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bstract

Mechanochemical effects on microstructure and transport properties of the sol–gel prepared nanocrystalline La0.8Na0.2MnO3 ceramics have
een studied. It was found that with the prolonging of the milling time the crystalline size as well as the particle size obviously decreased while
he resistivity increased. The strain of the milled samples was calculated using the Williamson–Hall plot, which increased with the increase of

he milling time. The surface layer with large defects and the strain led to the decrease of the insulator-metal transition temperature, but the

agnetoresistance value within the whole measured temperature range of 80–300 K was remarkably improved, which indicated that it was an
ffective route to enhance the magnetoresistance value both at low temperature and at high temperature by mechanochemical processing.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The observations of the colossal magnetoresistance (CMR)
ffects in the perovskite manganites have attracted much atten-
ion because of their rich physical properties and potential
pplications such as magnetic field sensors, memory cells [1–4].
he double-exchange (DE) mechanism proposed by Zener [5],

he Jahn–Teller (JT) polaron [6], the tolerance factor (t) [7] and
he phase separation [8] have been used to interpret the proper-
ies of the manganites. In the DE system, the insulator-metal
IM) transition temperature (TIM) always coincides with the
aramagnetic–ferromagnetic (PM–FM) transition temperature
Tc). With the applied field, the TIM as well as the Tc shifts
o higher temperatures, and the resistivity largely decreases
esulting in the CMR phenomena. Until now, two types of
agnetoresistance (MR) have been recognized in the man-
anese oxides, the intrinsic MR induced by the DE between the
n3+–O–Mn4+ and the extrinsic MR induced by the tunneling

ffects between the grain boundaries (GBs) [9]. Moreover, it is
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uggested that large low-field MR (LFMR) can be obtained when
he crystalline size is decreased to nanoscale, which is interest-
ng for physical researches as well as for potential applications
10–22].

So far, the previous works have mainly focused on the man-
anites doped with divalent elements such as Ca, Sr, Ba and Pb,
ut there are only a few reports on the magnetic and transport
roperties of monovalent element-doped manganites. Unlike
ivalent element-doped manganites, the monovalent element-
oped manganites have some interesting features. One of the
ost important features is that it is possible to achieve an equal

mount of holes with a lower cation substitution for La sites,
hich will result in lower cation disorder [23,24]. In the monova-

ent element-doped manganites, the La1−xNaxMnO3 is a typical
ystem and it has relatively large MR values near room temper-
ture [23–27].

It is well known that mechnochemical method is an effective
oute to prepare the nanocrystal ceramics, which has been used
o prepare various nanocrystal materials including manganese

xides [13,16,19,20]. As for the La1−xNaxMnO3 ceramics, there
ave no relative reports about the mechanochemical effects on
he microstructures as well as on the properties. In this letter,
anocrystalline La0.8Na0.2MnO3 (LNMO) ceramics were pre-
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5 to 10 h the crystalline size is decreased rapidly from 44 to
17 nm, but the tendency slows down as the milling time further
increases. The crystalline size obtained through 20 h milling pro-
cessing is 14 nm. The reason can be attributed to that with the
T. Wang et al. / Journal of Alloys

ared by the sol–gel method, and the ball milling was used
o further decrease the crystalline size. It was observed that
he mechnochemical effects played very important roles on the

icrostructures and properties of the LNMO ceramics.

. Experimental procedure

The LNMO ceramics were prepared by the sol–gel method. The raw mate-
ials were La2O3, Na(CH3COO), and MnO2. The citric acid (CA) was used as
helate. First, stoichiometric La2O3 and Na(CH3COO) were dissolved in diluted
itric acid, and then MnO2 was added into the above solution. In order to dis-
olve the MnO2 completely, appropriate H2O2 was added and finally transparent
olution was obtained. The solution was stirred for 10 h using magnetic stirrer
n order to get well-mixed solution. The solution was firstly dried at 373 K, and
hen dried at 573 K in order to expel the organics. The resulting powders were
alcined at 1073 K for 24 h in air, and then the powders were pressed into four
ellets and sintered at 1173 for 12 h in air. Afterwards, three pellets were crushed
nto powders in an agate mortar, and milled with different time using a planetary
all miller, and finally pressed again into pellets and calcined at 973 K for 2 h
n air. For the sake of description, the samples milled with 0, 5, 10 and 20 h are
efined as the sample MA0, MA5, MA10 and MA20, respectively.

A Philips X’pert PRO X-ray diffractometer (XRD) with Cu K� and a FEI
esigned Sirion 200 field-emission scanning electron microscopy (FE-SEM)
ere used to characterize the composition and the microstructure. The temper-

ture dependence of the resistivity under the applied fields of 0 and 0.5 T was
easured by the standard four-probe method by means of cryogenic refrigera-

ion equipment. The MR was defined as MR (%) = [(ρ0 − ρH)/ρ0] × 100, where

0 and ρH are the resistivities under zero field and an applied field, respectively.

. Results and discussion

Fig. 1 is the XRD θ–2θ results for the different LNMO sam-
les. The structure can be indexed with rhombohedral and the
pace group is R-3c. With the increase of the milling time, the
ull width at half maximum (FWHM) increases for all diffraction
eaks within the measurement range. Moreover, it can be seen
hat as the milling time increases from 0 to 5 h, all the splitted
iffraction peaks are incorporated into a single one because of
he broadening of diffraction peaks. In most cases, line broaden-
ng occurs due to simultaneous size and strain effects. Since the

all milling introduces considerable strain in the samples, the
ontribution of strain to the diffraction line broadening is not
egligible. The decrease of the crystalline size and the induced
train effects should be considered simultaneously [19,20].

Fig. 1. XRD results of LNMO samples milled with different time.
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One of the effective routes to separate the above two effects is
nown as the Williamson–Hall plot [19], which can be expressed
s follows:

cos θ = Kλ

D
+ 2ε sin θ (1)

here B is the FWHM of the XRD peaks and K the Scherrer
onstant, D the crystalline size, λ the wavelength of the X-ray,
the lattice strain, and θ is the Bragg angle.
For the Gaussian X-ray profiles, B can be calculated as fol-

ows:

2 = B2
m − B2

s (2)

here Bm is the FWHM for the measured sample and Bs is
he FWHM of the standard sample. Here, the sample MA0 is
elected as the standard sample.

In the plot of B cos θ (y-axis) versus 2 sin θ (x-axis), a linear
tting is used, and the intercept of the y-axis gives the crystalline
ize D and the slope gives the strain ε.

The milling effects on the crystalline size and the strain are
hown in Fig. 2(a) and (b), respectively. From Fig. 2(a), it can
e clearly seen that with the increase of the milling time from
Fig. 2. Milling time dependence of crystalline size (a) and strain (b).
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Fig. 3. FE-SEM results of the LNMO milled with d

ecrease of the crystalline size the strain will harden the pow-
ers, which makes it difficult to further decrease the crystalline
ize [16]. As shown in Fig. 2(b), it can be obviously seen that the
train is largely increased with the increase of the milling time,

hich may be attributed to the introduction of large amounts of
efects in the ceramics [16].

Fig. 3 is the FE-SEM results of the LNMO samples. It can
e seen that the sample MA0 is dense and the particle size is

Fig. 4. ρ-T results for different LNMO samples under 0 T.
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nt time (a) MA0; (b) MA5; (c) MA10; (d) MA20.

omogenous; however, for the milled samples, with the increase
f the milling time more and more small particles are introduced,
hich will result in the decrease of the particle size.
Fig. 4 is the results of ρ–T for all the samples under 0 T, and

he detailed electrical transport parameters are listed in Table 1.
t can be seen that all the samples show an IM transition, which
an be well explained by the DE [5]. Moreover, as the milling
ime increases, the TIM is decreased and the resistivity is contin-
ously increased, which can be attributed to the decrease of the
rystalline size [11,12,20,21]. From Table 1, it can be observed
hat the TIM of the sample MA0 is about 270 K, which is lower
han that of the previously reports and it may be related to the

maller crystalline size in our experiment [23–27]. As for the
rigin of the decrease of the TIM and the increase of the resistiv-
ty, the reason is discussed as follows. It is recognized that when
he crystalline size is reduced to tens of nanometers the man-

able 1
etailed parameters for the transport properties

ample TIM (K) ρ (TIM) (� cm)

A0 269.8 0.94
A5 220.4 3.29
A10 200.5 6.45
A20 197.3 8.45
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ig. 5. ln(ρ/T) vs. T−1 results for the samples MA5, MA10 and MA20, and the
olid lines are the fitting results using the SPH model.

anites grains can be considered as a two-phase system, which
re composed of a core phase and a surface layer [20,21]; the
ore phase has the same properties with the bulk, but the surface
ayer has lots of defects such as the oxygen nonstoichiometry, the
roken Mn3+–O–Mn4+ bonds, the faults of the crystallographic
tructure and dislocations. Additionally, when the milling time
s increased, the crystalline size is decreased that will lead to
he enhancement of the surface layer volume. The surface layer
ith large amounts of defects will block the carrier transition,
hich will result in the decrease of TIM and the increase of the

esistivity. Moreover, from Fig. 2(b), it can be observed that the
train is obviously increased with the increase of the milling
ime. The increase of the strain can aggravate the distortion of
he MnO6 octahedron, which will also lead to the decrease of
he TIM and the increase of the resistivity.

As for the conduction mechanism above the temperature TIM,
hree possible models can be used, the conventional thermal acti-
ation (TA) model with ρ = A exp(Ea/KBT), the small polaron
opping (SPH) model with ρ = BT exp(Ea/KBT) and the vari-
ble range hopping model (VRH) with ρ = ρ0 exp(T0/T)1/4. In
ll these models, KB is the Boltzmann constant and Ea is the
ctivation energy. In our experiments, it is found that only the
PH model can be well used, and the results are shown in Fig. 5.
he detailed fitting parameters are listed in Table 2. It can be
bserved that the activation energy Ea is continuously increased
ith the increase of the milling time, which can be attributed to

he introduction of large amounts of defects.

The temperature dependence of MR for all the milled samples

nder 0.5 T within the temperature range of 80–300 K is shown
n Fig. 6. It can be seen that the MR increases with the decrease
f temperature. With the increase of the milling time, the MR

able 2
ctivation energy obtained from SPH model

ample Activation energy, Ea (meV)

A5 72.64
A10 77.58
A20 85.69

A

o
C
O
g

R

Fig. 6. MR–T for the milled samples.

alue is obviously increased. Commonly, it can be found that the
ntrinsic MR near the TIM is decreased or unchanged with the
ecrease of the crystalline size, but the MR at low temperature
an be largely improved with the decrease of the crystalline
ize due to the intergrain spin-polarized tunneling across the
rain boundaries [9]. As for our experiments, the milling process
akes the decrease of the grains and the increase of the MR near

he TIM, which suggests that the strain introduced by the milling
rocess is a key factor to alter the properties of the as-prepared
amples, and it will be systematically studied in the following
nvestigations.

. Conclusions

In summary, mechanochemical effects on microstructure
nd transport properties of the sol–gel prepared nanocrystalline
a0.8Na0.2MnO3 ceramics have been studied. The crystalline
ize and the TIM are decreased, and the resistivity is increased
ith the prolonging of the milling time, which can be attributed

o the expansion of the surface layer volume and the increase
f the strain. The magnetoresistance value within the whole
easured range of 80–300 K was obviously improved, which

ndicates that it is effective to enhance the magnetoresis-
ance both at low temperatures and at high temperatures by

echanochemical process.
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