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ABSTRACT

This study explores the effects of elevated sintering temperatures on Pro7Cao3MnO3
samples prepared via the solid-state reaction method. XRD analysis shows that grain size
increases with higher sintering temperature, while SEM images demonstrate significant
microstructural alterations. At 1300 °C and 1400 °C, notable grain expansion,
microcracks and melting indicate nucleation or recrystallisation stages, corresponding to
consistent peak resistivity values of 11 €Q. Higher sintering temperatures generally
enhance TCR due to improved grain connectivity. However, at 1400 °C, increased
oxygen vacancies disturb electron hopping, resulting in a lower TCR. Thus, 1300 °C is
identified as the optimal sintering temperature, yielding the highest TCR of 26.53 % K!
suitable for bolometric applications.
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INTRODUCTION

Perovskite manganites have emerged as a key area of study due to their high correlation
between charge, spin, lattice and orbital degrees of freedom [1]. This unique interplay
makes them highly promising for magnetic sensing or spintronic applications. Among
these materials, praseodymium-based manganites, particularly Pri..CaxMnOs stand out
because of their narrower bandwidth and multiple magnetic phases [2]. In this work, the
incorporation of calcium ions is expected to introduce some empty e, orbitals by
converting some Mn*" to Mn*" [3]. This structural change, including alterations in both
Mn-O-Mn bond lengths and Mn-O bond angles, significantly affects the electronic
transition between Mn*" and Mn*', thereby changing their magnetic behaviour. As a
representative low-bandwidth manganite, Pri..CaMnO; experiences a reduced



ferromagnetic range and loss of metallicity [4]. It undergoes a transition from
ferromagnetic metallic phase to a charged-ordered antiferromagnetic insulating phase
under certain condition [5]. By controlling the doping level at x = 0.3, Pro7Cao3MnOs
(PCMO) marks the threshold between a ferromagnetic insulating ground state and a
charge-ordered antiferromagnetic  ground state, accompanied by colossal
magnetoresistance linked to a metamagnetic transition [6].

The solid-state reaction method is a cornerstone in manganite preparations,
celebrated for its efficiency in producing desired structures [7]. This approach is not only
cost-effective and straightforward, but also offer several advantages in material synthesis,
including simplicity in composition control [8]. Despite these benefits, there remains a
research gap regarding the effect of exceptionally high sintering temperatures, particularly
up to 1400 °C, on the physical behaviour of manganite samples. Previous research has
largely constrained their investigation to sintering temperature up to 1100 °C — 1200 °C
[9-11] . Hence, this study undertakes a comprehensive exploration of PCMO manganites
sintered at elevated temperatures ranging from 1000 °C to 1400 °C to elucidate the
microstructural changes that subsequently influence their electrical behaviour.

Numerous studies demonstrate that the modification of microstructures and
physical properties of perovskite manganites is strongly dependent on the preparation
conditions, including sintering temperature and duration. For instance, Zhu et al. found
that higher sintering temperatures help improve the crystallinity of Lao.7Cao.25K0.0sMnO3
films and reduce the MnQOs, octahedral distortions, resulting in higher resistivity and
shifting the 7w towards lower temperature [12]. Besides, Wang et al. also discovered that
raising the sintering temperatures facilitates grain growth, improves electron hopping,
enhances double-exchange interactions, and boosts the temperature coefficient of
resistance (TCR) in their preparation of Lage7Cao33MnO; polycrystalline ceramics
through sol-gel technique [13]. Therefore, it is anticipated that optimising the sintering
temperature during sample preparation can lead to higher TCR in this work. Hence, the
objective of this work is to explore the influence of sintering temperatures on the
structural, microstructural and electrical behaviours of Prp7CapsMnQOs in order to
determine the optimal condition for achieving maximum TCR performance.

MATERIALS AND METHODS

In this work, Pro7Cao3MnOs was synthesised using solid-state reaction method. The
precursor powder used were PrsOi11 (Strem Chemicals, 99.9%), CaCOs (Alfa Aesar,
99.95%) and MnCOs3 (Sigma-Aldrich, > 99.9%). Stoichiometric amounts of these starting
powders were mixed with analytical-grade acetone using the ball-milling technique for
24 h. The mixture was then dried in an oven at 70 °C for another 24 h. Next, the dried
powder was calcined at 900 °C for 12 h before undergoing grinding and sieving processes.
The resulting powder was pressed into pellets and sintered at temperatures ranging from
1000 °C to 1400 °C for 24 h. Hereafter, the samples will be designated as PCMO10,
PCMOL11, PCMOI12, PCMOI13, PCMOI14, corresponding to their respective sintering
temperatures in this manuscript. For sample characterisation, the phase formation was
identified by an X-ray diffractometer (XRD, X’Pert PRO PW 3040), while the
microstructural properties were observed using scanning electron microscopy (SEM,
Phenom ProX Desktop SEM). Furthermore, electrical behaviour was examined using a

26



standard four-point probe method via Hall effect measurement system (HMS, Lakeshore

7604).
RESULTS AND DISCUSSION

Structural analysis
Figure 1 displays the XRD patterns of Pro7Cao3MnO; (PCMO) samples sintered at

various temperatures. Upon indexing, all samples exhibited a pure PCMO phase with an
orthorhombic structure and Pnma space group (ICSD reference code: 98-006-0514). As
shown in Table 1, the Mn-O bond angles and Mn-O-Mn bond lengths showed negligible
variations despite the different sintering temperatures. Additionally, crystallite sizes were
calculated using Scherrer’s equation given by [14]:

D = (kA)/(Bcos 8)

where k represents the crystallite shape factor (0.9), A is the X-ray wavelength (1.5406
A), B denotes the peak width at half maximum intensity (FWHM) and @ stands for the
Bragg angle. It was observed that there is a general increase in crystallite size with higher
sintering temperature due to the enhanced diffusion effects [15]. However, PCMO13
demonstrated a slightly larger crystallite size compared to PCMO14. This difference may
be attributed to the higher goodness of fit values influenced by additional factors affecting

the measurements [16].
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Figure 1. XRD patterns of PCMO samples sintered at different temperatures
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Table 1. Rietveld refinement data of PCMO samples sintered at different temperatures
Sample code  PCMO10 PCMOL11 PCMO12 PCMOI13 PCMO14

Sample Praseodymium calcium manganese oxide (PCMO)
Reference 98-006-0514
code

Structure type  Orthorhombic
Space group Pnma (62)

a(A) 5.460 5.457 5.459 5.464 5.463
b(A) 7.671 7.671 7.671 7.676 7.671
c(A) 5.431 5.429 5.429 5.433 5.430

V (A3) 227.451 227.287 227.358 227.874 227.568
Mn;-O; (A) 1.957 1.956 1.956 1.958 1.957
Mn;-O; (A) 1.977 1.976 1.977 1.978 1.978
Mn;-O; (A) 1.959 1.959 1.959 1.960 1.959
ZMn;-O;-Mn; 156.385 156.381 156.382 156.384 156.388
)

ZMn;-02-Mn; 156.515 156.522 156.521 156.521 156.516
©)

Rexp (%) 3.391 3.350 3.516 3.708 3.683
Rp (%) 3.064 3.630 3.867 4.173 3.859
Rwp (%) 3.899 4.710 5.061 5.546 5.352
Goodness of  1.322 1.977 2.073 2.237 2.112
fit, 5

FWHM 0.223 0.166 0.156 0.096 0.098
values (°)

Crystallite 479 71.4 78.2 180.2 172.6
size (nm)

Microstructural analysis

Figure 2 illustrates the surface morphologies of the PCMO samples, revealing an increase
in grain size increases with rising sintering temperature. In PCMO10, grain agglomeration
with indistinct boundaries is observed, likely due to insufficient thermal energy for
complete compound formation [17]. As the sintering temperature increases, grain growth
is initiated, leading to reduced porosity and improved density [18]. Furthermore, higher
sintering temperatures tend to increase the oxygen demand, resulting in oxygen deficiency
and contributing to grain enlargement [19]. At sintering temperature of 1100 °C and
1200 °C, neck formation and clear grain boundaries appear in PCMO11, while PCMO12
shows a more compact structure with fewer pores due to densification [20]. A significant
finding from this work is that thermal expansion of the samples becomes apparent when
the sintering temperature reaches 1300 °C, possibly caused by extensive grain growth and
nearly complete densification at these extremely higher temperatures [21]. This effect is
more pronounced in sample PCMO14, which exhibits significantly larger grain sizes as
grain growth accelerates with increasing sintering temperature. Additionally, the
micrographs suggest that both PCMO13 and PCMO14 are likely experiencing nucleation
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or recrystallisation, as indicated by presence of microcracks and signs of melting [22].
This stage also marks the appearance of closed pores and densification as the sintering
temperature approaches the secondary recrystallisation temperature.
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Figure 2. SEM micrographs and the grain size distribution histograms of PCMO
samples sintered at different temperatures

Resistivity measurement

Figure 3 depicts the temperature-dependent resistivity measurements of the PCMO
samples sintered at different temperatures. The peak resistivity values decrease
significantly from 37 Q to 13 Q and then to 11 Q, as the sintering temperature increases
from 1000 °C to 1100 °C and subsequently to 1200 °C. This reduction can be attributed
to the enhanced connectivity between the grains and decreased porosity resulting from
grain growth [23]. Additionally, the magnetic inhomogeneities at the grain boundaries act
as strong scattering centres due to the higher magnetic disorders compared to the cores
[24]. As grain growth progresses, the influence of grain boundaries diminishes, leading
to a drastic decrease in resistivity. Notably, when samples are further sintered at 1300 °C
and 1400 °C, the resistivity values remain almost unchanged (= 11 Q). This stability may
occur because the samples achieve maximum densification and minimized porosity at
specific sintering temperatures. Beyond this point, any further increment in temperature
does not significantly improve the density or alter defects concentration (such as oxygen
vacancies), resulting in unchanged resistivity in PCMO13 and PCMO14.
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Figure 3. p-T curve of PCMO samples sintered at different temperatures

Temperature coefficient of resistance

The temperature coefficient of resistance (TCR) in manganites is another essential
parameter that reflects the sensitivity of magnetic sensors, especially infrared bolometers
[25]. It demonstrates the strong relationship between changes in resistivity of manganites
with temperature fluctuations and can be defined using following equation [26]:

TCR (%) = [(1/p) x (dp/dT) ]x 100%

As shown in Figure 4 the TCR values initially increase with rising sintering temperatures
before eventually declining. Compared to other samples, PCMO10 exhibits a notably
smaller TCR value, measured at 11.51% K-!. This difference can be related to the stronger
grain boundary effect and weaker double exchange interactions, resulting from smaller
grain sized formed at lower sintering temperatures [13]. As the sintering temperature
increases, TCR values gradually improve due to better grain connectivity and reduced
influence of grain boundary effects [27]. However, in PCMO14, the oxygen vacancies
disturb spin polarisation and limit electron hopping processes, thereby weakening the
double exchange mechanism and leading to a lower TCR value of 24.33 % K! [28].
Hence, it can be deduced that 1400 °C exceeds the melting point of PCMO in this study,
while 1300 °C is identified as the optimal sintering temperature for infrared sensor in
bolometric applications, recording the highest TCR value at 26.53 % K.
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Figure 4. TCR plots of PCMO samples sintered at different temperatures

CONCLUSION

As sintering temperature increases, both crystallite and grain sizes increase as a result of
the diffusion effect. SEM micrographs reveal that higher sintering temperatures induce
significant microstructural changes, including the formation of larger grains, increased
density and reduced porosity. Notably, at 1300 °C and 1400 °C, significant grain
expansion, along with signs of melting and microcracks, suggests proximity to nucleation
or recrystallisation points. This observation is consistent the resistivity measurement,
which shows consistent peak resistivity values of 11 Q at these temperatures. Typically,
increasing sintering temperatures lead to lower resistivity by improving the grain
connectivity, which also improves the temperature coefficient of resistance (TCR).
However, at 1400 °C, exceeding the melting point of PCMO introduces additional defects
and disrupts the electron hopping process, resulting in a lower TCR of 24.33 % K-!. Thus,
the highest TCR of 26.53 % K-! was achieved at sintering temperature of 1300 °C in this
work.
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