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Abstract The polycrystalline perovskites Laj;3(Caj_y
Sry)1/3MnO3 (x =0,0.2,0.4,0.6, 0.8, 1) were successfully
prepared by a modified method of solid-state reactions, in
which the ingredient mixture with ethanol as a liquid milling
medium to form suspension was milled by high-energy ball
milling for 10 h and sintered in air at 1400 °C for 10 h.
The microstructure, electrical transport, and low-field mag-
netoresistance (LFMR) of the perovskites were investigated
to study the room-temperature magnetoresistance (RTMR)
behavior. The results reveal that the metal-to-insulator tran-
sition temperature (7yyy) increased with increasing doping
level x, and the peak values of the magnetoresistance (MR)
near Tyy; dropped with the more Ca* substituted. A single-
phase Lay/3Ca;,3MnO3 showed Ty at 263 K and the peak
MR of 23 % in the applied field of 3 kOe near Ty. The
LFMR effect at room temperature could be obtained by
controlling the doping Sr>*-substituted Ca** level. When
x = 0.29, transition temperature (Tpr) was 305.30 K, and
the MR effect was recorded up to 12.9 % at 298.55 K and
3 kOe. Finally, the possible mechanism is discussed.
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1 Introduction

Intense researches have been carried out for the potential
application of magnetic field sensor and magnetic recording,
since large magnetoresistance (MR) effect was discovered in
the doped manganese oxide Re;_; A, MnO3 (Re = trivalent
rare earth and A = divalent metal). This kind of perovskite
possesses unique properties as the colossal magnetoresis-
tance (CMR), metal-to-insulator (M-I) transition and phase
separation, etc. The Double Exchange (DE) mechanism was
first put forward to explain the electron transport property
[1, 2]. Later researches on the phase diagram [3], oxygen in-
fluence [4, 5], charge ordering [6], Jahn—Teller effect [7, 8],
and grain boundary and lattice effect [9—11] have made con-
tribution to understanding the mechanism of the doped rare
earth manganese perovskite. The CMR usually occurs at
low temperature range and strong magnetic field, and this
has become the main obstacle to the practical application.
Nowadays, researchers are focusing on how to obtain a large
value of the MR at a low field and room temperature in order
to satisfy practical applications. The LFMR [12-15], which
is the significant MR effect that can be observed at a low
magnetic field just several thousand mT or below, has been
triggered renewal researches on the polycrystalline doped
rare earth manganese perovskite. The LFMR is usually ob-
served at low temperature and believed to be aroused by the
spin-dependent scattering [16, 17] or spin-dependent tun-
neling [18-20] on the grain boundaries. The transport prop-
erty is sensitive to the characteristics of grain boundaries, so
samples with smaller grain will exhibit larger LFMR. This
recalls people to restudy the synthesis of manganese per-
ovskite.

As we know, the magnetic-ordering temperature 7¢ of
La;_,Ca,MnO3 (LCMO) is below room temperature at
about 270 K [21], while T¢ of Laj_,Sr,MnO3 (LSMO) is
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far above the room temperature, and the highest tempera-
ture is about 360 K [22]. At the transition temperature, the
MR value of LCMO is relatively greater than that of LSMO.
The nature of ferromagnetic phase transition and its critical
properties in Lag7Cap3—,SryMnO3 (x = 0,0.05,0.1,0.2,
and 0.25) single crystals have been studied systematically
by Phana et al. [23]. So we can change the value of x
in Lay/3(Ca;—,Sry)1,3MnO3 to systematically study the
room-temperature MR effect.

In this paper, we have employed high-energy ball milling
to refine the ingredient mixture by adding ethanol as a lig-
uid milling medium to form suspension before milling and
heat treatment [24]. This method is different from the tra-
ditional mechanical alloying [25, 26] and mechanochemical
processing [27], and we only intend to reduce the size of
the particles by ball milling but not any amorphization or
chemical reactions [28]. Ethanol can absorb some of the
heat that is generated due to the milling process, as well
as separate the new formed surface of ground powders to
avoid recombination or reactions. Simultaneously, powders
can suffer more profound milling, which was helpful for
obtaining the smaller particle size and avoiding the inho-
mogeneity to be introduced. By this method, the polycrys-
talline perovskites Laj;3(Caj_xSry)1,3MnO3 (LCSMO)
(x =0,0.2,0.4,0.6,0.8, 1) were successfully synthesized.
The microstructure and transportation of LCSMO have been
investigated. We have also discussed the relation between
the peak MR value, the metal-to-insulator transition temper-
ature (Tvr), and doped level of x.

2 Experimental

Stoichiometric amount of commercial La(OH);, CaCOs,
SrCO3, and MnO, powders were mixed according to for-
mula Laz/3(Ca1_xer)1/3MnO3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1)
with ethanol and milled by a planetary ball miller. The
milling time (#,) was set to be 10 h. The as-milled pow-
ders were dried at 90 °C and pressed into pieces, followed
by sintering process at 1400 °C for 10 h in air [24].

Both of the as-milled powder and the ceramic samples
were characterized by X-ray diffraction (XRD) to confirm
the crystalline phase. Scanning electron microscopy (SEM)
was employed to examine the microstructure of samples.
The electrical and magnetic transport behaviors were mea-
sured by the standard dc four-probe method in the tempera-
ture range from 50 to 400 K at an external field of 3 kOe.

3 Results and Discussions

Figure 1 shows the XRD patterns of the starting materi-
als and the as-milled powders. The average diameter of as-
milled powder was about 90 nm by the classical Sheerer for-
mula calculation. Since no new diffraction peaks came up,
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Fig. 1 XRD patterns of starting powders and as-milled powders for
milling time of 10 hours. The asterisk symbol denotes the La(OH)3;
solid square denotes CaCOj3; cross stands for MnO,
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Fig. 2 XRD patterns of heat treated samples. All samples showed the
characteristic peaks of the pseudo-cubic perovskite structure

it could be seen that not any amorphization or chemical re-
actions occurred, and the as-milled powders still remained
in their starting composition. The improved ball milling
method with ethanol as a liquid ingredient mixture medium
to form suspension is helpful for reducing particle size and
obtaining homogeneous powders.

From Fig. 2 we can see that all of the heat treated sam-
ples have crystallized into single-phase perovskites, and this
means that the doped lanthanum manganese perovskites
have been successfully synthesized by this modified method.

Figure 3 displays the SEM result of Laz;3Ca;;3MnOs3.
The morphology of this ceramic was identical with those
synthesized by solid-state reaction. We can find out that the
well-crystallized grain sizes of the ceramics were uniformly
in the range of 4-5 um.

Magnetoresistance of investigated ceramic samples was
measured as a function of temperature and magnetic field.
Here MR was defined as MR (%) = [—(ou — po0)/p0] X
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Fig.3 Typical SEM image for Lay/3Ca;/3MnO3 (x = 0) ceramic. The
average grain size was in the range of 4-5 pm
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Fig. 4 Transport properties of Lay;3Ca;3MnO3 (x = 0) ceramic
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Fig. 5 Transport properties of Lay;3(Caj_,Sry)1/3MnO3 for x =0.2,
0.4,0.6and 1

100 %, where pp and pp are the resistivity in applied mag-
netic field of zero and 3 kOe, respectively. The temperature-
dependent transportation of Laz;3Ca;;3MnOj3 is shown in
Fig. 4. The transition temperature (Tp1) was 265.08 K, and
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Fig. 6 Peak MR values near Ty of Lay;3(Caj_ySry)1/3MnO3 for
x=0,0.2,0.4 and 0.6 at 3 kOe
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Fig.7 The peak MR values/peak MR temperatures versus

the peak MR was recorded up to 22.96 % at 257.51 K.
The resistivity-versus-temperature and MR curves for LC-
SMO samples are shown clearly for different doping levels
in Fig. 5 and Fig. 6. When Ca>* was substituted by Sr**, in-
crease of T kept continuing as the doping level x of Sr in-
creased. The changes of transition temperatures were shown
clearly for different doping levels. Ty of samples with var-
ied Sr concentrations all jumped above room temperature.
The exact values are 289.71 K, 327.45 K, 352.05 K, and
393.23 K for the samples with x = 0.2, 0.4, 0.6, and 1, re-
spectively. Meanwhile, the peak MR values near Ty versus
doping level different changed. The more Ca was substituted
by Sr, the less peak MR amplitude became. For x = 0.2, 0.4,
and 0.6, the maximum MR values were 17.26 %, 9.05 %,
and 5.42 % at 3 kOe, and the corresponding transition tem-
peratures were 285.41 K, 317.84 K, and 342.90 K, respec-
tively.

In Fig. 7, the peak MR values and peak MR tempera-
tures versus the doping level x are shown. It was shown
that Ca®* substituted by Sr>* has a great impact on trans-
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Table 1 Refined cell parameters obtained for the Las/3(Caj—, Sry)1,3MnO3 compounds

Sample x=0 x=0.2 x=04 x=0.6 x=0.8 x=1
Space group Pnma Pnma Pnma Pc/2 Pc/2 Pcr2
Structure type Orthorhombic Orthorhombic Orthorhombic Monoclinic Monoclinic Monoclinic
aA) 5.4347 5.4401 5.4412 5.4123 5.4245 5.4218

b (A) 5.4623 5.4583 5.4731 5.4826 5.4892 5.4869
cA) 7.6729 7.6742 7.6446 7.6952 7.7065 7.7306

vV (A% 227.78 227.88 227.66 228.34 229.47 229.98

port properties of LCSMO. We can find out that the tem-
perature at which peak MR occur is almost proportional
to the amount of Sr doping level, while the peak MR is
nearly inverse-proportional to x. So we can deduce that
an MR of 13.5 % can be obtained at room temperature of
300 K with amount of Sr doping level for x = 0.29. So
Lay/3(Caj_xSry)1,3MnO3 with x = 0.29 was successfully
synthesized by the above same synthesis method, followed
by studies on the RTMR behavior. The results have shown
that Ty was 305.30 K, and the MR effect was recorded up
to 12.9 % at 298.55 K.

These results show that we can balance the peak MR val-
ues and the peak MR temperature by controlling the dop-
ing level x of A site cation for Rej_, A, MnOj3. Generally,
the MR near Ty is closely related to the Double Exchange
(DE) mechanism. With the same other conditions, small av-
erage A site ion radius leads to lower 7¢ and larger MR
near T. A site doping cations (A%T) do not participate in
the DE interaction but show influence through coupling with
B site (Mn) cations, and finally alter the Curie temperature
(Tc) and MR decreases. Considering a substitution of A site
cations by ions with different lattice energy, it is expected
that a ceramic with transition temperature and significant
MR value in room temperature range and low magnetic field
is possible. Since Sr*>* has a larger cation radius than that of
Ca?*, when concentration of Sr2* become larger, the bond
angle and bond length of Mn—O-Mn pairs are changed and
lead to Ty raised and peak MR value near Ty dropped. In
our case, even when Ca* is gradually substituted by Sr>*,
since both ions are of the same valence, the Mn3t/Mn*t
is not changed. But the radius of Sr>* is larger than Ca>™,
therefore the average A site cation radius is increased, and
then 7¢ (related to Tyyp) shifts to higher temperature while
peak MR near Ty drops. We can obtain the significant MR
value in room temperature range and low magnetic field to
satisfy practical applications by controlling the doping level
x of Sr for LCSMO.

On the other hand, the results also showed a jump at x =
0.4 in Fig. 7. So we have further processed the XRD data in
Fig. 2, the crystallite sizes were refined by Rietveld refine-
ment technique, and the cell parameters of all the samples
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are listed in Table 1. It should be noticed the lattice parame-
ters increase with Sr content. The LCSMO compounds have
undergone a structural orthorhombic-to-monoclinic transi-
tion during the variation of x from 0.4 to 0.6. These results
are similar to the observation obtained by Brankovic et al.
[23], in which they have reported that with increasing val-
ues of dopant radius (Ca’" < Sr’T) transition temperature
tend to be shifted to higher temperature and decreased the
magnetoresistance. A systematic investigation by Thanh et
al. [29, 30] for the ferromagnetic phase transitions and criti-
cal behavior of Lag 7Cag3_, SryMnO3 (x =0, 0.05,0.1,0.2,
and 0.25) single crystals also showed the structure changes
during the variation of x, and it was at x = 0.15. This can
explain the reason of the jump at x = 0.4 in Fig. 7.

4 Conclusions

Nanocrystalline Laj/3(Caj_,Sry)1,3MnO3 materials were
successfully synthesized by an improved high-energy ball
milling with ethanol as a liquid medium and post sin-
tering method. We have studied the microstructure, elec-
trical transport and low-field MR effect by changing the
value of x in Las;3(Caj—, Sty )1,3MnO3. The results showed
that Ty increased with increasing doping level x. On
the contrary, the peak MR values near Ty dropped with
the more Ca’* substituted. And we deduced that the
low-field MR effect at room temperature could be ob-
tained by controlling the doping Sr?T substituted Ca’*t
level. In Lay;3(Caj—,Sry)1,3MnO3 with x = 0.29, Ty was
305.30 K, and the MR effect was recorded up to 12.9 % at
298.55 K and 3 kOe.
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