (2005).

 60. Kamble, R.B., Varade, V., Ramesh, K.P., Prasad, V.: Domain size 
correlated magnetic properties and electrical impedance of size 
dependent nickel ferrite nanoparticles. AIP Adv. 5, 01711 (2015)

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

3331Journal of Superconductivity and Novel Magnetism (2021) 34:3319–3331


	Effect of Particle Size on Magnetic Phase Coexistence in Nanocrystalline La0.4Bi0.3Sr0.3MnO3
	Abstract
	1 Introduction
	2 Experimental Details
	3 Results and Discussions
	3.1 Structural Studies
	3.2 Microstructural Studies
	3.2.1 Field Emission Scanning Electron Microscopy
	3.2.2 Transmission Electron Microscopy

	3.3 Magnetization Studies
	3.3.1 Magnetic Susceptibility (  vs. T)
	3.3.2 Isothermal Magnetization Studies (M vs. H)


	4 Conclusions
	Acknowledgements 
	References


