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Abstract

The crystal structure, electrical resistivity (r), magnetoresistance (MR) and Seebeck coefficient (S) of La1�xNaxMnOy

(x ¼ 0:075, 0.1, 0.125,0.15, and 0.175 at%) are investigated. La1�xNaxMnOy crystallizes in a single-phase

rhombohedral structure. The temperature dependence of the resistivity with and without magnetic field shows a

metal–semiconductor transition at Tm, which depends on the Na content. We determine the activation energy Er in the

semiconductor region. The magnetoresistance MR has a negative sign. The sign of S changes from positive to negative

as T increases and S becomes more negative at high concentrations of Na doping.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Since the discovery of a colossal magnetoresis-
tance (CMR) in perovskite manganese oxides
R1�xAxMnO3 (where R is a trivalent rare-earth
element and A is a divalent metal elements such as
Ca, Sr, Ba or Pb) much theoretical and experimental
work has been done to investigate the physical
properties and the application potential [1–6]. It has
long been thought that the spin structure and the
- see front matter r 2005 Elsevier B.V. All rights reserve
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electronic transport properties of R1�xAxMnO3 are
correlated via the double-exchange (DE) mechanism
[7] i.e, the hopping of eg electrons between Mn3+

and Mn4+ ions mediated by oxygen anions.
So far most studies have focused on the divalent

alkaline–earth–metal doping in R1�xAxMnO3 com-
pounds. In contrast, there are few reports on the
study of monovalent alkaline–metal-doped samples
[8–11]. Due to the difference in valence, alkaline
–earth–metal doping and alkali–metal doping
in LaMnO3 can result in remarkably different
consequences. In particular, it was reported that
RyAxMnO3 (A ¼ Na, K and Rb) compounds
d.
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crystallize in a rhombohedrally distorted perovskite
structure without static Jahn-Teller deformation
(space group R3̄c) [12]. Therefore, the study of
alkali–metal doping will offer a complementary
understanding on the structure and electronic trans-
port of doped LaMnO3 crystals, which is significant
for achieving a complete understanding of CMR
effect in distorted perovskite manganates. Specifi-
cally, in this contribution we report on the crystal
structure, magnetoresistance and thermoelectric
power of sodium-doped LaMnO3 compounds.
20 30 40 50 60 70 80 90
  2θ (degrees)

Fig. 1. X-ray diffraction pattern of La1�xNaxMnOy.
2. Experimental

Ceramic (polycrystalline) samples of
La1�xNaxMnOy (x ¼ 0:075, 0.1, 0.125, 0.15 and
0.175 at%) were prepared using the conventional
solid-state reaction method. Stoichiometric
amounts of La2O3, Na2CO3.H2O and MnCO3

powders (all having 99.99% purity) were thor-
oughly mixed and then calcined for 24 h at 1000 1C
and then quenched to room temperature. The
powder thus obtained was then reground and
pressed into pellets with a pressure of 7 ton cm�2

and subsequently sintered in air at 1100 1C for
10 h. The samples were examined by X-ray powder
diffraction analysis which indicated the presence of
single phase with perovskite-type structure. The
XRD analysis was performed using Brucker (Axs-
D8Advance) diffractometer at room temperature
with Cu (Ka) radiation (l ¼ 1:5406 (A). The
resistance was measured as a function of tempera-
ture using the standard four-probe method and
air-drying conducting silver paste as in previous
work [13]. The magnetoresistance (MR) ratio is
defined by MR ¼ Dr=r0¼ ðrH � r0Þ=r0, where rH
and r0 are the resistivities with and without an
applied magnetic field, respectively. The thermo-
electric power measurements were carried using
the sample two-heater method with copper elec-
trodes as described in Ref. [13].
3. Results and discussion

Fig. 1 shows a typical X-ray diffraction a pattern
for one of the La1�xNaxMnOy (x ¼ 0:075, 0.1,
0.125, 0.15 and 0.175 at%) compounds. All samples
are single phase with rhombohedral structure.
The variation of the lattice parameters a and c

with the concentration of Na in La1�xNaxMnOy

(0.07pxp0.175 at%) are shown in Fig. 2(a). The
lattice parameter a decreases with increasing Na
concentration. Also, in general the c-parameter is
inversely proportional with x. A similar feature
is observed for the unit-cell volume as shown in
Fig. 2(b), indicating that the lattice shrinks and the
unit cell becomes smaller with increasing Na
concentration. This is due to the smaller size of
the Na+ ion (113 pm) as compared to the La3+

ion (117.2 pm) [11].
Fig. 3 shows the variation of r with temperature

for the five compositions at zero magnetic field. r
(T) shows a peak at the metal–semiconductor
(M–S) transition. These samples have a distinct
metallic phase below the transition temperature
(Tm) and above this temperature they become
semiconducting. The M–S transition is believed to
be correlated with the increase of the Mn–O–Mn
bond angle [14]. On other hand, it was argued that
PS-to-PM transitions correspond to a transition
from a strong to weak electron–phonon coupling
which gives rise to high resistivity, to a weak
electron–phonon coupling that favours a low
resistivity [15]. Therefore, it is reasonable to
speculate that the La1�xNaxMnOy compounds,
which crystallize in the rhombohedral perovskite
structure, would be weaker phonon coupling as
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Fig. 2. (a) Lattice parameter a and c versus the Na content.

(b) Variation of unit cell with the concentration of Na.
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Fig. 3. The temperature dependence of the resistivity of

La1�xNaxMnOy in zero field.

Table 1

Values of Er (eV) and Tm of La1�xNaxMnOy

x at% 0.075 0.1 0.125 0.15 0.175

Er (eV) 0.1414 0.0337 0.0170 0.0159 0.0181

Tm (K) 273 273 233 253 223
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the sodium doping decreases. However, at high
temperatures (above Tm) the activation energy, Er,
can be extracted from Eq. (1), (see in Table 1).

r ¼ r0 expðEr=kBTÞ: (1)

The values of Er decrease with increasing Na
content, in agreement with others [16–18].

The temperature dependence of the resistivity in
zero applied field (r0) and at 0.6 T (r0.6) of the five
samples are shown in Fig. 4. The resistivity shows
a semiconducting behaviour above the metal–
semiconductor transition temperature (Tm) for all
cases. It can be seen from Fig. 4(a) that both r0
and r0.6 of x ¼ 0:075 show two peaks, a sharp one
at a higher temperature (Tm ¼ 273K) and a broad
one at lower temperature (T ¼ 243K). The higher
temperature peak just occurs at about Tc [8,10],
indicating that it originates from the ferromagne-
tic–paramagnetic phase transition. The double
exchange model can qualitatively explain this
simultaneous electronic and magnetic transition.
The second peak, which occurs at lower tempera-
ture, is surprising. Similar phenomena were
observed by several groups [12,19–23], but there
is still no generally accepted explanation though
some hypotheses have been given.
For xX0:1 at%, only one peak is observed (Tm)

which is a function of the Na concentration (see
Figs. 4(b–e)). The semiconductor–metal transition
(Tm), moves to a lower temperatures with the
increment of the sodium concentration. The
sodium will alter the Mn4+/Mn3+ ratio which is
one of the factors which determine the transport
and magnetic properties of samples. In addition
decrease in Tm with increase Na content (Table 1)
can be interpreted as an increasing strength of the
Mn–O–Mn bond with decreasing average A site
ionic radius /rAS due to the partial substitution
of smaller Na1+ ions for larger La3+ ions. This
substitution causes a narrowing of the bandwidth,
thus decreasing of, e.g., electrons which in turn
results in a weakening of the double exchange
interaction magnetism [24].
The negative magnetoresistance, MR% was

calculated from the r–T relation at zero and
applied magnetic field (0.6 T).

MR ¼ ðrH � r0Þ=r0. (2)

Figs. 5(a–e) show the temperature dependence
of the magnetoresistance of La1�xNaxMnOy. For
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Fig. 4. r vs. T for H ¼ 0 and 0.6T for La1�xNaxMnOy,

a� x ¼ 0:075, b� x ¼ 0:1, c� x ¼ 0:125, d � x ¼ 0:150 and

e� x ¼ 0:175 at%.
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the lowest Na concentration, the MR% shows
many peaks, two peaks agree with r–T curve
(243K and Tm). On the other hand, the MR is
highest at low temperature. For x ¼ 0:1, MR
shows a high value at Tm and at low temperatures.
In addition, for the NaX0.125 at%, the MR shows
a small peak about Tm. As in Fig. 5, the large MR
around Tm mainly originates from the intrinsic
CMR, while the large MR at lower temperature
probably comes from spin-dependent transport
across grain boundaries [25–27].
Figs. 6(a)–(e) show the temperature dependence

of the thermoelectric power for x ¼ 0:075, 0.1,
0.125, 0.15 and 0.175 at%, respectively. The values
of S for the five samples are small (in the microvolt
range). As it is seen in Fig. 6(a), S shows two peaks
at T ¼ 125 and 265K, the second peak agrees with
the M–S transition Tm. On the other hand, the
sign of S changes from positive to negative at high
temperatures. This agrees with the divalent doping
in LaMnO3 [28–30]. Figs. 6(b–e) show the same
behaviour, S increases with T and then decreases
(show a peak about 175K). On the other side, the
sign of S is negative and becomes more negative
with increasing x, except for the highest Na-
content. The observation that S becomes more
negative while formally the hole-content increases
observed in the high Tc cuprates. For La1�xSrx

CoO3 system [31] also the thermopower shows
the same trend. It is possible that the ob-
served dependence of S of La1�xSrxCoO3 [31]
shows the same trend, content is generic in
materials with strong hybridization of oxygen
p and transition metal d bands with a com-
ponent of a charge transfer between the ligand and
the cation.
Photoelectron spectroscopic studies [32] have

shown the existence of both electron and hole-like
bands below and above the Fermi level which are
created via substitution. For the metallic samples
the Fermi level lies in region where these two
bands overlap. While the creation of Mn4+ in
LaMnO3 creates change in the hole-like band,
creation of Mn3+ in SrMnO3 or CaMnO3 fills up
the electron doped states. We can think of charge
transport by both type of carriers (i.e., hole and
electron) in the Na substituted LaMnO3 systems.
The observed total thermopower depends on the
relative contribution of both type of carriers. The
change in the sign of thermopower as a function of
the Na content can thus be thought of as a
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Fig. 6. The seebeck coefficient of the La1�xNaxMnOy system,

a� x ¼ 0:075, b� x ¼ 0:1, c� x ¼ 0:125, d � x ¼ 0:150 and

e� x ¼ 0:175 at%.
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crossover from hole-like carrier dominated region
to an electron-like carrier dominated region.
4. Conclusion

In summary, the crystal structure, MR and
thermoelectric power properties of La1�xNaxMnOy

have been investigated systematically. The lattice
parameters a and c and the unit cell volume decrease
with an increase of the Na content. The resistivity
curves show a metal–semiconductor transition for all
samples. The M–S transition temperature decreases
with increasing Na content. This is due to the partial
substitution of smaller Na1+ ions for larger La3+

ions or due to Zener bond blocking.
Our thermoelectric power data show the signa-

ture of both hole and electron type carriers
depending on the temperature as well as the Na
content. Such a behaviour, however, is expected
given the electronic structure of these oxides.
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