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Effect of grain size modulation on the magneto- and electronic-transport properties

of Laj-,Cay;MnQO3; nanoparticles: The role of spin-polarized tunneling
at the enhanced grain surface
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We have investigated the effect of nanometric grain size on magneto- and electronic-transport properties of
single-phase, nanocrystalline, granular La,;,Cay 3;MnO; samples having an average grain size in the nanometric
regime (14-27 nm). Based upon a spin-polarized tunneling mechanism, we have proposed a phenomenologi-
cal model to explain the observed electronic transport behavior over the whole temperature range (20—300 K),
especially the gradual drop of metal-insulator transition temperature with a decrease in grain size, while
ferromagnetic-paramagnetic transition temperature remains almost constant. We have attributed the steeper
low-temperature (~40 K) resistivity upturn in the smaller grain size sample rather than that of the larger grain
size sample below their respective resistivity minima at 7, to the increased value of charging energy, which
has been estimated to be 13 K for a 17 nm sample and 0.026 K for a 27 nm sample. Most interestingly,
magnetotransport measurements show that the magnitude of low-field magnetoresistance, as well as of high-
field magnetoresistance remains constant up to sufficiently high temperature (~220 K) and then drops sharply
with temperature. The effect gets more pronounced with the decrease in particle size. In order to explore the
basic physics behind this unusual temperature dependence of magnetoresistance (MR), we have analyzed our
data in light of a phenomenological model [P. Raychaudhuri ef al., Phys. Rev. B 59, 13919 (1999)], based on
the spin-polarized transport of conduction electrons at the grain boundaries. Analyzing our data following the
theoretical perspective as proposed by S. Lee et al. [Phys. Rev. Lett. 82, 4508 (1999)], we found that this
strange temperature dependence of MR is decided predominantly by the nature of the temperature response of
surface magnetization of nanosize magnetic particles. With the application of a magnetic field, strong freezing
of surface spins occur at the defect sites [having strong pinning strength (k) of spins] of disordered grains
surface as a consequence of competitive interactions between the grain boundary pinning strength (k) and the
magnetic field. Thermal energy (kgT), up to a considerably high temperature, remains unable to flip them from
their strained condition, resulting in such a temperature insensitive behavior of MR as well as of surface spin

susceptibility.
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I. INTRODUCTION

Transitional-metal oxides (TMO) with the perovskite
structure have a long history of research and have been
known as materials with a variety of interesting properties,
such as electrical transport, magnetic, dielectric, and optical
properties. The first renewal of interest in the perovskite
TMO took place when the high-temperature superconducting
(high-T) cuprates with layered perovskite structures were
discovered.! The second renewal® was brought in by the im-
portant recent activities on mainly perovskite manganites of
the form Re Ae;_ MnO; where, Re=La, Nd, Pr, etc. trivalent
rare-earth ions and Ae=Sr, Ca, etc. divalent alkaline-earth
ions. A huge amount of studies of the colossal magnetoresis-
tance (CMR) in this class of materials have been carried out
in case of single crystals,>* thin film,>”7 and ceramic CMR
materials,%° for both the search of the correct model to ex-
plain their magnetic, electrical, and magnetotransport prop-
erties and the possible application of them as magnetic sen-
sors. The simplest explanation of the CMR observed for the
manganites around ferromagnetic-paramagnetic Curie tem-
perature (T¢) is given in terms of the double-exchange (DE)
model. However, the physics of the extraordinary magnitude
of CMR (Ref. 2) is obviously more complex. There are other
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important factors than in the above simplest DE scenario,
e.g., electron-lattice interaction, antiferromagnetic superex-
change interaction between the ,, local spins, intersite ex-
change interaction between the e, orbitals (orbital ordering
tendency), intrasite and intersite Coulomb repulsion interac-
tions among the e, electrons, etc.!” In spite of a number of
models proposed so far; the sensitive balance between those
competing mechanisms, in such a diversified rich physical
systems having correlated degrees of freedom of charge, lat-
tice, spin, and orbital ordering has not been clearly under-
stood.

Regarding technological aspects, in those cases, magnetic
fields of several T are typically required to obtain such a
large MR effect near 7. Further, the large MR associated
with T is restricted to a narrow temperature range, and the
large resistivity near 7 would give rise to high levels of
electrical noise. All these collectively make these materials
unworthy for real field sensing device applications. More-
over, low-field MR (LFMR) (Refs. 11-15) in polycrystalline
manganites, which seems to have potential for possible sen-
sor applications, is very much pronounced at low tempera-
ture and drops sharply with increasing temperature. Manga-
nites thus remain unable to refute the early criticisms about
their wide technological relevance.
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It is well known that finite-size effects play a central role
in physics, from the appearance of discrete energy levels in
quantum dots to governing regimes of fluid flow. Recently,
structural transitions driven by size, such as shape transitions
of coherent precipitates'® and magnetic phase transitions in
ferroelectric nanosystems,'” have further highlighted the in-
triguing new physics that arises at reduced dimensionality.
Currently, nanoscale magnetism provides a wealth of scien-
tific knowledge and potentials for applications, which in-
clude magnetic recording media, ferrofluids, catalysis, mag-
netic refrigeration, medical diagnostic, bioprocessing, drug
delivery system, miniaturized magnetic sensor applications,
etc. When the size of the magnetic particles is reduced to a
few nanometers, the magnetic particles exhibit a number of
outstanding physical properties such as giant magnetoresis-
tance, superparamagnetism, small coercivity, low Curie tem-
perature, and low-saturation magnetization as compared to
their bulk counterparts. It is generally believed that a high
value of the surface-to-volume ratio with a large fraction of
atoms residing at the grain boundaries is what differentiates
them from the bulk materials in their properties. Several
works in different nanometric systems indicate the surface
effect as responsible for their apparent anomalous behavioral
changes with reduced dimension. As for example, ac electri-
cal transport measurements'® on nanocrystalline nickel oxide
pellets show that different relaxation processes are active in
the grain interior and the grain boundary and that the tem-
perature dependences of these relaxation processes are mark-
edly different. Such deviations'>?” in the electrical properties
of nanostructured materials is thought to be due to the spatial
confinement of free and bound charges and it could be fur-
ther enhanced with an increase in the volume fraction of the
highly disordered grain boundaries. Several transport prop-
erty studies revealed that the volume fraction of grain bound-
aries plays an important role in determining the electrical
properties of nanostructured materials. Similarly, magnetic
properties?! of materials in the nanosize regime are found to
be significantly different from those of the bulk. In the nano-
size regime, the surface-to-volume ratio increases, so the net
magnetic behavior is dominated by surface magnetic
properties.>>?* For example, in the case of magnetic nano-
particles, the most controversial issue—the observed reduc-
tion of the saturation magnetization—has been afterwards
interpreted in terms of random canting of the particles sur-
face spins caused by competing antiferromagnetic exchange
interactions at the surface as proposed by Coey.>* In our
recent work? we have shown how modified surface magne-
tization of nanosize polycrystalline Lay ;SrysMnO5 (LSMO)
grains can tune the temperature dependent property of
LFMR, appearing from the spin-polarized tunneling mecha-
nism.

A number of such investigations of the grain size (in the
nanometric regime) effect on electrical, magnetic, and mag-
netotransport properties of perovskites La;_ A, MnO; have
been recently published.!3-13-26-3% Nevertheless, no definitive
theory or understanding has yet been achieved regarding the
nanosize effect on various physical properties of manganites.
The proper physical explanation for large discrepancies be-
tween metal-insulator transition temperature 7p and
ferromagnetic-paramagnetic transition temperature 7. and
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the gradual drop of 7p with decrease in grain size while T
remains almost constant, in the case of a nanomanganite sys-
tem, still is a matter of debate. Moreover, to the best of our
knowledge, among these reports, there have been no detailed
investigations of the grain size effect on the temperature de-
pendent behavior of LFMR, which is very much essential
from the technological perspective. Again, in the case of nan-
odimensional system, several extrinsic effects dominate over
that of intrinsic properties of the system, so it can be readily
understood that the preparation procedure must have a pro-
found influences on its physical properties.’’ In fact, the
preparation procedure determines the nature of the surface
region of nanosize grains, which plays a very crucial role in
electrical transport, magnetic, and magnetotransport behavior
of nanodimensional systems.

In this paper, we reported on a detailed study of the effect
of nanometric grain size on electrical and magnetotransport
properties of a nanocrystalline Laj,Cay3;MnO5; (LCMO)
sample, prepared through the chemical route “pyrophoric re-
action process.” In this work our objective is twofold. First,
we have carried out electrical transport studies on the series
of LCMO samples, which reveal the fact that T [from com-
plex ac susceptibility (y=x'+ix”") measurement] does not
follow the shift of Tp towards lower temperature with de-
creasing grain size creating a vast zones of ferromagnetic-
insulator (FM-I) behavior. This is a clear violation of the
established phase diagram® with the particular stoichio-
metric composition and in agreement with previous
work.!3343337 Moreover, there is a resistivity upturn at very
low-temperature regimes (~40 K), which is much steeper
for the smaller grain size sample than for that of the larger
grain size sample. No existing model proposed for clean
manganite systems can describe these unusual electrical
transport behaviors. Andrés et al.>” proposed the concept of a
conduction channel mechanism for polycrystalline mangan-
ites (grain size in the range of 1.5 um to 12 nm), based upon
the nature of connectivity between grains. But their model
only takes care of the macroscopic grain boundary effect on
the conduction mechanism without providing any informa-
tion on the microscopic transport mechanism of conduction
electrons. Later, Yuan et al.’® discussed the transport phe-
nomena for polycrystalline manganites in the light of spin-
polarized tunneling (SPT) model® with a major consider-
ation about the size of grain, which is essentially larger than
100 nm (i.e., micron size particle) for their case. But the
paper®® does not clearly provide any physical explanation for
gradual drop of Tp with decreasing grain size and the low-
temperature resistivity minima observed in the nanomangan-
ite system. In order to address this problem, here we propose
a phenomenological model based upon the SPT mechanism
to give a plausible physical explanation of the observed elec-
trical transport behavior over the whole temperature range
studied (20-300 K). Enough effort has been made to under-
stand clearly the different issues, specifically (a) gradual
drop of 7p with decrease in grain size, while 7T remains
almost constant, and (b) steeper low-temperature resistivity
upturn with the decrease in grain size. Moreover, we found
that charging energy (E), which has been ignored in previ-
ous work,*® plays a vital role in case of nanodimensional
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manganites. Recent work also supports this conception about
the important key role of E-*° in the case of nanosize man-
ganites.

Secondly, we have performed a detailed study of the ef-
fect of nanometric grain size on magnetoresistance (MR),
especially its temperature and magnetic field dependence.
Very interestingly, MR measurements of these samples at
both low (LFMR) as well as high fields (HFMR) show that
the magnitude of MR remains almost constant up to suffi-
ciently high temperatures (~220 K) and then drops substan-
tially with temperature. This is no doubt a noticeable depar-
ture from the usually reported''~!> behavior of a sharp drop
of MR with increasing temperature. This temperature insen-
sitive flat plateau region of MR increases with the decrease
in grain size. In order to explore the basic physics behind this
temperature dependence of MR, we have analyzed our data
using a phenomenological model'? based on the SPT of con-
duction electrons at the grain boundaries. Analyzing our data
following the theoretical perspective as proposed by Lee et
al.,*' we have attributed this exotic temperature dependence
of MR to the nature of the temperature response of surface
magnetization (Mg) of the nanosize grain, the role of which
becomes very much dominant for our nanodimensional man-
ganite system.

Chemical Reactions:
CH,CH,OH
MY+ N — CH,CH,0OH —
(Metal Ion) CH,CH,OH
(TEA)
— (n-1)+
H, o

m|— C——

~

o
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II. EXPERIMENTAL DETAILS

Nanometric particles of Lag ¢,Cay33MnO5 (LCMO) were
prepared from high-purity La,03;, Mn(CH;COO),, CaCO;
by a pyrophoric reaction process. We have employed an
aqueous solution of the requisite amount of compounds in
stoichiometric proportions. Then triethanolamine (TEA) is
added with these solutions in such a way that the metal ions
to TEA ratios in the starting solutions are maintained at
1:1:4 (La, Ca: Mn: TEA=1:1:4), to make a viscous solu-
tion. The clear solutions of TEA complexed metal nitrates
are evaporated on a hot plate at 180 °C with constant stir-
ring. The continuous heating of these solutions causes foam-
ing and puffing. During evaporation, the nitrate ions provide
an in situ oxidizing environment for TEA, which partially
converts the hydroxyl groups of TEA to carboxylic acids.
When complete dehydration occurs, the nitrate themselves
are decomposed with the evolution of brown fumes of NO,
leaving behind a voluminous, carbonaceous, organic based,
black, fluffy powders, i.e., precursor powders with the de-
sired metal ions embedded in its matrix. The chemical reac-
tions involved in this method are as follows:

[ e
/ / OH
\ ) ;\/OH

i
H,

+ CO, + H;0 + NO, +C +—

(Metal ion -TEA complex)

( Thermolysis )

(Calcination in air)

M,0, (nano-sized powders) + CO, + H,O

214425-3



P. DEY AND T. K. NATH

where M =metal ions. The dried carbonaceous mass is then
ground to a fine powder and is calcined at various tempera-
tures to get a series of LCMO nanocrystalline powders. The
heat treatments of the precursor materials (in air 5 h) have
been facilitated from 600—800 °C in steps of 50 °C.

Structural characterization of the nanocrystalline LCMO
powders was carried out using x-ray powder diffraction
(XRD) (models PW 1710 and PW 1810, Phillips) with
monochromatic Cu-K, radiation (\ ~1.542 A) and by trans-
mission electron microscopy (TEM) employing a JEOL
2010F UHR version electron microscope at an accelerating
voltage of 200 kV. The dc resistivity was measured using
four-probe method by Keithley 2000 digital Multimeter (6
and % digit) in auto mode. A calibrated Pt-100 temperature
sensor attached with a temperature controller (Scientific In-
struments Series 5500) was used for the temperature mea-
surement of the sample. Measurements were carried out in a
temperature range of 80—300 K using a liquid nitrogen vari-
able temperature cryostat. The dc resistivity measurements of
some of the samples are carried out down to 20 K employing
a closed cycle helium refrigerator cryostat along with a
Keithley 181 Nanovoltmeter in auto mode and a calibrated
Si-diode (DT-470) temperature sensor attached with a tem-
perature controller (Scientific Instruments Series 5500). The
entire setup was computer controlled through GPIB interface
and the data acquisition was made by a PC (Pentium 4). MR
measurements were carried out with the standard Van der
Pauw technique at a constant 10 mA sample current in the
temperature range of 80—300 K, in the transverse geometry
(magnetic field perpendicular to the current, J L H) of mag-
netic field up to 10 kOe. The temperature measurement and
control was made in a combination of a temperature control-
ler (Lakeshore model 331S) and a calibrated Pt-100 sensor.
The data accuracy during both resistivity and MR measure-
ments was better than one part in 10 000.

III. RESULTS AND DISCUSSIONS
A. Structural characterization of the samples

In order to prove the nanodimension of each individual
constituent particle of our powder LCMO samples, the struc-
tural characterization was made through x-ray powder dif-
fraction (XRD) and by transmission electron microscopy
(TEM). The as-prepared precursor powders were X-ray amor-
phous. Heat treatment of the precursors at 600 °C for 5 h
resulted in single-phase LCMO powders. Figure 1 shows the
XRD pattern of single-phase LCMO nanocrystalline powder
calcined at 800 °C and the peaks were indexed on the basis
of orthorhombic cell with Pbnm space group symmetry.
However, the XRD lines of these powders were very broad
with large full width at half maximum (FWHM) (inset of
Fig. 1), indicating the formation of nanocrystalline fine
LCMO powders. The broad peaks observed in the XRD pat-
tern of the nanocrystals arise from the finite number of dif-
fracting planes within the finite size of the particle; the av-
erage grain size (D) in these cases is given by the Scherrer
formula:*> D=kN/ B, cos 6, where k is particle shape factor
(generally taken as 0.9), \ is the wavelength of Cu K, radia-
tion (1.542 A), @ is the diffraction angle of the most intense
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FIG. 1. (Color online) XRD pattern of the Lag7Ca ;MnO5 nano-

particles prepared at calcination temperature of 800 °C. Inset shows
the variation of FWHM with calcination temperature.

peak (110), and B is defined as B,*=8,,>~ B.>, where 8,
and S, are the experimental FWHM of the present sample
and the FWHM of a standard silicon sample, respectively.
Increase in the calcinations temperature from 600 to 800 °C,
resulting in the sharpening of the diffraction lines (inset of
Fig. 1), with an increase in intensity. The values of thus
obtained D are within 14—27 nm for LCMO grains calcined
at different temperatures. The smallest average grain size
(14 nm) of the LCMO sample achieved in the pyrophoric
reaction process is small enough for the required rotation of
the grains (overcoming its inertia) stimulated by the desired
heat treatment-calcinations process, so as to align the crys-
tallographic axes of two or more grains and consequently
increase the size of the grains. However, this procedure of
determining grain size is an indirect way to estimate the
grain size.

Structural characterization through TEM is a rather direct
way that provides visual demonstration to estimate grain size
exactly. Figure 2 shows a typical TEM image of nanocrystals
of LCMO calcined at 650 °C. TEM was done on the pow-
ders dispersed in a solvent and mounted on a carbon grid.
Figure 2(a) shows bright field images of a nanocrystalline
LCMO sample. The images show an abundance of nearly
spherical particles whose size distribution is given by the
histogram shown in Fig. 2(b), the histogram being obtained
by analyzing several frames of similar bright field images.
We find that the particles have an average size of 17 nm,
which is in close agreement with the results obtained from
XRD studies (~17 nm). Selected area diffraction pattern
(SAED) [Fig. 2(c)] obtained from a single grain shows the
single-crystalline nature of the LCMO nanograins. The high-
resolution image (HRTEM) is shown in Fig. 2(d).

It was reported that in an ideal monodispersive system,
single magnetic domain should be expected for manganite
particles with a size lower than a critical value D~ 70 nm.*?
Though our real system is polydispersive in nature, but the
reasonably narrow distribution of particle sizes assures us
that even for our largest grain sample (27 nm) the maximum
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FIG. 2. (a) Transmission electron micrograph of LCMO sample calcined at 650 °C. (b) Histogram showing the grain size distribution of
our nanocrystalline LCMO sample calcined at 650 °C. Inset shows the magnetic ac susceptibility of the LCMO sample having an average
grain size of 17 nm, measured in the temperature range of 80-300 K. (c) Selected area diffraction (SAD) pattern of a single LCMO
nanocrystal showing the single-crystalline nature of LCMO nanograins. (d) HRTEM image of the grain boundaries of three adjacent grains
of LCMO nanocrystals. Image shows a high level of disorder (T marked) including dislocations (L marked) etc. at the faceted grain surface

of the nanocrystals.

particle size is not expected to cross 70 nm. That is, finally
we can assign the nature of the physical structure of this
series of samples as an assembly of single magnetic-domain
particles having grain size in the nanometric regime.

B. Electrical transport studies

For electrical resistivity measurements (p-7) down to a
low-temperature (~20 K) range, powders were pressed and
sintered at corresponding calcinations temperature for
30 min to weld the grains and to form a pellet. The effect of
this sintering treatment is not expected to further increase the
grain size since we have sintered the respective sample at its
corresponding calcinations temperature. Therefore, the sin-
tering effect can only be to glue one grain to the other. Figure
3 shows the normalized resistivity as a function of tempera-
ture for the series of LCMO nanocrystalline samples having
different grain size. It is evident from Fig. 3 that with the
decrease in average grain size, the metal-insulator transition
temperature (Tp) shifts towards lower temperature. In com-
parison with single crystals or polycrystalline samples with

larger grain size (~20 um, prepared through solid state re-
action technique) having Tp~262 K, for our largest grain
sample (27 nm) Tp appears at 195 K, while for our smallest
grain sample (14 nm) it appears at 90 K, associated with a
pronounced increase in resistivity over the whole tempera-
ture range studied. It is well known that electrical transport
properties depend not only on the size of grains of the
samples, but also on the porosity of the pellets. Therefore, in
order to explore specifically the effect of nanometric grain
size on the observed electrical conduction behavior (Fig. 3),
first we should have a proper understanding about the effect
of porosity of the pellets on the observed transport proper-
ties. In order to discriminate between the effect of porosity
and grain size on the transport properties, our approach is to
keep one parameter fixed and to see how the variation in
other modifies transport properties. For this purpose we have
carried out a series of calcination (7T¢,) and sintering (7)
treatments on the samples with different combinations of
temperatures and finally found one sample, calcined and sin-
tered at 650 °C and 1000 °C respectively, having final grain
size of the pellet 21 nm. This is a suitable sample to compare
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FIG. 3. Normalized reduced resistivity vs temperature for a se-
ries of nanocrystalline LCMO samples having average grain sizes
of 14, 17, 21, and 27 nm in the temperature range of 80—-300 K.
Inset (a) shows the same plot for two samples having same average
grain size (21 nm) but having a reasonably different porosity effect,
whereas inset (b) shows the same for two samples having different
grain sizes (21 and 31 nm) but having same porosity effect.

(p-T) behavior with that calcined and sintered at both
700 °C having a final average grain size of the pellet of
21 nm. Therefore, these two samples have the same grain
size (21 nm), but the widely separated final sintering tem-
peratures (700 °C and 1000 °C) implies that they should
have reasonably different porosity effect. Inset (a) of Fig. 3
reveals that Tp for those two samples are almost same, which
indirectly indicates the average grain size of the sample as
the principal deciding factor of metal-insulator transition. On
the other hand, in spite of identical average grain size of
these two samples, it is found that there is an appreciable
decrease in resistivity for the sample sintered at 1000 °C
than that of sample sintered at 700 °C. The observed de-
crease in resistivity in this case can be attributed mainly to
the reduced porosity with the increase in sintering tempera-
ture, as the average grain size of these two samples is the
same (~21 nm). Thus from this result, it appears that poros-
ity has an appreciable effect on the absolute value of resis-
tivity, but it does not have any significant effect on metal-
insulator transition phenomena. In order to substantiate this
experimental finding, we have studied the reverse case also,
where porosity effect is same but grain size is different be-
tween two samples. For this purpose, we have presented
p-T curves [inset (b) of Fig. 3] for those two samples cal-
cined at 650 °C and 800 °C and sintered at the same
1000 °C temperature, yielding the final grain size of the pel-
lets as 21 nm and 31 nm, respectively. Porosity effect is ex-
pected to be excluded or same, for those two pellets sintered
at such a high sintering (1000 °C) temperature. In this case
also, with the decrease in average grain size from
31 to 21 nm and with the porosity effect expected to be
same, Tp is clearly seen to be shifted at lower temperature
along with a huge increase in resistivity. Here this increase in
resistivity can be judiciously attributed entirely to the de-
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TABLE I. Calcinations temperature (°C), grain size (nm), metal-
insulator transition temperature (7p), and ferromagnetic-paramag-
netic transition temperature (T) of the series of nanocrystalline
Laj 7Ca; sMnO5; manganites.

Calcination T Grain size Tp Tc
0 (nm) (K) (K)
600 14 90 222
650 17 130 225
700 21 166 223
800 27 195 234

creasing grain size since porosity effect is same between
those two samples. Thus it is obvious from this analysis that
the absolute value of resistivity is influenced by both poros-
ity and average grain size of the pellets almost to the same
extent, whereas metal-insulator transition phenomena is in-
fluenced predominantly by average grain size of the samples
with porosity of the pellets having very little influence on it.
This means that in explaining the observed variation of Tp in
the case of our series of samples [Fig. 3], we can as a whole
attribute this mainly to the varying nanometric grain size and
neglecting the porosity effect, whereas the observed increase
in absolute value of resistivity [Fig. 3] we have to consider
as due to the coupled effect of both increasing porosity (sin-
tering temperature becomes smaller) and decreasing grain
size.

Table I shows the 7p and T values of the series of LCMO
samples that reveal the fact that T [inset of Fig. 2(b)] does
not follow the shift of 7p with decreasing grain size, creating
a vast zones of ferromagnetic-insulator (FM-I) behavior. One
may assume the formation of small FM clusters, which are
large enough to give a magnetic contribution but not to allow
metallic conductivity. For single crystal, thin film, and poly-
crystals with a large grain size (~um), Lay;Cag3;MnO;
samples electronic transition from insulator (I) to metal (M)
is accompanied by a simultaneous paramagnetic (PM) to fer-
romagnetic (FM) transition at almost the same temperature,
similar to the established phase diagram.3® The origin of fer-
romagnetism and the close correlation between the magnetic
and transport properties in Lay;Cay3MnOj5 are basically in-
terpreted within the framework of the double-exchange
model as proposed by Zener.** Thus in this FM-I regime with
the particular stoichiometric composition, Zener double-
exchange mechanism apparently appears to be violated. Ex-
istence of this FM-I region and the coupling of Tp with grain
size, while 7¢ remains almost unaffected, demands close
scrutiny of the conduction mechanism in the case of a nano-
size granular manganite system. In a process of describing
the conduction mechanism in the case of polycrystalline
manganites, having a grain size down to 12 nm, Andrés et
al®" proposed the concept of a conduction channel mecha-
nism based upon the nature of connectivity between grains.
But as the model only takes care of the macroscopic grain
boundary effect on the conduction mechanism, it does not
provide information on the microscopic transport mechanism
of the conduction electrons. Hwang et al.'! were the first to
introduce SPT mechanism (proposed firstly by Helman and
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Abeles®® in granular nickel films) in the case of manganites
on the basis of a noteworthy feature of these materials, which
is the high degree of spin polarization of the charge carriers,
caused by the half metallic nature of these materials.*> Later,
Yuan et al.®® discussed the transport phenomena for poly-
crystalline manganites in the light of the SPT model with a
major consideration about the size of grain, which is essen-
tially larger than 100 nm (i.e., micron size particle) for their
case. However, to elucidate the underlying physics behind
the existence of this FM-I region and especially the coupling
of Tp with grain size, while 7 remains almost unaffected, in
the case of our nanocrystalline LCMO sample (grain size is
in the range of 14—-27 nm), we have considered the micro-
scopic transport mechanism of the conduction electrons, as
suggested by the SPT model,® which will itself intrinsically
take care of the macroscopic grain boundary effect on the
conduction mechanism.?®

Now, before going into details of the conduction mecha-
nism, especially into the explanation of metal-insulator tran-
sition, we would like to present a brief description of the
physical structure of nanosize manganite grains based upon
some previous reports. Practically, when the size of the man-
ganite grain reduces to few tens of nanometers, we can as-
sign a core-shell structure to them, >34 where the inner part
of the grain, i.e., the core, would have the same properties as

the bulk compound whereas the outer layer, i.e., shell (width
t), would contain most of the oxygen defects and faults in the
crystallographic structure, which would lead to a magneti-
cally dead layer. It is a quite well-established fact that shell
thickness (¢) increases with the decrease in grain size.!>8:46
Basically, the net intercore barrier thickness (s=2t+d),
namely the total shell thickness (27) of two neighboring
grains together with the intergranular distance (d) increases
with the reduction of grain size. Our schematic diagram (Fig.
4) shows that with the decrease in grain size core separation
(s~ 21) increases significantly with the thickness of the shell
(1), even if we consider the grains to be in intimate contact
(d=0) for all grain size samples. For polycrystalline CMR
samples having an average grain size larger than 100 nm, d
is reported®® to be 1-2 nm (where t~0). Zhang et al.'> re-
ported ¢ to be about 2 nm in magnitude for a manganite
samples having a minimum grain size of 50 nm. That is, in
that case, even if we consider two grains to be in intimate
contact (d=0), s (~2¢) will be 4 nm. We are working in the
range of 14—27 nm, thus in our case effective s is expected
to be several nanometers; even for our largest grain (27 nm)
sample, s is expected to be reasonably greater than 4 nm.
Another important fact is that in absence of magnetic field
the contributory portion of each individual grain to the mag-
netization is the core and not the shell, as in the absence of
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applied magnetic field, net magnetization of the shell is con-
sidered to be zero (magnetically dead). Since, quite expect-
edly, the surface would contain most of the oxygen defects
and faults in the crystallographic structure, that will lead to a
magnetically disordered state. Again, at the manganite grain
surface, there may be antiferromagnetic ordering®’ of the Mn
spins due to the modification of charge state of the Mn ions.
Thus, for simplicity, we consider a zero net magnetization
(Mg=0) to this shell in the absence of any magnetic field.
It can easily be understood that in the case of nanosize
manganites, an appreciable amount of charging energy Ec
(Ref. 48) («s/d) is required for the generation of charge
carriers. In our case, d is in the range of (~14—27 nm) and s
is of the order of few nanometers, thus the ratio (s/d) has
appreciable value. So, we cannot neglect E. in the case of
nanodimensional manganite grains, in contrast to the work
by Yuan et al.’® where this term was neglected in explaining
the conduction mechanism for polycrystalline manganites
having a grain size larger than 100 nm and where s is of the
order of 1-2 nm. In this case, charge carriers are thermally
activated, which means the generation of a large number of
charge carriers, with appreciable energy E( (E(>E(), takes
place at a relatively high-temperature regime. But at a high-
temperature regime, since there is considerable flipping of
the magnetic moments of the grains as well as of spin of
conduction electrons, the condition for SPT is not favorable.
As a result, we observe an insulating behavior at a high-
temperature ferromagnetic regime. But as the temperature
decreases, spin-flipping will decrease; at a reasonably low-
temperature range, they got blocked. Thermal energy is un-
able to flip them anymore. Now, at this low-temperature re-
gime with the blocked state of spins, SPT of conduction
electrons takes place, creating the so-called metallic regime.
In order to elucidate the basic reason behind the drop of 7p
with decreasing grain size, we have to correlate the above
discussion with grain size. In this aim, first we would like to
discuss the role of three major parameters, i.e., anisotropy
energy, magnetic exchange energy, and thermal energy, de-
termining the degree of ordering (or blocking) of the adja-
cent grain moments of the manganite samples in their ferro-
magnetic regime in the absence of a magnetic field, with the
grain size as the variable parameter. Regarding anisotropy
energy of each particle E=KV, where K is total anisotropy
constant and V is the volume of each magnetic particle, we
may say that since the volume of the core portion of the
grain decreases appreciably with lowering grain size, the an-
isotropy energy of that portion of grains accordingly would
get minimized. In fact, the core portion decreases even more
sharply as shell thickness increases with decreasing grain
size. Regarding exchange interaction, it results from the
overlapping of the wave functions of the magnetic electrons
in neighboring grains and it is expected that this exchange
energy will decrease with an increase in intergrain separa-
tions. So following this we may assert that since decrease in
grain size results in enhancement of core separation s (with
the increase in f) between two neighboring grains (Fig. 4),
magnetic exchange energy between adjacent grains (basi-
cally core) gradually decreases with the decrease in grain
size. In fact, often magnetic particles are coated with non-
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magnetic layers*® to avoid exchange coupling among them
through intimate contact in order to achieve noninteracting
superparamagnetic particles. Accordingly, in the absence of a
magnetic field, we can also suppose the core of our nanosize
manganite grains as magnetic particles coated with a non-
magnetic layer (shell), where the increasing shell thickness
(1), as a result of decreasing grain size, causes the reduction
of exchange coupling among grains (basically core). It
means a considerably large s can even cause superparamag-
netic phase having no exchange coupling among grains.
Thus considering all practical conditions and extrinsic ef-
fects, we can qualitatively predict the mutual comparative
behavior of anisotropy energy, magnetic exchange energy,
and thermal energy, since within this frame we are not able
to predict their exact comparative energy scale. It appears
that with the decrease in grain size, exchange interaction
between adjacent grains as well as anisotropy energy of the
individual grain reduce significantly. As a direct conse-
quence, the role of thermal energy, causing fluctuations of
the core moments, gradually acquires increasing importance
with the decreasing grain size and thermal energy can domi-
nate over the magnetic exchange energy as well as aniso-
tropy energy down to several temperatures below 7. Thus
with decreasing grain size, because of these increasing ther-
mal fluctuations or dominating superparamagnetic effect, or-
dering of grains moments cannot be achieved down to sev-
eral temperatures even far below 7.

Figure 4 represents a general phenomenological demon-
stration of the possible ordering of core moments in the core-
shell structure of nanometric manganite grains with the grain
size as a variable parameter. It is obvious that in the tempera-
ture range, above paramagnetic-ferromagnetic transition
temperature (7¢) of those respective samples (Table I), i.e.,
at T> T, there is no magnetic ordering in the system for any
grain sizes. This situation is not depicted in Fig. 4 for any
grain sizes. However, below T, where in this temperature
range (T<T.) intracore magnetic ordering takes place, i.e.,
each individual grain has a net magnetic moment for any
grain size; the nature of intercore or intergrain magnetic or-
dering of core moments depends upon grain size. For com-
paratively larger size grains, as magnetic exchange energy
and anisotropy energy are expected to be appreciable, as al-
ready discussed in the previous paragraph, intercore mag-
netic ordering, dominated by exchange and anisotropy en-
ergy, is expected to take place just below T where thermal
energy is not supposed to dominate over those two energies
or on magnetic ordering of the core moments in this case.
This situation is depicted in Fig. 4(a), where core moments
get blocked orderly because of the dominance of magnetic
exchange energy and because of the ineffectiveness of ther-
mal energy here blocking temperature of core moments 7y
=~T¢. For comparatively smaller size grains, where mainly
exchange as well as anisotropy energy are very weak, as
already discussed in the previous paragraph, thermal energy
can dominate over those two; as a result, thermal flipping of
core moments persists randomly even far below 7 and be-
low a certain temperature when thermal energy is unable to
flip the core moments, overcoming the anisotropy energy of
each individual grains, i.e., at T<Tg (Tg=Dblocking tempera-
ture), those core moments get blocked in a direction decided
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by only the anisotropy axis of the individual grains. This
situation is depicted in Fig. 4(c) where, unlike larger size
grain [Fig. 4(a)], no proper ordering of adjacent core mo-
ments in the blocked state is possible in this case [Fig. 4(c)],
since the final blocking of the core moments in this case of
smaller size grains are decided only by the anisotropy axis of
individual grains and more important point is that in this case
Ty <Tc. Figure 4(b) is the intermediate case between these
two, where Ty is supposed to be lower than T¢ (Tg<Tc).
Practically, this description of our model points to the fact
that the blocking temperatures (7g) of core moments are dif-
ferent for different grain sizes and the more subtle feature is
that they (7j) are lower for smaller grain sizes. Again, since
our system is polydispersive in nature, there is a distribution
in s; therefore, one may expect a mixture of a superparamag-
netic [Fig. 4(c)] and ferromagnetic or nearly ferromagnetic
coupling [Figs. 4(a) and 4(b)] among the grains below T.
Thus we may conclude from above discussion that for all
samples with various grain sizes, three statuses, i.e., the fer-
romagnetic, distorted ferromagnetic, and superparamagnetic
phases, are possible at various temperature ranges and the
key is that for different grain sizes there are different block-
ing temperatures T, which are lower for smaller grain size.

Thus, finally the picture evolves that for comparatively
smaller (average) grain size samples, since s along with 7 are
appreciably large, both exchange energy (since s is large) as
well as anisotropy energy (since r is large) become very
small; as a result, thermal fluctuations of core moments per-
sist down to sufficiently low temperatures below 7. On the
contrary, for comparatively larger (average) grain size
samples, since s along with ¢ are small, exchange energy and
mainly the anisotropy energy are appreciable, which causes
the suppression of thermal fluctuations of core moments at
relatively higher temperature than that of a smaller grain size
sample. In the presence of sufficiently large scale thermal
fluctuations of core moments, the conditions for SPT cannot
be achieved. Therefore, under such an unfavorable condition
for SPT, we observe an insulating behavior at the high-
temperature ferromagnetic regime down to the temperature
at which thermal fluctuations of core moments persist. Basi-
cally, it is the strong competitive interaction between mag-
netic exchange energy, anisotropy energy, and thermal en-
ergy that decides this blocking temperature Ty (<T¢). Now,
at this low-temperature regime with the blocked state (or
ordered) of core moments, SPT of conduction electrons takes
place, creating the so-called metallic regime. So, based upon
the above discussion, one may expect a steady decrease of
blocking temperature 7 with a decrease in grain size, which
in turn causes the observed drop in Tp as a result of decreas-
ing grain size.

We have also carried out (p-T) measurements (Fig. 5) on
two samples having average grain sizes of 17 and 27 nm till
a lowest attainable temperature down to 20 K. At sufficiently
low temperature (~7T=40 K) there is a resistivity upturn (in-
sets of Fig. 5), i.e., a minimum (7, in p—T curves in the
case of both the samples. This is another extrinsic effect that
is not present in single crystals, but is common in polycrys-
talline ceramic samples. Kumar et al.>° attributed this resis-
tivity upturn, in the case of LCMO thin film, mainly to the
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FIG. 5. Normalized reduced resistivity vs temperature for
LCMO samples having average grain sizes of 17 and 27 nm down
to 20 K. Insets (a) and (b) show a distinct resistivity upturn at low
temperature (7~ 40 K) in the normalized resistivity vs temperature
curve for LCMO samples having average grain sizes of 17 and
27 nm, respectively.

electron-electron (e-e) interaction that considers the phase
coherence of two electrons at low temperature, as a result of
which both become localized through elastic impurity scat-
tering. In the case of the 27 nm sample, T}, occurs at 34 K
whereas for the 17 nm sample it shifts to 38 K. It is notice-
able that in decreasing temperature by 12 K from their re-
spective T, the rise in resistivity for the 17 nm sample is
almost 2.5% [inset (a) of Fig. 5], whereas for 27 nm sample
[inset (b) of Fig. 5] it is only 0.7%. In order to describe this
sharper rise in resistivity (2.5%) for the smaller grain size
sample than that of the larger grain size sample (0.7%) at low
temperature, we have adopted the theoretical results as pro-
posed by Sheng et al.,*® according to which,

p(T) =~ exp \(A/T) (1)

with A ~ E¢, where E is the charging energy. This approach
was first made by Balcells et al.*® for La,,Sr;;MnO5 poly-
crystalline samples that gave the first experimental verifica-
tion of a Coulomb blockade contribution to the resistivity in
granular manganese perovskites. We have fitted the In p(7)
versus 1/T curve in the lowest temperature regime as
shown in Fig. 6, which exhibits a linear dependence up to
~40 K. We obtained E-~A, from these fits as 13 K
(£0.033 K) for 17 nm sample and 0.026 K (+0.00004 K) for
27 nm sample. So, from these fits, we may conclude that
with the decrease in average grain size the contribution of
Coulomb barrier [of electrostatic origin (E¢)], superimposed
to the magnetic (W) and structural (e-e¢) one, increases which
in turn cause a steeper rise in resistivity with the reduction of
grain size. Thus at reasonably low temperatures (~40 K, in
our case), the net energy barrier (E) is quite large for a suf-
ficiently small grain size sample. As we have already men-
tioned, charge carriers are thermally activated; therefore, for
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FIG. 6. Plot of In p(T)/p(289) vs 1/ T, where circles (O) are
the experimental data points and the straight line denotes the low-
temperature resistivity fit to p(T)=A exp (VA/T). Slope of the fits is
proportional to electrostatic Coulomb energy barrier (Ec) between
nanometric grains.

nanodimensional manganites at low temperature regimes,
charge carriers would have considerably lower energy (E()
than that of E. At very low-temperature regimes, although a
favorable condition for SPT of conduction electrons which
can be achieved due to the blocking or nearly ferromagnetic
ordering of spins, charge carriers are inhibited from tunnel-
ing from grain to grain as they have insufficient energy
(E¢<E). Therefore, at very low temperatures, there is again
a pronounced increase in resistivity, resulting in the observed
upturn.

C. Magneto transport studies

Magnetoresistance (MR) measurements [Figs. 7(a) and
7(b)] show the typical magnetic field and temperature depen-
dent behavior of MR of LCMO nanocrystals having average
grain sizes of 17 and 27 nm, respectively. These curves ex-
hibit the usual behavior of polycrystalline samples with a
large low-field MR (LFMR, H<35 kOe) followed by a
slower varying MR at comparatively high-field regime
(HFMR, H>5 kOe), where MR is almost linear with H. It
can be observed that at 7=80 K, LFMR (at H=3 kQe) is
about 15% for the 17 nm sample and 13% for the 27 nm
sample. Figures 8(a) and 8(b) show the temperature depen-
dence of MR, for those two samples, at H=3 kOe (LFMR)
and at 10 kOe (HFMR), respectively. In this nanodimen-
sional LCMO system, we observed unprecedentedly that the
magnitude of LFMR as well as of HFMR remains constant
up to a sufficiently high temperature and then drops sharply
with temperature. The effect gets more pronounced with the
decrease in particle size, which can be clearly seen from Fig.
8. We have observed the same temperature dependent feature
of MR for LSMO nanocrystalline samples, prepared
through the same preparation method. In order to explore the
basic physics behind this temperature dependence of MR in
our nanocrystalline LCMO sample, our primary approach is
to separate out the part of the MR originating from SPT
(MRgpy), from the part of the MR identified by the suppres-
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FIG. 7. Magnetoresistance as a function of magnetic field
(=0 kQe, 0, +10 kOe) at various temperatures (80—300 K) for
LCMO samples having an average grain size of (a) 17 nm and (b)
27 nm.

sion of spin fluctuation (MRyr) and mainly to inspect their
respective temperature dependencies. For this purpose, we
have used the model as proposed by Raychaudhuri et al.,'?
based on SPT transport of conduction electrons at the grain
boundaries with attention paid to the magnetic domain wall
motion at grain boundaries under the application of a mag-
netic field. Extending the idea of SPT as proposed by Hel-
man and Abeles,? this model describes the magnetic field
dependence of MR taking into account the gradual slippage
of domain walls across the grain boundaries’ pinning centers
in an applied magnetic field. According to this model we get
the expression for MR as
H
MR=-A'| f(k)dk—-JH-KH>. (2)
0

Within the approximation of the model, in zero field the do-
main boundaries are pinned at the grain boundary pinning
centers having pinning strengths k. The grain boundaries
have a distribution of pinning strengths (defined as the mini-
mum field needed to overcome a particular pinning barrier)
given by f(k), expressed as
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FIG. 8. Magnetoresistance as a function of temperature, ranging
between 80 and 300 K, for LCMO samples having average grain
sizes of 17 and 27 nm, at (a) 3 kOe and (b) 10 kOe.

f(k) = A exp(— Bk?) + Ck? exp(— Dk?). (3)

All the adjustable fitting parameters, A, B, C, D, J, K with A’
absorbed in A and C, are required to know from a nonlinear
least square fitting to calculate MRgpr, which is defined as

H
MRgpr=— J f(k)dk- (4)
0

To fit Eq. (2) to the MR curves for those two samples having
different particle sizes, we have followed the same scheme as
used by Raychaudhuri et al.'?> Differentiating Eq. (2) with
respect to H and putting Eq. (3), we get

d(MR)

TEE A exp(- BH?) + CH? exp(- DH?) —J - 3kH*.  (5)

The experimental (MR-H) curves were differentiated and fit-
ted to Eq. (5) to find the best-fit parameters at several tem-
peratures. Figure 9(a) shows the differentiated curve and the
best-fit function at 7=80 K for LCMO sample having a grain
size of 17 nm. Using the best-fit parameters we have fitted
Eq. (2) [inset of Fig. 9(a)] to our experimental MR versus H
curves at several temperatures. Figure 9(b) shows excellent
fit for the experimental curves to Eq. (2) for samples having
a particle size of 27 nm at several temperatures below Tc.
We have listed the value of experimental MR, MRgpr (H)
[calculated using Eq. (4)] and MRy (H) at H=10 kOe
along with values of the normalized )(2 in Table II, for nano-
crystalline LCMO samples having average grain sizes of 17
and 27 nm, respectively. The x* values from the fit compare
favorably with experimental resolution. Figure 10 shows the
temperature variation of the total experimental MR, MRgpr
(H) and MRyt (H). It is evident from Fig. 10 that the mag-
nitude of the calculated MR due to SPT, i.e., MRgpr (H)
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FIG. 9. (a) Derivative of the experimental (MR-H) curve (dot)
and the fitted curve (line) using Eq. (5), at 80 K in the magnetic
field range of (1 kOe—10 kOe) for an LCMO sample having a grain
size of 17 nm. Inset shows experimental MR-H curves (dot) and the
fitted curves (line) using Eq. (2), at 80 K and 150 K in the magnetic
field range of (0 kOe—10 kOe) of the same sample. (b) Experi-
mental MR-H curves (dots) and the fitted curves (lines) using Eq.
(2), at various temperatures in the magnetic field range of
(0 kOe—10 kOe) for the LCMO sample having an average grain
size of 27 nm. Upper inset shows derivative of the experimental
(MR-H) curve (dot) and the fitted curve (line) using Eq. (5), at 80 K
in the magnetic field range of (1 kOe—10 kOe) of the same sample.

remains constant up to a high temperature and then drops
sharply with temperature. This effect gets enhanced with the
decrease in particle size. For the smallest grain sample of
17 nm, this flat plateau region in MR versus T curves even
extends up to 7~ 220 K. This immediately indicates the en-
hanced grain surface effect, which is expected to be continue
increasing with decreasing particle size, as responsible for
this strange temperature dependence of MR. The moment
surface effect comes into picture, one can readily realize the
fact that it is not the direct SPT of conduction electrons be-
tween two neighboring grains that can explain this strange
phenomena. Again, the direct tunneling model, as proposed
earlier by Helman and Abeles® in granular nickel films, es-
sentially predicts a decrease of MR with increasing tempera-
ture. Thus, in order to elucidate the basic physics behind this
unusual temperature dependence of MR, the dominating key
factor needs to be given importance is the intermediate state
of tunneling involving the grain boundary interface, which
makes it sensitive to the magnetization of the surface (Mg).*!
Grain surface magnetization or shell magnetization (M),
which we assumed to be zero in the absence of any magnetic
field, becomes appreciable in the presence of a magnetic
field. The presence of a magnetic field will reduce the
antiferromagnetism*’ at the grain surface; at considerably
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TABLE II. Experimental MR, MRgpr (H) [calculated using Eq.
(4)], MRyt (H) and normalized x*>? at H=10 kOe at several tem-
peratures, for nanocrystalline LCMO samples having average grain
size 17 and 27 nm, respectively.

Grain size T Expt. MR MRgpr MRt
(nm) (K) (%) (%) (%) X
17 80 23.54 21.51 203  5.76%x107°
150 21.18 19.31 1.87  13.8x107°
180 21.19 20.02 1.17  12.6x107°
200 21.18 19.54 1.64  6.14x107°
220 21.20 19.33 1.87  242x107°
27 80 21.22 20.11 1L.11  6.95x1077
120 21.09 19.59 150  19.5%x1077
150 19.92 16.28 3.64  0.29%x1077
200 16.88 12.28 460  80.9x1077
a2 _ l)i; M}
N n (P}i;)z

high fields, the surface spins will tend to align parallel to the
bulk. To have a clear understanding about the relevancy of
Mg in this case of nanodimensional manganites, we should
take into consideration the nanometric grain size of our
LCMO samples for which the surface-to-volume ratios of
each individual grain are sufficiently large. Therefore, sur-
face related physical properties are supposed to be very
much more pronounced than its bulk counterpart. Following
this, we may judiciously assert that the relevant magnetiza-
tion controlling the spin-polarized tunneling is that of the
surface and not the bulk. It has been reported earlier that in
the nanosize regime, with the increase in surface-to-volume
ratio, net magnetic behavior is dominated by surface mag-
netic properties.?>>* However, the microscopic nature of the
grain surface region is not well understood so far. Moreover,
there is inconsistency between several reports on the behav-
ior of Mg of manganites grains. For example, according to
Park et al.’! My is suppressed compared to the bulk magne-
tization, whereas Soh et al.>? reported that the T near the
grain boundary gets enhanced, up to 20 K higher than the
grain interior.

Here, however, in order to address this phenomenon, we
have adopted the theoretical perspective as was reported by
Lee et al.*! According to them, the expression for conductiv-
ity (o) in polycrystalline perovskite manganites in the pres-
ence of a magnetic field H is given by

o - A - .
— o 14+2M S,y +{(M . S,)%, (6)
o

where oy is the zero-field conductivity, Sy is the spin orien-

tation at the grain boundary, and M is the normalized mag-

netization of the bulk spin. At high fields, Eq. (6) reduces to

o 1 ) -
—=1+-M"+2x,HM. (7)
O'O 3

Here the third term yields M 2/3, since the third term can be
written as M*(cos” 6), where 6 is the angle between S, and
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FIG. 10. Temperature dependence of the total MR (OJ), calcu-
lated MR due to spin-polarized tunneling MRgpr (O), and intrinsic
contribution MRyt (A) at 10 kOe, for LCMO samples having av-
erage grain sizes of 17 nm (filled symbols) and 27 nm (open sym-
bols), respectively.

M. The thermal average of the boundary spin is proportional
to xp,H, where Yy, is the spin susceptibility of the boundary
spins. Hence to analyze our data using this model, we have
presented in Figs. 11(a) and 11(b) a detailed study of mag-
netoconductivity (MC), calculated as MC=o(H)/0,, as a
function of temperature and magnetic field for the 27 and
17 nm samples, respectively. Considering the model, the
slope (S) of the MC versus H curve at high-field regime
(H>5 kOe) can be taken to be the measure of the surface
spin susceptibility . Figures 11(c) and 11(d) show the high
field (H=10 kOe) MC slope (S), i.e., xp, as a function of
temperature for the 27 and 17 nm samples, respectively. Very
interestingly, we found that S, i.e., x;, follows the exact na-
ture of the temperature dependence of MR of the respective
samples. This theoretical analysis indirectly supports our un-
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FIG. 11. Normalized conductivity as a function of magnetic
field (0—10 kOe) at several temperatures (80—300 K) for LCMO
samples having average grain sizes of (a) 27 nm and (b) 17 nm. (c)
and (d) show the high-field MC slope (S) at 10 kOe, as a function
of temperature for LCMO samples having average grain size 27 and
17 nm, respectively. The solid lines are a guide for the eye.
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derstanding of the role of the Mg, which we believe to be the
key factor for this unusual temperature dependent behavior
of MR in our nanodimensional manganite system.

In order to give a plausible physical explanation of this
temperature insensitive behavior of MR, as well as of y;, up
to considerably high temperatures, we would like to recall
the fact that in the case of polycrystalline materials, grain
boundaries provide defect sites where the anisotropy energy
of the surface spin is minimum. So one may expect a strong
pinning of surface spins at the disordered surface of poly-
crystalline grains. In our case, due to the nanometric grain
size of our manganites samples, the surface-to-volume ratio
of each individual grain is sufficiently large and, as a result,
the following physical effects are most likely to take place in
a higher degree. Those are: (a) contamination of the grain
surface, (b) breaking of Mn-O-Mn paths at the grain surface,
(c) deviation of stoichiometric composition at the grain sur-
face, (d) termination of the crystal structure at the grain sur-
face, and (e) dislocation at the grain boundaries. These all
collectively make the surface of our nanocrystalline manga-
nite grains full of defect sites having strong pinning strength
(k) of spin at the grain surface. Figure 2(d) shows the HR-
TEM image of the disordered grain surface of LCMO nano-
crystals, indicating faceted grain surface. Arrows (7) in Fig.
2(d) indicate defect points at the grain surface and the (1)
symbol represents the dislocation points at the grain bound-
ary interface of nanosize (17 nm) LCMO grains. The exis-
tence of a distorted surface of the nanosize manganite grains
has been indirectly supported by the observation of a surface
phonon,> which was seen from the IR spectra for LCMO
samples with small grain size. With the application of mag-
netic field core spins and a small fraction of surface spins,
those loosely bound to the grain surface are readily aligned
along the direction of magnetic field. However, as the major-
ity of surface spins lie at the grain boundary pinning center
having large pinning strength (k), final orientation of those
surface spins, under the application of magnetic field, takes
place as a result of a competitive interaction between grain
boundary pinning strength (k) and magnetic field. As a direct
consequence of this competition between these two strong
forces (magnetic force and pinning force of the defect site at
the grain boundary), one may think of the surface spins in a
highly strained condition resulting in a blocked state at the
grain surface. Thermal energy (kgT), up to a considerably
high temperature, is not strong enough to flip the spins from
this strained condition at the grain surface. Thus, in presence
of an appreciably large magnetic field, surface spin arrange-
ments on the grain surface remain almost unaffected with the
rise in temperature, which means a negligible spin-flip scat-
tering due to thermally excited magnons. This in turn allows
SPT transport to occur steadily up to a considerably high
temperature, resulting in the flat plateau region in MR-T
curves [Figs. 8]. Moreover, Figs. 11(c) and 11(d) show that
the magnitude of S for the 27 nm sample is 10~ order
smaller than that of 17 nm sample. This corroborates our
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above conception about the enhanced importance of Mg with
reduced dimensionality of the grains. Thus, quite expectedly,
we found from the experimental results [Fig. 8] that for the
17 nm sample, the flat plateau region in MR-T curves ex-
tends throughout its ferromagnetic regime (7-=225 K)
whereas for the 27 nm sample it starts falling beyond 150 K,
i.e., at 0.6 T (T-=234 K). However, a spin-polarized pho-
toemission study, to elucidate the temperature dependence of
Mg in our nanosized manganite systems, is needed for better
understanding of the behavior of the surface spins of these
nanometric grains.

IV. CONCLUSIONS

In conclusion, we have presented detailed studies of elec-
trical and magnetotransport behavior of LCMO samples hav-
ing a grain size of few tens of nanometer. It is found that in
explaining the observed variation of 7p in case of our series
of samples, we can as a whole attribute this mainly to the
varying nanometric grain size, neglecting the porosity effect,
whereas the observed variation in absolute value of resistiv-
ity has to be considered as due to the coupled effect of both
porosity and nanometric grain size. Further, based upon SPT
mechanism, we have proposed a phenomenological model to
explain the gradual drop of 7p with a decrease in grain size,
while 7 remains almost constant. We have attributed the
steeper low-temperature (~40 K) resistivity upturn in the
smaller grain size sample than that of larger grain size
sample below their respective resistivity minima to the in-
creased value of charging energy (Ec-). Most interestingly,
MR measurements show that LFMR as well as HFMR
remains constant up to a sufficiently high temperature
(~220 K) and then drops sharply with temperature. This ef-
fect gets enhanced with the decrease in particle size. We have
analyzed our experimental MR data following a phenomeno-
logical model to separate out the MR arising from spin-
polarized transport (MRgpy), from the intrinsic contribution
in our nanosize granular LCMO samples. We have observed
that the magnitude of MRgpr remains constant up to a suffi-
ciently high temperature and then drops rapidly with tem-
perature. For our smallest grain sample of 17 nm, a consid-
erable low-field MR (15%) exists even at 220 K temperature.
This is an appreciable improvement over previous work.
This strange temperature dependence of MR is observed to
be decided predominantly by the nature of the temperature
response of surface magnetization (Mg). The strong freezing
of Mn spins into a distorted state, due to random exchange
interactions or random anisotropies at the surface, causes
such a remarkable temperature dependent behavior of MR in
these granular nanometric manganites. Though our tempera-
ture dependent MR results are far from optimal, they seem to
suggest that nanosize modulation of manganite grains may
lead to technologically important advances through the tun-
ing of temperature dependent behavior of LFMR.
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