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INTRODUCTION

Changes in the charge state of the manganese ions
on the B site of 

 

ÄÇé

 

3

 

 perovskite manganites may lead
to ferromagnetic ordering and the associated colossal
magnetoresistance—a dramatic reduction in resistivity

 

ρ

 

 in response to an applied magnetic field [1–3]. The
electrical and magnetic properties of the perovskite
manganites depend on the formal charge state of the
manganese, the average A-cation radius , the differ-
ence in radius between the A cations, and structural
details. Ferromagnetic ordering in the manganites is
possible at formal charges of Mn from 3.16 to 3.5 [4].
The formal charge state of Mn, in turn, depends on the
A-cation charge and oxygen content. In particular,
reducing the oxygen content of 

 

LaMnO

 

3 

 

±

 

 

 

γ

 

 and

 

La

 

1 

 

−

 

 

 

x

 

Ca

 

x

 

MnO

 

3 

 

±

 

 

 

γ

 

 suppresses the ferromagnetic behav-
ior of these materials [5, 6]. At the same time, A-site
vacancies increase the formal charge of Mn and may
substantially raise the ferromagnetic ordering tempera-
ture [7, 8]. 

 

T

 

C

 

 increases linearly with increasing ,

except at high  values, where nonmonotonic behav-

ior is possible [9, 10]. At a given  and formal charge
on Mn, an increase in the degree of A-site disordering
leads to weaker magnetic interaction [11, 12]. A-site

disordering can be quantified by 

 

 =  – 

 

,
where 

 

x

 

i

 

 is the fraction of cation 

 

i

 

 on the A site, and 

 

R

 

i

 

is the ionic radius of cation 

 

i

 

 [13]. From this viewpoint,
it is of interest to study lanthanum calcium sodium

RA
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σA
2 xiRi

2∑ RA
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manganites, which have small 

 

 (  = 1.36 

 

Å

 

,

 = 1.34 

 

Å

 

,  = 1.39 

 

Å [14]): even low sodium

contents must lead to significant changes in the formal
charge state of Mn. As shown earlier [15, 16], the high-
temperature synthesis of 

 

La

 

1 – 

 

x

 

Na

 

x

 

MnO

 

3 

 

±

 

 

 

γ

 

 leads to the
formation of sodium vacancies on the A site, which
raise 

 

T

 

C

 

. In this paper, we report the synthesis and struc-
tural, electrical, and magnetic properties of

 

La

 

0.7

 

Ca

 

0.3 

 

−

 

 

 

x

 

Na

 

x

 

MnO

 

3 

 

±

 

 

 

γ

 

 (LCNM) solid solutions with

 

x

 

 = 0, 0.04, 0.06, 0.08, and 0.10.

EXPERIMENTAL

Samples for this investigation were prepared by
solid-state reactions, using appropriate mixtures of pre-
dried extrapure-grade 

 

La

 

2

 

O

 

3

 

 and 

 

Mn

 

2

 

O

 

3

 

 and reagent-
grade 

 

CaCO

 

3

 

 and 

 

Na

 

2

 

CO

 

3

 

. The starting mixtures were
homogenized by vibration milling with distilled water
for 6–8 h using corundum grinding media. Next, the
mixtures were dried, screened through a nylon-6 sieve,
fired at 1190–1230 K in air for 4 h, and then again
homogenized by wet grinding for 4 h. After drying and
addition of an aqueous 5% 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 

 

T

 

sint

 

 = 1425–1500 K for 1 h in air,
without preventing sodium vaporization via packing.

Structural parameters were determined by the
Rietveld profile analysis method. X-ray diffraction
(XRD) measurements were made on a DRON-4-07
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Abstract

 

—

 

La

 

0.7

 

Ca

 

0.3 – 

 

x

 

Na

 

x

 

MnO

 

3 

 

±

 

 

 

γ

 

 (LCNM) solid solutions with 

 

x

 

 = 0, 0.04, 0.06, 0.08, and 0.10 have been

synthesized (rhombohedral structure, sp. gr. 

 

R c

 

). Sodium volatility during sintering is shown to lead to the
formation of vacancies on the lanthanum and oxygen sites. 

 

Ca

 

2+

 

  

 

Na

 

+

 

 substitution does not increase the
fraction of 

 

Mn

 

4+

 

 in LCNM, but the increase in the concentration of lanthanum vacancies with increasing
sodium content leads to an increase in ferromagnetic ordering temperature 

 

T

 

C

 

 and magnetoresistance, which
depend, in addition, on heat-treatment conditions on account of the sodium volatility.
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powder diffractometer (Cu

 

K

 

α

 

 radiation). XRD patterns
were run in the angular range 

 

2

 

θ

 

 = 10°–150°

 

 in a step-
scan mode with a step size 

 

∆

 

2

 

θ

 

 = 0.020°

 

 and a counting
time of 10 s per data point. As external standards, we
used 

 

SiO

 

2

 

 (

 

2

 

θ

 

 calibration) and 

 

Al

 

2

 

O

 

3

 

 (NIST SRM 1979
intensity standard). The 

 

Mn

 

3+

 

 and 

 

Mn

 

4+

 

 contents of the
samples were determined by volumetric analysis [17];
Na was determined by flame spectroscopy using man-
ganite samples dissolved in HCl.

The electrical resistivity 

 

ρ

 

 of ceramic samples was
measured by a four-probe technique at temperatures
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
was determined in applied magnetic fields of up to
1.2 MA/m as

where 

 

ρ

 

0

 

 is the zero-field resistivity and 

 

ρ

 

H

 

 is the resis-
tivity in a magnetic field 

 

H

 

 > 0.

MC
ρ0 ρH–

ρ0
----------------- 100%,×=

RESULTS AND DISCUSSION

The XRD data for the LCNM ceramic samples sin-
tered at 1475 K are presented in Table 1. All of the syn-
thesized La0.7Ca0.3 – xNaxMnO3 ± γ samples were single-

phase and had a rhombohedral structure (sp. gr. R c).
As seen from Table 1, partial substitution of the larger
sized ion Na+ for calcium produces no systematic
changes in unit-cell volume, and the unit cell remains
rhombohedral. The present data differ from the results
reported by Bhattacharya et al. [18]: in their study, the
x = 0 sample was orthorhombic (sp. gr. Pbmn), and the

rhombohedral (R c) distortion increased systemati-
cally with increasing x. The discrepancy may arise
from the difference in synthesis conditions, which
are known to influence both the cation and anion
nonstoichiometries [7]. The chemical analysis data
for sodium in the LCNM samples synthesized at dif-
ferent temperatures are presented in Fig. 1. It can be
seen that the relative sodium losses in the ceramics
are very large (0.35 ≤ xactual/xnominal ≤ 0.80) and increase
with increasing xnominal (xactual and xnominal are the actual
and nominal sodium contents). All of the curves in
Fig. 1 have a maximum at a sintering temperature of
1475 K. In an earlier study [16], a small maximum in
sodium content was found in the La1 – xNaxMnO3 ± γ sys-
tem at a sintering temperature of 1450 K. Since the
vaporization of a volatile component at a given synthe-
sis temperature and duration is limited by the specific
surface of the sample, it is reasonable to assume that
raising the sintering temperature from 1450 to 1475 K
markedly increases the rate of grain growth in the
sodium-containing manganites, thereby considerably
reducing their specific surface. Further increase in tem-
perature leads to significant sodium losses even in large
LCNM grains.

Using chemical analysis for Mn in different oxida-
tion states, we determined the actual compositions of
the LCNM samples (Table 2). It follows from the elec-
troneutrality condition for the perovskite (ÄÇé3) struc-

3

3

Table 1.  Crystal data for La0.7Ca0.3 – xNaxMnO3 ± γ ceramic samples sintered at 1475 K

xnominal 0 0.04 0.06 0.08 0.10

a, Å 5.474(3) 5.473(2) 5.469(3) 5.471(3) 5.472(1)

c, Å 13.376(7) 13.363(7) 13.366(7) 13.365(5) 13.346(4)

c/a 2.4435 2.4416 2.4439 2.4428 2.4389

V, Å3 347.1(3) 346.3(3) 346.2(3) 346.3(2) 346.0(2)

O(1): x 0.450(7) 0.431(3) 0.448(7) 0.442(7) 0.445(5)

RB, % 11.7 11.9 10.5 12.9 10.9

Rf , % 11.2 9.48 8.83 11.3 12.3

Mn–O, Å 1.953(5) 1.955(3) 1.956(6) 1.956(6) 1.955(4)

Mn–O–Mn, deg 163.9(9) 162.2(5) 163.2(9) 162.4(9) 162.3(9)
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Fig. 1. Effect of sintering temperature on the xactual/xnominal
ratio in La0.7Ca0.3 – xNaxMnO3 ± γ ceramics: xnominal = (1)
0.04, (2) 0.06, (3) 0.08, (4) 0.10.
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ture that Ca2+  Na+ substitution and, especially, the
formation of A-site vacancies as a result of sodium
losses must raise the formal charge of Mn. At the same
time, the chemical analysis data in Table 2 indicate that
the fraction of Mn4+ in La0.7Ca0.3 – xNaxMnO3 ± γ
decreases with increasing xnominal. The same is evi-
denced by the slight increase in Mn–O bond length
(Table 1), attesting to a rise in the fraction of Mn3+,
which has a larger ionic radius in comparison with
Mn4+. As pointed out in earlier studies of
La1 − xNaxMnO3 [16] and LayAxMnwO3 solid solutions
[19], a reduction in A-cation charge is not always
accompanied by an increase in the formal charge of the
Mn on the B site. Clearly, the reduction in the formal
charge of Mn in LCNM is caused by the increase in the
concentration of oxygen vacancies and may also be due
to structural requirements. According to Goldschmidt
[20], the correspondence of ionic radii with the ideal
perovskite (ÄÇé3) structure can be quantified by the
tolerance factor

where , , and  are the average ionic radii on
the A, B, and O sites.

To evaluate the ionic radii in a distorted perovskite
structure, we used the formulas derived by Ullmann
and Trofimenko [21] and the data in Tables 1 and 2.
Calculations were performed for é2– (1.36 Å) in the
anion sublattice; La3+ (1.36 Å), Ca2+ (1.34 Å), and Na+

(1.39 Å) in the A cation sublattice; and (0.645 Å),

(0.72 Å), and Mn4+(0.53 Å) in the B cation sublat-

tice [14]. Since Kamata et al. [22] showed that the Mn3+

ions in the La0.8Sr0.2MnO3 manganite are present in both

high-spin (HS) and low-spin (LS) states, with  :

 � 3 : 1, we took  = 0.664 Å.

t
RA RO+

2 RB RO+( )
--------------------------------,=

RA RB RO

MnHS
3+

MnLS
3+

MnHS
3+

MnLS
3+ R

Mn3+

At x = 0, the structure of La0.7Ca0.3 − xNaxMnO3 ± γ is
deficient in both A and B cations, and its general for-
mula can be represented as

(La0.7Ca0.3)1 – γ/3 ( )1 – γ/3 O3,

where γ is the oxygen nonstoichiometry coefficient, z is
the fraction of Mn4+, and � stands for a cation vacancy.

The average ionic radii on the A and B sites were
evaluated as

Here, Vf is the free volume per unit cell, defined by

where Vmeas is the experimentally determined unit-cell
volume, and Vocc is the occupied volume per unit cell.

For x > 0, the structure of La0.7Ca0.3 – xNaxMnO3 ± γ is
deficient in A cations and oxygen, and its general for-
mula can be represented as

(La0.7Ca0.3 – xNax – δ)1 – δ(�La,Ca,Na)δ ·

· ( )O3 – γ(�O)γ.

The average ionic radii on the A and O sites were then
evaluated as

 = [(1 – δ) + δ ],

The average ionic radii on the cation and anion sites,
the degree of A-site disordering, free volume per unit
cell, actual tolerance factor tactual, and theoretical toler-
ance factor ttheor (without allowance for oxygen vacan-
cies) in the synthesized La0.7Ca0.3 – xNaxMnO3 ± γ solid
solutions are listed in Table 3. It follows from these data
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3+ Mnz
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Table 2.  Chemical analysis data and actual compositions of La0.7Ca0.3 – xNaxMnO3 ± γ  ceramic samples prepared by sintering
at 1475 K (� = A-site vacancy)

xnominal xactual/xnominal A/B γ Actual composition

0 0.363 1 +0.033 La0.7Ca0.3MnO3.033

0.04 0.78 0.335 0.9912 –0.007 La0.7Ca0.26Na0.0312�0.0088MnO2.993

0.06 0.79 0.331 0.9874 –0.0208 La0.7Ca0.24Na0.0474�0.0126MnO2.9792

0.08 0.54 0.323 0.9632 –0.0469 La0.7Ca0.22Na0.0432�0.0368MnO2.9531

0.10 0.48 0.315 0.9480 –0.0685 La0.7Ca0.20Na0.0480�0.0520MnO2.9315

Mn4+

Mn4+ Mn3++
---------------------------------
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that the reduction in oxygen site occupancy upon an
increase in the concentration of A-site vacancies
insures a higher structural stability of LCNM (tactual >
ttheor). This also accounts for the lack of correlation
between the charges on the A and B cations in this and
earlier studies [7, 16, 19]. It can also be seen from Table
3 that the degree of A-site disordering rises systemati-
cally with increasing xnominal (with increasing A-site and
oxygen vacancy concentrations). The free volume per
unit cell Vf in the LCNM solid solutions has a minimum
at xnominal = 0.04.

Figure 2 shows the temperature dependences of
resistivity for the LCNM ceramics. The characteristic
maximum in ρ(T) is associated with the transition from
metallic (dρ/dT > 0) to thermally activated (dρ/dT < 0)
conduction. The minimum in ρ at xnominal = 0.04 can be
accounted for by the smallest distortion from cubic
symmetry, which favors electronic-band broadening

[23]. An increase in xnominal to above 0.4 is accompanied
by a jump in resistivity by more than one order of mag-
nitude and a change in the shape of the ρ(T) curves.
This points to a transition from one conduction mecha-
nism to another in La0.7Ca0.3 – xNaxMnO3 ± γ. Partial
Ca2+  Na+ substitution shifts the maximum in ρ to
higher temperatures and gives rise to another, poorly
defined maximum at lower temperatures for xnominal > 0.6.
The lower temperature maximum in ρ may be inter-
preted as attesting to an increased role of spin-depen-
dent grain-boundary processes [24] or to a transforma-
tion of some of the ferromagnetic conducting phase to
a ferromagnetic nonconducting phase.

The temperature dependences of magnetoresistance
for LCNM solid solutions synthesized under different
conditions are displayed in Fig. 3. These data demon-
strate that the height and position of the peak in magne-
toresistance depend on sodium content, sintering tem-

Table 3.  Average ionic radii on the A, B, and O sites, free volume per unit cell, actual and theoretical (γ = 0) tolerance factors,
and degree of A-site disordering in La0.7Ca0.3 – xNaxMnO3 ± γ ceramics prepared by sintering at 1475 K

xnominal , Å , Å , Å Vf tactual ttheor  × 104, Å2

0 1.3486 0.6125 1.360 0.2591 0.9710 0.9710 0.84

0.04 1.3513 0.6190 1.3588 0.2574 0.9689 0.9688 1.24

0.06 1.3504 0.6195 1.3566 0.2603 0.9687 0.9682 1.41

0.08 1.3392 0.6205 1.3525 0.2703 0.9647 0.9637 1.56

0.10 1.3326 0.6216 1.3491 0.2755 0.9622 0.9608 2.09
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Fig. 2. Temperature dependences of resistivity for La0.7Ca0.3 – xNaxMnO3 ± γ ceramics prepared by sintering at 1500 K: xnominal = (1)
0, (2) 0.04, (3) 0.06, (4) 0.08, (5) 0.10.
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perature, and, hence, on the structural perfection of the
material. The effect of sintering conditions on the tem-
perature-dependent magnetoresistance of the LCNM
ceramics with xnominal = 0.04 and 0.08 is illustrated in
Figs. 4 and 5, respectively. Raising the sintering tem-
perature has an advantageous effect on the magnetore-
sistance of the ceramics at small xnominal and, on the con-
trary, reduces their magnetoresistive response at large
xnominal. With increasing xnominal, the associated increase
in the concentrations of A-site and oxygen vacancies
leads not only to a reduction in the magnitude of mag-
netoresistance but also to growth of the lower tempera-
ture maximum.

Since the ferromagnetic ordering temperature of
manganites usually coincides with their peak-magne-
toresistance temperature [25], we determined TC as the
peak temperature in the magnetoresistance versus T

curve. As seen in Fig. 6, the Curie temperature of the
LCNM solid solutions depends on both sodium content
and synthesis conditions. Partial sodium substitution
for calcium in La0.70Ca0.30MnO3 raises TC in spite of the
slight reduction in the formal charge of Mn, which
attests to an important role of the structural features of
the manganites. At lower concentrations of A-site and
oxygen vacancies (Tsint = 1475 K), TC is a stronger func-
tion of xnominal: dTC/xnominal is about 3.5 K/mol % Na. On
the contrary, increasing the vacancy concentration in
LCNM ceramics by raising Tsint to 1500 K causes TC to
grow more gradually.

Figure 7 illustrates the effect of sintering tempera-
ture on the TC and maximum magnetoresistance of the
La0.7Ca0.3 – xNaxMnO3 ± γ ceramics with xnominal = 0.04
and 0.08. It can be seen that the variation of TC with Tsint
correlates with that of xactual/xnominal (Fig. 1). Conse-
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Fig. 3. Temperature dependences of magnetoresistance (H = 1.2 MA/m) for La0.7Ca0.3 – xNaxMnO3 ± γ ceramics prepared at differ-
ent sintering temperatures: xnominal = (1) 0, (2) 0.04, (3) 0.06, (4) 0.08, (5) 0.10.
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Fig. 5. Temperature dependences of magnetoresistance (H = 1.2 MA/m) for La0.7Ca0.3 – xNaxMnO3 ± γ ceramics with xnominal = 0.08
prepared by sintering at (1) 1425, (2) 1450, (3) 1475, and (4) 1500 K.
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quently, the ferromagnetic ordering temperature is pro-
portional to the content of sodium, which increases the
average ionic radius on the A site, and inversely propor-
tional to the concentration of A-site vacancies. At the
same time, the magnetoresistance has a maximum at a
certain concentration of A-site vacancies (0.98 < A/B < 1),
which can be reached by raising the sintering tempera-
ture at low sodium contents and by lowering it at high
sodium contents. The highest magnetoresistance
reached in this study, 32% at xnominal = 0.04 and Tsint =
1500 K, exceeds that of the parent material
La0.7Ca0.3MnO3 ± γ by a factor of 1.5 and occurs at a
higher temperature. The high magnetoresistance can be
understood in terms of the structural features of the
manganites: the material with xnominal = 0.04 has the
minimum free volume per unit cell.

CONCLUSIONS

The La0.7Ca0.3 − xNaxMnO3 ± γ solid solutions pre-
pared in this study have a rhombohedral unit cell (sp. gr.

R c) and contain vacancies on the A and O sites of the
perovskite (ÄÇé3) structure. The concentrations of A-
site and oxygen vacancies depend on synthesis condi-
tions. The reduction in the formal charge of Mn with
decreasing A-cation charge is associated with the ten-
dency of the perovskite structure to retain its steric sta-
bility. The ferromagnetic ordering temperature TC may
increase with decreasing Mn4+ content and increasing
A-cation disorder. The TC of LCNM ceramics is pro-
portional to the actual content of sodium, which
increases the average ionic radius on the A site, and
inversely proportional to the concentration of A-site
vacancies, which reduce . High concentrations of
A-site vacancies have an adverse effect on the resistiv-
ity and magnetoresistance of LCNM. We found the
optimal synthesis temperature and sodium content,
which allowed us to notably raise the magnetoresis-
tance of LCNM, from 24 to 32%, and to shift its maxi-
mum from 267 K in La0.7Ca0.3MnO3 ± γ to 273 K.
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La0.7Ca0.3 – xNaxMnO3 ± γ ceramics with xnominal = (1) 0.04
and (2) 0.08.
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