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INTRODUCTION

The intimate relationship between the structural,
electrical, and magnetic properties of lanthanum man-
ganite (LaMnO

 

3

 

) and related materials is a topic receiv-
ing much attention. Of particular interest is the colossal
magnetoresistive response of doped manganites [1–3].
The presence of manganese ions in different oxidation
states (Mn

 

3+

 

 and Mn

 

4+

 

) may result in a combination of
ferromagnetism, metallic conduction, and a significant
magnetoresistance: a decrease in electrical resistivity 

 

ρ

 

in a magnetic field. The resistivity of such materials
reaches a maximum near the ferromagnetic ordering
temperature 

 

T

 

C

 

. The temperature variation of magne-
toresistance is similar to that of 

 

ρ

 

: magnetoresistance
also passes through a maximum near 

 

T

 

C

 

. Above the
Curie temperature, magnetoresistance is close to zero.
Clearly, practical applications of the colossal magne-
toresistive effect (magnetometers, magnetic sensors,
ultrahigh-density magnetic recording media, and oth-
ers) require materials with high sensitivity to magnetic
fields and with a 

 

T

 

C

 

 close to 300 K. The formal charge
state of manganese plays a key role in determining the
Curie temperature of manganites: increasing the frac-
tion of Mn

 

4+

 

 from 15 to 40% (relative to the total Mn
content) raises 

 

T

 

C

 

 from 180 to 360 K [2]. The valence
state of Mn can be controlled by varying oxygen sto-
ichiometry or by heterovalent cation substitutions.

 

La

 

1 

 

−

 

 

 

x

 

Mné

 

3

 

 solid solutions with M

 

2+

 

 = alkaline-
earth metal have been studied most extensively [4–7]. It
is of interest to substitute alkali-metal ions for La
because the large difference in valence may lead to

Mx
2+

 

changes in structure and magnetic properties. Given
that La and Na are close in ionic radius (

 

 = 1.36

 

 Å,

 

 = 1.39 

 

Å) [8], the 

 

La

 

1 – 

 

x

 

Na

 

x

 

Mné

 

3 

 

± γ

 

 solid-solution

system is of considerable interest.
The studies of 

 

La

 

1

 

 

 

−

 

 

 

x

 

Na

 

x

 

Mné

 

3

 

 

 

± γ

 

 solid solutions in
[9, 10] were limited to 

 

x

 

 = 0.10 and 

 

x 

 

= 0.10 and 0.30,
respectively. According to Perekalina 

 

et al.

 

 [10], the 

 

T

 

C

 

of ceramic samples depends on the heat-treatment tem-
perature. There is no agreement among different groups
as to the optimum heat-treatment conditions in the
solid-solution system under consideration: the reported
solid-state sintering temperatures range from 1290 [11]
to 1470 K [12–14]. Because of the appreciable Na vol-
atility at high temperatures, the reported composition
ranges of the 

 

La

 

1 – 

 

x

 

Na

 

x

 

Mné

 

3 

 

± γ

 

 solid solution also dif-
fer significantly: 

 

x

 

 

 

≤

 

 0.2 [15], 

 

x

 

 

 

≤

 

 

 

0.25 [11],

 

 and 

 

x

 

 

 

≤

 

 0.30

 

[10, 12, 13]. Sintering samples embedded in Na-
enriched manganite powder, Ganin [14] was able to
raise the Na content of the solid solution to

 

 x

 

 = 0.40.
In most works [10–15], 

 

La

 

1 – 

 

x

 

Na

 

x

 

Mné

 

3 

 

± γ

 

 solid
solutions were reported to crystallize in the rhombohe-

dral space group 

 

R c

 

. At the same time, there were
reports that the rhombohedral distortion takes place for

 

x

 

 

 

≥

 

 

 

0.15

 

 in 

 

Nd

 

1 – 

 

x

 

Na

 

x

 

Mné

 

3

 

 [16] and 

 

x

 

 > 0.065 in

 

La

 

1 

 

−

 

 

 

x

 

Na

 

x

 

Mné

 

3 

 

± γ

 

 [17] and that, at lower Na contents,
doped lanthanum manganite has an orthorhombic
structure. As pointed out in [18], the presence of lantha-
num and oxygen vacancies leads to the formation of an

 

R c

 

 structure with a high magnetoresistance and 

 

T

 

C

 

,
while manganese vacancies result in a 

 

Pbnm

 

 orthor-

R
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R
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Abstract

 

—The structural, electrical, magnetic, and magnetoresistive properties of polycrystalline

 

La

 

1 

 

−

 

 

 

x

 

Na

 

x

 

MnO

 

3 

 

± γ

 

 are studied in the range 0.08 

 

≤

 

 

 

x

 

 

 

≤

 

 0.16. The solid solutions contain La and O vacancies and

crystallize in the space group 

 

R c

 

. The Curie temperature of the solid solutions depends not only on the formal
charge state of Mn but also on the Na content, the amounts of La and O vacancies, and synthesis conditions.
The synthesized materials are potentially attractive as room-temperature magnetic sensors.
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hombic structure and semiconducting behavior of resis-
tivity. According to Shimura 

 

et al.

 

 [15], the decrease in
the positive charge of the lanthanum sublattice upon Na

substitution causes no changes in the valence state of
Mn but increases the occupancy on the Mn site. Note
that, in most works dealing with 

 

La

 

1 – 

 

x

 

Na

 

x

 

Mné

 

3 

 

± γ

 

, no

 

Table 1.  

 

Na content of polycrystalline La

 

1 – 

 

x

 

Na

 

x

 

MnO

 

3 

 

± γ

 

 samples sintered at 1420 K

wt % Na

 

x

 

∆

 

x

 

(

 

x

 

nominal

 

 – 

 

x

 

assay

 

)

 

∆

 

x

 

/

 

x

 

nominal

 

nominal assay nominal assay

0.795 0.580 0.080 0.058(4) 0.0216 0.27

0.982 0.751 0.100 0.076(0) 0.0240 0.24

1.221 0.928 0.120 0.091(2) 0.0288 0.24

1.441 1.111 0.140 0.108(0) 0.032 0.23

1.667 1.260 0.160 0.121(0) 0.039 0.24

 

Table 2.  

 

Formal charge state of Mn and oxygen nonstoichiometry 

 

γ

 

 in La

 

1 – xNaxMnO3 ± γ solid solutions sintered at 1420 K

Actual composition Mntotal , % Mn3+, % Mn4+, % Formal charge 
on Mn γ

La0.92Na0.058�0.022MnO3.068 23.6 16.1 7.5 3.32 0.068

La0.90Na0.076�0.024MnO3.043 23.9 16.5 7.4 3.31 0.043

La0.88Na0.091�0.029MnO3.016 24.2 16.9 7.3 3.32 0.016

La0.86Na0.108�0.032MnO2.994 24.4 17.1 7.3 3.33 –0.006

La0.84Na0.121�0.039MnO2.973 24.6 17.7 7.6 3.31 –0.027

Note: � designates an La vacancy.
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Fig. 1. Observed (points) and calculated (solid line) XRD patterns of the La0.92Na0.058�0.022MnO3.068 ceramic prepared at 1420 K.
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data were reported on the magnetoresistive response of
these materials, a characteristic essential for their prac-
tical application.

In this paper, we describe the structural, electrical,
magnetic, and magnetoresistive properties of
La1 − xNaxMné3 ± γ solid solutions in the composition
range where ferromagnetic ordering may be achieved
near room temperature.

EXPERIMENTAL

Samples for this investigation were prepared by
solid-state reactions, using appropriate mixtures of
reagent-grade NaCO3 and extrapure-grade La2O3 and
Mn2O3 predried at 1120, 920, and 520 K, respectively.
The starting mixtures were homogenized by vibration
milling for 6–8 h in distilled water with corundum
grinding media. Next, the mixtures were dried at 380–

400 K, passed through a nylon 6 sieve, fired at 1170 K
for 4 h, and then again homogenized by wet grinding.
After addition of an aqueous solution of polyvinyl alco-
hol as a binder, the powder was pressed into disks
10 mm in diameter and 3–4 mm in thickness, which
were then sintered at 1420–1500 K for 2 h.

Structural parameters of the resultant
La1 − xNaxMné3 ± γ ceramics were determined by the
Rietveld profile analysis method. X-ray diffraction
(XRD) measurements were made on a DRON-4-07
powder diffractometer (CuKα radiation). XRD patterns
were run in the angular range 2θ = 10°–150° in a step-
scan mode with a step size ∆2θ = 0.02° and a counting
time of 10 s per data point. As external standards, we
used SiO2 (2θ calibration) and Al2O3 (NIST SRM1979
intensity standard). The Mn3+ and Mn4+ contents were
determined by titration with an iodine thiosulfate solu-
tion. The iodine in the potassium iodide solution was

Table 3.  Crystallographic data for La1 – x – yNax�yMnO3 ± γ samples sintered at 1420 K

x 0.058 0.076 0.091 0.108 0.121

Lattice parameters

a, Å 5.5206(2) 5.5190(3) 5.5157(2) 5.5102(2) 5.5084(4)

c, Å 13.3416(3) 13.3414(4) 13.3436(3) 13.3400(3) 13.3393(6)

V, Å3 352.13(2) 351.93(3) 351.56(2) 350.77(2) 350.52(4)

c/a 2.4167 2.4174 2.4192 2.4210 2.4216

Positional parameter of O

x/a 0.456(2) 0.454(3) 0.452(2) 0.454(2) 0.445(2)

Bond distance, Å

Mn–O 1.959(1) 1.960(2) 1.961(1) 1.958(1) 1.960(2)

Thermal parameters

La 0.89(3) 0.10(7) 0.31(3) 0.44(3) 0.47(6)

Na 0.89(3) 0.10(7) 0.31(3) 0.44(3) 0.47(6)

Mn 0.26(5) 0.2(1) 0.31(4) 0.27(4) 0.26(9)

O 2.7(3) 1.1(6) 2.0(3) 2.0(3) 0.3(6)

Site occupancies

La 0.920 0.900 0.880 0.860 0.840

Na 0.068 0.076 0.091 0.108 0.121

Mn 1.000 1.000 1.000 1.000 1.000

O 3.10(6) 3.1(1) 3.15(6) 3.09(5) 3.1(1)

Formal charge on Mn 3.4(1) 3.4(2) 3.5(1) 3.5(1) 3.5(2)

Divergence factors

Rb, % 5.28 3.96 5.53 5.38 6.85

Rf , % 7.58 4.62 7.09 7.30 7.88

Note: Space group R c: La in 6a (0 0 1/4), Mn in 6b (0 0 0), and O in 18e (x 0 1/4).3
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replaced by the chlorine resulting from the dissolution
of a manganite sample in hydrochloric acid [19]. Na
content was determined by flame spectroscopy using
dissolved manganite samples.

The electrical resistivity of ceramic samples was
measured by a four-probe technique from 77 to 370 K.
The samples were rectangular in shape, 2 × 3 × 10 mm
in dimensions. Electrical contacts were made by firing
silver paste. Magnetoresistance (ρ0 – ρH)/ρ0 , where ρ0
is the zero-field resistivity and ρH is the resistivity in
magnetic field H, was determined in applied fields of up
to 1.2 MA/m.

RESULTS AND DISCUSSION

We studied La1 – xNaxMné3 ± γ solid solutions with
x = 0.08, 0.10, 0.12, 0.14, and 0.16. Chemical analysis
of the La1 – xNaxMné3 ± γ samples sintered at 1420 K
(Table 1) showed that the Na loss ∆x (and, accordingly,
the amount of La vacancies) was proportional to x. The
relative loss ∆x/xnominal was 23–27%. The chemical
analysis data for Mn in different valence states are pre-
sented in Table 2. It can be seen that the reduction in the
positive charge of the lanthanum sublattice upon Na
substitution causes no increase in the formal charge on
Mn and is only possible owing to an increase in the
amount of oxygen vacancies (decrease in γ), in accor-
dance with earlier findings [15, 20, 21].

XRD examination showed that all of the synthesized
materials were single-phase and had a rhombohedrally
distorted perovskite structure. Figure 1 compares the
observed and calculated XRD patterns for x = 0.058
(xnominal = 0.080). The structural parameters (hexagonal
setting) of the solid solutions are listed in Table 3. The
Mn–O bond distance is seen to vary insignificantly with
x, in accordance with chemical analysis data, which
demonstrate that the valence state of Mn in
La1 − x − yNax�yMnO3 ± γ is essentially independent of x.

The density of the ceramics increases linearly as the
sintering temperature is raised to 1470 K (Fig. 2). Fur-
ther increase in temperature leads to appreciable Na
losses. Reducing the cooling rate was found to raise the
density of the La1 – x – yNax�yMnO3 ± γ ceramics. In view
of this, the samples were sintered at 1420–1470 K and
then cooled at a rate below 200 K/h.

Figure 3 displays the temperature dependences of resis-
tivity and magnetoresistance for La1 – x – yNax�yMnO3 ± γ
ceramics. The ρ(T) curves exhibit a maximum at a tem-
perature Tmax that increases with x. Below Tmax, the tem-
perature coefficient of resistance is positive, dρ/dT > 0
(metallic conduction), characteristic of ferromagnetic
states. Above Tmax, the conductivity is thermally acti-
vated (dρ/dT < 0), typical of the paramagnetic state of
doped manganites. The peak in magnetoresistance at
Tmax is due to ferromagnetic ordering. The additional
contribution to magnetoresistance at low temperatures
may be associated with spin-dependent grain-boundary

Fig. 3. Temperature dependences of (a) resistivity and
(b) magnetoresistance for La1 – x – yNax�yMnO3 ± γ ceram-
ics sintered at 1420 K: x = (1) 0.0584, (2) 0.076, (3) 0.0912,
(4) 0.108, (5) 0.121.
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Fig. 2. Apparent density as a function of sintering temperature
for ceramics of nominal composition La0.88Na0.12MnO3 ± γ
(theoretical density, 6.48 g/cm3).
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processes [22]. Since the Curie temperature usually
coincides with the peak-magnetoresistance tempera-
ture, we determined TC as Tmax in the magnetoresistance
versus T curve.

The 300-K composition dependences of magnetore-
sistance and resistivity for La1 – x – yNax�yMnO3 ± γ are
shown in Figs. 4a and 4b. Increasing the sintering tem-
perature from 1420 to 1440 K reduces resistivity and
increases magnetoresistance. The highest magnetore-
sistance (up to 20% at 300 K in a field of 1.2 MA/m) is
observed in the composition range x = 0.090–0.095
(xnominal = 0.12–0.13).

Although the formal charge state of Mn varies insignif-
icantly, the Curie temperature of La1 – x – yNax�yMnO3 ± γ
rises steadily as x increases from 0 to 0.11 (Fig. 4c). TC

depends not only on x but also on y. The increase in TC

with increasing sintering temperature at a given nomi-
nal composition is attributable to the increase in y in
La1 – x – yNax�yMnO3 ± γ. It can be seen from Table 2 and

Fig. 4c that TC grows at y ≤ 0.032 and γ ≥ 0, whereas La
and O vacancies reduce TC. In particular, the maxima in
the resistivity and magnetoresistance of the samples
with the nominal composition La0.88Na0.12MnO3 ± γ sin-
tered above 1440 K are shifted to lower temperatures
(Figs. 5a, 5b).

Figure 5c illustrates the effect of magnetic field on
the room-temperature magnetoresistance of the doped
manganite. The magnetoresistance of the samples sin-
tered at 1420–1440 K increases almost linearly with H
and attains 20%. At higher sintering temperatures,
magnetoresistance varies nonlinearly. Note that the
room-temperature magnetoresistance of bulk samples
in other doped manganite systems is no higher than 8–
15% in fields of up to 1.2 MA/m [23]. Given that the
magnetoresistance of La0.88Na0.12MnO3 ± γ is an almost
linear function of H, this material can be used as a sen-
sitive element for magnetic-field measurements.
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Fig. 5. (a) Resistivity and (b) magnetoresistance as func-
tions of temperature and (c) 300-K magnetoresistance as a
function of magnetic field for ceramics of nominal compo-
sition La0.88Na0.12MnO3 ± γ prepared by sintering at
(1) 1420, (2) 1440, (3) 1470, and (4) 1520 K.
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The TC and room-temperature resistivity and mag-
netoresistance versus sintering temperature data for the
La0.88Na0.12MnO3 ± γ ceramic (Fig. 6) indicate that the
optimum sintering temperature is close to 1440 K.

CONCLUSIONS

La1 – xNaxMnO3 ± γ solid solutions crystallize in the

rhombohedral space group R c, which attests to the
presence of La and O vacancies. The appreciable differ-
ence in valence between La and Na causes no changes
in the valence state of Mn. At the same time, the ferro-
magnetic ordering temperature correlates with the Na
content and the amounts of La and O vacancies. There
are optimal deviations from stoichiometry (y and γ) in
La1 – x – yNax � yMnO3 ± γ that ensure a TC close to room
temperature and high magnetoresistance. The optimum
sintering temperature of the solid solutions in air is
determined. The synthesized materials are potentially
attractive as room-temperature magnetic sensors with a
magnetoresistance of up to 20% in a magnetic field of
1.2 MA/m.

3
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