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ABSTRACT
We report a systematic tracking of consequences of size decrease to nanoscale for charge order (CO) and magnetic properties of electron
doped manganite Sm0.35Ca0.65MnO3 by magnetization measurements. The bulk form of this system is charge ordered below 270 K and anti-
ferromagnetic (AFM) below 130 K. The bulk sample and nanoparticles of various sizes (mean diameter ∼ 15, 30, 90 nm) were synthesized by
sol-gel technique. Our studies show that the robust CO in the bulk gets weakened by size reduction and the nanoparticles exhibit ferromag-
netic (FM) ordering. Magnetization at high temperatures, in the paramagnetic region, reflecting the behaviour of the most part of the samples
arising due to FM fluctuations caused by double exchange interaction is found to decrease as the particle size reduces. However, at low tem-
perature the trend of FM magnetization as a function of the size is found to be reversed. This result is understood in terms of the dominance
of surface effects where uncompensated bonds and an increase in the charge density at the surface layers lead to weak ferromagnetism which
increases with decreasing size.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000122

INTRODUCTION

Over the last few decades the doped perovskite manganites
RE1-xAxMnO3(RE, trivalent rare-earth ion; A, divalent alkaline earth
ion) have fascinated scientific community due to the variety of phe-
nomena like colossal magnetoresistance (CMR), charge order (CO),
orbital order (OO) and phase separation(PS) exhibited by them.1–6

The intimate mutual coupling of many degrees of freedom namely
charge, spin, lattice and orbital in these strongly correlated systems
produce huge responses to small perturbations. Currently the size
induced effects in manganites like emergence of ferromagnetism
(FM), suppression of CO, exchange bias (EB) effect, spin glass (SG)
transition, magnetocaloric effect, training effect and memory effect
have resulted in paving the way for many technological applications
making the research in this field much exciting.7–10

CO in rare earth manganites is an interesting manifestation
occurring due to interactions between phonons and charge carriers,
resulting in localization of charge carriers at particular locations in

the lattice below a certain characteristic temperature (TCO). Predom-
inance of Coulomb interactions over the kinetic energy of the charge
carriers is the driving force of this phenomenon. The CO transi-
tion is indicated by an increase in resistivity, which is due to gradual
freezing of the eg electrons at the Mn3+ sites. A peak in magnetiza-
tion is observed at TCO occurring due to the FM fluctuations present
for T >TCO making way for AFM fluctuations below TCO. CO state is
sensitive to perturbations like magnetic field,11 pressure,12 exposure
to X-ray photons, structural and geometrical changes.13 The sup-
pression of CO and emergence of ferromagnetism consequent to the
reduction of particle size was first reported by Rao et al.14 Since then
different groups have studied various systems and demonstrated that
the CO phase could be suppressed by size reduction.15–17

Though the melting of CO and emergence of ferromagnetism
has been the focus of a huge number of studies the mechanism
responsible for such size effects are topic of intense debate. The phe-
nomenological model proposed by Dong et al., based on surface
separation infers an increase in FM shell thickness with decrease
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in grain size due to the relaxation of superexchange interaction on
the surface layers.18 Monte-Carlo simulation study on the CE-type
CO/AFM phase has shown that an increase in the charge density
at the surface layer due to unscreened Coulomb interactions results
in suppressing the CO state leading to FM tendency.19 ‘Core-shell
model’ put forward by Zhang et al.,20 explains that the anoma-
lous behaviour of destruction of CO/AFM and emergence of FM
is arising because of the uncompensated surface spins. However,
Aliyu et al.,21 find no evidence for a shell in their high resolu-
tion transmission electron microscopic study and conclude that
excess of Mn3+ over Mn4+ in a single surface layer can cause the
observed ferromagnetism. A recent theoretical study done using
dynamical mean-field theory and density-functional theory showing
that the structural changes caused by reduction in size is account-
able for the size induced effects,22 has been the subject of some
controversy.23

It is well established that size reduction to nanoscale results
in disappearance of charge ordered state and appearance of a FM
phase at low temperature in half doped manganites.15,24–26 Electron
spin resonance (ESR) measurements on Nd0.5Ca0.5MnO3 by Zhou
et al.,16 shows that though the magnetic measurements indicate the
complete disappearance of CO in nanoparticles(size - 40nm), the
temperature dependence of g-factor of ESR and linewidth clearly
display the distinctive characteristic of the CO pointing towards the
presence of short range charge order even though the long range
charge order has disappeared.

The phase diagrams of doped manganites show that TCO is
maximum not for the composition x = 0.5, but around x = 0.6 the
CO is found to be more robust.27 When the size of RE and A ions
in doped manganites become smaller as in the case of Sm and Ca,
the GdFeO3-type distortion becomes larger which favours the CO
state to stabilize resulting in higher TCO. The Sm1-xCaxMnO3 man-
ganites have shown promising applications in the field of infrared
emissivity, microwave absorption28,29 and thermoelectric effect.
In particular, Sm0.35Ca0.65MnO3 (SCMO), the subject of the present
investigation, has been found to have the highest emissivity contrast
at 280 K corresponding to its TCO.30,31

EXPERIMENTAL DETAILS

Sol-gel method was followed for the synthesis of samples. Sto-
ichiometric amounts of high purity (≥99.9%) Sm2O3, CaCO3 and
MnCO3 were first converted into nitrates and then subjected to
hydrolysis and condensation followed by polymerisation. The pre-
cursor powder obtained was separated into numerous parts and
each portion was annealed separately at temperatures 550 ○C,
650 ○C and 850 ○C for about 6 hours. Heating the precursor at
1200 ○C for 24 hours resulted in micrometer sized particles which
we designate as bulk particles. Structural investigations were car-
ried out by X-ray diffraction (XRD) using BRUKER D8 ADVANCE
X-ray diffractometer with monochromatic radiation source Cu-Kα
(λ = 1.54056 Å). The XRD patterns were analysed with Rietveld
method using the software GSAS. Using transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) the
particle sizes and morphology were found. The compositional exam-
ination was done by energy dispersive X-ray analysis (EDAX).
Oxygen stoichiometry was measured by iodometric titration. Super-
conducting quantum interference device (SQUID) magnetometer at

FIG. 1. Rietveld plots for various sizes indicated in the panel. The experimental
data points are indicated by black solid dots, the calculated by red solid line and
difference patterns by blue solid lines. The Bragg positions of the reflections are
indicated by vertical lines below the patterns.

a field of 0.01 T was used to carry out magnetization measurements
in the temperature range 10-300 K.

RESULTS AND DISCUSSION

The XRD patterns of all synthesised particles obtained at room
temperature are given in Figure 1 which confirm single phase and
crystalline nature with orthorhombic crystal structure. The decrease
in the full width at half maximum (FWHM) of the diffraction
peak with increase in annealing temperature indicates growth in
particle size. Volume (Å3) of unit cell calculated from the XRD
profile fitting using the software GSAS are 222.78, 220.28, 219.76
and 219.23 respectively for 15nm, 30 nm, 90 nm and bulk parti-
cles. The shrinkage of volume due to size reduction is observed in
Pr0.5Ca0.5MnO3,15,32 La0.4Ca0.6MnO3,17 La0.9Ca0.1MnO3

33 whereas
increase in cell volume with reduced size has been reported in
Nd0.5Ca0.5MnO3

24 and Sm0.5Ca0.5MnO3.34 The magnetic behaviour
of the nano particles in all the above-mentioned systems are
found to be similar though the structural changes observed are
different.

The TEM images (not shown) of nanosamples reveal that
the average particle size is about 15 nm, 30 nm and 90 nm for
550 ○C, 650 ○C and 850 ○C sintered sample respectively. The sam-
ples are henceforth named as 15 nm, 30 nm, 90 nm and Bulk in the
increasing order of their size. The SEM image (not shown) of Bulk
showed that the grains are of a few micrometres in size. The cationic
composition was confirmed using EDAX. The oxygen contents
estimated by iodometric titration for bulk particles were determined
to be 3.021 ± 0.015.

Temperature dependence of field cooled (FC) and zero field-
cooled (ZFC) magnetizations (M) measured at H=100 Oe, between
10 K and 300 K for 15 nm, 30 nm, 90 nm and Bulk particles is shown
in Figure 2. The bulk sample shows a clear CO peak at temperature
270 K and AFM transition at 130 K (Fig. 2 (b)) which is consistent
with the observations reported earlier.27 For the nanosamples, as the
size of the particle reduces the CO transition peak is found to be of
decreased intensity, broadened and shifted towards the lower tem-
perature indicating that the CO phase is weakened in the nanosized
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FIG. 2. (a) Temperature dependence of ZFC and FC magnetization at H = 100 Oe
(solid fills for FC and hollow for ZFC). (b) FC curves at high temperature(c)
Temperature variation of inverse dc susceptibility.

samples. For 15 nm the broad CO peak is found to have completely
disappeared. While this could be an evidence for the absence of long-
range charge order, short range CO can still be present and local
probe techniques like electron paramagnetic resonance can help ver-
ify that possibility. The AFM transition peak is visibly absent in
the case of all nanosamples. All the nanosamples show increase in
magnetization with lowering temperature with a rapid rise below
100 K reflecting presence of FM behaviour at low temperatures. The
FC and ZFC curves bifurcate around 100 K; ZFC exhibiting a peak
shows a blocking temperature (TB) which reduces with size of the
particle. The irreversibility between FC and ZFC, the non-saturation
of FC are an indication of strong anisotropy and glassy nature of
spins in nanoparticle.34

The expanded view of the FC curves in the temperature range
300 - 90 K is shown as inset (b) to Figure 2. It is interesting to note
from Figure 2(a) and (b) that closer to room temperature, as par-
ticle size decreases magnetization also decreases whereas at lower
temperature as the particle size decreases magnetization increases.
This reversal in the order of magnitude of magnetisation could be
attributed to different behaviours of the spins on the surface and
in the core of the particles. The magnetization at room tempera-
ture is due to FM fluctuations occurring in the paramagnetic region
of the entire sample. As the temperature is reduced and the CO
sets in, FM fluctuations of paramagnetic region begin to decrease
giving way to AFM fluctuations resulting in a decrease in magnetiza-
tion in the core. When the size of the particle decreases the core, size
lessens eventually reducing the magnetization. But when the temper-
ature is reduced further the magnetization in nanosamples increases
due to the ordering of uncompensated spins at the surface of the
nanoparticles. As particle size reduces surface effect rules over the
core, consequently magnetization increases in the nanoparticles.30

We provide more quantitative understanding of this behaviour next.
Figure 2(c) shows the plots of inverse susceptibility 1/χ vs tem-

perature for the bulk as well as the three nanosized particle samples.
It is seen that for each nano sample the plot contains two separate
linear regions: the high temperature (HT) range, (∼300 – 250 K)
and the low temperature (LT) (∼90 – 130 K). The two regions are

TABLE I. CW-parameters obtained by fitting CW-law for low temperature and high
temperature regimes.

Sample CHT (emu-K/g-Oe) oHT (K) CLT (emu-K/g-Oe) oLT (K)

15 nm 0.0250 ± 0.0003 17 ± 4 0.0068 ± 0.0002 92 ± 7
30 nm 0.0243 ± 0.0004 31 ± 5 0.0060 ± 0.0002 95 ± 3
90 nm 0.0248 ± 0.0005 90 ± 5 0.0046 ± 0.0002 94 ± 7
Bulk 0.0247 ± 0.0005 111 ± 6

separated by a transition region which is characterized by an ini-
tial upward change in 1/χ signalling development and dominance
of AF correlations followed by a downward change indicating the
development of FM correlations which eventually culminate in FM
transitions. This behaviour is quite different from that of the bulk
sample which has only the HT linear region and it does not undergo
any FM transition. The data in the linear regions of all the samples
are fitted to the Curie-Weiss law χ= C/(T – Θ) (Fig. 2 (c)) and the
Curie constant C (= (NA/3kB)μ2

eff where NA is the Avogadro num-
ber, kB is the Boltzmann constant and μeff is the effective magnetic
moment per ion) and the paramagnetic Curie temperature Θ (which
is a measure of the strength of the inter-spin coupling,35 in the
present case, strength of the ferromagnetic exchange interactions)
are extracted and are presented in Table I. The fitting errors are also
indicated for each value of CHT, CLT, ΘHT and ΘLT.

The following points are to be noted: (a) ΘHT decreases with
decreasing particle size implying that in the high temperature region
the Zener double exchange mediated FM correlations weaken as the
size is reduced. (b) In contrast, ΘLT is independent of the nanopar-
ticle size. This implies that the strength of the FM correlations in
the surface layer is independent of the nano particle size in as much
as it is believed that the origin of the ferromagnetism in nanopar-
ticles is in the uncompensated spins on the surface shell of the
nanoparticles.19 This interesting result, being reported for the first
time to the best of our knowledge, requires further experimental and
theoretical confirmation and understanding. (c) CHT and CLT also
exhibit contrasting behaviour in that whereas CHT is seen to be inde-
pendent of particle size, CLT increases with decreasing size. The latter
behaviour could be understood as a consequence of the fact that as
the size decreases, the relative contribution of the surface shell to the
measured magnetization increases.

The field dependent magnetization studies done at different
temperatures for bulk and nanoparticles are shown in Figures 3(a)
at 50 K and Figures 3(b) at 280 K. The bulk shows a linear variation
at both the temperatures, confirming the absence of a ferromag-
netic phase. The formation of ferromagnetism at low temperature is
evident from the hysteresis loop at 50 K in the field dependent mag-
netization of the nanosamples (15 nm and 30 nm). Magnetization
does not saturate even up to 5 T magnetic fields for all the nanopar-
ticles showing the presence of residual AFM in the particles. In our
system the fraction of Mn3+ and Mn4+ ions is 0.35: 0.65 and if all the
spins were to be ferromagnetically aligned, the value of μeff would
be 6.321μB per ion. The spontaneous magnetization MS obtained
by the linear extrapolation of the high field magnetization above
2.5 T to H = 0 is found to be 6.5817 emu/g (μeff = 0.2141 μB per ion
∼ 3.4% of the ideal value) and 7.997 emu/g (μeff = 0.2603 μB per ion
∼ 4.1% of the ideal value) for 30 nm and 15 nm respectively. This
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FIG. 3. Field dependence of magnetization of (a) at T = 50 K and (b) T = 150 K.

indicates that only a very small fraction of the sample is ferromag-
netic, consistent with the understanding of the presence of only
surface ferromagnetism in the nanoparticles.

CONCLUSION

Nanoparticles of average diameter 15 nm, 30 nm, and 90 nm
were synthesized by adopting sol-gel technique and their proper-
ties were compared with bulk samples. Structural analysis shows that
there is an increase in unit cell volume with decrease in particle size.
The magnetization curve of bulk shows a clear CO peak at temper-
ature 270 K and AFM transition at 130 K. Magnetization studies of
the nanosamples, indicate that as the size of the particle reduces the
CO transition peak is found to be broadened and shifted towards
the lower temperature indicating that the CO phase is weakened in
the nanosized samples. As the particle size is reduced to 15 nm, the
broad CO peak is found to have completely disappeared indicating
that long range CO is no longer present though, at this stage the pres-
ence of short-range charge ordering cannot be ruled out. Our studies
are consistent with the suppression of the CO and the appearance
of the weak ferromagnetism in the nanoparticles arising from the
dominance of the surface effects.
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