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A B S T R A C T

Bulk and nanocrystalline Nd-lacunar Nd0.67Sr0.33MnO3 manganites were synthesized, and the structural, magnetic and electrical properties have been systematically
studied. The Rietveld refinement confirms perovskite structure with orthorhombic crystal symmetry (Pbnm space group). The bulk compound shows a sharp second
order transition at 275 K while the nanocrystalline compound exhibit a broadened transition with a TC of 242 K. Temperature dependence of electrical resistivity of
both the compounds witness double peaks; a sharp peak near TC and a broad peak below TC, which is more prominent in the nanocrystalline compound whereas
former peak is more prominent in the bulk compound. The combined effect of Kondo-like spin-dependent scattering and electron-electron interactions dominates the
transport properties at low temperature in the nanocrystalline compound and results in upturn enhancement in resistivity, while the high-temperature insulating
behavior of both compounds can be explained by the adiabatic small polaron hopping mechanism. The effective Mn ion valence of bulk and nanocrystalline
compounds are found to be 3.56 and 3.25 and the observed crystal field splitting energy is slightly higher for the nanocrystalline compound. X-ray absorption spectra
result quantitatively demonstrates that the broken symmetry at the surface of nanocrystalline compound aid to stabilize more Mn3+ ions that lead to interesting
magnetic and electrical transport behavior.

1. Introduction

Perovskite manganites of −A1 x Ax
' MnO3 (A= rare earth ion,

A' =divalent alkaline earth ion) have drawn wide attention because of
their interesting physical phenomena such as colossal magnetoresis-
tance (CMR) and magnetocaloric effect (MCE) etc. [1–3]. The structure,
magnetic and electrical properties of these materials are strongly cor-
related due to the competing interplay between charge, spin and orbital
ordering [4–7]. Thus, any changes in the valency at the A-site sig-
nificantly affects the ferromagnetism and conduction and has been
explained on the basis of double exchange (DE) mechanism with a
strong on-site Hund’s coupling [8]. However, it is understood that the
properties of perovskite manganites can also be affected by strong
electron-phonon interaction due to the Jahn-Teller distortion, cationic
size mismatch, oxygen deficiency and charge ordering [9–16]. In mixed
valence manganites, solid solutions with x=0.33 is an interesting
composition which exhibits ferromagnetism and conductivity and
shows the most prominent value of Curie temperature [17–22].

Recent studies show that the structure and properties of manganites
are severely influenced by the introduction of deficiency at the A-site,
and it leads to competing magnetic phases due to the enhancement of
disorder effect [23–31]. Again, the introduction of vacancy at the A-site

of A0.67A′
0.33MnO3 composition is an interesting study because one can

further tune the magnetic properties and transition temperature (TC).
However, most of the investigations are reported on bulk materials, and
only limited studies are available about the same in the nanocrystalline
materials. The conventional solid-state method is the most widely used
technique for the preparation of polycrystalline bulk materials, which
needs high sintering temperatures because the starting reagents such as
oxides and carbonates do not react with each other at ambient tem-
peratures. Here, thermodynamics and kinetics are the two precious
parameters to be considered because the former determines the possi-
bility of a reaction, while the later control the chemical reaction rate.
Due to the high sintering temperature and long annealing time a desired
polycrystalline material of homogeneous composition is obtained.
However, sol-gel is a low-temperature solution-based chemical method
adopted as a promising technique for synthesizing nanocrystalline
materials. It has a precious control over particle size, morphology,
homogeneity and phase formation than other traditional techniques
[32]. The sol-gel method involves a two-step process. The first step is
the chelation between cations and citric acid while the second step is
the polyesterification process by hydroxycarboxylic acid with ethylene
glycol [33]. The obtained viscous gel was dried and annealed at low-
temperature to control the particle size, stoichiometry and makes it an
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excellent method for synthesizing high purity nanocrystalline materials
for functional applications. Manganites are not only ascribed in the
context of strongly correlated electron systems but also its possibility in
modulating their physical and chemical properties at the nanoscale
which may be of great interest from the technological point of view
[34–39]. Recently, our group has reported a comparative study be-
tween bulk and nanocrystalline Nd0.67Sr0.33MnO3 and found that the
magnetic ordering and electrical transport properties are strongly
governed by the crystalline nature of the compound [40]. As a con-
tinuing effort, in the present investigation, we introduced a deficiency
of x= 0.17 at the Nd-site of both bulk and nanocrystalline Nd0.67-
x□xSr0.33MnO3 (i.e., Nd0.50□0.17Sr0.33MnO3) compounds and in-
vestigated the effects on structural, magnetic and electrical transport
properties.

2. Experimental

The bulk and nanocrystalline compounds were prepared using solid
state and sol-gel technique respectively. The preparation methods were
reported in our previous works [40,41]. The crystal structure was
characterized by X-ray diffraction (XRD) analysis using Ni-filtered Cu
Kα radiation (PANalytical X’Pert Pro Diffractometer), and the Rietveld
refinement was performed using the FullProf software. The Iodometric
titration method was performed to estimate the Mn3+/Mn4+ ratio and
the oxygen stoichiometry [42,43]. Powders were weighed and dis-
solved in a mixture of 10ml of 10 mass % potassium iodide aqueous
solution and 2.5ml of 2M hydrochloric acid. The iodine liberated in the
reaction was titrated against 0.1 N sodium thiosulphate standard vo-
lumetric solution, and starch solution (1mass %) was used as an in-
dicator. Under the assumption that Mn is in a mixed state of Mn3+/
Mn4+, the chemical formula of both bulk and nanocrystalline com-
pounds can be written as −

+ +

−

+ +Nd Sr Mn Mn Oα α0.67 x
3

0.33
2

1
3 4

y (x= 0.17). The
value of α was determined by the iodometric titration method, and the
average ratio of Mn3+/Mn4+ was calculated for 5 titrations [42,43].
The morphological analysis of bulk and nanocrystalline compounds
were investigated by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) respectively. The stoichiometry of
the compounds was confirmed by X-ray Fluorescence Spectrometry
(EDXRF) analysis (PANalytical Epsilon 3). X-ray absorption spectra
(XAS) was performed using total electron yield mode under chamber
base pressure of∼10−9 Torr (National Synchrotron Radiation Research
facility, Taiwan). Magnetic properties and electrical resistivity were
measured using vibrating sample magnetometer and electrical transport
option attached to the physical property measurement system
(Quantum Design Inc., USA).

3. Results and discussion

The XRD patterns of both bulk and nanocrystalline compounds
confirm that it belongs to orthorhombic symmetry with Pbnm space
group. The Rietveld refinement of XRD patterns is shown in Fig. 1 and
refined structural parameters obtained are listed in Table 1. The
weighted pattern RWP, pattern RP and goodness of fit χ2 show small
values indicating good agreement between the calculated and observed
XRD data. In the bulk compound, we have found an additional peak
around 36° indicates the presence of minor secondary phase (rhombo-
hedral ferrimagnetic Mn3O4 phase). It has been reported that the for-
mation of Mn3O4 phase is due to the preparation method, essentially
the manual grinding step which sometimes does not ensure a perfect
homogeneity [44]. However, it has been also reported that cation va-
cancy leads to the formation of Mn3O4 [45]. It is to be noted that na-
nocrystalline compound didn’t show any kind of such impurity phases
in the XRD plot. The average crystallite size is calculated from the XRD
peaks using Scherer’s formula [46] as

= λ β θD K / cos (1)

where K is the shape factor lying between 0.9 and 1.15, λ is the wa-
velength of X-ray, β is the corrected full-width half maxima of the XRD
peaks and θ is the Bragg angle. The crystallite sizes are found to be in
the range of 33 nm (±8 nm) for bulk compound and 19 nm (±4 nm)
nm for the nanocrystalline compound. The theoretical density was
calculated from the refinement analysis as 5.471 g/cm3 and 5.462 g/
cm3 for bulk and nano compounds respectively. The density of the
sintered pellets was measured by using the Archimedes method and
both compounds exhibit above 95% densification. The introduction of
vacancy at the Nd-site will reduce the average A-site cationic radius and
result in the reduction of lattice parameter and unit cell volume, which
further affects DE interaction between Mn3+ and Mn4+. The ratio of
Mn3+ and Mn4+ content in Nd0.67-x□xSr0.33MnO3 compound are
(0.67− 3x) and (0.33+3x) respectively. The Nd-deficiency increases
the number of Mn4+ content and a corresponding reduction in the
number of Mn3+ ions, which in turn leads to the contraction of the unit
cell volume, which is in agreement with earlier reports about the La/Pr
deficient manganites [31,44,47]. But, in the case of strontium deficient
manganites, an increase in the unit cell volume is noticed with increase
of Sr-deficient content [26,31,48]. Further, it is well reported that Nd/
La/Pr -deficiency and Sr/Ca/Ba/Na-deficiency have an inverse effect on
the unit cell volume of the stoichiometric compounds

Fig. 1. Refined XRD patterns of bulk and nanocrystalline
Nd0.50□0.17Sr0.33MnO3 compounds. The bottom (blue) line represents the dif-
ference between the XRD data (red) and calculated fit (black) and the green
lines are Bragg positions. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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[24,26–28,31,44,47–49]. Hence, in order to further elucidate the
Mn3+/Mn4+ ratio, we have carried out the iodometric titration method
and found that the ratio of Mn3+/Mn4+ to be 1.13 and 1.44 with an
accuracy of± 0.02 for bulk and nanocrystalline Nd-deficient com-
pounds respectively. It is to be noted that the ratio of Mn3+/Mn4+ was
found to be 2.03 for the stoichiometric compound (Nd0.67Sr0.33MnO3)
reported earlier [40]. Thus the iodometric titration method quantita-
tively demonstrates that both bulk and nanocrystalline Nd-deficient
compound contains more Mn4+ ions than that of its stoichiometric
compound. Since the average ionic radius of Mn4+ (0.53 Å) is less than
that of Mn3+ (0.645 Å), the cell volume of both the bulk and nano-
crystalline Nd-deficient compounds show lesser values than that of its
stoichiometric compound [40]. The amount of oxygen content, y, was
estimated from the iodometric titration using the equation as [42,43]

= ± =
+

−δ αy 3 17 3
6

x
(2)

The oxygen stoichiometry is found to be 2.90 and 2.87 for the bulk
and nanocrystalline compounds respectively. Since the nanocrystalline
compound contains more oxygen deficiency, the average oxidation
state of Mn-ions is expected to decrease and thereby increases the
average Mn-ionic radius results in a corresponding increase in the unit
cell volume [50]. Since it is observed that the nanocrystalline Nd-de-
ficient compound contains more Mn3+ ions than that of the bulk Nd-
deficient compound, the former shows greater cell volume (228.45 Å3)
than that of the later (228.21 Å3). Thus, the change in the lattice
parameters and unit cell volume of the bulk and nanocrystalline com-
pounds can be attributed due to the combined effect of the difference in
the ionic radius between Mn3+/Mn4+ and the presence of vacancies at
the oxygen sites. Moreover, the oxygen vacancies in the Mn-O-Mn
network affects the tolerance factor due to lattice distortion, which in
turn affects the MneO bond lengths and MneOeMn bond angles [50].
Thus the electron hopping between Mn3+/Mn4+ ions are strong in-
fluences by the lacunar at the A-sites and oxygen deficiency.

Fig. 2(a) and (b) represent the SEM images of highly densified bulk
and nanocrystalline compounds with homogeneous surface. Micro-
metre size grains with grain boundaries are seen in the SEM image of
the bulk compound. However, the nanocrystalline compound was taken
at 200 nm scale which confirms the nanocrystalline nature of the
compound. Fig. 2(c) and (d) represent the TEM image of bulk and na-
nocrystalline compounds taken at 100 nm and 50 nm scale respectively.

In case of the bulk compound, the size determined from the TEM
analysis is found to be greater than that of using Scherer’s formula. This
discrepancy in size may be due to the fact that the single particle may
consist of more than one crystallite. The TEM image of nanocrystalline
compound reveals particle size of 25–30 nm. This value is close to those
obtained for the crystallite size by using Scherer’s formula. Fig. 2(e) and
(f) represent the EDAX spectrum of bulk and nanocrystalline com-
pounds. The selected area electron diffraction pattern (SAED) is shown
in the inset, which confirms the high crystalline nature of the com-
pounds and planes are identified and corroborates with that of its XRD
patterns. The energy dispersive X-ray spectroscopic analysis (EDAX)
confirm the stoichiometry and homogeneity of the compounds. We
have performed EDXRF analysis to determine the Nd – deficiency and
the stoichiometric composition of both bulk and nanocrystalline com-
pounds. The percentage of elemental oxides observed during the EDXRF
analysis are given in Table 2. It is clear from the table that the stoi-
chiometric ratio between Nd and Sr are maintained for bulk (0.491:
0.33 with a vacancy □=0.179), and nanocrystalline (0.498: 0.33 with
a vacancy □=0.172) compounds within the limits of experimental
error.

The influence of nanosize effects on the electronic structure and
valence states of manganese and oxygen ions have been verified with
the XAS. Fig. 3(a) represents the normalized XAS spectra recorded at
300 K near L-edge of Mn and K-edge of O for both compounds. The
spectra of Mn2+, Mn3+and Mn4+ are plotted in the same figure for the
comparison purpose, and shifted vertically for clarity. Both the com-
pounds showed two broad LIII and LII peaks of Mn 2p owing to the spin-
orbit coupling [51]. Bulk compound peaks (LIII and LII) show pro-
nounced shoulder (marked by an arrow) with well-defined maxima.
However, the nanocrystalline compound exhibits a noticeable change
in the shape compared to the bulk compound. Both LIII and LII peaks of
the nanocrystalline compound are much broader than its bulk coun-
terpart with hump-like features noticed (shown as arrows in Fig. 3(a))
on lower energy sides of both LIII and LII peaks. Both the compounds
show spectra features resemble to superimpose of both Mn3+ and
Mn4+. The maximum of LIII peak falls between Mn3+ and Mn4+ in
accordance with the previous reports on the CMR manganites [52]. But,
in the case of the nanocrystalline compound, the peak positions of LIII
and LII shifted towards the lower energy side in comparison to that of
the bulk one. The change in the effective valence state of Mn-ions re-
sults in a chemical shift in the LIII and LII peaks and variation in the
symmetry of the ground state changes the spectral shape of the com-
pounds [51]. Using the interpolation method, we have calculated the
effective oxidation state of Mn-ions and depicted in Fig. 3(b). As shown
in the figure, the photo energy versus Mn valence exhibit linear var-
iation. The interpolated average Mn valence from the peak position
indicates 3.56 and 3.25 valence states for bulk and nanocrystalline
compounds respectively. This result quantitatively demonstrates that
the Mn3+ ions increases in case of the nanocrystalline compound in
compared to its bulk counterparts. This is because of the broken sym-
metry at the surface of nanoparticles aid to stabilize more Mn3+ ions in
the nanocrystalline compound. Fig. 3(c) shows the oxygen 1s XAS for
both the compounds. The characteristic peaks of oxygen K-edge are
used to identify the hybridization between the transition metal ions to
the ligand ions, and the spectrum of O K-edge can be split into three
types. First and second peaks assigned to the excitation of O 1 s state to
O2p-Mn3d (∼528 eV) and O2p-Nd5d (∼536 eV) states respectively.
The third peak attribute to the excitation of O 1s state to O2p-Mn4sp
state (∼543 eV) [53,54]. The octahedral crystal field splitting of eg and
t2g symmetries can be seen from the peaks separation in the shaded
area, and the intensity of peak is proportional to the number of un-
occupied hybridized density of O2p-Mn3d states [54]. From Fig. 3(c), it
is clear that the first peak intensities of nanocrystalline compound are
much lower and that signifies the less number of hole doping appeared
in the compound. On the other hand, the observed crystal field splitting
energy is slightly higher for the nanocrystalline compound, which could

Table 1
Refined structural parameters obtained from the Rietveld analysis.

Bulk Nanocrystalline

Cell parameters
a (Å) 5.4679 5.4590
b (Å) 5.4367 5.4491
c (Å) 7.6743 7.6798
V (Å3) 228.21 228.45

Positional parameters
Nd/Sr x 0.5003 0.4970
Nd/Sr y 0.0181 0.0156
O1 x 0.5612 0.5443
O1 y 0.4988 0.5132
O2 x 0.2133 0.1912
O2 y 0.2868 0.2935
O2 z 0.0258 0.0308

Bond distance (Å)
< d Mn-O> 1.953(2) 1.959(2)
Bond angle (°)
Mn-O1-Mn

Mn-O2-Mn
159.652(6)
160.199(3)

153.152(6)
165.023(1)

Agreement factors
RWP 4.03 2.95
RP 3.14 2.29
χ2 1.4 1.7
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be assigned to the presence of more Mn3+ ions that lead to large field
splitting.

Temperature variation of magnetization, M (T), has been carried
from 2 K to 300 K under 50 Oe and is depicted in Fig. 4. There is strong
thermo-magnetic irreversibility is seen in between the zero-field-cooled
(ZFC) and field cooled (FC) curves due to the magnetic frustration in the

compounds [55]. Also, it can be seen that bulk compound show a hump
like character around 46 K and it is due to the ordering of Mn3O4

present in the compound. However, we did not observe any kind of
such low-temperature transition in the case nanocrystalline compound.
The TC is calculated from the derivative of magnetization (dM/dT)
versus temperature, and the bulk compound shows a sharp transition
with a TC of 275 K and nanocrystalline compound exhibit a broadened
transition with a TC of 242 K. However, it can be seen that both bulk
and nanocrystalline compounds show higher TC than its stoichiometric
compound Nd0.67Sr0.33MnO3 [40], and it may be due to the increase in
DE interaction with the creation of lacuna at the Nd-site. However, from
the Fig. 4, it can be seen that the nanocrystalline compound shows a
crossover in FC magnetization curve around 134 K, below which mag-
netization values are higher for nanocrystalline compound. This

Fig. 2. (a) and (b) SEM images, (c) and (d) TEM images, (e) and (f) EDAX spectrum of bulk and nanocrystalline Nd0.50□0.17Sr0.33MnO3 compounds respectively.
SAED patterns are shown in the inset.

Table 2
Percentage of element oxide obtained from the EDXRF analysis.

Element oxide Bulk Nanocrystalline

Nd2O3 44.649 49.371
SrO 18.510 20.129
MnO 36.841 30.500
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abnormality of change in magnetization is may be due to the tem-
perature dependence of the magnetic anisotropy of the nanocrystalline
compound [56,57]. It is clear from the XAS data that more Mn3+ ions
exist in the case of the nanocrystalline compound, the more Jahn-Teller
distortions exist in the same. The Jahn-Teller effect has a direct de-
pendence on the concentration of Mn3+ due to its double orbital de-
generacy, and thus it has a strong interplay with DE interactions [14].
Thus the magnetic properties in the nanocrystalline compound are
obviously due to the presence of more Jahn-Teller ions.

Further, to investigate this behavior, the hysteresis loop is measured
for various temperature and is depicted in Fig. 5. The magnetization
shows a sudden rise at lower magnetic field but does not show the level
of saturation even at the higher magnetic field. Again, the magnetiza-
tion of the nanocrystalline compound shows less value than that of its

bulk counterpart at higher fields. It has been observed that the reduc-
tion of crystallite size has a strong influence on the magnetic and
electric transport properties of nanocrystalline manganites. The ob-
served results suggest that the nanocrystalline compound form like a
core-shell structure, where the core is a ferromagnet while the shell
behaves like a paramagnet [40]. As the grain size reduces, the surface-
to-volume ratio increases and the contribution from the grain boundary
effects increases. Thus the core of the nanocrystalline compound has
physical properties the same as that of the bulk compound while the
amorphous outer layer is magnetically disordered due to more oxygen
vacancies and crystallographic defects [58]. Thus, due to the high
disordered state in the outer shell, the net magnetic moment of this
amorphous region becomes zero, which in turn reduces the magneti-
zation. Since the shell behaves more like PM, the magnetization value
of the nanocrystalline compound is lesser than its bulk counterparts. It
is also noticed that the coercive field (HC) decreases with the increase in
temperature for both the compounds. As the magnetic anisotropy of the
compound is proportional to the coercive field, it is evident that the
crossover in magnetization is due to the sudden increase in the coercive
field of the nanocrystalline compound while decreasing the tempera-
ture. There is a strong exchange coupling takes place between the inner
core and outer shell of the nanocrystalline compound. The magnetically
disordered state in the outer layer has a surface anisotropy contribution
towards the effective anisotropy of the nanocrystalline compound [59].
The effect of the surface anisotropy increases with a decrease in crys-
tallite size [59]. Thus the observed coercivity (one order higher) of the
nanocrystalline compound is due to the surface anisotropy contribution
by the insulating grain boundary growth.

In order to understand the broad ferromagnetic transition in the
nanocrystalline compound, we have further carried out the temperature
variation of AC susceptibility from 2 K to 300 K under frequencies from
333 Hz to 9984 Hz. Fig. 6(a) and (b) shows the in-phase and out of
phase component of susceptibility, and it shows a maximum around TC,

Fig 3. X-ray absorption spectroscopic images of bulk and nanocrystalline Nd0.50□0.17Sr0.33MnO3 compounds. (a) Mn 2p XAS for both the compounds; (b) photo
energy versus Mn valence for both the compounds; (c) oxygen 1s XAS for both the compounds.

Fig. 4. Magnetization as a function of the temperature of bulk and nanocrys-
talline Nd0.50□0.17Sr0.33MnO3 compounds.
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and the obtained maximum is independent on the frequency change.
The magnitude of the real part decreases and imaginary part increases
with increasing frequency. The peak temperature is found to be con-
stant with the variation of temperature and frequency. The imaginary
part of the ac susceptibility exhibit a low-temperature hump like be-
havior around 46 K and this is due to the ordering of Mn3O4 secondary
phase and which was not seen in the FC curve of dc magnetization in
the nanocrystalline compound. It could be because the core is sur-
rounded by a shell which is randomly oriented spins resulting in the
suppression of Mn3O4 ordering.

Further to analyze the nature of TC, isothermal magnetization
measurement has done for every 4 K around the TC and is shown in
Fig. 7. The magnetization increases gradually at lower fields for both
the compounds and the magnetization values of the nanocrystalline
compound are much lesser than the bulk counterpart. The reduction of
particle size in the nanocrystalline compound results in the suppression
of magnetization due to the grain boundary effect [40]. The positive
slope shown by the Arrott plot, a graph between M2 and H/M confirms
that the transition is second order in nature (shown in Fig. 7) [60]. We
have also studied the magnetic entropy change (ΔSM) of both the

compounds using thermodynamic Maxwell relations [61]. Fig. 8 shows
the ΔSM for both the compounds estimated under 10 KOe and 50 KOe.
The Bulk compound shows maximum values of 1.65 J kg−1 K−1 and
4.89 J kg−1 K−1 at 275 K for 10 kOe and 50 KOe respectively. However,
the nanocrystalline compound shows a maximum value of 0.19 J kg−1

K−1 at 222 K and 0.98 J kg−1 K−1 at 226 K for fields of 10 kOe and
50 kOe respectively. The results obtained in the present study is com-
parable to numerous perovskite manganites and is given in Table 3.
From the table it is clear that the bulk compound shows a significant
ΔSM and could be a potential candidate for magnetic refrigeration ap-
plications. It is observed that due to the domain boundary modification,
the ΔSM value of the nanocrystalline compound is lower than that of its
bulk counterpart by one order.

The change in resistivity as a function of temperature, ρ(T) is shown
in Fig. 9 and it is to be noted that the resistivity values of the nano-
crystalline compound are found to be four orders higher than that of its
bulk counterpart. Due to the grain boundary effect, the resistivity of the
nanocrystalline compound increases. The mobility of the electrons de-
creases with an increase in crystallite size [59]. Due to the trapping of
electrons at the grain boundary, a potential barrier is developed [59].

Fig. 5. Hysteresis loops of bulk and nanocrystalline Nd0.50□0.17Sr0.33MnO3 compounds. The insets show the magnified view of the loop and temperature dependence
of the coercive field.

Fig.6. AC magnetic susceptibility of the nanocrystalline Nd0.50□0.17Sr0.33MnO3 compound with real and imaginary parts.
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The eg electrons in the outer shell are localized, and the interfacial
layers are highly resistive to the electrons flow. Therefore a higher re-
sistivity is observed with a decrease in crystallite size [59]. Thus the
broken symmetry due to the grain surface effects has a strong influence
on the electrical resistivity of nanocrystalline manganites. Both bulk
and nanocrystalline compounds exhibit a sharp metal to insulator
transition (say TP1), near to the TC. On further decreasing the tem-
perature, the resistivity graph shows a broad maximum (say TP2) below
TC and further it shows an upturn by making a low-temperature
minimum (say Tm). The lacuna at the Nd-site creates trapped mobile
electrons, which results in the coexistence of FM metallic (FMM) and
FM insulating (FMI) phases [67]. The resistivity of the compound does
not show a complete metallic character due to these coexisting phases.
On further decreasing the temperature, the FMI phase decreases and the
percolating path between FMM phases increases lead to a broad tran-
sition below TC. In the nanocrystalline compound, TP2 is broader, and
Tm is more prominent compared to its bulk counterparts. The double
peak behavior with an abnormal point at 280 K in the bulk compound
could be due to these electronic phase separation, and which is more
prominent in the absence of magnetic fields. However, under high
magnetic fields, the charge carriers delocalizes causing ordering of the
magnetic spins results in shifting of peak to the higher temperatures.
Thus with increasing magnetic fields, the abnormal point in the re-
sistivity peak becomes weaken and disappear due to the complete
transformation of the existing FMI phases into the FMM phases. The

higher value of ρ(T) along with the metallic behavior in the FM region
in the nanocrystalline compound can be understood due to the amor-
phous nature of grain boundary in the shell which is surrounded to the
FM core. These results further corroborate the formation of core-shell
type structure in case of the nanocrystalline compound. The magne-
toresistance (MR) for different temperatures are calculated and shown
in Fig. 9. The suppression of magnetic spin scattering takes place via
local ordering for higher field, and the corresponding MR values also
increase with field [68]. The bulk compound shows 50% of MR at
270 K, whereas the nanocrystalline compound shows 42% MR at 230 K
for 90 kOe magnetic field.

To further understand the contribution of different parameters
causing the conduction mechanism at low temperature (T < TP), we
have fitted the ρ(T) data of bulk compound using different theoretical
models. The squared linear correlation coefficients are compared for
each relation and Eq. (3) is obtained for the best fit for the experimental
data

= + + +ρ ρ ρ ρ T ρT T ,p0 2
2 5

4.5
4.5

(3)

where ρ0, ρ2T 2, ρP T5 and ρ4.5T4.5 are the contribution from the grain
boundary, electron-electron, phonon, and electron– magnon scattering
processes respectively [69–72]. The best fit obtained using Eq. (3) for
the bulk compound is shown in Fig. 10 (a), and fitted parameters are
shown in Table 4. However, the nanocrystalline compound did not obey
Eq. (3) because it could not explain the minima at the low-temperature

Fig. 7. M-H and Arrott plots of bulk and nanocrystalline Nd0.50□0.17Sr0.33MnO3 compounds.
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region. The low-temperature resistivity minima in the nanocrystalline
compound are sensitive to the magnetic fields and the shifting of it
towards low temperature with the field. Again, the resistivity value of
the nanocrystalline compound is found to increase after Tm, and the

compound behaves like an insulator. Thus instead of showing metallic
character in the ferromagnetic region, the nanocrystalline compound
exhibits an anomalous behavior of insulating nature. It has been re-
ported that the resistivity minima is a direct evidence for the Kondo-like

Fig. 8. The magnetic entropy change of bulk and nanocrystalline Nd0.50□0.17Sr0.33MnO3 compounds.

Table 3
Comparison of magnetocaloric properties of bulk and nanocrystalline Nd0.50□0.17Sr0.33MnO3 compounds with several magnetocaloric materials.

Composition Type of material ΔH(kOe) TC (K) ΔSM (J kg−1 K−1) Reference

La0.67Sr0.33MnO3 Film 50 348 1.69 [62]
La0.7Sr0.25□0.05MnO3 Nanocrystalline 50 328 1.33 [48]
La0.65Ba0.15□0.2MnO3 Bulk 50 288 4.12 [49]
La0.6Ca0.15□0.05Ba0.2 MnO3 Bulk 50 202 2.69 [63]
La0.6Ca0.2Ba0.15□0.05 MnO3 Bulk 50 295 2.84 [63]
La0.8□0.2MnO3 Nanocrystalline 50 275 4.54 [64]
La0.8Na0.05□0.15MnO3 Bulk 50 260 6.32 [28]
Nd0.67Sr0.33MnO3 Bulk 10 232 2.69 [40]
Nd0.67Sr0.33MnO3 Nanocrystalline 10 66 1.61 [40]
Nd0.63Sr0.37MnO3 Single crystal 50 300 8.52 [65]
Pr0.52Sr0.48MnO3 Single crystal 50 275 3.38 [66]
Pr0.6□0.2Sr0.2MnO3 Nanocrystalline 50 276 1.50 [29]
Pr0.53□0.17Sr0.3MnO3 Nanocrystalline 50 286 1.53 [29]
(REMIX)0.67Sr0.33MnO3 Bulk 10 310 1.01 [21]
Nd0.50□0.17Sr0.33MnO3 Bulk 10 275 1.65 present work
Nd0.50□0.17Sr0.33MnO3 Bulk 50 275 4.89 present work
Nd0.50□0.17Sr0.33MnO3 Nanocrystalline 10 222 0.19 present work
Nd0.50□0.17Sr0.33MnO3 Nanocrystalline 50 226 0.98 present work
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spin-dependent scattering mechanism and it is generally found in me-
tals, materials with a small amount of magnetic impurities and also in
manganites [73,74]. Thus the anomalous behavior of resistivity minima
in the ferromagnetic region might have originated from the Kondo ef-
fect and strongly correlated effect in addition to all the parameters
mentioned in Eq. (3). Thus we have obtained the best fitting, i.e., Eq.
(4) for the nanocrystalline compound by modifying Eq. (3) with two

additional parameters as

= + −− + + +ρ ρ ρ ρ ρ ρ ρT ln T T T TP0 e
1/2

s 2
2 5

4.5
4.5 (4)

where ρs ln T and T1/2 are due to Kondo-like spin-dependent scattering
and strongly correlated effect (electron-electron interactions) respec-
tively [52,72–74]. The best fit obtained for the nanocrystalline com-
pound is shown in Fig. 11 and fitted parameters are shown in Table 4.

Fig. 9. Electrical transport behavior and magnetoresistance as a function of field of bulk and nanocrystalline Nd0.50□0.17Sr0.33MnO3 compounds.

Fig. 10. Electrical resistivity as a function of the temperature of bulk Nd0.50□0.17Sr0.33MnO3 compound along with the fittings to the Eqs. (3) and (5).
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The temperature dependence of resistivity above the metal-insulator
transition is explained on the basis of small polaron hopping (SPH)
mechanism [75]. In the adiabatic SPH model, ρ is expressed as

=ρ BTexp(E /k T)a B (5)

where B and Ea are the coefficient of resistivity and activation energy
respectively. The graph (not shown) between ln (ρ/T) and 1/T has
followed a linear relation indicates that the SPH model has dominated

the electrical resistivity at the high-temperature region. We have fitted
the variation of resistivity at high temperature using Eq. (5) for bulk
and nanocrystalline compounds and shown in Figs. 10(b) and 11 re-
spectively. Using the fittings to the Eq. (5), we have calculated the
values of B and Ea for both the compounds and the results are shown in
Table 4. The ρ(T) data analysis suggests that the conduction mechanism
at higher temperatures takes place via adiabatic small polaron hopping
whereas low-temperature conduction mechanism takes place because

Table 4
Fitted parameters obtained for the best fit for both the compounds.

Bulk-Low Temperature High Temperature

H (T) ρ0× 10−5 (Ωm) ρ2× 10−9 (Ω m/K2) ρP× 10−15 (Ω m/K5) ρ4.5× 10−14 (Ω m/K4.5) B× 10−8 (Ω m) Ea/KB (K)
0 8.550 4.079 1.941 2.948 1.289 1265.12
3 5.680 4.189 1.021 1.478 1.452 1198.06
6 4.850 3.703 0.546 0.726 1.995 1070.66
9 4.200 3.254 0.214 0.217 1.759 1098.27

Nanocrystalline-Low
Temperature

High
Temperature

H (T) ρ0 (Ωm) ρ2× 10−5 (Ωm/
K2)

ρP× 10−11 (Ωm/
K5)

ρ4.5× 10−10 (Ωm/
K4.5)

ρe× 10−1(Ω (Ωm/K1/2) ρs (Ωm) B×10−6 (Ωm) Ea/KB (K)

0 1.607 9.280 5.753 8.951 1.576 0.202 1.133 1863.94
3 1.310 8.180 3.126 5.521 0.902 0.049 1.579 1743.62
6 0.814 3.060 1.088 1.949 0.303 0.018 3.776 1514.88
9 0.864 6.664 3.988 6.193 0.770 0.032 10.058 1227.64

Fig. 11. Electrical resistivity as a function of the temperature of nanocrystalline Nd0.50□0.17Sr0.33MnO3 compound along with the fittings to the Eqs. (4) and (5).
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of the combined effects of grain boundaries, point-defect scattering
electron-electron scattering, phonon scattering and electron-magnon
scattering processes for both the compounds. In addition to that, in the
case of the nanocrystalline compound, the Kondo effect and strong
electron-electron interactions also play a vital role in the low-tem-
perature conduction process.

4. Conclusion

The systematic investigation on the structural, magnetic and elec-
trical transport properties of Nd-lacunar manganites are conducted.
Orthorhombic crystal symmetry with Pbnm space group is confirmed
from the Rietveld refinement, and morphological characterizations are
done using SEM and TEM analysis. XAS analysis confirmed that the
crystal field splitting energy is slightly higher for the nanocrystalline
compound due to the broken symmetry at the surface. Both the bulk
and nanocrystalline compounds show an enhancement in the magnetic
transition temperature than that of its respective stoichiometric
Nd0.67Sr0.33MnO3 compound reported earlier. Temperature dependence
of electrical resistivity under different magnetic fields show double
peaks at higher temperatures, and an upturn at low-temperature and
the latter is more prominent in the nanocrystalline compound. Kondo
like spin-dependent scattering with electron-electron interactions
dominates the low-temperature electrical transport behavior of the
nanocrystalline compound, and small polaron hopping mechanism
dominates at high temperatures for both the compounds. Further, en-
hancement in resistivity value of nanocrystalline compound suggests
amorphous layers on the surface of FM core. The results revealed that
the introduction of deficiency and crystallite size has a significant effect
on the structural, magnetic and electrical transport properties of the
studied compounds.
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