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A B S T R A C T

Magnetic and magneto-transport properties of nanocrystalline Nd0.5Ca0.5MnO3 compound are presented. In
contrast to its bulk counterparts, with modification of the magnetic grounds state, large magnetoresistance
appeared in the presence of comparatively lower magnetic field in nanocrystalline compound. Additionally, the
magnetic field induced insulator-metal transition took place in nanocrystalline compound with negligible
thermal hysteresis. From application perspectives, observation of the low field magnetoresistance in this com-
pound may be important for several uses in magnetic field sensor related technology. Fundamentally, the in-
fluences of the ferromagnetic phase fraction as well as the induced ferromagnetic interaction in nanocrystalline
samples on magnetic and magneto-transport properties were addressed.

1. Introduction

Magnetic and magnetoresistive properties in doped perovskite
manganites having general formula −R x1 BxMnO3 (R-rare earth and B-
bivalent ions) were extensively studied in the last two decades [1–12].
Strong correlation nature between the several degrees of freedom (i.e.
charge, spin and lattice) in doped perovskite manganites formulate this
field as an intriguing field of fore-front research. Moreover, depending
upon the bivalent ion (B-ions) doping percentage (i.e. ‘x’) several sti-
mulating properties appear in contrast to the undoped RMnO3 com-
pound. Among the numerous induced properties in doped manganites,
colossal magnetoresistance (CMR) effect, metal–insulator transition,
appearance of ferromagnetism, charge ordering (CO) and large mag-
netocaloric effect (MCE) have acquired most attention from funda-
mental as well as technological aspects [1–8,11,12]. After the discovery
of the colossal magnetoresistance (CMR) effect in doped perovskite
manganite compounds in 1994 by Jin et al. [13], almost all the bulk
compounds were extensively studied in next few years. In contrast to
that, in case of nanomaterials, comparatively a less effort was paid.
Recently, an incredible attention is remunerated for the study of phy-
sical properties of nanostructure forms of manganites due to their
marvelous responses [3–5,11,12]. Regarding the CMR effect, it is gen-
erally governed by the suppression of the spin fluctuation at the vicinity
of paramagnetic to ferromagnetic transition [13]. However, in case of
the phase separated systems, it is governed by the subtle balance

between the competing phases in the external magnetic field [11,14].
Another interesting property of the doped perovskite manganites is
charge ordering (CO). It is almost a generic properties of manganites
and appears near to the half doing concentration. Electrically, charge
ordered compounds exhibit insulating nature with decreasing of the
temperature. To transform such insulating ground state into metallic
state, large value of the external magnetic field is required in general
[15]. In contrast to the bulk counterparts, different nature was found in
charge ordered nanoparticles. With reduction of the particle size,
comparatively small field is required to melt the charge ordered state
[16]. Theoretically, Dong et al. pointed out that the uncompensated,
short range ordered surface spins in nanoparticles plays the key role to
the destabilization of the charge ordered fraction in the core part
[10,17]. This phase separation phenomena induced large change of
magnetoresistance and magnetocaloric effect even in charge ordered
nanoparticles [16,18,19]. It was also reported that with the reduction of
the particle size, ferromagnetic response is dominated over the anti-
ferromagnetic fraction systematically [16–19]. Compared to the study
of particle size mediated ferromagnetic volume fraction change in
charge ordered nanoparticles, a less effort was paid to study the evo-
lution of the modification of the ferromagnetic interaction with particle
size. Recently Sarkar et al. reported that the increasing surface pressure
with reduction of the particle size prevents the charge order formation
and corroborates the predominant ferromagnetism [20]. However,
Zang et al. pointed out the enhancement of ferromagnetic interaction in
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nanoparticles due to the destruction of the long range co-linear ar-
rangement of antiferromagnetic ordering [21]. In contrast to that al-
ternative arguments were also proposed in case of nanoparticles of
charge ordered antiferromagnetic Nd0.5Ca0.5MnO3 compound [22]. Ac-
cording to Zhou et al., with increasing ferromagnetic volume fraction in
nanoparticles, the interaction strength of the ferromagnetic ordering
also gets reduced [22]. The modifications in the magnetic properties
due to the different contributing components in charge ordered nano-
particles have been extensively reported in several studies [1–10].
However, the influence of those parameters in magneto-transport
properties is still the subject of intense debate. To addressed this issue
we have consider the nanoparticles of Nd0.5Ca0.5MnO3 compound
having two different particle size which are ~38 nm (Nano-1) and
~56 nm (Nano-2).

Our experimental findings indicate that modification of the particle
size induced ferromagnetic interaction remarkably influences the
magneto-resistive properties of charge ordered Nd0.5Ca0.5MnO3 nano-
particles from the fundamental point of view. Additionally, the ob-
servation of significantly large magnetoresistance in the Nd0.5Ca0.5MnO3
nanoparticles may be important from several application perspectives.

2. Sample preparation and characterization:

Nd0.5Ca0.5MnO3 nanoparticles were prepared by the sol-gel route.
The constituent elements Nd2O3, CaCO3 and MnO2 (pre-heated) were
used for the sample preparation (99.9 % purity). To prepare the
homogeneous solution, the oxides were converted to their nitrates form
by adding concentrated nitric acid and dissolved in millipore water
individually. Special attention was taken for the MnO2 as it does not
dissolve directly in nitric acid. MnO2 was first converted to its oxalate
form using suitable amount of oxalic acid and then it was dissolved in
millipore water in the presence of nitric acid. Homogeneous mixture
solution was stirred up and appropriate amount of citric acid was given.
For the gel formation, the extra water was evaporated using a thermal
water bath at temperature −80 90 °C. After successfull gel formation, it
was decomposed at slightly higher temperature (~150 °C) and black
porous powder was formed. To get the crystalline compound the pel-
letized powder was annealed at 800 °C for 4 h (for Nano-1) and 1000 °C
for 6 h (for Nano-2). To characterize the samples, X-ray diffraction
study was performed for powder form of the nanocrystalline samples in
Rigaku-TTRAX-III diffractometer. For further characterization of the
nanocrystalline samples, Scanning Electron Microscopy (SEM) study
was carried out. Magnetic Properties of the samples were measured in
vibrating sample magnetometer (VSM) equipped with Super conducting
Quantum Interference Device (SQUID-VSM). Electrical transport and
magneto-transport measurements were performed in longitudinal geo-
metry (with magnetic field) in Cryogenic magnet setup.

3. Experimental results and discussion

X-ray diffraction measurements of the powder sample of the nano-
particles indicate that the compounds has formed in single phase in
nature. No detectable impurity was found in X-ray diffraction patterns
of Nano-1 and Nano-2 samples. To find out the lattice parameters of the
nanocrystalline compounds, the profile fitting was done by Rietveld
refinement technique considering ’pbnm’ space group symmetry as re-
ported earlier [23]. Extracted lattice parameters for Nano-1 is
a = 5.386 (± 0.001) Å, b = 5.384 (± 0.001) Å, c = 7.616 (± 0.001)
Åand that for Nano-2 is a = 5.389 (± 0.008) Å, b = 5.386 (± 0.002)
Å, c = 7.619 (± 0.002) Å. Experimental X-ray diffraction pattern
along with fitted line (red color) and expected Bragg’s positions are
given in Fig. 1(a). The average particle size was estimated by using
Scherrer’s formula as described in Ref. [24]. It was found that the
average crystalline size for Nano-1 is ~38 nm and that for Nano-2 is
~56 nm. Additionally, the representative SEM images for the nano-
crystalline samples are shown in Fig. 1(b) and (c) (for Nano-2 and

Nano-1 respectively). The estimated average particle size of the nano-
crystalline compounds as calculated from the SEM images, agrees quite
well with the results extracted from the analysis of XRD spectrums.

As reported earlier, the bulk polycrystalline Nd0.5Ca0.5MnO3

(NCMO) is a charged ordered antiferromagnetic compound having
charge ordering transition, TCO = 250 K [23]. In our present study we
have measured temperature dependent magnetization (M-T) in three
different protocols which are Zero Field Cooled Warming (ZFCW), Field
Cooled Cooling (FCC), and Field Cooled Warming (FCW). A brief de-
scription about the mentioned protocols are given below.

ZFCW: Samples were cooled down in the absence of the external
magnetic field. Magnetic field was then applied at the low temperature
and magnetization data were recorded during warming from 5 K to
300 K.

FCC: Magnetic field was applied at the room temperature
(T = 300 K) and magnetization data were recorded during cooling from
300 K to 5 K.

FCW: After the FCC magnetization measurement, magnetization
data were recorded again during warming cycle in the presence of the
same magnetic field as applied before (FCC).

Magnetization as a function of temperature in the presence of
H = 50 kOe external magnetic field is given in Fig. 2. In contrast to the
reported magnetization behavior by Zhou et al. for NCMO nano-
particles, our study indicates that signature of the charge ordering
transition is clearly visible in nanoparticles [22]. Along with the charge
ordering, the rapid increase of magnetization is observed below
T = 130 K. Such increasing magnetization in NCMO nanoparticles is
also reported previously [22]. Regarding this context it is important to
mention that with the larger value of magnetization, the increasing
nature of magnetization appeared for Nano-2 sample at slightly higher
temperature compared to Nano-1 sample. To elucidate the nature of the
magnetic interaction, we have plotted inverse susceptibility (1/χ ) as a
function of temperature for both the Nano-1 and Nano-2 samples. The
paramagnetic Curie temperature (θ) was determined from the extra-
polated linear fitting of 1/χ (T) data in paramagnetic region which is
shown in Fig. 3. For bulk compound the Double Exchange (DE) inter-
action mediated short range ferromagnetic correlation between the

+Mn3 and +Mn4 ions is well familiar [22,25,26]. Generally with re-
duction of the particle size for charge ordered nanocrystalline com-
pound, the ferromagnetic phase fraction is increased with the sup-
pression of the antiferromagnetic phase [17]. However, the magnetic
interaction strength is reduced in both (ferromagnetic and anti-
ferromagnetic) with the reduction of the particle size [22,27]. The
modification of the interaction should be influenced in the value of
paramagnetic Curie temperature (θ). Such important information about
the different magnetic correlation strength can be extracted from the
linear fitting of the 1/χ (T) data in paramagnetic region. In case of the
NCMO bulk compounds (as reported earlier), the paramagnetic Curie
temperature, θ = 202 K [22]. Whereas, in case of nanocrystalline
compounds, value of θ is reduced with the reduction of the particle size
which is given in Fig. 3.

For more deeper understanding about the modification of the
magnetic ground state with the reduction of the particle size in NCMO
compounds, we have carried out the isothermal magnetization mea-
surements at T = 80 K. For these measurements, samples were cooled
down to 80 K in absence of any external magnetic field (ZFC) from the
room temperature T = 300 K (paramagnetic state) to remove the effect
of any previous measurements if present. Magnetic field dependent
magnetization data (M(H)) indicates that with increasing magnetic
field, the charge ordered antiferromagnetic phase fraction gets melted
in both the nanoparticles and resulting the hysteresis loop at high
magnetic field as shown in the main panel of Fig. 4. Additionally, the
nature of ferromagnetic ground state was also found and depicted in the
upper inset of the Fig. 4. As described earlier, the ferromagnetic in-
teraction is larger in Nano-2 sample compared to the Nano-1 sample.
Influence of this modification of the interaction should reflects in their
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field dependent magnetization (M(H)). Derivative of first quadrant
magnetization (with respect to magnetic field, dM/dH) as a function of
magnetic field (shown in lower inset of Fig. 4.) indicates that the

Fig. 1. (a) Room temperature X-ray diffraction patterns along with the profile fitting (red lines) for Nd0.5Ca0.5MnO3 nanocrystalline compounds. (b) and (c) represents
the scanning electron microscopy (SEM) image of Nano-2 and Nano-1 samples respectively.
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required critical field is smaller for Nano-2 sample compared to that of
Nano-1. As the electronic transport and magneto-transport properties of
strongly correlated system are noticeably influenced by the different
kind of the exchange interactions, henceforth it is expected to acquire
modified magneto-transport properties for the studied samples (Nano-1
and Nano-2).

Resistance as a function of temperature in the absence and in the
presence of external magnetic field of 70 kOe for the both samples were
measured during cooling and warming cycles. In the absence of mag-
netic field, both samples exhibit insulating nature with decreasing
temperature. This is an almost generic nature of the charge ordered

antiferromagnetic compounds. However, in the presence of the 70 kOe
external magnetic field, an insulator-metal transition appears which is
shown in Fig. 4 and Fig. 5(b). The insulator-metal transition tempera-
ture (TMI) for Nano-1 and Nano-2 is 152 K and 168 K respectively. The
experimental results pointing out the direct reflection of the enhanced
double exchange interaction in Nano-2 sample which corroborates the
metal–insulator transition at higher temperature compared to Nano-1
sample.

The Magnetoresistance of the two samples were calculated from the
conservative definition. Magnetoresistance (MR) is the change of elec-
trical resistance of materials when it is subjected in an external mag-
netic field. MR is quantified by the mathematical expression given
below

=
−

×MR R H R
R

% ( ) (0)
(0)

100
(1)

Temperature dependence of MR at H = 70 kOe external magnetic field
is given in Fig. 5(c). The large magnetoresistance was observed in both
the samples at the low temperatures especially below 150 K. Above this
temperature the MR values of Nano-1 is larger compared to the Nano-2
sample.

From the technological perspectives, appearance of large magne-
toresistance in comparatively smaller value of external magnetic field is
one of the important criteria. For the charge ordered antiferromagnetic
manganite materials (magnetization and magneto-transport properties
are correlated), generally large MR appears at very high magnetic field
due to the melting of the antiferromagnetic ground state [15]. Reduc-
tion of the particle size inhibits the ferromagnetic phase fraction and
influences the magnetoresistance significantly [16]. However, in this
study, our experimental results indicate that along with the ferromag-
netic phase fraction, the developed interaction (ferromagnetic) also
influence its magnetoresistive properties. We have calculated the field
dependent magnetoresistance of the Nano-1 and Nano-2 samples at
T = 80 K which is shown in Fig. 6. The nature of magnetoresistance
indicates that the critical field requirement for the lowest particle size
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sample Nano-1 is large compared to that of Nano-2 sample as similar to
M(H) behavior and resulting in the large magnetoresistance. Regarding
this context, it is worth mentioning that except the ferromagnetic in-
teraction, pinning centres, local disorder etc. might be associated for
the higher value of the critical field in case of the Nano-1 sample (lower
particle size).

For verification of such phenomenology, we have carried out mag-
neto-transport measurement again at H = 0 and 30 kOe external
magnetic field. Additionally, the magnetoresistance as a function of
temperature have been calculated for 30 kOe magnetic field. All results
are plotted in Fig. 7. For Nano-1 sample, quantitative values of re-
sistance reduced at low temperature due to presence of external

magnetic field but insulator to metal transition is hindered (shown in
Fig. 7(a)). In contrast to that, different nature was found in case of
Nano-2 sample. In the presence of external magnetic field (30 kOe),
insulator to metal transition take place at T = 130 K (Fig. 7(b)). Such
nature again indicates that the ferromagnetic correlation might be
stronger in Nano-2 sample than in Nano-1. The variation of calculated
magnetoresistance with temperature for two samples is given in
Fig. 7(c). Interestingly, the opposite nature was found compared to the
magnetoresistance variation in the presence of 70 kOe magnetic field
(as shown in Fig. 5(c)). In the presence of the 70 kOe external magnetic
field, the MR values were larger in case of the Nano-1 sample. In con-
trast to that, at the presence of 30 kOe external magnetic field, a
crossover was found at T = 150 K and MR reaches larger values for
Nano-2 sample at low temperature region. Such exotic responses of the
nanoparticles has been addressed schematically in Fig. 8.

At very small magnetic field or in the absence of magnetic field
charge ordered antiferromagnetic core along with short range ferro-
magnetically disordered shell are exist in both the nanoparticles.
However, in the presence of external magnetic field, spin alignment
appears along the magnetic field direction in the shell part and also the
core volume get reduced. According to our concerned experimental
results, the ferromagnetic interaction is larger in Nano-2 sample com-
pared to Nano-1. In our schematic diagram such spin–spin interaction is
addressed by the line having different thickness. Such spin alignments
with strong spin–spin correlation (middle column of Fig. 8) in Nano-2
sample, modifies magnetoresistive properties drastically and governs
large magnetoresistance compared to Nano-1 sample at medium mag-
netic field (H = 30 kOe). In contrast to that at higher value of the
magnetic field, ferromagnetic volume fraction in Nano-1 sample is
larger compared to the Nano-2 sample (core part may be totally sup-
pressed in Nano-1 sample) and resulting larger magnetoresistance.

4. Conclusions

To summarize, we have carried out the magnetic and magneto-

-60 -40 -20 0 20 40 60

-100

-80

-60

-40

-20

0
M

R
 %

H (kOe)

 Nano-1
 Nano-2

T = 80 K

Fig. 6. Magnetoresistance as a function of external magnetic fields at T = 80 K
for Nd0.5Ca0.5MnO3 nanocrystalline compound.

Fig. 7. Temperature dependent resistance (during cooling and warming) in the presence of different external magnetic field for (a) Nano-1 and (b) Nano-2. (c)
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transport measurements of NCMO nanocrystalline compounds. Due to
the particle size reduction, in contrast to the bulk counterparts, the
predominant ferromagnetism appears. However, with the modification
of the ferromagnetic volume fractions, the interaction strength also
modified with particle size. Such modification of the interaction in
nanocrystalline compounds plays the crucial role in magneto-transport
and magnetoresistive properties. Additionally, from the technological
aspects, the large magnetoresistance in Nano-2 sample may be useful
for the several application perspectives.
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