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Abstract Lag¢,Cag33MnO3 samples with high temperature
coefficient of resistance have been synthesized by sol-gel
method using methyl alcohol as solvent. Nitrates of La, Ca
and Mn were heated with a controlled amount of methyl
alcohol to get a dry powder which on suitable heat treatment
gave high grade Lajg;Cag33Mn0O; powder/pellets. The
samples were sintered in the temperature varied from
1000 °C to 1550 °C. The effects of sintering temperature
(T) on phase purity, microstructure, morphology, electrical
and magnetic transport properties have been investigated.
The results confirm that elevated sintering temperature at
sintering processing accelerates the growth of the specimen
grains, influence microstructure and improves chemical
homogeneity, which leads to the increased lattice distortion
and thus contributes to the enhancement of magneto-
resistance. The reduction of the grain boundaries con-
tributes to the reduction of resistivity and the enhancement
of the coefficient of resistance. The increase of the oxygen
vacancy induced by the increase of T will lead to mono-
tonous decrease of the metal-insulator transition tempera-
ture (7,), the peak of temperature for the maximum
temperature coefficient of resistance (7y) and for the peak of
maximum magneto-resistance (7).
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1 Introduction
The rare earth-doped perovskite manganite, La;_ AE,MnO3

(AE=Ca, Ba, Sr, etc.)has received considerable attention in
the past decades, because of its unusual colossal magneto-
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resistance (CMR) effects and potential applications in
magnetic switch, infrared (IR) detector and magnetic sensor
[1-4]. Among the rare earth-doped manganite family,
samples dopedwith divalent cation Ca exhibit the optimal
and enhanced double-exchange effect, which brings more
superior and outstanding physical properties in comparison
with other doping contents of CMR materials. At Ca con-
centration of 0.17-0.5, whereCMR effect is observed, the
material shows a paramagnetic insulation to ferromagne-
ticmetal transition with the change inthe ambient tempera-
ture [5]. It has been known that CMR effect depends on the
Mn**/Mn>" ratio, which can be adjusted by doping and
oxygen content [6, 7]. The Mn>*/Mn** ratio is one of the
parameters that can effectively control different interactions
such as double exchange, super-exchange and Coulomb
interaction among Mn ions. The variations in theMn—O-Mn
bond length and bond angle, change the electron hopping
and carrier localization and therefore determine the elec-
tronic and magnetic transport properties of thematerials [8].

Sintering is a typical treatment to modify the particle
behavior, and the sintering temperature (75) is frequently
employed as a key parameter to control the quality of
ceramic powders [9-11], sinceT plays a vital role in the
evolution of microstructure and morphologies for the
powders. In addition, improving the preparation condition
and doping different elements can also modify the electro-
nic and magnetic transport properties due to their influence
on microstructure, crystallization and homogeneity. It is
possible for CMR materials to obtain the sharpness of the
temperature coefficient of resistance (TCR) and metal-
insulator transition temperature (7},) nearly room tempera-
ture [12].

There are several synthesis methods, including the
conventionalsolid-state reaction, co-precipitation, reactive
milling, spray-drying, sol-gel method, etc. have been
developed for the synthesisdoped manganites [13-17].
Among these methods, the sol-gel method is outstanding
from the point of process simplicity, excellent reproduci-
bility and high pure-phase, and can produce nanoscale
powders with better chemical uniformity and desired stoi-
chiometry.The reagents are mixed at molecular level, which
accelerates thereaction rate, reduces the synthesis tempera-
ture and has betteruniformity. Unlike other chemical routes,
there are no filtration and washing of the precipitate and
hence the composition and purity can be controlled very
easily. But there are some problems to await to settle in the
conventional sol-gel producecraftwork, for instance, the-
complexcraftwork,  sophisticatedequipment, lowyield,
costly reagents and long processing time, etc.The method
described here is quite simple and quick, still the quality of
the product is very good as reflected by the high surface
area and purity of the powder and the high bulk density and
high TCR of the pellet.

@ Springer

In the present work, a simple and effective method of
“methyl alcohol route”, developed by us to be promising to
fabricate high purity and homogeneity of perovskite man-
ganites because of its simplicity andtime saving aspect,
ispresented. Further, we investigated the possibility of
modifying the microstructure, pores, grain boundaries and
grain sizes by changing 7, and furthermore to improve the
electronic and magnetic transport properties of LCMO
ceramics.

2 Materials and methods

The Lag 67Cag 33MnO5; (LCMO) powders were synthesized
by sol-gel method. First of all, the starting compounds i.e.,
La(NO;);-nH,0, Ca(NOs;),-4H,0, Mn(NO3),-4H,O were
dissolved in methyl alcohol with a molar ratio of 2:1:3 to
form a solution, the molar ratio of the metal atom and citric
acid was 1:2. Ethylene glycol was added as a cross-linking
agent. The mixture was continuously stirred and heated at
85 °C for several minutes in the magnetic stirring apparatus.
Then, the gel was dried in an oven at 140 °C for 2h and
ground in an agate mortar for 15 min to obtain the precursor
powders.The powders were calcined at 500 °C for 8h to
achieve single phase LCMO. Finally, the resulting powders
were ground again and pressed into pellets with diameter (a)
of 20 mm, and the pellets were sintered from 1000 °C to
1550 °C in the air for 8 h to get bulk polycrystalline ceramic
targets. The steps involved in the present method are shown
in the schematic Fig. 1.

The crystal structure of the samples were characterized
by X-ray diffraction (XRD) using a D8 Focus dif-
fractometer (Bruker) with Cu K, radiation (4 = 1.5406 A) in
the 20 range from 20 ° to 80 °. The temperature dependence
of resistivity and magneto-resistivity (p-T) of the bulk was
measured in the temperature range from 150K to 300 K
under 0-1 T field by using a four-probe magneto-resistance
system. The size and the shapes of particles were directly
observed by scanning electron microscope (SEM) using a
VEGA3 TESCAN instrument.

3 Results and discussion

To study the effect of sintering temperature on the elec-
tronic and magnetic transport properties, Lag ¢7Cag33MnO3
samples were sintered at eight different temperatures from
1000 °C to 1550 °C.

The XRD patterns of LCMO ceramics samples sintered
at different temperatures are shown in Fig. 2(a). It can be
seen from Fig. 2(a) that all the samples have the orthor-
hombic perovskite structure of Pnma space group and
without any detectable secondary phase. All measured
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diffraction patterns matches those of the Laj ¢;Cag33MnO3
(JCPDS card no: 49-0616) perfectly. Figure 2(b) shows the
enlarged strongest peak (121) with different 7. The

Mn(NO;),-4H,0

Solution of

precursors
r

Fig. 1 Flow diagram of Sol-gel method used to synthesize high grade
LCMO polycrystalline ceramics

diffraction peak (121) shifts to a lower diffraction angle as
the Ty increases, which implies the increase of the lattice
parameter.Using XRD data Fig. 2(a), the lattice parameters
of LCMO samples were calculated by using MDI
Jade6.5 software. Table 1 presents the lattice constant data
of all samples. The latticeparameter increases slightly as the
elevation of sintering temperature for the specimens of
LCMO. This can be attributed to the increasein Mn—O bond
length[18]. The same result has been reported in
Lay7Ca3MnO;3 [19].

Sintering process is adynamicprocesswithdensification
and grain growth simultaneously, but the densification and
grain growth are competing processes. The densification of
nanoparticles is strongly affected by agglomeration of par-
ticles, pores and other processing variables [20].The grain

Table 1 Values of T,,, lattice parameters (a), Ty, Trn, MR, TCR, and
resistivity of LCMO samples

T(°C) T, (K) a(A) T(K) Tn(K) MR% TCR  p(Q-cm)
(%K™")
oT 1T
1000 274.6 2779 5.451 2689 272.5 20.2 5.2 0.07382
1100 269.8 279.5 5.453 267.7 268 34.4 9.8 0.03863
1250 269.5 278.8 5.459 266.0 267.1 41.1 15.6 0.02883
1350 266.4 276.6 5.473 263.8 264.1 457 226 0.01832
1400 265.5 277.3 5473 261.7 2629 50.3 249 0.01712
1450 264.5 276.5 5.482 259.9 2599 57.5 40.3 0.01604
1500 264.0 277.0 5.483 259.3 2599 61.6 30.7 0.01817
1550 264.5 277.5 5.486 257.6 2593 66.6 289 0.01939
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Fig. 2 a XRD patterns of Lag7Cag33MnO;5 samples sintered at different temperatures and b the enlarged strongest peak (121)
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10 pm

Fig. 3 SEM micrographs of LCMO ceramics sintered at a 1000 °C, b 1250 °C, ¢ 1350°C, d 1450 °C, e 1550 °C

growth in the calcination process, removes the original
stress and makes the grain structure quite stable. The cal-
cined powders have higher surface energy, and the higher T
promote the growth and densification of grain sizes.
Special attention should be paid to the overall micro-
structural evolution owing to the temperature variation. The
general microstructures of all the samples are presented in
Fig. 3, at the same magnification of 10pum for inter-
comparison. It can be measured from the SEM images that
the average grain sizes of LCMO with Ts = 1000, 1250,
1350, 1450, 1550 °C are 0.5, 4.8, 8.6, 18.2 and 21.2 pm,
respectively, which increase monotonically with the
increase in sintering temperature. When the grain size
increases, the grain becomes moredensely packed resulting
in narrowing of the grainboundary regions. It benefits the
conduction of electric carriers, which is responsible for the
improvement of the conductivity. Figure 3(a) reveals an
agglomerated particle with cage like morphology. There are
no visible grains and grain boundaries in the sample.This
is attributed to the lower 7,. A porous microstructure
with small grain size is observed in the sample sintered at
1250 °C. The increase of 7§ significantly promotes the grain
growth and microstructural densification. The grain size
reaches the maximum value at 1450°C and becomes
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uniform, which indicates that the homogeneity and well
crystallization of the sample. However, the sample is over-
sintered which led to grain growth inhomogeneous and the
number of pore increased, when the temperature exceeded
about 1550 °C.

The resistivity, studied throughout the temperature range,
decreases with increasing sintering temperature for boththe
systems studied.The plots of resistivity (p) as a function of
temperature for LCMO ceramics, are shown in Fig. 4. All
curves clearly exhibit that sharp metal-insulator transition is
happening nearby T, (values of T, are listed in Table 1). Itis
observed that with elevating T, from 1000 to 1550 °C, the
value of T, at zero-field, the peak of temperature for the
maximum temperature coefficient of resistance (7}) and the
peak of maximum magneto-resistance (7,,) monotonically
shift towards lower temperature region from 276.4 to 264.0
K, 268.9 to 257.6K and 272.5 to 259.3 K, respectively.
There is a mismatch with that reported in literature [21]. We
now suggest that the reason for the observed decrease of T,
with increasing 7 may be the enhanced oxygen deficiency
with increasing T [22]. According to the double-exchange
theory, the conduction in manganites achieves via hopping
of e, electrons between Mn’" and Mn*" with the help of
intermediate oxygen ions. The occurrence of oxygen
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Fig. 4 Resistivity-temperature plots for different 7 values obtained at
zero-field

vacancies would break the hopping bridge for e, electrons,
resulting in decrease of the density of charge carriers, which
further results in decrease of 7, and broadening of the
resistivity peak [23].

We all know that TCR is one of the important parameters
to improve the sensitivity of uncooled infrared micro-
bolometer. In this study, Fig. 5 shows the temperature
dependence of TCR, from Fig. 4. It shows the peak of
temperature for the maximum TCR (7y) continuously
shifting to lower temperatures, as 7y increases, and the
values of TCR decrease at first and then increase in
Fig. 7(b). With the T of 1450 °C, the TCR value reached its
maximum of 40.2 %-K™', almost eight times higher than
that of 1000 °C. This is attributed to the increase in average
grain size with increasing T, which results in the decreased
grain boundary density leading to weakness in the scattering
of charge carriers at the grain boundary. There is a wea-
kened double exchange effect and increased residual resis-
tivity in LCMO bulk sintered above 1450 °C, implying a
considerable increase in the amount of pores and resulting
in creating spin polarized tunneling effect, leading to the
attenuation of TCR.

The variation of resistivity (p) with temperature from 150
to 300 K of all the samples measured under zero and 1T
magnetic field are shown in Fig. 6. Temperature
dependence of magneto-resistance (MR) of LCMO cera-
mics are shown in the inset of Fig. 6. MR is defined as
MR % = (p(0,T)-p(H,T)/p(0,T)) x 100 %, where p(0,T) and
p(H,T) are the resistivity in zero and 1T field, respectively.
It is observed that the application of magnetic field induces
delocalization of charge carriers, which in turn might sup-
press the electrical resistivity and lead to shiftof the T
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Fig. 5 TCR versus temperature curves of Lag¢7Cag33MnO; samples
with different sintering temperatures

towards higher temperatures, thereby resulting in increase
of metallic phase fraction. This is attributed to the induced
magnetic ordering of the localized t,, spins and production
of more free charge carriers on application of magnetic field
[24]. However, according to Table 1, the value of T, in the
LCMO ceramics are little changed in applied magnetic
fields (1T), this may be the magnetization increases with the
decrease of the grain boundary effect. The values of the
resistivity of all the samples are comparative or even
smaller than that of single crystals prepared by Markovich
et al. [25], confirming the good quality of our samples.
Figure. 7(a) shows a linear relationship between the 7 and
the MR.

Clearly, optimized elevating T, improves the electrical,
magneto-transport properties of LCMO significantly, which
may be due to the enhancement of grain growth that
improves the connectivity between the grains and reduces
the existence of pores and voids, and thus enhances the
electrical properties.

4 Conclusions

LCMO polycrystalline samples have been synthesized by
sol-gel method. The “methyl alcohol route” developed by
us for the preparation of LCMO powder is outstanding from
the point of process simplicity, low cost and short proces-
sing time. The bulks sintered at different temperatures and
the correlation between structure, morphologies, electrical
and magneto-transport properties motivated by various
Tshave been investigated. The T plays a vital role in the
evolution of microstructure and morphologies. The
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microstructure morphology analysis indicates that it can
accelerate the growth of the grains and improve homo-
geneity by elevated T, which contributes to the increase of
MR and sharp metal-insulator transition. Besides, the
decrease in the ratio of Mn**/Mn* due to the increase in
oxygen vacancy is the main reason for the significant
reduction in the 7}, of LCMO ceramics from 274.6 to 264 K.
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