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ABSTRACT

We have studied magnetization, ac susceptibility, resistivity and magnetoresistance in mechanically
milled Lags7Sro33Mn03. The material with grain size micron to nanometer scale has stabilized in rhom-
bohedral crystal structure with space group R3C. We have found various grain size effects, e.g., decrease
of ferromagnetic moment, increase of surface spin disorder, and appearance of insulator/semiconductor
type resistivity. In addition to these conventional features, we have identified a magnetic anomaly at
45K in bulk sample. Ferromagnetic to paramagnetic transition temperature (Tc) is above room tem-
perature for all samples. The samples are typical soft ferromagnet that transformed from multi-domain
state to single domain state in nanocrystalline samples. The remarkable observation is that low temper-
ature freezing of ferromagnetic domains/clusters does not follow the conventional spin glass features.
Experimental results clearly showed the enhancement of high field magnetoresistance in nanocrystalline
samples below 200 K, whereas low field magnetoresistance gradually decreases above 200 K and almost
absent at 300K. We have discussed few more magnetic and electrical changes, highly relevant to the

progress of nanomaterial research in ferromagnetic manganites.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ferromagnetic manganites (La;_yAxMnOs3; A: Sr, Ba, Ca) have
opened a wide scope of technological applications in magnetic
recording, sensors, magneto-electronics devices [1-3]. Most of the
recent works on ferromagnetic manganites are driving towards
the realization of low temperature magnetic (frustration in ferro-
magnetic ground state) and electric (resistivity minimum, metallic
to insulator/semiconductor feature, low field magnetoresistance
(LFMR)) properties of nano-grained particles [3-5]. Among the
ferromagnetic manganites, Lag g7Srg33Mn03 (LSMO) is attractive
because of its large magnetic moment, high value of ferromagnetic
to paramagnetic transition temperature T¢ ~370K, and large LFMR
[6-10]. Various mechanisms, e.g., ferromagnetic double exchange
interactions between Mn3*(d*) (tag3eg !, s =2)and Mn*(d3)(tog3eg”,
s=3/2)ions[11], electron-phonon coupling [12], magnetic cluster-
ing and phase separation in ferromagnetic matrix [13], and grain
boundary spin disorder [14], have been proposed to explain many
magnetic and electrical properties in manganites.

There is some low temperature magnetic anomaly in manganite
nanoparticles, which was attributed to surface spin freezing effect
of nano-sized grains. For example, Dey et al. [15] in Lag 7Cap3MnO3

* Corresponding author. Tel.: +91 9944064547; fax: +91 4132655734.
E-mail address: rnbhowmik.phy@pondiuni.edu.in (R.N. Bhowmik).

0925-8388/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2011.09.046

nanoparticles and Zhu et al. [9] in Lag g7Srg.33Mn0O3 nanoparticles
observed such magnetic anomaly at about 40-45 K mainly in field
cooled magnetization (MFC) curve. Zhu et al. [9] showed that
the low temperature anomaly become less pronounced as the
grain size increases in Lagg7Srg33MnOs. Unfortunately, there is
no comparison between anomalous MFC features of nanoparticles
and their bulk counterpart. Markovich et al. [16] observed an
unusual magnetic glassy phase in LaggCapg>MnO3; nanoparticles.
Average particle size of 18 nm has shown superspin-glass and
superferromagnetic features, associated with memory effects
in zero-field-cooled (ZFC) and field-cooled (FC) magnetization.
The ensembles of 70 nm particles showed minor irreversibility
between ZFC and FC magnetization and no frequency dependent
ac susceptibility. These features are different from spin glass like
feature in Lag7Cag3MnO3 nanoparticle [17]. Although clustering
has a strong effect on the nature of magnetic ground state in
manganite particles [3,18], the work by Wang et al. [19] suggested
antiferromagnetic phase disappearance and better stabilization of
ferromagnetic phase in CaggyLag18MnO3; nanoparticles. Another
puzzling observation is the low temperature resistivity minimum
in manganites [20-23]. Various proposals came forward to explain
this feature [15,20,21]. For example, tunneling of electronic charge
carriers between ferromagnetic grains through grain boundaries
is well-accepted mechanism. The counter argument [24-26] is
that additional scattering from spin disordered grain boundaries is
responsible for low temperature resistivity up turn. Many reports
on manganites [15,27,28] showed that the low temperature
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resistivity is maximum for grain size down to nanometer scale,
although it is not the universal feature for all manganite nanopar-
ticles. In contrast, Kundu et al. [29] reported the suppression of
ferromagnetic insulating state and stabilization of metallic state
when grain size of Ndg gSrg>MnO3 decreases down to 42 nm.

Hence, certain aspects of the magnetism (spontaneous mag-
netization, coercivity, spin glass and superparamagnetic blocking)
and electrical properties (magnetoresistance, resistivity minimum
at low temperature) of manganite particles need proper address
in the light of surface spin disorder, magnetic heterogeneity and
core-shell structure of ferromagnetic particles [4,8,30]. Although
most of the reports focused on chemical routed samples, we
believe mechanically milled manganites could be more effective
for tailoring surface/grain boundary spin disorder. In addition to
the contribution of surface spin disorder and magnetic inhomo-
geneity [31], micro-strain induced properties can be studied in
mechanically milled samples [32-34]. Motivated by the interesting
magnetic modifications in mechanically milled Lagg7Srg33MnO3
nanoparticles [31,35], we wish to examine the low tempera-
ture magnetism and magneto-resistance of mechanically milled
Lag,67Sr0.33Mn0O3 nanoparticles assuming highly spin ordered fer-
romagnetic core as metallic, and spin disordered shell as electrically
insulator/semiconductor.

2. Experimental

Nanocrystalline Lagg7Sro33MnOs samples were prepared by mechanically
milling of bulk material. The bulk sample was prepared by solid state sintering of
high purity La;03 (99.9%), SrCO5 (99.9%) and MnO; (99.99%) powders. Stoichio-
metric amount of the powders was ground for 2 h to obtain better homogeneous
mixture before firing at 600°C for 5h to remove CO,. The mixture was finally sin-
tered at 1300°C for 40 h in air with intermediate cooling to room temperature and
subsequent grinding. The heating and cooling rate was maintained nearly 5 °C/min.
Fritsch Planetary Mono Miller (P6) was used for milling of powdered bulk mate-
rial in a 45 ml agate bowl. Non-magnetic silicon nitride and tungsten carbide balls
were mixed in powdered material and milling was performed in air. Small amount
of milled powder was taken out from the bowl after 25h, 80h, 160h and 300h
milling to check the formation of nanostructured material. Samples were denoted
as MHO, MH25, MH80, MH160 and MH300 for milling time 0 (bulk), 25, 80, 160
and 300 h, respectively. In order to study the thermal annealing effects MH300
sample was annealed at 600°C for 6 h. This heat-treated sample was denoted as
MH300A6.

Crystalline structure of the samples was identified using room temperature X-
ray diffraction (XRD) spectrum by employing X-Pert PANalytical diffractometer. XRD
spectrum was recorded using Cu Ko radiation in the 26 range 10-90° with step size
0.01°. Surface morphology was studied using scanning electron microscope (SEM)
image (HITACHI S-3400N, Japan). Elemental analysis of the samples was carried out
using Energy Dispersive analysis of X-ray (EDX) spectrometer (Thermo electron cor-
poration Instrument, USA). Temperature (5-300 K) and magnetic field (0 to £50 kOe)
dependent dc magnetization was measured using MPMS (Quantum Design, USA).
AC susceptibility was studied using home made ac susceptometer [36]. Magnetore-
sistance of the samples was measured using PPMS (Quantum Design, USA). The dc
resistivity and magneto-resistance of the bar shaped samples were measured by
four-probe method. Fine electrical contacts were made using copper wire, and sil-
ver paste was used to make the point contacts. The current was allowed to pass
through two outer point contacts whereas voltage was measured between inner
point contacts.
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Fig. 1. Room temperature XRD pattern (red symbol) and Rietveld profile file (black
like) of MHO, MH25, MH80 and MH300 samples. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

3. Results and discussion

3.1. Structure and surface morphology

Fig. 1 shows XRD profiles of bulk, milled and thermal heated
MH300A6 samples. The profiles were fitted using FULLPROF-Suite
program. XRD pattern of the samples matched into rhombohedral
structure with space group R3C. There was no trace of significant
impurity phase in the samples. Lattice parameters of bulk sam-
ple are in good agreement with reported values (a=b=5.492(5)A,
c=13.365(9) A [3]). Fig. 2(a) shows the decrease of “a” with the
increase of milling time. However, lattice parameter “c” (Fig. 2(a))
and cell volume “V” (Fig. 2(b)) both have initially increased with
milling time up to 80 h (MH80 sample) and thereafter, decreased on
increasing milling time. EDX spectra (example given for MH80 sam-
ple in Fig. 2(c)) have identified La, Sr, Mn and O as the constituent
elements in bulk and milled samples. The average atomic ratio
of the elements La:Sr:Mn was found as 0.66:0.33:1, 0.65:0.31:1,

Grain size and strain from XRD spectra, particle size from SEM. Different magnetic parameters: saturation magnetization (Ms, ), spontaneous magnetization (Ms ), M;/Ms at

10K and 300K, and coercivity (Hc) at 10K.

Sample Grain size (nm) Strain (&) Particle size (nm) Msae (pg/fiu.) Ms (pg/fu.) M;/Ms 10K Hc (Oe) 10K
10K 300K 10K 300K
MHO - - ~3000 3.49 2.54 347 2.35 0.15 50
MH25 16 043 85 2.51 1.53 2.36 1.19 0.26 88
MHS80 12 0.48 82 1.84 0.94 1.56 0.68 0.31 337
MH160 11 0.52 80 1.24 0.61 1.02 0.40 0.37 407
MH300 9 0.56 72 1.17 0.59 0.93 0.38 0.31 664
MH300A6 14 0.41 86 1.44 0.77 1.26 0.53 0.36 319
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Fig. 2. (a) Lattice parameters a (left), ¢ (right) and cell volume (b) varies with function of milling hours samples of LSMO. (c) EDAX spectra of MH80 sample. (d-g) SEM picture

of MHO, MH25, MH80 and MH300 samples, respectively.

0.66:0.31:1, 0.65:0.32:1 and 0.65:0.31:1 for MHO, MH25, MHS80,
MH160 and MH300 samples, respectively. The oxygen content of
the samples is in the range 2.95-3 per formula unit. This ele-
mental composition is close to the expected value of La:Sr:Mn
(0.67:0.33:1). EDX spectra also identified minor traces of Si (<1 at.%)
and W (<0.2 at.%) in the samples with milling time 160 h and 300 h.
These non-magnetic contaminants increase disorder at the grain
boundaries and we do not expect their significant impact on the
magnetic properties of the milled samples. Grain (crystallite) size
and micro strain (&) of the milled samples were calculated using
Williamson-Hall method [37]. The results in Table 1 confirmed the
decrease of grain size with substantial increase of micro-strain with
milling time. Thermal activated grain growth kinetics and better
crystallization at the grain boundaries of nanocrystalline structure
once again increased the grain size and reduced micro-strain in
MH300A6 sample. SEM images in Fig. 2(d-g) indicated the reduc-
tion of micron-sized particles of bulk sample into nearly spherical
shaped nano-sized particles in milled samples. Table 1 shows that
SEM value is large in comparison with grain size calculated from
XRD data due to clustering of strongly interacting grains in SEM
images [34]. Nevertheless, both results confirmed the decrease of
grain size with increasing milling time. SEM images of different
samples revealed that grains of the bulk sample are adhesive to
each other, while nano-sized grains form agglomeration in MH25
sample. The isolated nature of the grains in MH80 and MH300 sam-
ples indicated the reduction of inter-grain interactions for samples
with higher milling time.
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Fig. 3. Magnetic field dependence of magnetization at 300K (a) and at 10K (b) for
bulk, milled and annealed samples. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)
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3.2. dc magnetization

Fig. 3 shows the magnetic field (H) dependent dc magnetization
(M) at 300K (Fig. 3(a)) and 10K (Fig. 3(b)). The samples are typical
soft ferromagnet with small loop at 300 K. Magnetization is nearly
saturated above 1 kOe due to rotation of magnetic domains in bulk
sample. A non-saturated M(H) curve of milled samples above 1 kOe
shows increasing spin disorder in ferromagnetic grains [3]. Non-
saturated magnetic feature is also confirmed from the larger value
of saturation magnetization (Ms,: calculated from M vs. 1/H plot
at 1/H— 0) than the spontaneous magnetization (Ms: calculated
from linear extrapolation of high field (>5 kOe) M(H) data at H=0).
Table 1 shows the important magnetic parameters using the M(H)
data. Finite ferromagnetic moment, i.e., Ms, at 300K suggest that
T¢ of the bulk and milled samples is above room temperature. The
low temperature (at 10K) M(H) curves at high fields (>4 kOe) are
nearly identical to the 300K features, except magnetization and
hysteresis loop are substantially large at 10 K. The observed Ms;; of
bulk sample (~3.49 pp/f.u. at 10K) is close to the theoretical value
3.67 wp and experimentally reported value 3.59 g measured at 5K
[38]. Ferromagnetic moment of bulk sample at 300K (~2.4 pg/f.u.)
reduces to ~0.5 pg/f.u. in MH300 sample due to increasing sur-
face spin disorder. Mg/Ms (Mg is the remanent magnetization and
defined as the retaintivity of magnetization after the magnetic field
reduces to zero from +50kOe) ration (~0.15) of the bulk sample
at 10K improves to the maximum value ~0.37 for MH160 sample.
Then, there is a small decrease of Mg/Ms (~0.31) for MH300 sample.
Increase of ferromagnetic coercivity (Hc) with the decrease of grain
size indicated a transformation from multi-domain state to single
domain state of the ferromagnetic grains. The single domain mag-
netic state with improved Mg/Ms ration and Tc >300K are useful

for developing soft ferromagnetic data storage materials. MH300
sample after annealing at 600 °C (MH300A6 sample) has achieved
higher values of Mg, and Ms. This shows that thermal activated
grain size increase can restore the properties of bulk sample, which
may not be identical to bulk sample due to different microstructure
in annealed sample [32]. The magnetic moment and features of the
MH300A6 sample is in between MH160 and MH80 samples.

Fig. 4 shows the zero field cooled magnetization (MZFC) and
field cooled magnetization (MFC) curves of different samples at
1000e and temperature scale 300-10K. Both bulk and nano-
grained samples exhibited large separation between MZFC and
MFC curves below magnetic irreversible temperature T;... Magnetic
irreversibility shows some intrinsic spin disorder and frustration
related to the domain freezing/pinning in the ferromagnetic ground
state of the bulk sample of manganites [5,31,39]. These spin disor-
der is more in nano-grain size milled samples. Magnetic irreversible
temperature T, for bulk, MH25 and MH80 samples is at >300K,
but definitely reduced below 300K for MH160 and MH300 sam-
ples. MZFC shapes into a maximum at Tg (<Tj;; ), known as blocking
temperature, and MZFC decreases below Tg due to blocking of
ferromagnetic domains (clusters) [31,40,41]. However, MFC con-
tinuously increases below Tj,, for all samples. We noted an abrupt
magnetic jump at about 45 K for bulk sample, where MZFC rapidly
decreased below 45K and MFC has increased. Similar magnetic
anomaly at 40-45 K observed in some of the nanoparticle mangan-
ites mainly in MFC curve [9,15]. In contrast, we find such abrupt
increase of MFC in micron grain sized bulk sample and associated
MZFC drop is drastically different from the reported features of
nano-grained samples. Nanocrystalline milled samples, in our case,
showed a shoulder type magnetic freezing below 45 K. The abrupt
increase of MFC at 45K is very weak for MH25 sample (inset of
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different frequencies (c and d) of MH300 sample, respectively. Inset of (c) shows the fit of peak temperature T, with Eq. (1).

Fig. 4(b)) and gradually disappears on further decreasing the grain
size by mechanically milling. Bhowmik et al. [31] identified sim-
ilar magnetic anomaly in bulk Lagg7Cag33Mn0O5 and subsequent
grain size effects through ac susceptibility study. We suggest that
such low temperature anomaly is not strictly due to surface spin
freezing effect, as ascribed in earlier reports [9,15]. If it is due to sur-
face spin freezing alone, one could have expected stronger effect of
low temperature magnetic anomaly for the nano-grained samples.
However, it did not happen in mechanically milled samples. More-
over, increasing surface spin disorder decreased both T;.. and Tg in
mechanically milled samples. The increase of grain size and anneal-
ing of grain boundary disorder in MH300AG6 sample again increased
both Tg and Tj,;. MH300A6 sample also regained the shouldering
effect in MZFC at 45 K (Fig. 4(f)).

Fig. 5 shows that 10kOe field overcomes the freezing of fer-
romagnetic domains and magnetization continuously increases
below 300K, irrespective of MZFC and MFC curves. Insets of Fig. 5
show a drastic decrease of magnetic separation between MZFC
and MFC, and confirmed the decrease of Tj,; with grain size. It
is a coincidence that temperature dependence of MZFC-MFC of
mechanically milled MH80 sample (grain size ~10nm) at 10 kOe
is identical to the features of the same compound prepared by
chemical route and measured at 50 kOe [9]. The low temperature
magnetic upturn in Fig. 5(d and e), a typical reflection of sur-
face spin disorder [42], in MZFC and MFC curves of MH160 and
MH300 samples is different from the down curvature of larger
grain-sized (bulk, MH25, and MH80) samples. The magnetic fea-
tures of MH300A6 sample (Fig. 5(f)) lie in between MH160 and
MHB80 samples. The remarkable point is that magnetic jump of the
bulk sample is also at 45 K for both MZFC and MFC curves at 10 kOe.
This means magnetic anomaly at 45 Kis magnetic field independent
and we exclude its origin due to spin glass freezing. The observed
magnetic anomaly may be attributed to the presence of small
amount of parasitic phase Mn304 (magnetic ordering tempera-
ture ~43 K) beyond the detection limit from XRD pattern [43]. This
Mn304 phase leads to the formation of short range ordered anti-
ferromagnetic superexchange interactions between of Mn3* ions.
The coexistence of antiferromagnetic superexchange interactions
and ferromagnetic double exchange interactions of Mn3*/Mn%*
ions introduces inhomogeneous exchange interactions inside
some of the clusters [43-45]. Such heterogeneity in intra-cluster

interactions is dominated over by the surface disorder in nano-
grain sized milled samples.

3.3. ac susceptibility

We have measured the temperature (75-310K) dependence
of ac susceptibility (real: x/ and imaginary: x/') of the two end
members (MH25 and MH300) for understanding the nature of mag-
netic blocking/freezing below Tg. The data in Figs. 6 and 7 are
plotted in the temperature range 150-310K for clarity. Fig. 6(a
and b) and (c and d) show the ac susceptibility data of MH25
sample at selected frequencies for field amplitudes 1 Oe and 2 Oe,
respectively. Fig. 7(a and b) and (c and d) shows the suscepti-
bility data of MH300 sample at different field amplitudes and
frequencies, respectively. It is clear that blocking temperature of
MH25 sample is higher (at >300K) than that for MH300 sam-
ple (at <300K). Both ¥/ and x// are increasing with the increase
of temperature in MH25 and MH300 samples. The x//(T) peak
seems to be at the inflection point of x/(T) peak at temperature
Tm. The unusual feature is that peaking of x//(T) definitely occurs
at T>Ty, in both samples, unlike the conventional x//(T) peak at
T< Ty, for traditional spin glass/superparamagnets [46]. Nanocrys-
taline Lagg7Cag33MnO3; samples [31] also showed similar x//(T)
peak at the inflection point of x/(T) peak at T> Ty,. Otherwise, the
features of a monotonic decrease of x/ magnitude and increase
of x// magnitude with increasing frequency are consistent with
traditional spin glass or superparamagnet [46]. We have further
examined the effects of varying field amplitudes and frequencies
on MH300 sample considering its well defined x/(T) peak at T,
~280 K (within the measurement temperature range). x/(T) peakin
Fig. 7(a) has shown a small shift for increasing field amplitude from
0.5 Oe to 6 Oe at 331 Hz. The magnitude of x/(T) (Fig. 7(a))and y//(T)
(Fig. 7(b)) both have increased with the increase of field amplitude,
showing field induced ordering of ferromagnetic domains or clus-
ters. The remarkable feature is that x/ peak (Fig. 7(c)) shifted to
lower temperature with the increase of applied frequency from
31Hz to 1131Hz. Similar frequency shift of the x/(T) peak has
been indicated in chemical routed Lagg7Srp33MnO3 nanoparti-
cles [47], although authors have assumed higher temperature shift
of the peak. Such observation is not consistent to the properties
of traditional spin glass/superparamagnet [46,48]. In traditional
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spin glass x/(T) peak is expected to shift to higher temperature
(Tm) by increasing frequency (f) according to Vogel-Fulcher law:
f=foexp[—Ea/kpg(Tm — Ty)] [46]. However, the observed peak shift is
well fitted (inset of Fig. 7(c)) to the modified equation:

—E,
F=hoew | )

In our fit expression, the critical temperature Ty (~320K)
amounting strength of inter-cluster interactions is higher than the
freezing temperature Ty, (~280K) of the ferromagnetic clusters,
unlike Ty < Ty, for conventional spin glass freezing. The activation
energy is ~95meV and attempt frequency (fy) is ~10'¥Hz. As
expected for long ranged ferromagnet, freezing of ferromagnetic
domains started below T¢ and Ty is lying in between T¢ (>300K)
and the average freezing temperature of the domains at T, ~280K.
In the presence of additional spin disorder in milled samples in
terms of the distribution of cluster size, intra-cluster exchange
interactions, anisotropy energy and disorder at grain boundaries,
the clusters may respond to ac magnetic field at different tem-
perature scale depending on the driven frequency. We understand
that ferromagnetic interactions among the magnetic domains (spin
clusters) are sufficiently strong in the present nano-grained sam-
ples and intra-cluster structure, as well as interactions are playing
a major role in this unusual freezing of clusters [16,49].

(1)

3.4. dc resistivity and magnetoresistance

We have measured dc resistivity (p) of the samples in the
temperature (T) range 5-300 K. Viewing different order of o(T) of
the samples, Fig. 8(a) shows normalized temperature dependent
resistivity of MHO, MH25 and MH80 samples. Table 2 shows the
p(300K) of the samples used for normalization. The low temper-
ature (at 22 K) resistivity minimum of the bulk sample is absent
in nano-grained samples. The p(T) curve of nano-grained samples
showed insulator/semiconductor type increase below 300K and
the increase is rapid at lower temperature. We understand that p(T)
minimum of the bulk sample appeared due to competition between
weak ferromagnetic (semiconductor/insulator) grain boundaries

and ferromagnetic (metallic) grains. Magnetic disorder and frustra-
tion in the ferromagnetic ground state of manganites [43-45] are
affecting the low temperature resistivity upturn. Additional grain
boundary disorder (spin canting, breaking of long ranged ferromag-
netic order) is enough for the disappearance of resistivity minimum
in nanocrystalline samples. Some of the nano-grained manganites,

7.2

(a) MH25

In p (Qcm)

0.245

T-1/4(K-1/4) 0.250

0.255

Fig. 9. (a-c) The fit of high temperature p(T) curves to Eq. (3) of MH25, MH80 and
MH300A6 samples, respectively.
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Fig. 10. MR(H) for bulk and selected nano-grained samples at 5K (a), 100K (b), 200K (c), 300K (d), and temperature dependence of MR(80 kOe) for selected samples (e).
Note 200K is near to the cross over temperature where MR of bulk and nano-grained samples are nearly same order.

irrespective of chemical route [15,27,28] or mechanically milling
[34], exhibited low temperature resistivity maximum that we did
not see in our samples. This shows that grain size effect alone does
not control the low temperature resistivity shape; rather surface
spin structure and surface morphology of nano-sized grains played
important roles [32]. p(T) data (inset of Fig. 8(a) shows the fit of
resistivity minimum) in the whole temperature range of the bulk
sample are well fitted with the equation:

P(T) = po+ p1/2T? + p3oT/% + paT* (2)

In Eq. (2) po is the residual resistivity due to intrinsic disorder,
T!2 term arises from low temperature electron-electron coulomb
interactions, T3/2 term arises due to electron-magnon interac-
tions in the ferromagnetic metallic state and T* term arises due
to electron-phonon interactions/spin fluctuation in ferromagnetic
matrix. Fig. 8(b) shows a gradual disappearance of the p(T) mini-
mum of the bulk sample as an effect of increasing magnetic field,
and high magnetic field, e.g., 80kOe, suppressed the low tem-
perature resistivity up turn. This is due to field-induced ordering
of magnetic domains at grain boundaries [50] that results in an
increasing metallicity in the ferromagnetic matrix [29]. Table 2
shows the fit parameters of Eq. (2). It is noted that all fit parameters
(0o, P1/2, 312 and p4) gradually decreases as an effect of increasing
magnetic field. The dp(T,H)/0T vs. T plot (inset of Fig. 8 (b)) shows a
peak near to the inflection point of the corresponding o(T,H) curves.
The shift of 0p(T,H)/dT peak to higher temperature by increasing H
is an effect of high temperature shift of the colossal magnetoresis-
tance (CMR) peak with increasing magnetic field. One can see that
CMR peak of bulk sample is incomplete within the measurement
temperature up to 300K. Although applied field strongly affects

Table 2

the p(T,H) curves of the nano-grained samples (Fig. 8(c-e)); none
of them exhibited resistivity minimum for field up to 80 kOe. Other-
wise, increase of field drastically reduces the low temperature rapid
increase of p(T). This suggests that milling introduced disorder at
the surfaces/grain boundaries reduces metallic property of the fer-
romagnetic grains and surface/grain boundary spins are actively
responding to the increasing field, resulting in the reduction of
electrons scattering. We have found in Fig. 9(a-c) that Mott's 3D
variable range hopping (VRH) model [51] with following equation
fits the p(T,H) curves of nano-grained samples:

T, 1/4
p=poexp(?°) (3)

Here, Tg =[16c3/kgN(EF), pg is constant, kg is Boltzmann constant
and « describes the spatial extent of the localized wave function.
The slope of the plots In p(T) vs. 1/T'/4 (Fig. 9) was used to estimate
T and density of states N(Eg) at the Fermi level using o« =2.22 nm™!
[52] for different nano-grained samples. The obtained values of
N(Eg) are shown in Table 2. N(Eg) decreases with the decrease
of grain size that results in the decrease of ferromagnetic spin
polarization at the Fermi level and responsible for the increas-
ing insulator/semiconductor character [5]. Magnetic field increased
N(Eg), but spin polarized ferromagnetic ground state of bulk sam-
ples is not recovered in milled samples.

Fig. 10 shows the field dependent magnetoresistance
[MR(H)=(p(H)— p(0))/p(0)] of the samples at 5K (Fig. 10(a)),
100K (Fig. 10(b)), 200K (Fig. 10(c)) and 300 K(Fig. 10(d)). MR is
negative for all samples. Fig. 10(a) shows that there is a sharp
drop of MR(H) at 5K below 5kOe for both bulk and MH25
samples. Spin polarized tunneling of charge carriers between

Electrical fit parameters using temperature dependence of resistivity curves [Eq. (2)] for sample MHO and Variable Range Hopping model (VRH) [Eq. (3)] for milled samples.

Magnetic field (10kOe) MHO N(Er) x 10'8 (eV-1 cm~3)
po (2cm) P12 (1076 Q cm/K'2) P32 (107° Q cm/K3P2) p4 (10711 Q cm/K*) MH25 MHS80 MH300A6
0 0.048 3.92 -2.01 —1.65 5.97 433 145
4 0.032 2.82 -1.90 -1.15 7.96 4,61 1.57
8 0.027 235 -1.00 -9.04 10.1 5.33 2.00
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ferromagnetic grains contributes to this MR drop at low field
regime, known as low field magnetoresistance (LFMR) [10]. The
sharpness of decreasing MR(H) is small in MH25 sample. The
high field (>5 kOe) magnetoresistance (HFMR) of MH25 sample is
slowly decreasing in comparison with low field regime. Magnitude
of HFMR of the bulk sample at 5K is always smaller than the
MH25 sample (smaller grains), because disordered grain boundary
spins or magnetic spin clusters of the nano-sized grains mainly
contributes to HFMR [14]. Response of these disordered spins
to the magnetic field is slow due to interactions among spins
and this provides a large scope of tuning HFMR [5]. Relaxation
of these grain boundary spins exhibited hysteresis loop of HFMR
at 5K with magnetic field cycling in MH25 sample. Such loop is
absent in bulk sample, because ferromagnetic order of the spins is
already saturated at low field regime (Fig. 3) and small decrease
of HFMR appeared due to coexisting magnetic clusters in the
ferromagnetic matrix. As an effect of increasing measurement
temperatures, magnitude of LFMR strongly decreases at 100K
and 200K in all samples. At 300K, bulk sample shows nearly
1% LFMR but there is no significant LFMR for milled samples.
Magnitude of HFMR decreases at higher temperature and the
decrease is faster for nano-grained samples. Consequently, there
is a cross over from higher magnitude of HFMR for milled sample
(~68% for MH25) than bulk sample (~45%) at 5K to nearly same
range of HFMR for milled and bulk samples at 200K. Although
HFMR of milled samples at 300K (~12%) is smaller than the bulk
sample (~30%), this value is still larger than the value (~4%) of
many chemical routed samples [7]. The low temperature value
(~60-65%) of our samples is comparable to reported work [53].
Temperature dependence of the magnetoresistance [MR(T)=(po(T,
80kO0e) — p(T, 0kOe))/p(T, 0kOe)] in Fig. 10(e) confirmed the cross
over regime of MR at 200-230K in nanocrystalline samples. The
decrease of HFMR at higher temperature indicates the decrease
of ferromagnetic double exchange correlation among the grain
boundary Mn3*-02--Mn** spins networks and such effect is
rapid in milled samples. According to core-shell spin structure of
ferromagnetic grains [31,35], some of the grain boundary (shell)
spins become paramagnetic or disordered with the decrease of
grain size. Although T¢ of bulk and milled samples is above 300K,
the fraction of paramagnetic spins at grain boundaries increases as
the temperature increases to 300K and less contributing to field
induced change in HFMR.

4. Conclusions

Magnetic anomaly of bulk LSMO sample at 45K is not due to
surface spin freezing effect. We understand such anomaly in terms
of heterogeneous exchange interactions inside some of the clus-
ters existing in ferromagnetic matrix. Increasing surface disorder
of mechanically milled samples dissolves such heterogeneity of
intra-cluster interactions at the grain boundaries. Increasing spin
disorder at grain boundaries has shown few more effects that
are dramatic, e.g., crossing over of HFMR at about 200K, loss of
metallic conductivity, and unconventional freezing of ferromag-
netic domains. The grain boundary disorder in the ferromagnetic
matrix is enough for the loss of spin polarized tunneling of the
charge carriers and subsequent decrease of LFMR in milled sam-
ples. The milled samples provide a large scope for tuning HFMR
and their liner field dependent HFMR could be useful for magnetic
sensor application.
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