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Rapid synthesis of sodium-substituted lanthanum manganite
phases is reported by the solution combustion method using
oxalyl dihydrazide (ODH), as fuel. As-synthesized compounds
are amorphous in nature; crystallinity was observed on heating
at 800°C for S min. Structural parameters were determined by
the Rietveld refinement method using powder X-ray diffraction
data. Parent LaMnQO; compound crystallizes in the orthorhom-
bic structure (space group Pbnm No. 62). Sodium-substituted
compounds crystallize with rhombohedral symmetry (space
group R-3c, No.167). On increasing the sodium content, unit
cell volume decreases and Mn—O—Mn bond angle increases. The
fourier transform infrared spectrum shows two absorption bands
around 600 and 400 cm™" for the compositions x = 0.0, 0.05,
and 0.10. Mn®>"/Mn** ratio was determined by iodometric
titration. Electrical resistivity measurements reveal a composi-
tion-controlled metal to insulator transition (7;_;), the maxi-
mum 7,y was observed for the composition Lag gsNag.;sMnO;
at 285 K. Increase in magnetic moment is observed with increase
in crystallite size. Room temperature vibrating sample magne-
tometer data indicate that for the composition up to x = 0.10,
the compounds are paramagnetic whereas composition with
x=0.15, 0.20, and 0.25 show magnetic moments 34, 39, and
33 emu/g, respectively.

L.

IVALENT metal ions (Ca”, Sr?*, Ba®", and Pb”) substi-

tution for La** jon in LaMnO; inducing ferromagnetic
metallic property has been known for a long time.' Observation
of colossal magnetoresistance (CMR) in La;_,Ba,MnOj3 thin
films has created new interest in these materials.” New phenom-
ena, viz. charge, spin, and orbital ordering, have been discovered
in these perovskite-based rare-earth manganites as can be read
from a recent review.> Monovalent ion-doped rare earth man-
ganites of the general formula Ln; A . MnO; (Ln = La, Pr, Nd;
A = Na, K, Rb) provide another series of new oxides to study
the phlsical phenomena of insulator-to-metal transition and
CMR.*° Alkali metal ion-doped lanthanum manganites have
been prepared by ceramic methods,*® alkali-flux method,®’
fused salt electrolysis.'

The ratio of Mn**/Mn*" is an important factor in insulator
to metal (I-M), transition and magnetic phase transition in
manganites. Generally, divalent ions (Ca, Sr, Ba, and Pb)-doped
compounds exhibit composition-controlled I-M transition. It is
possible to achieve an equal amount of hole doping with half the
number of the monovalent ions, because for the same amount of
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aliovalent dopant, the hole density is twice that of divalent ion
doping.

The solution combustion method offers an advantage over
other conventional methods. It is a low-temperature-initiated
exothermic and self-propagating process. Patil e al.'! have re-
viewed the synthesis of various oxide materials by the combus-
tion reactions of redox mixtures containing stoichiometric
amounts of respective metal nitrates (oxidizers) and fuels such
as urea, hydrozides (Carbohydrazide, CH), oxalydihydrazide
(ODH), malonic acid dihydrazide (MDH), tetraformaltrisazine
(TFTA), and glycine. Using the solution combustion method, a
wide range of technologically useful oxides were prepared, hav-
ing magnetic, dielectric, electrical, mechanical, luminescent, and
optical properties. Bera et al. synthesized new redox catalysts of
Ag/Ce0,'? and Cu/CeO,."* This method was also applied to
prepare divalent ion-doped-lanthanum manganites.'* Recently,
nanocrystalline La,_,Ba,MnO3," La,_.Sr,MnOs,'® and sodi-
um-doped lanthanum manganites were prepared by the sol-gel
and propellant method.!” In the present study we have synthe-
sized series of ferromagnetic sodium-doped lanthanum mang-
antes by the solution combustion method at relatively low
temperatures using ODH as a fuel and studied the structural,
transport, and magnetic properties.

11

The title compounds were prepared by the solution combustion
method using ODH as a fuel. The detailed procedure for cal-
culating the metal nitrates to fuel ratio has been described else-
where.!"!® Stoichiometric amounts of La(NOj3); (obtained by
dissolving the requisite amount of preheated La,O5 at 800°C),
NaNO;, and Mn(NO3), -4H,O were dissolved in a minimum
amount of water in a pyrex dish. Calculated amounts of the fuel
ODH were added. The ODH dissolved and formed a clear so-
lution, which was introduced into a muffle furnace preheated to
400°C. The mixture boiled, followed by frothing and ignited
with evolution of a large amount of gases. The flame persisted
for about a minute leaving behind a residual black colored fine
powder. Assuming complete combustion, the general equation
for the formation of samples can be proposed as follows:

Experimental Procedure

(1 — x)La(NO3)5(aq) + xNa(NOs)(aq) + Mn(NO3),(aq)
+ C,HgN4 O, (aq)
— Lal,xNaanO3(S) + CO, (g) + HzO(g) + N, (g)

All the samples were characterized by powder X-ray diffrac-
tion (XRD) using a Philips (the Netherlands) X’pert Pro
diffractometer with CuKo (L= 1.5418 A) using a graphite
monochromator to filter the Kj lines. For Rietveld refinement,
data were collected at a scan rate of 1°/min with a 0.02° step size
for 20 from 10° to 80°. The data were refined using the FullProf
Suite-2000 version. Morphology and compositional analysis
were carried out in a scanning electron microscope (SEM) fit-
ted with an energy dispersive X-ray analyzer (EDX). Infrared
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spectra for calcined samples were recorded on a Perkin-Elmer
(Germany) FT-IR Spectrometer spectrum 1000 from 300 to
4000 cm'. Electrical resistivity measurement was carried out on
the sintered pellets at 800°C for 12 h by a four-probe method in
the temperature range from 300 to 12 K. Room temperature
magnetic measurements were carried out using a vibrating sam-
ple magnetometer (VSM; Lake Shore).

(1) Determination of Mn’* |[Mn*" Concentration

The ratio of the Mn®"/Mn** concentration was determined by
iodometric titration for the sintered compounds.” Typically,
about 50 mg of the compound was dissolved in 10 mL of 1:1
HCI containing about 1 g of solid KI. Liberated iodine was ti-
trated against standard sodium thiosulphate (0.05 N) solution
using starch as an indicator.

(2) Determination of Sodium Content

Sodium content was estimated by flame photometry. About 50
mg of the compound was dissolved in 10 mL of 6 M HCI, evap-
orated to dryness, and redissolved in 100 mL of deionized water.
Standard solutions were prepared from analytical grade (AR)
NaCl salts dried at 200°C. The accuracy of estimation is within
+0.02.

III. Results and Discussions

Figure 1 shows the powder XRD patterns for the typical
LaggsNag1sMnOj (a) as synthesized and sintered at 800°C
from 5 min to 2 h (Figs. 1(b)-(g)). The as-synthesized com-
pound is amorphous in nature. However the fact that a crystal-
line perovskite oxide is formed within 5 min of sintering at
800°C shows that the amorphous product contains the metal
oxides, probably in the nanoparticulate form. The question aris-
es as to why the as-synthesized product is amorphous in this
system. In this system, it is necessary to moderate the flame
temperature in order to suppress the loss of sodium ions at the
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Fig.1. Powder X-ray diffraction patterns of LaggsNagsMnO; 937
compound sintered at 800°C from 5 min to 2 h.
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Fig.2. Powder X-ray diffraction patterns of La;_,Na,MnO;
(0.00 <x<0.25) phases, sintered at 800°C/2 h.

cost of crystallinity. The exothermicity of the combustion reac-
tion depends on the oxidizer (O) to fuel (F) ratio and the max-
imum is observed when O/F = 1. Here, we have controlled the
exothermicity of the reaction by making it fuel lean, i.e., by
adding excess nitrate source (Oxidizer). As a result of less exo-
thermic reaction, the products formed are amorphous and the
composition is nearer to nominal as the Na ion evaporation is
fully controlled. The XRD pattern in the product oxide could be
indexed in rhombohedral symmetry having the lattice parame-
ters a = 5.495(8) A and ¢ = 13.354(4) A (hexagonal setting) with
space group R-3¢ (No. 167). There is no structural change with
increasing sintering time. The average crystallite size from XRD
data was calculated using the Debye—Scherrer formula'® and the
crystallite size increases with increasing sintering time. Increase
in crystallite size is not significant after 1 h heating at 800°C. The
crystallite sizes were found to be in the range of 25-34 nm. We
also studied the growth of particle size in the Lag gsNag ;sMnO3
system with temperature. The compound was heated in the tem-
perature range from 500° to 800°C at a fixed duration of an
hour, single-crystalline phase was observed at 500°C itself. The
compound crystallized in the rhombohedral structure with space
group R-3¢ (No.167). Here also, there is no structural change
with increasing temperature from 500° to 800°C, the crystallite
size increases with increasing temperature up to 800°C. The
average crystallite sizes were in the range of 21-33 nm.

We synthesized a series of sodium-substituted lanthanum
manganites having the general formula, La;_,Na MnO;
(0.00 < x<0.25), as aliovalent doping of La** by Na™ is expect-
ed to generate twice the Mn*" content when compared with the
better-known Sr?*-doped system.'® As-prepared samples were
heated at 800°C for 2 h. In Fig. 2, we have shown the powder
XRD patterns of all the compounds. The parent LaMnOj; com-
pound crystallizes in the orthorhombic structure with space
group Pbnm (No. 62), and the indexed diffraction pattern is
shown in Fig. 2(a). The sodium-substituted compounds crystal-
lize in the rhombohedral structure (hexagonal setting) with
space group R-3c¢ (No.167), indexed powder XRD pattern is
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Fig.3. Typical, observed, calculated, and the difference Rietveld re-
fined X-ray diffraction pattern of LajgsNag ;sMnO, 37 compound.

given for the composition LaggsNagosMnOj in Fig. 2(b). As
the sodium content increased from x=0.05 to 0.25, the
rhombohedral phase transfers to cubic-like symmetry
Fig. 2(b—f). The splitting of the main (110) and (104) lines de-
creases and seems to merge into one line with increasing Na
content. The structural parameters for all the phases were
obtained from the Rietveld refinement method. The refinement
results reveals that even 25% sodium content also crystallizes in
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the rhombhohedral structure with less rhombohedral distortion.
In Fig. 3, observed, calculated, and the difference XRD pattern
of the typical LaggsNag;sMnO,g3; is given. There is good
agreement between the observed and calculated patterns. In
Table I, we have summarized refined structural parameters,
Mn-O bond lengths, and Mn-O-Mn bond angles for all the
samples. In Fig. 4, we have shown the plot of (a) unit cell volume
per formula unit and (b) Mn—O-Mn bond angle as a function of
sodium content. When sodium content increases from x = 0,05
to 0.25, the unit cell volume decreases from 58.52 to 57.98 (A?)
and Mn—O-Mn bond angle increases from 164.16 to 166.39°.
The decrease in cell volume can be correlated with the increase
in Mn content, which is smaller (ionic radii, 0.53 A) than the
Mn** ion (ionic radii, 0.645 A) The presence of smaller cations
in the B sub-lattice of the ABO; perovskite is resp0n51ble for
both the reduction in unit cell volume and for the increase in the
Goldschmidt tolerance factor (1 = da.o//2dp o), hence the de-
crease of the rhombohedral distortion of the lattice.?°

The increase in Mn—O-Mn bond angle is explained based on
the tolerance factor, ¢, of the system. In the perovskite system
size, when A-site cation is large the tolerance factor, ¢, ap-
proaches 1. There is no distortion in the Mn—O-Mn bond angle,
the structure is cubic. The parent oxide, LaMnOs, crystallizes in
the orthorhombic structure; the coordination number of La- ion
is 9, the ionic radii of ldnthdnum (rLaz+ = 1.24 A) The Na-sub-
stltuted compound crystallizes in the rhombohedral structure in
which lanthanum and sodium_ions have a 12 coordination
(rLaz+ = 1.36 A MNa+ = 1.39 A) having three types of La/
Na-O distances.” On increasing Na content, the crystal struc-
ture transforms to cubic-like symmetry. We did not see any
splitting in the main line, but Rietveld refinement data reveal the

Table I. Rietveld Refined Structural Parameters, Selected Bond Angles, and Bond Lengths of La;_,Na MnQO; Samples
Compounds LaMnO; 075 LaggsNagoasMnOs 73 LagooNag10MnOs oas LaggsNag1sMnOag37 LaggoNag19MnOa g3 Lag75Nag23MnO; 95
Crystal system Orthorhombic Rhombohedral Rhombohedral Rhombohedral Rhombohedral Rhombohedral
space group Pbnm (62) R-3¢ (167) R-3¢ (167) R-3¢ (167) R-3¢ (167) R-3¢ (167)
Lattice parameters

a(A) 5.477(6) 5.513(4) 5.509(4) 5.498(4) 5.489(5) 5.489(3)
b (A) 5.524(4)
¢ (A) 7.805(6) 13.350(3) 13.341(5) 13.341(5) 13.329(2) 13.328(5)
Cell volume/formula unit (A3) 59.05 58.52 58.48 58.20 57.97 57.98
La/Na (4e) (6a) (6a) (6a) (6a) (6a)
X 0.005 (12) 0.0000 0.0000 0.0000 0.0000 0.0000
y 0.0120 (5) 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
Mn (4b) (6b) (6b) (6b) (6b) (6b)
X 0.5000 0.0000 0.0000 0.0000 0.0000 0.0000
y 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
(0] (4e) (18e) (18e) (18e) (18e) (18¢)
x 0.0109 (7) 0451 (3) 0.452 (4) 0.455 (6) 0.458 (5) 0.457(4)
y 0.4869 (6) 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
02 (8d)
X 0.7500 (8)
y 0.2803 (6)
z 0.0675 (3)
R-factors
Rp 12.3 6.93 7.23 6.81 7.17 7.47
Rwp 18.0 11.40 11.90 11.00 12.2 11.8
Rprage 4.80 1.80 2.07 1.54 1.64 1.70
Rr 4.61 1.39 1.78 1.61 1.78 1.94
Bond lengths and angles
Mn-Ol1-Mn (deg.) 17449 (5)  164.16 (1) 164.47 (5) 165.45 (3) 166.41 (2) 166.09(3)
Mn-02-Mn (deg.) 148.86 (8)
Mn-Ol (A) 1.953 (7) 1.960 (5) 1.958 (3) 1.953 (5) 1.948 (5) 1.949(4)
Mn-02 (A) 2.133 (2)
Mn-02' (A) 1.904 (2)
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Fig.4. Plots of (a) unit cell volume per formula unit and (b) Mn—-O-Mn
bond angle as a function of Na content.

structure to be rhombohedral symmetry with minor distortion.
This implies that the Mn—O—-Mn bond angle increases. A similar
increase in bond angle in the perovskite system is reported in
the literature®’ and sodium-doped lanthanum manganite by
Roy et al.?*

Wet chemical analysis results reveal that Mn*" content
increases with increasing sodium content from 15% to 42%.
Parent LaMnO; compound showed minimum 15% of Mn**
content, whereas 5%, 10%, 15%, 20%, and 25% sodium-sub-
stituted compounds showed 25%, 29%, 31%, 38%, and 42% of
Mn** content, respectively. Contrary to expectations the com-
positions with a low x value are relatively richer in Mn**, and
compositions with higher x values are relatively poorer than
what is expected form the Na content. It may be recalled that it
is difficult to make stoichiometric LaMnQOj; as some of the Mn is
oxidized to 4+. The Na content was not only determined
experimentally but also obtained by the refinement of the SOF
during Rietveld refinement. Based on these measurements, final
formula has been given for each composition (Table I).

Scanning electron micrographs of LaggsNaggssMnOs g7
(a) as-synthesized, (b) calcined powder for 2 h, and (c) sintered
pellets at 800°C for 12 h are shown in Fig. 5. The micrograph of
the as-synthesized sample shows voluminous and porous mor-
phology. On calcination the growth in particle size and grain
boundary is evident. The particles were agglomerated and the
particle sizes are in the range of 2-5 pum. It is seen from Fig. 5(c)
that the SEM image of sintered pellet shows high densification
and compactability. EDX on the spot mode and overall area
results reveal that compositions are homogeneous.

FT-IR spectra of La;_,Na,MnO; (0.00<x<0.25) com-
pounds are shown in Figs. 6(a)—(f). The IR spectrum shows
two absorption bands around 600 and 400 cm™! for the com-
positions (a) x = 0.0, (b) 0.05, and (c) 0.10. The higher frequency
band at 600 cm ™! was assigned to the Mn—O stretching vibra-
tion mode, which involves the internal motion of a change in
Mn-O bond length, the band around 400 cm ™' corresponds to
the bending mode, which is sensitive to a change in the Mn—O—
Mn bond angle. These two bands are related to the environment
surrounding the MnOg octahedra in the ABO; perovskite.**

Solution Combustion Method 3855

Fig.5. Scanning electron micrographs of Lag 9sNag 04sMnQOj3 73 (a) as-
synthesized, (b) calcined powder at 800°C for 2 h, and (c) sintered pellets
at 800°C for 12 h.

These absorptions disappear when x exceeds 0.15, on account of
the metallic nature of the oxides (Figs. 6(d)—(f)).

In Fig. 7, we have shown the resistivity as a function of tem-
perature plots of La; _,Na,MnO; (0.00<x<0.25) samples. The
composition x = 0.00 exhibits insulating behavior. Increase in
sodium content from x =0.05 to 0.25 reveals a composition-
controlled metal to insulator transition (Ty_). The T values
observed in the present study were 145, 215, 280, 230, and 225 K
for the compositions x = 0.05, 0.10, 0.15, 0.20, and 0.25, respec-
tively. Generally, solid-state preparations yield a bigger grain
size and exhibit sharp metal insulator transitions. However in
the present study, all the samples show a broad metal insulator
transition, which can be attributed to the nanocrystalline nature
of the grains and the weak grain boundary contact. The effect of
grain size on the magnetic, transport, and structural properties
of manganites has been extensively studied by many investiga-
tors.2>%® These studies suggest that particle size, the doping level
in the lanthanum site as well as oxygen content play an impor-
tant role in the above properties of these class of oxides. Here
x=0.20 and 0.25 compositions exhibit low values of Ty 1 230
and 225 K, because of these compounds having high Mn**
content of 38% and 42%, respectively.
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(0.00<x<0.25) phases for sintered samples at 800°C for 2 h.

Growth of the particle size as a function of time and temper-
ature was correlated with magnetic properties. In Figs. 8(a)—(g),
we have shown the change in magnetic moment as a function of
applied field for LaggsNag;sMnQO;.937 sintered at 800°C for
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Fig.10. Plots of magnetization as a function of applied field for
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800°C for 1h.

showed 36 emu/g and increase in magnetic moment was not
significant when sintered further.

Similarly, we performed the magnetization measurement for
LaggsNag 1sMnO,.937 sintered at different temperatures from
500° to 800°C for a fixed duration of 1 h, as shown in
Figs. 10(a)—(e). From Fig. 10, it is clear that samples heated
up to 600°C for 1 h did not show any magnetic saturation up to
10 K Oe, whereas 700°- and 800°C-sintered samples did show
magnetic saturation. This indicates compounds crystallized in
the perovskite phase at as low as 500°C, in order to get ferro-
magnetic ordering we have to heat the sample at a minimum
temperature of 700°C for 1 h. Sintering temperature as a func-
tion of magnetic moment and crystallite size is shown in
Fig. 9(b). This shows an increase in magnetic moment as well
as in crystallite size with increase in sintering temperature and
time. Figures. 9(a) and (b) clearly demonstrates that particle size
plays an important role in magnetic ordering rather than struc-
tural order.

Figure 11 shows the magnetization versus applied field for all
the phases of La;_,Na,MnOs (0.00 < x<0.25) sintered at 800°C
for 2 h. For the compositions (a) 0.00, (b) 0.05, and (c) 0.10
exhibit paramagnetic behavior with the magnetic moment of
0.6, 1.2, and 7.0 emu/g, respectively. On the other hand, as the
sodium content increases from (d) 0.15, (e) 0.20 and (f) 0.25
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Fig.11. Magnetization as a function of applied field for La;_,
Na,MnO; (0.00 <x<0.25) compounds sintered at 800°C for 2 h.
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compounds are ferromagnetic with magnetic moments 34, 39,
and 33 emu/g, respectively. Magnetic moment of the Lag7s.
Na.23MnO; g5 phase is lower than that of Lag goNag sMnO; gg3.
This is because, Mn*" content is 42% in Lag 7sNag23Mn0O, os
system, which favors antiferromagnetic interaction within the
ferromagnetic clusters.?’ Washburn ez al.>® have analyzed such a
magnetic behavior taking into account two lattice models, one
with ferromagnetic interaction and the other with antiferromag-
netic interaction. Here, in addition to Mn**—O—Mn*" double-
exchange interaction leading to ferromagnetic behavior,
Mn*"—O—Mn*" is antiferromagnetic interaction, which brings
down the ferromagnetic interaction and hence the magnetic mo-
ment is lower in the Lag 75Nag,3MnO, o5 system.

IV. Conclusions

In conclusion, we have shown Na* ion substituted for La site in
the LaMnOj; system by the rapid solution combustion method
and up to 25% of Na can be substituted for La by this method.
Structural transition was observed from orthorhombic to rho-
mbhohedral on substitution of sodium. We have observed the
structural ordering temperature as low as 500°C as well as a
shorter duration of 5 min at 800°C. Room temperature VSM
data reveal that particle size plays an important role in magnetic
ordering rather than the structural order.
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