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The magnetic and transport properties of Nd0.7Ba0.3MnO3 nanoparticles were explored by
transmission electron microscopy, x-ray powder diffraction, resistivity, magnetoresistance,
thermopower 共S兲, and magnetic measurements. The metal-insulator transition behavior of the
temperature dependence of resistivity for the sample with the largest particle size changes to
insulating nature with the decrease in the particle size due to the enhancement of the grain boundary
effect. The magnetoresistance of the nanoparticles is analyzed in the light of a phenomenological
model based on the spin polarized tunneling at the grain boundaries. The thermopower of the
samples shows a crossover from negative to positive values and at high temperatures S follows
adiabatic small polaron hopping theory. The zero field cooled and field cooled 共FC兲 magnetizations
display broad ferromagnetic transition. The Curie temperature 共TC兲 and the irreversibility
temperature 共Tirr兲 decrease considerably with the decrease in the particle size. During cooling the ac
susceptibility of the nanoparticles exhibits two magnetic phase transitions with paramagnetic,
ferromagnetic, and glassy phases. The frequency dependent peak in the out of phase part 共⬙兲 of the
ac susceptibility is the signature of cluster glass behavior. Large thermomagnetic irreversibility,
monotonic increase in the FC magnetization, nonsaturation of the magnetization, and the
observation of two distinct magnetic transitions in ac susceptibility give evidence for the cluster
glass nature of the nanoparticles. © 2008 American Institute of Physics. 关DOI: 10.1063/1.3021463兴
I. INTRODUCTION

In manganites strong interplay among charge, spin, and
orbital degrees of freedom gives rise to multiphase
competitions1–3 such as double exchange ferromagnetism
and superexchange antiferromagnetism, ferromagnetic metallic phase and charge orbital ordered insulating phase, etc.
The colossal magnetoresistance 共CMR兲 phenomenon observed in manganites is believed to result from such phase
competitions. Recently the quenched disorder4,5 produced by
the inherent chemical randomness or the impurity doping has
received much interest. Doped manganites are intrinsically
inhomogeneous even in the best crystal. Disorder, phase inhomogeneity, phase separation, etc, play an important role in
the CMR physics. The solid solutions of rare earth 共R兲 and
alkali atom 共A兲 are a common procedure to control the band
filling in the perovskite oxide material and such substitution
inevitably introduces quenched disorder in the system by the
random distribution of A-site cations. Even in the same bandwidth the disorder reduces TC due to the size mismatch strain
field and TC scales to the variance of the A-site ionic radii.
The variance is defined as 2 = 兺y ir2i − 具rA典2, y i is the concentration, ri is the ionic radius of A-site ions, and 具rA典 is the
mean ionic radius. Attfield and co-workers4,5 showed that the
variance reduces TC by favoring the ”preformation” of the
Jahn–Teller distortion.
The manganites doped with calcium and strontium received much attention compared to manganites doped with
a兲
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barium. Nd0.7Ba0.3MnO3 is a very highly A-site mismatched
compound. TC of La0.7Sr0.3MnO3 is 370 K, whereas that of
Nd0.7Ba0.3MnO3 is 140 K although the mean ionic radius is
very close 具rA典 = 1.255 Å for Nd0.7Ba0.3MnO3 and 具rA典
= 1.244 Å for La0.7Sr0.3MnO3. The large variance of
Nd0.7Ba0.3MnO3共=0.0198 Å2兲 compared to the variance of
La0.7Sr0.3MnO3共=0.0018 Å2兲 shows the effect of variance on
TC and explains the large difference in TC. Therefore
Nd0.7Ba0.3MnO3 is expected to present very interesting properties. However, this compound did not receive much attention and there are only a few reports6–12 on the Ba-doped
NdMnO3. Magnetic nanoparticles13–21 have stimulated intense research interest due to their unique properties, which
make them very interesting from the theoretical point of
view as well as the possibility of potential technological applications. Nanosized magnetic particle presents a variety of
unusual properties, which are significantly different from
those of the corresponding bulk materials.22–25 A large fraction of the atoms in the nanoparticles is surface atoms, which
influence the magnetic properties significantly. The magnetization strongly depends on the particle size, core/shell morphology, temperature, surface/interface effects, magnetic interactions, etc. We have prepared Nd0.7Ba0.3MnO3
nanoparticles by sol-gel process and presented in this paper
the results of the detailed transport and magnetic measurement properties of these samples to elucidate their electronic
and magnetic nature.
II. EXPERIMENTAL

The citrate sol-gel process was employed to prepare
nanoparticles of Nd0.7Ba0.3MnO3 using stoichiometric
104, 103915-1
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amount of readily prepared nitrates of the constituent materials. The solvent was evaporated on a hot plate with continuous stirring and cooled to form a gel. The gel was burnt
to the decomposed dried powder and the collected powder
was heated at 425 ° C for a long time to produce finally a
black powder. The final precursor was separated into parts
and pressed into pellets. The pellets were annealed at different annealing temperatures 共Tann兲 in order to get particles of
different sizes. The phase purity of the samples was judged
by x-ray powder diffraction 共Phillips PW diffractometer
1820兲 using Cu K␣ radiation and the x-ray diffraction 共XRD兲
data of the samples were analyzed with Rietveld method.
The particle size was determined analyzing the x-ray line
broadening width using Scherrer’s formula and Williamson–
Hall plot. The particle morphology was examined and the
dimensions were also measured by the transmission electron
microscope 共TEM兲. Magnetization measurement of the
samples was performed with a superconducting quantum interference device 共SQUID兲 共Quantum Design MPMS-XL兲 in
the temperature range of 5–300 K and under magnetic fields
up to 50 KOe. Hysteresis measurement was performed at
several fixed temperatures as a function of magnetic field.
The temperature dependence of ac susceptibility was studied
at different frequencies. The resistivity was measured by
standard four probe technique, whereas the MR measurement was made with direct current perpendicular to the magnetic field direction in the temperature range of 4–300 K
using an Oxford cryostat equipped with 8 T magnetic field.
The thermopower measurements were performed with a
home-built instrument in a cryostat working from 320 K
down to liquid nitrogen temperature.
III. RESULTS AND DISCUSSIONS
A. XRD and TEM measurements

The phase purity of the samples was analyzed by x-ray
powder diffraction, which confirmed that all the samples are
in single phase. Figure 1 displays the XRD patterns of the
samples with dimensions 20, 25, and 41 nm and the peaks
are wide due to the ultrafine nature of the particles. The inset
of the figure exhibits the XRD pattern of the 33 nm sample
along with the fitted curve, the difference curve, and the
Bragg peak positions obtained from Rietveld analysis using
26
FULLPROF program. It is found from the Rietveld analysis
that Nd0.7Ba0.3MnO3 has a body centered orthorhombic
structure and the diffraction patterns can be indexed with the
Imma space group. The results obtained from the Rietveld
analysis are presented in Table I, and it is observed that as
the particle size decreases the bond distance increases and
Mn–O–Mn bond angle decreases. The average size 共D兲 of
the particles is calculated using Scherrer’s formula given by
D = k / ␤ cos , where k is the particle shape factor 共=0.89,
considering circular shape of the nanoparticles兲,  is the
wavelength of Cu K␣ radiation 共=1.5406 Å兲, ␤ is the full
width at half maximum of the XRD peak, and  is the diffraction angle of the peak. The dimensions 共D兲 determined
from the low angle and high angle peak differ much and the
difference between two estimates of the particle size probably originates from the peak broadening due to microstrain
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FIG. 1. Powder XRD profiles of Nd0.7Ba0.3MnO3 nanoparticles at room
temperature. The inset shows the plot of the Rietveld refinement of XRD
data of the 33 nm samples. In the plot dot symbols and solid line represent
the observed and calculated intensity, respectively. The vertical lines mark
the position of the allowed reflections and the lower line is the difference
between the observed and calculated intensities.

in the sample. Considering microstrain Williamson and
Hall27 modified Scherrer’s formula as

␤ cos  = 0.89/D + 2⑀ sin  ,

共1兲

where ⑀ is the microstrain. The plot ␤ cos  versus sin 
gives a straight line, shown in the Fig. 2. We can get the
microstrain from the slope and the particle size from the
intercept. The particle size measurement from Williamson–
Hall method shows that the particle size increases with the
increasing annealing temperature. The strain did not change
much within the range of dimension studied 共Table I兲. The
size of the particle was also confirmed by TEM measurement. The typical TEM image of the 20 nm sample is shown
in the Fig. 3. The TEM image unravels that the nanoparticles
of the sample studied have nearly sphere like elementary
shape and the particles are arranged in chains with a clusterforming tendency. There are no significant differences between the samples except for the particle dimensions. In
Table I we have compared the dimensions obtained from the
XRD and TEM measurements.
B. Resistivity

In Fig. 4 we have presented the temperature dependence
of the resistivity of Nd0.7Ba0.3MnO3 nanoparticles of different dimensions under zero field. As the temperature is lowered from the room temperature, the resistivity of the 41 nm
sample increases 共insulating phase, d / dT ⬍ 0兲 and shows a
peak near about 82 K 共TMI兲 marking the metal-insulator 共MI兲
transition. With further decrease in temperature beyond TMI,
the resistivity decreases 共metallic phase, d / dT ⬎ 0兲 and near
about 45 K the resistivity reaches a minimum and reenters
into an insulating phase. The minimum resistivity at 45 K is
much higher than the room temperature value of the resistivity and the rapid enhancement in resistivity may arise due to
the localization caused by the high mismatch between Ba2+
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TABLE I. Refined x-ray structural parameters of Nd0.7Ba0.3MnO3 nanoparticles with Imma space group
symmetry.
Particle size
共nm兲
XRD
TEM

Tann
共°C兲

a
共Å兲

b
共Å兲

c
共Å兲

Mn–O–Mn
共deg兲

dMn–O
共Å兲

21.5
27.2
34.6
42.7

900
1000
1050
1100

5.4901
5.4956
5.4991
5.5020

7.7605
7.7692
7.7810
7.7855

5.5022
5.5078
5.5101
5.5183

156.071
157.101
158.525
159.103

1.987
1.984
1.982
1.980

20
25
33
41

and Nd3+ ionic radii. The MI transition in the resistivity of
the 33 nm sample smears away with the presence of a slight
shoulder in the 共T兲 curve and the basic nature of 共T兲 is
insulating. As the surface disorder increases with the decrease in the dimension, the resistivity of the samples becomes more and more insulating, implying increase in the
insulating regions due to the enhancement of the grain
boundary effect. In the nanoparticles, the broken Mn–O–Mn
bonds at the surface of the grains and the translational symmetry breaking of the lattice in the disordered region, cause a
break down of the double exchange 共DE兲 mechanism and
enhance the insulating properties. The upturn of resistivity in
low temperature region for the 41 nm sample can be explained considering the model of hopping conductivity in
granular materials proposed by Sheng et al.28 Balcells et al.15
gave the first experimental verification of a Coulomb blockade contribution to the resistivity in granular manganese perovskites. Tunneling of an electron through a small grain with
low capacitance C increases the electrostatic energy of the
system by an amount EC = e2 / 2C. This charging energy introduces a gap for electron tunneling and gives rise to the
Coulomb blockade effect.29 When charging energy EC is
larger than the thermal energy kBT, the electrons at EC above
the Fermi level can only tunnel and thus increase the tunnel
resistance. According to Sheng et al.28 the granular metals
follow a relation 共T兲 ⬃ exp冑⌬ / T where ⌬ is proportional to
EC, which is the charging energy required to create a
positive-negative charged pair of grains. In the inset 共a兲 of
Fig. 4 we have plotted ln共兲 against T−1/2 for the 41 nm

FIG. 2. Williamson–Hall plot of Nd0.7Ba0.3MnO3 nanoparticles.

sample. The linearity of the curve supports the fact that Coulomb blockade effect causes an enhancement of resistivity in
the low temperature region. By fitting the curve we get the
value of EC = 32.86 K for the 41 nm sample. In the high
temperature paramagnetic region in manganites many authors have used the adiabatic small polaron hopping model to
explain the conduction process. In Ref. 30, an expression for
resistivity in the case of adiabatic small polaron hopping was
forwarded as

共T兲 = BT exp共E/kBT兲,

共2兲

where B is the resistivity coefficient, E is the activation
energy, and kB is the Boltzmann constant. In the inset 共b兲 of
Fig. 4 we have presented ln共 / T兲 versus 1000/T curves for
the four samples. The linear nature of the curves shows that
the conduction process follows the adiabatic small polaron
hopping mechanism in the high temperature paramagnetic
region for all the samples. The fitted values of E are presented in Table II.
C. Magnetoresistance

Figures 5共a兲 and 5共b兲 depict the temperature dependence
of resistivity of the 33 and 41 nm samples, respectively, under 0 and 7 T field along with the corresponding magnetoresistance 关MR兴. MR is defined as

FIG. 3. Transmission electron image of Nd0.7Ba0.3MnO3 sample with the 20
nm particle size.
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FIG. 4. Temperature dependence of resistivity of Nd0.7Ba0.3MnO3 nanoparticles. Inset 共a兲 displays the plot of ln共兲 vs T−1/2 curves for the 41 nm
sample whereas inset 共b兲 shows the plot of ln共 / T兲 vs 1000/T curves for all
the samples.

MR = 兵关共H兲 − 共0兲兴/共0兲其 ⫻ 100,

共3兲

where 共0兲 is the zero field resistivity and 共H兲 is the resistivity at field H. For the 41 nm sample MR 共T兲 shows a
broadened peak at a temperature 共91 K兲 higher than the MI
transition temperature 共82 K兲. The maximum value reached
are 95% and 91% for the 33 and 41 nm samples, respectively, i.e., MR 共T兲 increases with the decrease in the particle
size. In both samples MR 共T兲 shows a minimum in low temperatures resembling the zero field resistivity curve 共65.7%
at 10.5 K for the 33 nm sample and 69.4% at 6.3 K for the 41
nm sample兲. The minimum is shifted toward lower tempera-

FIG. 5. Resistivity of 共a兲 the 33 nm sample and 共b兲 41 nm sample as a
function of temperature under 0 and 7 T field along with the thermal variation in MR 共T兲.

FIG. 6. Field variation in MR at various temperatures. The upper channel
shows the curves for the 20 nm sample and the lower channel shows the
curves for the 25 nm sample.

ture than that in the zero-field resistivity curve. MR 共T兲
reaches a maximum close to the ferromagnetic transition
temperature but does not fall monotonically with the fall of
temperature. Instead they maintain a value of 73% for the 41
nm sample at the lowest temperature. This implies that the
spin polarized tunneling through the grain boundary has a
role in determining the MR. In addition to the grain boundary effect, the MR 共T兲 may originate due to the suppression
of spin disorder due to the alignment of the spins in response
to the applied magnetic field and in that case MR 共T兲 will
attain a maximum value close to the ferromagnetic transition
temperature. This MR scales with the field induced magnetization M as −MR= c共M / M s兲2 for M / M s ⬍ 1, where M s is
the saturation magnetization. MR 共T兲 decreases with the decrease in temperature and for crystal the MR 共T兲 vanishes as
T → 0. But in polycrystalline samples the intergrain spin polarized tunneling across the grain boundaries plays an important role as a source of MR. The surface disorder of the
nanoparticle increases with the decreasing particle size,
thereby enhancing the spin polarized tunneling contribution.
The MR of this origin reaches a highest value at the lowest
temperature studied. From close observation of MR 共T兲 it is
found that both effects are strongly effective in the present
case.
Figures 6共a兲 and 6共b兲 present the field variation in the
MR of the 20 and 25 nm samples at different temperatures.
In the initial low field region the MR increases very rapidly
while in the high field region the MR varies slowly with the
field. In low field region, the magnetization is not saturated,
whereas in the high field region the magnetic induction becomes important. The application of small magnetic field
rearranges the domain alignment along a parallel direction.
This field variation in MR can be explained by invoking a
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model31,32 based on the role of spin polarized tunneling at the
grain boundaries, and this model was successfully applied in
case of polycrystalline materials as well as thin films. Hwang
et al.33 suggested that in polycrystalline samples the main
contribution comes from the spin-polarized tunneling between the grains and MR at low fields appearing from the
magnetic domain rotation at the grain boundaries. The grain
boundaries act as the pinning centers for the domain walls,
and there is a distribution f共h p兲 of pinning field h p. For an
applied field H ⬎ h p, there will be a drop of resistance ␦r due
to the slippage of the domain boundary from the grain
boundary. Hence the total decrease in resistance can be written as
⌬R = N␦r

冕

H

f共h p兲dh p ,

共4兲
FIG. 7. Variation in thermopower as a function of T with the theoretical
curves obtained by fitting with Eqs. 共7兲 and 共8兲.

0

where N is the number of domain walls in the grain boundaries. Therefore the total MR can be written as the sum of the
grain boundary contribution and the intragrain contribution
as MR= MRGB + MRgrain. The pinning field has a distribution
and for simplicity we assume that it is Gaussian in nature
共⬀ exp共−A22h2p兲, A2 is a constant兲, and hence
MRGB = − A0

冕

H

f共h p兲dh p = − A0

0

冕

exp共− A22h2p兲dh p

= − A1 erf共A2H兲,

共5兲

where A0 = N␦r / R0 and A1 = 冑A0 / 2A2, R0 being zero field
resistance. The intragrain part of MR is written as MRgrain
= −A3H − A4H3 so that
MRtotal = − A3H − A4H3 − A1erf共A2H兲.

共6兲

We have fitted the MR 共H兲 curves in Figs. 6共a兲 and 6共b兲 with
Eq. 共6兲 and from the figures it is evident that the experimental curves fit very well with the theoretical ones. The coefficients A1 and A2 of the grain boundary contribution decrease
with the increase in temperature, whereas the coefficients A3
and A4 of the intragrain contribution increase with the increase in temperature.
D. Thermopower

The temperature dependence of the thermopower 共TEP兲
for all the nanosized samples is presented in Fig. 7. A comparison of the thermal variation in the Seebeck coefficient of
the samples reveals a remarkable similarity of their thermoelectric properties. In contrast to the resistivity measurement,
the thermopower is less sensitive to surface strain-induced
grain boundary effects in nanocrystalline materials because
the temperature drop between grains is less significant than
the voltage drop. From the low temperature side as the temperature rises, S共T兲 changes from negative to the positive
value, exhibits a broadened maximum, and again passes
through a sign reversal to attain negative values with further
increase in temperature. In the whole temperature range S共T兲
exhibits sign reversal twice: in the low temperature region
between 127–152 K and in the high temperature regime between 224–262 K for the four samples. The steep change in
S below TC is a manifestation of the sudden change of spin

entropy due to the enhancement of the spin polarization
caused by the magnetic transition. In the high temperature
side the sign reversal in thermopower occurs due to the cancellation of the temperature dependent and independent term,
rather than the symmetry of electron and hole conduction.
Let us first discuss the thermopower in the temperature regime below the peak. In a ferromagnetic sample the magnon
drag effect may arise due to the carrier-magnon interaction
and contribution to the thermopower from magnon drag effect may be expressed as Sm = 共Cm / ne兲␣n where n is the carrier density and Cm is magnon specific heat and ␣n ⬍ 1.0.
Since the magnon specific heat of the ferromagnets varies as
T3/2 the expression for TEP should include a T3/2 contribution. In ferromagnetic region below the peak, S共T兲 curve is
found to follow the relation34
S共T兲 = S0 + S3/2T3/2 + S4T4 .

共7兲

Here S0 can be obtained from the extrapolation of the high
temperature S共T兲 versus 1000/T curve. The second term presents the spin wave contribution but the origin of the third
term is not known. Figure 7 shows that the experimental
curves nicely fit the above equation, manifesting the importance of the role of spin wave-carrier interaction in the ferromagnetic region of S共T兲.
Above the peak of S共T兲 curve the thermopower follows
the adiabatic small polaron hopping theory35 according to
which TEP is expressed as
S共T兲 = 共kB/e兲关ES/kBT + ␣兴,

共8兲

where ES stands for the activation energy for the TEP and ␣
is thermopower in the high temperature limit and is sample
dependent. Above the peak, the experimental data fit well
with Eq. 共8兲 implying the validity of the adiabatic small polaron hopping theory in the high temperature region. The
activation energies ES for TEP and those for resistivity E are
tabulated in Table II. The large discrepancy between E and
ES is a hallmark of polaronic transport. In Nd0.7Ba0.3MnO3 if
a hole with spin 1 moves in the background manganese
sites with spin 0 then in that case the contribution to the
Seebeck coefficient due to the spin entropy can be written as
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TABLE II. Parameters obtained by fitting the electrical transport data and various characteristic temperatures
obtained from the analysis of magnetization.

S =

Sample
共nm兲

E
共meV兲

Es
共meV兲

S⬁
共eV/ K兲

TC
共K兲

Tirr
共K兲

TB
共K兲

⌰
共K兲

20
25
33
41

161.6
160.5
151.8
150.0

15.2
13.9
12.8
11.5

−58.2
−56.9
−54.8
−54.0

116.2
121.8
125.2
138.3

116.0
121.3
125.0
138.1

98
100
105
108

151.3
152.4
153.7
168.0

冉

冊

21 + 1
kB
ln
.
e
20 + 1

共9兲

In case of Nd0.7Ba0.3MnO3 a hole with spin 3/2 共Mn4+兲 is
moving in a lattice of Mn3+ with spin 2. This gives the spin
entropy contribution S = −19.23 V / K. At high temperatures kBT Ⰷ ES, the thermopower attains a temperature independent value whose value is governed by the carrier concentrations, and Heikes36 has given a formula36–38 for this
constant value of TEP as a function of carrier density in the
following form
S⬁ =

冉 冊

1−c
kB
,
ln
e
c

共10兲

where c is the fractional hole concentration. With c = 0.3 the
configurational entropy contribution leads to a value of
−73.01 V / K. Since in Nd0.7Ba0.3MnO3 system oxygen
content varies, the actual values of these contribution may
differ. By extrapolating the S versus 1000/T curve we can
estimate the temperature independent part. The fitted value
of S⬁ tabulated in Table II differs from −73.01 V / K and
this disparity might arise from the coupling between charge
carriers and the spins.
E. Magnetic measurement

cooled 共FC兲 magnetization versus temperature curves of the
four samples under 100 Oe magnetic field. During the ZFC
magnetization measurement the sample was cooled from
room temperature to 5 K without field, and then the field is
applied and magnetization was measured from 5 to 300 K,
whereas in FC mode the sample was cooled under the measuring field and then magnetization was measured from 5 to
300 K. The FC and ZFC magnetizations show a substantial
divergence at low temperatures and a hump is observed in
the ZFC magnetization curve. The irreversibility temperature
Tirr is defined as the temperature where irreversible magnetization M FC-M ZFC becomes just different from zero. In Fig.
9共a兲 we have plotted the history dependence of magnetization ⌬M = M FC-M ZFC as a function of temperature. Irreversible magnetization ⌬M vanishes near Tirr and surprisingly
changes almost linearly in the temperature range from Tirr
down to low temperature. Tirr and both the FC and ZFC
magnetizations decrease with the decreasing dimension. For
a fixed field the ZFC peak temperature 共TB兲 is found to decrease with the decrease in the particle size. For a system of
magnetic particles with finite volume, theoretically TB varies
proportionally with volume V. Therefore the decrease in particle dimension decreases TB and the distribution of particle
size gives rise to a distribution of TB. Below TB, thermal
energy cannot overcome the magnetocrystalline anisotropy

1. dc magnetic measurement

Figure 8 depicts the zero field cooled 共ZFC兲 and field

FIG. 8. FC and ZFC dc magnetization of Nd0.7Ba0.3MnO3 nanoparticles as a
function of temperature under a magnetic field of 100 Oe. dM / dT vs T
curves are shown in the inset.

FIG. 9. 共a兲 Upper channel: plot of irreversible magnetization MFC-MZFC as a
function of temperature. 共b兲 Lower channel: plot of 1 /  against temperature.
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of the nanoparticles. Hence this will result in a rotation of the
direction of the magnetization of each nanoparticle from the
field direction to its own easy axis without any movement of
the nanoparticle. Since the nanoparticles and their easy axis
are randomly oriented, the total magnetization in the ZFC
mode decreases with the decrease in temperature. TC was
determined from the minimum of the dM / dT versus T curve
共shown in the inset of Fig. 8兲. The values of Tirr and TC are
tabulated in Table II, and it is worth mentioning here that TC
and Tirr nearly coincide. In the 33 and 41 nm samples TMI
and TC show a large difference. TMI for the 33 and 41 nm
samples are 75 and 91 K, respectively, whereas TC are 125.2
and 138.3 K, respectively. This can be due to the large ionic
mismatch. In manganites with large variance 共2兲, TMI is
found to drop beyond TC.5 Disorder from nanostructure, carrier localization caused by disorder, chemical inhomogeneity,
impurity phases, and grain boundaries are often thought to be
the origin of the wide separation of TC from TMI. The large
difference between FC and ZFC magnetizations and the peak
in ZFC curve is experimental signature for spin glass, cluster
glass, or superparamagnetism. In the paramagnetic region the
susceptibility follows the Curie–Weiss law  = C / 共T − ⌰兲,
where C and ⌰ are the Curie–Weiss constant and temperature, respectively. Inverse magnetic susceptibility 共1 / 兲 is
plotted against temperature in Fig. 9共b兲. Fitting with the
Curie–Weiss law gives us the Curie–Weiss temperatures
共Table II兲, which also decreases with particle size. The positive values of ⌰ are an indication of the preferential ferromagnetic interaction between spins in this temperature range.
FC curves, which are considerably reduced in magnitude,
show a Brillouin-like temperature dependence of the magnetization. In order to understand the physical properties of
nanoparticles, a core-shell type structure15,18,39 is often assumed for the nanoparticle, where the core consists of a ferromagnetic metallic region such as a bulk substance, and the
shell consists of insulating spin disordered surface layer
whose magnetization may be considered to be zero in the
absence of the magnetic field. The shell actually consists of
disordered spins, coupled through frustrated exchange interaction. The magnetic properties of the nanoparticles can be
explained by invoking this core-shell model of nanoparticles.
With the decrease in the particle size, the volume of the core
decreases and the thickness of the surface shell increases
resulting in the reduction in the anisotropy of the grain. The
enhancement of the shell thickness increases the intercore
separation, and consequently the magnetic exchange energy
decreases. This explains the decrease in the saturation magnetization with the decrease in the particle size. The distribution of the exchange coupling strength originating from
the weak magnetic interaction in the vicinity of the grain
boundary, the strong intragrain contribution, and the particle
size distribution may cause the broad ferromagnetic transition. For grains of lower size and over a certain range of
temperature below TC, the predominance of thermal energy
over the magnetic energy and also of anisotropy energy hinders the attainment of magnetic ordering, although intracore
magnetic ordering takes place. In nanoparticles antiferromagnetic insulating region near the grain boundaries cannot
modify the magnetic transition temperature governed by the
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FIG. 10. The temperature dependence of the magnetization of the 25 nm
sample under different magnetic fields in the ZFC mode. The inset shows
AT line.

ferromagnetism of the core but the insulating nature of the
grain boundaries can shift the electrical 共MI兲 transition toward low temperature.
The ZFC peak is very susceptible to the applied magnetic field. We have measured the magnetization of the 25
nm sample under various magnetic field from 100 Oe to 5
kOe. With increasing magnetic field the peak broadens and
gradually shifts to lower temperature. The ZFC magnetization M versus T curves of the 25 nm sample for different
fields are presented in Fig. 10. In a spin glass system the
shifting of the ZFC peak with H can be described by de
Almeida–Thouless 共AT兲 line,40–42 which is obtained by plotting the reduced temperature b = TB / TC or Tirr / TC versus H
and the reduced temperatures scale with H as a ⬀ 1
− CAT / TCHn. Here CAT is a constant. In spin glass system TC
is replaced by T f and the mean field spin glass model suggests a value of n = 2 / 3. We have plotted b versus H for the
25 nm sample. The best fit to this critical line provides us
n = 0.1, which is much smaller than the predicted theoretical
value, 2/3. Moreover, in spin glass system the ZFC peak
appears close to the freezing temperature but this is not observed in the present case.
The dc magnetization hysteresis was measured as a function of applied field. Figure 11 shows M versus H curves at
various temperatures from 25 to 250 K for the 20 nm sample.
At low temperature the curves present clear ferromagnetic
hysteresis loop with dominating Curie-like contribution, but
with the increasing temperature the width of the hysteresis
loop decreases rapidly, and finally the M-H behavior becomes linear at high temperatures indicating paramagnetic
nature. The value of coercive field 共HC兲 for the 20 nm
sample is found to be 303 Oe at 25 K. In the upper inset of
Fig. 11 we have presented the virgin branch of the M共H兲
curves, which do not attain saturation within the range of
applied field. This nonattainment of saturation is more
prominent in the M共H兲 curve at 5 K, presented in the lower
inset of Fig. 11 where the applied field is up to 5 T. The law
of approach to saturation in the magnetization M is described
as a function of magnetic field in the following form:43
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FIG. 11. Magnetization of Nd0.7Ba0.3MnO3 particles with 20 nm size plotted
as a function of H for 25, 75, 125, 150, 200, and 250 K. Upper inset shows
the virgin M共H兲 curves and lower inset presents the nonattainment of saturation at 5 K in a large field range for the 20 nm sample.
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共11兲

where  p is high field susceptibility, M s is saturation magnetization, and a and b are constants. The experimental data are
fitted with the above equation, and the solid lines in the
upper inset of Fig. 11 are fitted curves. The magnetization
curves at low temperatures fit well with the above relation,
but M共H兲 curves at high temperatures do not fit. The experimental criteria44 for superparamagnetism are 共i兲 nonhysteretic behavior of M versus H curve, 共ii兲 nonattainment of
saturation even at high fields, 共iii兲 appearance of irreversibility below the blocking temperatures, and 共iv兲 the scaling behavior of M versus H / T curves at different temperatures. But
in the present case, we have seen that there is no superposition of M versus H / T curves for various temperatures above
TB. The imperfect M versus H / T superposition indicates that
the particles are not superparamagnetic.
2. ac magnetic measurement

In Figs. 12 and 13 the ac susceptibility is plotted as a
function of temperature for the 20 and 41 nm samples, respectively, for different frequencies. In both figures the upper
channel 共a兲 presents the in-phase component ⬘ of the ac
susceptibility and the lower channel 共b兲 shows the out of
phase component 共⬙兲 of the ac susceptibility. The real part
of the ac susceptibility shows a large peak close to TB, and
this peak is frequency independent. The imaginary part
shows a frequency independent main peak close to Tirr together with a peak at lower temperature. The corresponding
feature is absent in ⬘共T兲 and this may arise as a consequence of the large real part of the susceptibility associated

FIG. 12. Temperature dependence of in-phase susceptibility 共⬘兲 共upper
channel兲 and out of phase ac susceptibility 共⬙兲 共lower channel兲 of the 20
nm sample at 4 Oe ac field for various frequencies. The inset shows the
log共兲 vs log关共T f − Tg兲 / Tg兴 curve with the best fit line.

with ferromagnetism. The peaks in ⬙ at low temperature are
frequency dependent, and the peak temperature T f shifts to
lower temperature with decreasing frequency. The frequency
dependence of the peak is reminiscent of the frustration of
the spin system and is a direct indication of slow dynamics
and can be associated with the spin glass or cluster glass type
of freezing. We find that T f is linear with the logarithm of the
frequency so that T f can be quantified with the slope g
= ⌬T f / 共T f log ⌬f兲. The value of g offers a good criterion to
distinguish among spin glasses, cluster glasses, and superparamagnetic material. The values of the relative frequency
shift of T f per decade of frequency g are 0.08 and 0.09 for
the 20 and 41 nm samples, respectively. Mydosh45 and
Schiffer and co-workers46 collected the values of g for different systems. They found g ⬃ 0.005– 0.01 for spin glasses,
g ⬍ 0.05 for the rare-earth-site doped manganites, g
⬃ 0.03– 0.06 for the cluster glass compound La0.5Sr0.5CoO3,
g ⬃ 0.06– 0.09 for Fe nanograins embedded in amorphous
Al2O3 and Fe2O3 particles dispersed in polymer, and g
⬎ 0.1 for superparamagnetic and complex magnetic systems.
The observed values indicate that the nanoparticles studied
here may fall in the cluster glass or superparamagnetic material category. The temperature dependence of the low temperature peak implies the slow spin dynamics and indicates a
glassy character of the samples. Considering the conven-
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FIG. 13. Real 共⬘兲 and imaginary part 共⬙兲 of ac susceptibility for the 41 nm
sample measured in 4 Oe ac field with frequencies f = 1, 10, 100, and 300 Hz
and 1 KHz. The log共兲 vs log关共T f − Tg兲 / Tg兴 curve with the best fit line are
presented in the inset.

tional critical slowing down of spin dynamics,45,47,48 the temperature dependence of relaxation time 共⬀1 / f兲 can be written as

/0 ⬀ 关共T f − Tg兲/Tg兴−z .

共12兲

Here 0 is the characteristic temperature for the spin dynamics, Tg is the critical glass transition temperature, and z
is a dynamic exponent. The insets of Figs. 12 and 13 show
the scaling of  with the reduced temperature 关共T f − Tg兲 / Tg兴
for the 20 and 41 nm samples. The solid line is the fit of the
experimental points with the above relation. The fitting provides us with the results that Tg = 62.4 K, z = 6.03 and
constant⫻ 0 ⬇ 10−6 for the 20 nm sample and Tg = 69 K,
z = 5.30 and constant⫻ 0 ⬇ 10−5 s for the 41 nm sample.
Let us now summarize the magnetic results to reach a
conclusion about the magnetic nature of the present nanoparticles. The sample exhibits thermomagnetic irreversibility in
the ZFC and FC magnetizations and the FC magnetization
monotonically increases below TC with a slight downward
bending at low temperature due to ordering of the Nd moments near about 20 K. Fauth et al.6 showed from neutron
powder diffraction study that Nd and Mn magnetic moments
are parallel to the b-axis but in opposite directions. M FC of a
canonical spin glass is almost temperature independent below Tirr. In spin glass system the field dependence of the

reduced temperature Tirr / TC or TB / TC is consistent with the
AT line, and according to the mean field theory the exponent
n should be 2/3 but in our case we obtain n = 0.1. In the
re-entrant spin glass 共RSG兲 system49 the irreversibility arises
at a temperature well below TC 共Tirr Ⰶ TC兲 but in cluster glass
systems Tirr is just below TC, which is observed in case of
nanoparticles studied here. Nonsaturation of the magnetization M 共T兲 below Tirr and the close proximity of Tirr and TC
共Tirr ⬃ TC兲 upholds a cluster glass character for
Nd0.7Ba0.3MnO3 nanoparticles. Again the nonattainment of
saturation of the field dependent magnetization M共H兲 even
up to a field of 5 T and at a temperature of 5 K indicates a
cluster state at low temperature. The in-phase component of
ac susceptibility ⬘ shows a frequency independent cusp in
respect to both magnetization and temperature position. In
canonical spin glass systems, the cusp itself shows a frequency dependent shift to higher temperatures but for cluster
glass and RSG, the position of the cusp is frequency independent. In Nd0.7Ba0.3MnO3 nanoparticles the broad maximum in the ZFC curve and the cusp in ⬘ are close to each
other. The imaginary part of ac susceptibility ⬙ displays two
distinct peaks: one close to TC and another at low temperature. The high temperature peak is frequency independent
whereas the low temperature peak is frequency dependent.
The frequency dependent peak shifts to higher temperatures
and reduces in magnetic strength with the increasing frequency. This is one of the characteristic features of RSG and
also cluster glass systems. The typical value of g 共frequency
shift per decade兲 is 0.08–0.09 that indicates cluster glass or
superparamagnetic nature of the nanoparticles of the compound. The imperfect M versus H / T superposition and the
nonfitting of the dynamic spin freezing with the Arrhenius
equation46 f = f 0 exp共−Ea / kBT f 兲 rule out the superparamagnetic nature of Nd0.7Ba0.3MnO3 nanoparticles. Therefore the
static and dynamic magnetic responses of Nd0.7Ba0.3MnO3
nanoparticles strongly indicate a cluster glasslike nature for
them.
In this context it will be relevant to compare these results
with those of the bulk samples prepared by solid state reactions. Maignan et al.9 studied the magnetotransport properties of the highly A-site mismatched manganites
Nd0.7Ba0.3MnO3. From the large hysteresis between the FC
and ZFC curves it was confirmed that there was no simple
ferromagnetic long range order in the compound. From the
dc and ac magnetization measurements they concluded that
Nd0.7Ba0.3MnO3 is better described as a cluster glass induced
by the A-site cationic size mismatch between Nd3+ and Ba2+
species. The maxima observed on the 共T兲 and ⬘共T兲 curves
are explained by the freezing of these clusters at low temperatures. Kundu et al.11 showed that Nd0.7Ba0.3MnO3 exhibits a transition around 150 K with a small increase in magnetization but remains an insulator at all temperatures. A
transition at around 150 K was observed in the low field dc
magnetization and ac susceptibility. The nature of the magnetization together with the slow magnetic relaxation, aging,
and memory effects reveals a cluster glass and weak ferromagnetic character of Nd0.7Ba0.3MnO3 below 150 K. Troyanchuk et al.7 presented a phase diagram of Nd1−xBaxMnO3
according to which Nd0.7Ba0.3MnO3 falls in the ferromag-
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netic region. They argued that the substitution of rare earth
with barium creates the ferromagnetic clusters or noncollinear magnetic structure as predicted by the double exchange model. It is similar to Nd0.7Sr0.3MnO3, where magnetization results of the bulk sample evidence the existence
of frustration and magnetic disorder50 and those of the nanoparticles reveal cluster glass nature.34 We have explained the
magnetic properties with the help of the core-shell model
where the core resembles the bulk material and some of the
bulk properties will be manifested also in the nanoparticles.
In Nd0.7Ba0.3MnO3 A-site mismatch is present both in the
bulk and nanoparticles, but in nanoparticles surface disorder
enhances the magnetic disorder. Compared to bulk sample
the difference between TC and TMI is very large in case of
nanoparticles. TC and the cluster glass freezing temperature
decrease with the decrease in the particle size.

J. Appl. Phys. 104, 103915 共2008兲

共iv兲

共v兲

IV. CONCLUSIONS

In this paper we have investigated the Nd0.7Ba0.3MnO3
nanoparticles prepared by sol-gel technique and presented
powder XRD and TEMs with the detailed electrical transport
共resistivity, MR, and thermopower兲 and magnetic 共dc and ac
magnetization兲 measurement results. From these studies we
have obtained the following important results:
共i兲

共ii兲

共iii兲

The metal-insulator transition character observed in
the 41 nm sample changes gradually to insulating nature with the reduction in sample dimension due to the
enhancement of the grain boundary effect. In the high
temperature paramagnetic region, the resistivity is
found to follow the adiabatic small polaron hopping
theory. MR increases with the decrease in the particle
size. MR 共T兲 reaches a maximum close to the ferromagnetic transition temperature but does not fall
monotonically with the drop of temperature but maintains a value ⬃71– 73% at the lowest temperature.
This implies in addition to the spin polarized tunneling, the grain boundary effect has a role in determining the MR. We used a model to explain the MR 共H兲
behavior considering the grain boundaries acting as
the pinning centers for the domain walls and a distribution 关f共h p兲兴 of pinning field 共h p兲.
Temperature variation in thermopower reveals a remarkable similarity for all the samples with little effect from grain boundary. In the whole temperature
range S共T兲 shows a crossover from negative to positive value twice. In ferromagnetic region above the
peak, S共T兲 curve follows the Eq. 共7兲 and below the
peak S共T兲 follows adiabatic small polaron theory.
From the dc and ac measurements, we find that ZFC
and FC magnetization bifurcate and show a large
magnetic irreversibility. The irreversity temperature
decreases with the decrease in the particle size. Tirr
lies just below TC and unlike canonical spin glasses
below transition temperature 共TC兲, FC magnetization
increases monotonically with a little downward bending at the low temperature. The ZFC peak shifts to
lower temperature with the increase in the applied
field. The reduced temperature TB / TC follows the AT

line but the exponent is n = 0.1, which is far below
2/3, the value predicted by the mean field theory.
Above TB hysteresis curve exhibits paramagnetic nature and M 共H兲 curve does not saturate even at 5 T
field and at 5 K. No scaling behavior is found in the
M versus H / T curves.
The ac susceptibility shows a frequency independent
cusplike anomaly in ⬘ at high temperature and a frequency dependent maximum in the ⬙ at low temperature. There is a suppression of the ac magnetization
signal with the increasing frequency. Observation of
frequency dependent peak well below TC implies that
the nanoparticles are not conventional long range ferromagnet. The typical value of g 共frequency shift per
decade兲 is 0.08–0.09. Conventional critical slowing
down of spin dynamics and glassy character of the
compounds are manifested in the temperature dependence of the low temperature peak. The dynamic spin
freezing does not obey the Arrhenius equation and
this fact rules out the superparamagnetic nature of
Nd0.7Ba0.3MnO3 nanoparticles.

Hence we can conclude that the electrical transport is
dominated by the grain boundary effect and although the
complete understanding of the magnetic nature of the nanomaterials is difficult, the static and dynamic magnetic behaviors uphold a cluster glasslike state of the nanoparticles.
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