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Effect of particle size on the magnetic and transport properties of La0.875Sr0.125MnO3

Anulekha Dutta,* N. Gayathri,† and R. Ranganathan‡

ECMP Division, Saha Institute of Nuclear Physics, 1/AF Bidhan Nagar, Kolkata-700064, India
~Received 27 January 2003; published 29 August 2003!

The magnetic and transport properties of nanocrystalline La0.875Sr0.125MnO3 have been studied. Raw
samples, prepared by the sol-gel method, were annealed at different temperatures to produce samples of
particle sizes 18 nm, 36 nm, and 50 nm. Unlike bulk and single-crystalline samples of the same composition,
magnetization data of the nanoparticle samples show no signature of structural transitions. The effects of
particle size on the magnetic and transport properties have been attributed to the domain status, changes in the
Mn-O-Mn bond angle, and Mn-O bond length in comparison with bulk samples. Field-cooled hysteresis
measurements suggest a cluster glasslike behavior in the nanoparticle samples.

DOI: 10.1103/PhysRevB.68.054432 PACS number~s!: 75.47.Lx, 73.63.Bd
tie
au
an

gl
th

ta
de
p
f

tio
ic
d
-

av
ur
a
ex
o

-
ly
os
f

ra
d

ic
ic

tic
s

ag

ud

tion
vi-

w-
d not
n

nd

lso
40
.
line
o-

o a
ar

on
ell
se-
sys-
rticle
of

nd
etic
-
e,
the

rib-
.
ing
as

es a
stiv-
the
the

is
I. INTRODUCTION

Manganites having colossal magnetoresistive proper
have been the subject of various research activities bec
of the close interplay between the magnetism and the tr
port exhibited by these manganites.1 A number of structural
and magnetotransport studies of the polycrystalline, sin
crystal, and thin films of the doped manganites show that
ferromagnetic Curie temperature and the me
semiconductor transition temperature are strongly depen
on the preparation method. Of the various manganese
ovskites, the La12xSrxMnO3 system has received a lot o
interest because it exhibits the highestTc among all the
doped manganite samples. Over the entire composi
range, the system exhibits rich magnetic and electr
phases.1 At low doping levels (x,0.2) the system is a cante
antiferromagnetic insulator forx<0.1, a ferromagnetic insu
lator for 0.1<x<0.15, and a ferromagnetic metal forx
>0.15. In the low doped regime of the La12xSrxMnO3 sys-
tem single crystals and bulk polycrystalline samples h
been extensively studied because of the series of struct
magnetic, and electronic phase transitions they undergo
function of temperature which is also a paradigmatic
ample of the interplay between carrier, lattice, spin, and
bital degrees of freedom.2–4 The composition of
La0.875Sr0.125MnO3 is in the region of ferromagnetic insula
tor. Exhaustive studies using single-crystal and bulk po
crystalline samples have been performed on this comp
tion. The La0.875Sr0.125MnO3 single crystal shows a series o
structural transitions as a function of temperature.3–13 The
first transition is from the high-temperature rhombohed
phase to an orthorhombic~O! phase at 450 K. The secon
transition occurs at around 270 K (TOO8) which is associated
with the O to O8 ~the Jahn-Teller distorted orthorhomb
phase! transition. This O8 phase distorts to the orthorhomb
O9 phase at T;140 K (TO8O9). At T;180 K (TC)
La0.875Sr0.125MnO3 shows a paramagnetic to a ferromagne
metal ~FMM! transition which is associated with a decrea
in the resistivity with temperature (dr/dT.0). As the tem-
perature is lowered the FMM state gives way to a ferrom
netic insulator~FMI! at T;140 K, which coincides with the
TO8O9 structural transition. The magnetization shows a s
0163-1829/2003/68~5!/054432~8!/$20.00 68 0544
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den increase at this temperature. Detailed neutron-diffrac
and high-energy x-ray-diffraction studies have given e
dence of charge ordering at this temperature.3,10–12 Though
there were contradictory reports suggesting that the lo
temperature phase be called an orbital ordered phase an
a charge ordered phase,8,9,13,14 now a consensus has bee
reached that the phase is a charge ordered~CO! one. Dab-
rowski et al. have done a detailed magnetic, structural, a
electronic properties study of La12xSrxMnO3 around the
compositionx50.125.15 They have observed forx50.125
that TC'190 K and there exists a small anomaly atT
;135 K where magnetization decreases. The resistivity a
shows a decrease atTC and then again an increase below 1
K which coincides with theTCO observed in single crystals
The transition is rather broad because of the polycrystal
nature of the sample. An earlier report on a similar comp
sition but with a varying oxygen content16 shows an insulat-
ing behavior throughout the temperature range and als
very broad ferromagnetic transition with no particul
anomalies in the magnetization.

In this study we examine the influence of particle size
this particular composition of the Sr-doped system. It is w
known that reduction in particle size has a direct con
quence on the electronic and magnetic properties of a
tem. Some salient features observed as we reduce the pa
size of magnetic systems are~i! a decrease and broadening
the ferromagnetic transition temperatureTC , ~ii ! a decrease
in the magnetization in comparison with single-crystal a
bulk polycrystalline samples, showing superparamagn
behavior at very low particle size,~iii ! an increase in resis
tivity, showing insulating properties at very low particle siz
and~iv! a higher value of magnetoresistance compared to
bulk samples especially at low temperatures which is att
uted to a spin-polarized intergrain tunneling mechanism17

These observations can be logically explained by assum
the increase of an insulating grain-boundary contribution
the particle size decreases.18–20 Formation of grain bound-
aries causes broken bonds at the surface, which caus
decrease in the magnetization value. The increase in resi
ity is a consequence of the broken bonds as well. This is
most general observation in the case of nanoparticles of
manganite system.18,21 There are a few exceptions to th
general rule. A recent report by Fu22 on the La0.8Ca0.2MnO3
©2003 The American Physical Society32-1
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FIG. 1. X-ray-diffraction profiles of the
samples annealed for 6 h at 600 °C, 700 °C~18
nm!, 900 °C~36 nm!, and 1200 °C~50 nm!. Inset
shows Rietveld refinement profile for the 36-n
sample performed usingFULLPROF.
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nanoparticle system show results contradicting the ab
facts on reduced particle size. He has shown that as the
ticle size decreases, theTC increases and the resistivity de
creases. The decrease in the magnetization with an incr
in the particle size and also the increase in the resistivity w
the particle size cannot be due to the difference in the oxy
stoichiometry as explained by Fu.22 The difference has bee
explained as being due to the strain at the grain bounda
The deviation from the general rule detailed above seem
be observed with the Sr-doped system as well, especial
low doping. Zhanget al. analyzed in detail the effect of th
annealing temperature on the magnetization for varioux
values in the La12xSrxMnO3 system.23 They found that at
low doping (x,0.25), the magnetization decreases with
increase in the sintering temperature and for higher dop
(x.0.25), the magnetization increases with an increase
the sintering temperature. The lattice distortions are ma
responsible for the change of magnetization in this sys
according to their analysis. In the low doped system
La0.85Sr0.15MnO3, they found that the bond angle decreas
and the bond length increased as the sintering tempera
increased, which explains the decrease in the magnetiza
they observed. Our aim in this paper is to study the effec
the particle size on the rich structural, magnetic, and e
tronic phases exhibited by the La0.875Sr0.125MnO3 system.
We have performed a detailed room-temperature struct
analysis and taken magnetic and electrical measurem
from T'10 K to 315 K to understand the effect of the pa
ticle size on the transitions seen for this composition.

II. EXPERIMENTAL DETAILS

Single-phase, nanocrystalline samples
La0.875Sr0.125MnO3 were synthesized by the sol-gel metho
Suitable proportions of La2O3, SrCO3, and MnO2 were used
as starting materials. La2O3 was prefired at 1000 °C for sev
eral hours to decompose residual carbonates. La2O3, SrCO3,
and MnO2 were all converted to their corresponding solub
nitrates. La2O3 and SrCO3 were readily soluble in dilute ni-
tric acid, however, MnO2 had to be converted to Mn oxalat
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first using oxalic acid and then dissolving in dilute nitr
acid. The nitrates were mixed in solution, citric acid w
added to it, and the resulting solution was slowly evapora
to get a pale orange-colored gel. The gel when decompo
at about 300 °C, resulted in a highly porous black powd
The resulting powder was separated into parts and anne
for 6 h at 600 °C, 700 °C, 900 °C, and1200 °C to produce
samples of different particle sizes. The samples were cha
terized by x-ray diffraction using a Phillips PW1710-bas
diffractometer and the particle size was determined indep
dently from x-ray and transmission-electron microsco
~TEM! measurements. The magnetization and hyster
measurements of the samples were taken with a homem
magnetometer24 at fields of 10 Oe, 30 Oe, and 60 Oe fro
T'17 K to 325 K. The hysteresis measurements were a
performed in the same setup. The resistivity was measu
by a standard four-probe technique with probes attached
ing silver paste.

III. RESULTS

A. X-ray diffraction

Room-temperature x-ray-diffraction~XRD! profiles con-
firmed the pure single phase of the samples at temperat
of 700 °C, 900 °C, and 1200 °C~Fig. 1!. The 600 °C sample
shows an amorphous background and hence we did no
clude it in our further studies. The particle sizes as de
mined from the x-ray data using Scherrer’s formula are
nm, 36 nm, and 50 nm, for the 700 °C, 900 °C, and 1200
annealed samples, respectively. These particle sizes were
ther confirmed with TEM measurements~Fig. 2!. Full profile
fitting refinements of the powder-diffraction patterns of
three samples were performed using the progr
FULLPROF,25 based on the Rietveld method. We obtained
best fit for the rhombohedral~space groupR-3C) structure
of the three samples. Our x-ray profiles were modeled us
a pseudo-Voigt profile shape function. The refined para
eters included the lattice constants, the atom positions,
the occupancy. The detailed values obtained are listed
Table I. Though most of the polycrystalline bulk and sing
2-2
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EFFECT OF PARTICLE SIZE ON THE MAGNETIC AND . . . PHYSICAL REVIEW B68, 054432 ~2003!
crystal samples show a orthorhombic phase at room temp
ture, there are a few reports on the rhombohedral structur
this composition as well.2,26There has also been an report
the stabilization of the high-temperature rhombohedral ph
at room temperature for a sample with a very close com
sition of x50.15.23 It is well known that the lattice structur
of the grain surface is often distorted. This may caus
structural relaxation from the surface to the core of the gra
Since the surface plays a dominant role as the particle
decreases, the internal structure of the grains may be m
influenced by the surface for this nanoparticle system. He
it is possible that we can stabilize a rhombohedral phas
low annealing temperatures for small particle size in th
samples. It may be likely that increasing the sintering te
perature and time, which promote grain growth, will caus
transition to an orthorhombic structure. This has been
served in the case of thex50.15 sample.23

B. Magnetization and hysteresis

The field-cooled~FC! and zero-field-cooled~ZFC! mag-
netization curves of the three samples measured und
30-Oe field are shown in Fig. 3. The inset showsM vs T for
the 18-nm and the 36-nm samples at three measuring fie
The structural transitions occurring as a function of tempe
ture in this sample composition have been so far reporte
be evident in the magnetization plots. However, such sig
tures are not present in our magnetization data. Detailed l
temperature XRD measurements need to be performe

FIG. 2. TEM images of the~a! 18-nm and~b! 50-nm particle
size samples.
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confirm whether any structural transitions occur in the na
particle samples of La0.875Sr0.125MnO3. The TC values are
tabulated in Table II for the three samples. The values
much higher than the reported value ofTC for single-crystal
~180 K! ~Refs. 4,7,10,11 and 13! and polycrystalline bulk
samples~190 K! of the same composition.15 An interesting
feature is that the FC magnetization decreases with an
crease in particle size. A large irreversibility between the
and ZFC curves~which starts at a temperatureTirr , tabu-
lated in Table II! is seen for all three samples which sugge
the presence of magnetic clusters. The ZFC curve for
18-nm sample shows a well-defined peak at a tempera
TP;244 K ~may also be defined as the freezing temperat
of the clusters!. This ZFC peak is flatter in the 36- and 50-n
cases. Secondly,TP also shifts with applied magnetic field i
these 18-nm and 36-nm samples~as indicated by a line in the
inset of Fig. 3! but such a shift is not observed for the 50-n
sample. The magnetization approaching zero as we decr
the temperature andTP shifting with magnetic field are clea
indications of single domain particle behavior. However, t
hysteresis behavior of the samples above the freezing t
peratureTP confirms that the sample is not superparam
netic. ZFC and FC hysteresis measurements at different t
peratures were taken for all three samples. The Z
hysteresis loops reproduce the same picture as that of
ZFC magnetization in that the coercive field,hC , varies with
temperature in the same way as does the ZFC magnetiza

FIG. 3. MagnetizationM as a function of temperature measur
at H530 Oe for the three samples. Inset~a! showsM (T) for the
18-nm sample at 10, 30, and 60 Oe. Inset~b! showsM (T) for the
36-nm sample at 10, 30, and 60 Oe. The solid lines are to guide
eye.
TABLE I. List of parameters obtained from the Rietveld analysis assuming a rhombohedral (R-3C)
crystal structure.

Tann Particle a c Mn-O-Mn dMn–O

( °C) size~nm! ~Å! ~Å! ~degrees! ~Å!

700 18 5.4979 13.3435 167.061 1.950~3!

900 36 5.2310 13.3537 165.348 1.960~3!

1200 50 5.5325 13.3616 164.315 1.965~3!

bulk a 5.5246 13.3510 163.87 1.9638~1!

aReference 26.
2-3
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However the FC hysteresis curves allow interesting con
sions about the cluster behavior of our samples. We h
cooled the sample in the presence of very small fields (HFC)
and determined the reverse field (HC) required to nullify the
remanent magnetization produced by the cooling field. T
HC vs HFC data are linear at all temperatures for all sampl
dHC /dHFC ~Fig. 4!, which is a measure of the cluster r
sponse to the magnetic field,27,32decreases more sharply wit
temperature as we decrease the particle size.

C. Resistivity and magnetoresistance

The resistivity of all three samples, without and with
80-Oe field~Fig. 5!, shows two distinct transitions as a fun
tion of temperature. As we decrease the temperature
samples show a transition from an insulating to a meta
state at a temperature generally referred to as the m
insulator transition temperature,TMI . Below T;51 K, the
samples show an insulating behavior. This temperature
mark the onset of charge and/or orbital ordering in th
samples~similar to the case of bulk and single crystals! as is
discussed later. We call this temperatureTCO ~staying with
the normal convention followed in this system!. The resistiv-
ity behavior of the 50-nm sample is quite different from th
of the 36-nm and 18-nm samples. The difference betw
TMI andTC for this sample is as large as 141 K while it is 8
K and 98 K for the 36 nm and 18 nm samples, respectiv
The TMI and TC for bulk samples coincide. However,TCO

TABLE II. Tabulation of the various temperatures obtained fro
the magnetization and resistivity measurements.

Particle TC TP Tirr TMI

size ~nm! ~K! at 30 Oe~K! at 30 Oe~K! ~K!

18 268 244 269 170
36 257 245 275 170
50 253 224 258 112

FIG. 4. Plot of dHC /dHFC as a function of temperature for th
three samples.
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does not change for the three samples which indicate tha
Mn41/Mn31 ratio is the same in samples of different partic
sizes. This fact confirms that the stoichiometry of t
samples are the same, as should be, and that the stoich
etry does not change with annealing temperature. The v
of resistivity decreases largely as we decrease the par
size. The MR@(r(H)-r(0))/r(0)# value in a magnetic field
as low as 80 Oe is 5% for the 50 nm sample while it is ab
3% and 1.5% for the 36 nm and 18 nm samples, respectiv
at TMI . The MR as a function of the field is plotted in Fig. 6
It can be seen that the MR behavior for the 50 nm sample
also quite different compared to the 36 nm and 18
sample. The MR is highest for the 50 nm sample, and ne
the same for the 36 nm and 18 nm samples~in fields up to 7
kGauss!. The low field MR for the 50 nm sample drop
sharply with increasing field, whereas the fall is very grad
for the other two samples. This indicates that the gr
boundary effects are widely different from the 50 nm sam
compared to the 36 nm and 18 nm ones. The MR calcula
at 7 T is shown as a function of temperature in the inset
Fig. 6. Two features are clearly observed at high fields. T
low temperature transition to the insulating state becom
more broadened, and the MR values of the 18 nm and 36
sample~which are almost identical up to 7 kGauss!, get quite
widely separated out at this high field.

DISCUSSIONS

Our magnetization data for all three samples show w
ferromagnetic transition. Such wide transition is indicative
a distribution of the strength of exchange coupling aris
from weaker magnetic interaction near the gra

FIG. 5. Resistivity of the three samples as a function of te
perature. The dashed lines show the resistivity in an 80-Oe fiel
2-4
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FIG. 6. MR as a function of field for the thre
samples atT577 K. Inset shows the MR vsT
plot for the samples when the applied field is 7
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boundary compared to the intragrain contribution, and a
due to the distribution of particle size. In our system, TE
pictures show that particle size distribution is quite narr
for the three samples. Hence distribution of the excha
coupling strength seems to play the most important role.
transition hence becomes broad with the decrease of par
size, i.e., with the increase of the grain boundaries. We h
estimated the ferromagnetic transition width from the Z
magnetization data where we define the transition width
the difference between the temperatures at which the ma
tization is 90% and 10% of peak value. We find that t
widths are 18.5 K, 27 K, 34.5 K for 50 nm, 36 nm, and
nm samples, respectively. Short range magnetic cluster
mation in the samples results in wide irreversibility betwe
FC and ZFC magnetization. The irreversibility temperatu
Tirr andTP are magnetic field dependent for 18 nm and
nm sample, rather for the 50 nm sample. Interesting con
sions regarding the domain status of the samples can
drawn seeing this field dependence and other features o
ZFC magnetization curves. A cusp in ZFC magnetization
observed in spin glasses as well as in single domain
superparamagnetic particles, although the origin of the
haviour is significantly different for each system. Our sam
is not spin glass type because we did not observe any m
netic relazation belowTP. So among the samples, the 18 n
one specially and the 36 nm sample to some extent, ca
considered as either single domain or superparamagnet
superparamgnetic, thenTP should represent the blockin
temperature and above this temperature the sample sh
not exhibit any hysteresis and also all the magnetization
H/T curves at different temperatures should collapse i
one curve.28–31 The 18 nm sample does not show any
these two features. We observe a finite width of the hys
esis curve at temperature 270 K~much higher thanTP) and
also M vs H/T curves at different temperatures are wid
separated. We may conclude that the 18 nm sample is in
single domain regime but it is definitely not superparam
netic. On the other hand the 50 nm sample shows prope
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of multidomain particles like a very flattened peak in ZF
magnetization, andTP not affected by magnetic field. Henc
we may say that there is a transition from multidomain
single domain particles when we reduce the particle s
from 50 nm to 18 nm. The 36 nm sample nearly marks
transition size because this sample shows features of a
ture of single domain and multidomain particles. The drop
ZFC magnetization belowTP for the 36 nm sample, is not a
sharp as the 18 nm one, nor the ZFC peak is as flattene
the 50 nm sample. The shift ofTP with field is less for the 36
nm sample in comparison with the 18 nm one. From the Z
hysteresis curves at 20 K for all the three samples, we ob
the coercive field hC, as 6.5 Oe~50 nm sample!, 7.2 Oe~36
nm sample!, and 5.1 Oe~18 nm sample!. The same trend of
increase and then decrease in hC, with decreasing particle
size, is obtained at other temperatures. The variation of
ercive field with particle size28,32 should show a peak at th
transition from multidomain to single domain. Our hC varia-
tion seems to give a similar picture confirming further t
conclusion of transition from multidomain to single doma
particles as we decrease particle size from 50 nm to 18
Focusing on the cluster formation in the samples, the
hysteresis curves give a clear picture. dHC/dHFC vs T ~Fig.
4! plots for different particle sizes is a measure of how t
cluster responds to the magnetic field changes with temp
ture. As we decrease the particle size, the number of clus
in a particle decreases and they become more vulnerab
thermal activation. Hence dHC/dHFC vs T curve shows a
steeper response with changing temperature for the 18
sample than the 50 nm one.

The magnetic and transport properites of these perovs
manganites are strongly coupled and are very sensitive to
Mn-O-Mn bond angle and Mn-O bond length. Smaller M
O-Mn bond angles, and larger Mn-O bond lengths, tend
reduce magnetization and decreaseTC because the exchang
interaction between the Mn ions becomes weaker. T
double exchange~DE! model shows that the transfer integr
2-5
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for electrical conduction between neighboring Mn sites
given by t5t0 cos(u/2) whereu is the angle between th
neighboring Mn spins. It has been found that for fine parti
perovskite manganites18,19,21,33–39a decrease in magnetiza
tion and an increase in resistivity occur as we decrease
particle size, because of broken Mn-O-Mn bonds at the
face of the smaller particles that hamper exchange interac
and degrade connectivity for electron conduction. It is int
esting to observe a completely different behavior for fi
particle samples of La0.875Sr0.125MnO3. It seems that the spin
interaction increases and connectivity improves as we
crease the particle size in this sample. Rietveld analysi
our samples confirms that as we decrease the particle
from 50 nm to 18 nm, the Mn-O-Mn bond angle increas
and the Mn-O bond length decreases~Table I!. Hence we get
increased magnetization and enhancedTC with decreasing
particle size. Bulk sample values of the Mn-O-Mn bo
angle and Mn-O bond length are also tabulated in Table I
comparison.

Resistivity as a function of temperature shows two tran
tions for all three samples similar to the bulk16,18–21,40and
single-crystal samples.7–11 As explained in the Introduction
an intermediate metallic behavior (dr/dT.0) occurs be-
tweenTC andTCO as seen in the bulk and the polycrystallin
samples. But in our samples the transition to the meta
behavior defined asTMI is shifted to a much lower tempera
ture compared to theTC of the samples. The values ofTMI
and TC are listed in Table II as well. It is well known tha
TMI andTC are both influenced by the Mn-O-Mn bond ang
in these systems. The wide difference betweenTC and TMI
has been observed earlier in various systems.36,40,41 In the
case of the bulk polycrystalline and single-crystal syste
this deviation has been pointed out as being due to the s
A-site cation mismatch in these systems.40,42 In the case of
nanoparticle manganites, a similar deviation ofTC andTMI
has been attributed to the effect of the surface strain-indu
grain-boundary effects.21,22The deviation from ideal oxygen
stoichiometry does not generally show such a strong va
tion of TC andTMI as explained by Rivaset al.21 Hence the
main effect in nanoparticle manganites is due to the gra
boundary effect. Huanget al. pointed out that there occu
antiferromagnetic insulating regions near the grain bou
aries. Such regions do not modify the transition tempera
governed by the ferromagnetic core, but can make the e
trical transition shift to a low temperature.41 In our case, this
discrepancy betweenTMI andTC is an anticipated one, look
ing at the bond angles and the bond-length variation a
function of the particle size~Table I!. The decrease of bon
angle and the increase of bond length affects the ove
integral between the two Mn ions and the conductivity b
tween two grains is affected by the grain boundaries as w
The combined effect causes a large difference betweenTC
andTMI especially as the annealing temperature increas

The low-temperature transition atTCO to an insulating
state in the resistivity plot has been observed in sin
crystals7–11 as well as polycrystalline samples16,18–21,40 of
this composition. However one major difference is that t
transition is observed atT;140 K (TCO) for single crystals
and bulk polycrystalline samples while it occurs at about
05443
s

e

he
r-
on
-

e-
of
ize
s

r

i-

ic

s,
all

ed

a-

-

-
re
c-

a

p
-
ll.

.

e

s

0

K for all our three samples. This phase is referred to in m
cases as the charge/orbital ordered phase. This charge/o
ordered state is extensively reported to be different from t
observed in LaMnO3 in that it is accompanied by an en
hancement of a FM state and is hence stabilized by app
tion of external magnetic field. Superexchange~SE! interac-
tion is the origin of ferromagnetism in this phas
Observation of positive magnetoresistance~MR! in the tem-
perature regime just aboveTCO confirms this charge ordere
state.10,14 In our fine particle samples there is neither an e
hancement of magnetization evident in the temperature
gime below which an upturn in resistivity occurs, nor doe
positive MR appear above it. We in fact get a very bro
low-temperature transition which becomes more smea
with the application of magnetic field as high as 7 T, a
hence it is difficult to detect any shift inTCO with magnetic
field. For polycrystalline samples, along with charge ord
ing, the grain-boundary contribution results in a small Co
lomb barrier of electrostatic origin. This can cause this lo
temperature insulating state. Balcellset al. and Rivaset al.
report that an upturn in resistivity occurs for the smalle
grains and lnr scales as 1/T1/2, with the slope giving the
grain-size-dependent activation energy.18,21 Zhu et al. re-
ported that the upturn in low temperatures occurs for na
sized particles due to the damage of the double-excha
mechanism in the disordered interfacial region.19 But then
broken surface bonds would also decrease magnetiza
and the slope of the lnr vs 1/T1/2 curve should increase with
decreasing particle size. We get just the opposite behavio
magnetization and even though lnr scales very well with
1/T1/2, there is no change in the Coulomb barrier as a fu
tion of particle size. Heilmanet al. pointed out that Mn-O
bond lengths play a crucial role in determining the type
exchange interaction involved.40 SE interactions, producing
an FMI state, involve longer bond lengths than the DE int
action which produces the FMM state. A change in bo
length with temperature can result in a transition from o
type of interaction to another and consequently give way
the FMM to FMI transition at low temperatures. However,
point out the definite reason for the low-temperature upt
in resistivity for our nanoparticle samples, more extens
investigations need to be done.

Now we focus our attention on the MR in these sampl
As pointed out earlier, the general feature of the MR is qu
different in the 50-nm sample compared to that of the ot
smaller particle samples. It has been a general observa
that small particles show a higher MR due to the sp
polarized tunneling which has the highest contribution at
lowest temperature. In the manganites, two distinct contri
tions of MR have been pointed out so far. One is the intrin
MR which arises due to the suppression of spin fluctuati
when the spins are all aligned in the sample on the appl
tion of a magnetic field. This MR has the highest value n
the ferromagnetic transition temperature and decreases a
temperature decreases. This is generally observed in the
of single-crystal samples and single-crystal thin films. In t
polycrystalline samples, there is an additional MR, which
extrinsic in nature, arising due to the intergrain sp
polarized tunneling~ISPT!, across the grain boundarie
2-6
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EFFECT OF PARTICLE SIZE ON THE MAGNETIC AND . . . PHYSICAL REVIEW B68, 054432 ~2003!
present in the sample. This MR contribution usually
creases as the temperature decreases and also increases
particle size decreases. Until recently, it was believed that
former mechanism is responsible for the MR at high fie
and the latter at low fields. But recent experiments ha
shown that the high-field response is also due to the e
tence of the grain boundary, and the nature of the gr
boundary is a key ingredient in the mechanism of elec
transport, since it constitutes the barriers through which
riers should cross or tunnel.43,44 In our samples both low-
field magnetoresistance~LFMR! and high-field magnetore
sistance~HFMR! decreases with decreasing particle s
which is in contrast to the behavior observed so far. We
an appreciable MR even at fields as low as 80 Oe. The MR
our samples seems to be an extrinsic type because it ap
at the lower-temperature regime and becomes almost n
gible at temperatures aboveTMI . In an 80-Oe field, MR
varies from 2% to 5% atTCO and TMI , as we increase the
particle size. Rivaset al. in fact reported that sol-gel sample
sintered at low temperatures show destruction of intrin
MR.21 Hence we can say that ISPT is the dominant mec
nism for the MR in our samples. But according to the IS
model, the LFMR should increase with decreasing part
size because we are increasing the disordered surface b
creasing the particle size.18,19,21Hence we may have to iden
tify other contributions to the MR by looking at the nature
the field dependence of the MR, which is shown in Fig.
From Fig. 6 it is clear that the mechanism of MR is similar
both the 36-nm and 18-nm samples compared to that in
50-nm sample. To explain this we can take recourse to
domain structure of these samples. The 18-nm and the 36
samples are single domain samples, as explained earli
this section. So application of low magnetic field cann
much improve the intragrain conductivity, hence lower M
percentage values are observed in this case and they a
coincide. The small difference in MR percentage, if it exi
at all, between the 18-nm and the 36-nm sample, comes f
the distribution of multidomain and single domain particl
in the 36-nm sample as it is the transition size from sin
domain to multidomain. At higher field of 7 T and low tem
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peratures~up to 75 K!, the difference in MR percentage be
tween the 18-nm and 36-nm samples increases, as seen
Fig. 6 inset. This is the effect of better connectivity betwe
grains developed by the high magnetic field in the 36-
sample. Exchange interaction between grains is alre
much better for the 18-nm sample compared to the 36-
sample, so not much difference is a result of the magn
field. However, for the purely multidomain 50-nm sample
sharp increase in MR percentage is seen when the fiel
swept from 0 to 1.5 kG~Fig. 6!. Fields higher than this affec
the intergrain conductivity and this effect is more gradu
than affecting the intragrain resistivity, as indicated from t
slope of the MR percentage vsH plot in the intergrain re-
gion. This slope is also almost identical for all three samp
So we can conclude that in the small particle size range fr
18 to 50 nm, ISPT does not change much, but rather i
transition from the multidomain to the single domain stru
ture that plays the major role in the decrease of MR as
decrease the particle size.

IV. CONCLUSION

We have successfully prepared fine particles sample
La0.875Sr0.125MnO3 of 18 nm, 36 nm, and 50 nm by the so
gel preparation method and studied their low and h
magnetic-field response. The sol-gel prepared samples s
very different magnetic and transport behavior compared
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this composition. Determination of the Mn-O-Mn bond ang
and Mn-O bond lengths for samples of different partic
sizes from Rietveld analysis enables us to explain such c
trasting behavior. As the particle size decreases, we s
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which brings significant differences in the magnetic-field
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We are also able to study the cluster response of fine par
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are definitely not superparamagnetic.
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