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Effect of disorder produced by cationic vacancies at theB sites
on the electronic properties of mixed valence manganites
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An alloy series of single-phased polycrystalline La12xNaxMnO31d (0<x<0.15) has been synthesized in
order to study the effect of disorder on the electronic properties of mixed valence manganites. The synthetic
variables allow one to maintain a constant proportion of Mn41 in the samples (Mn31/Mn4152.160.2), while
the similar size of La31 and Na1 ions results in no appreciable change in the tolerance factor of the perovskite
structure throughout the series. In this way, the sodium contentx controls the concentration of cationic
vacancies at the B~Mn! sites. The presence of these vacancies gives rise to a change in the periodic potential
at the Mn sites adjacent to such vacancies, thus influencing the electronic band structure of these materials. All
the samples undergo a ferro- to paramagnetic transition, at temperatures that vary from 330 to 140 K as the
disorder increases. Concomitantly, the residual resistivity in the low-temperature metalliclike regime increases
by eight orders of magnitude. Thex50.00 sample, i.e., the sample having the largest concentration of vacan-
cies in the series, presents a distinctive behavior: it shows semiconductorlike resistivity and a magnetic be-
havior reflecting an inhomogeneous magnetic state. These results have been explained on the basis of the effect
of structural disorder on the electronic band structure. Above the transition temperature, thermopower and
resistivity measurements suggest a polaronic character of the conductivity. Polaron formation energies~'200
meV! are found to be nearly independent of the degree of disorder in the samples. Our results suggest that
metallic ferromagnetic regions and semiconducting cluster-glass zones coexist belowTc . With increasing
disorder, the semiconducting regions grow in volume, which modifies the transport and magnetotransport
properties of these samples.@S0163-1829~99!12325-7#
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I. INTRODUCTION

Although mixed valence manganites have been stud
for more than 40 years,1–3 the recent discovery of colossa
magnetoresistance~CMR! in these materials has renewed t
interest in them.4,5 Thus, apart from technologica
applications,6 further detailed studies of these materials ha
become relevant in order to understand the underly
mechanisms that give rise to the observed large magne
sistance. Ferromagnetism in these systems has been us
explained in terms of the double-exchange~DE! mechanism
proposed by Zener:1 the eg antibonding electrons can ho
between neighboring Mn ions when these are ferromagn
cally coupled. Thus, electron hopping produces metallicl
conductivity as well as the ferromagnetism in mixed-valen
manganites, such as La12xCaxMnO3, whereas the paren
compounds LaMnO3 and CaMnO3 are antiferromagnetic in
sulators. Actually, the DE mechanism allows us to expl
the change in resistivity associated with the para- to fe
magnetic transition: the ordered arrangement of spins
ables electron hopping between neighboring Mn atoms in
low-temperature phase but spin disorder prevents such
ping processes in the high-temperature phase. However
change of resistivity is too large to be ascribed solely to
DE mechanism.7 Localization of the charge carriers as ma
PRB 600163-1829/99/60~2!/1127~9!/$15.00
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netic polarons~due to strong electron-phonon coupling, a
sociated presumably to the Jahn-Teller effect! is very likely
the key factor to explain the observed huge values of
magnetoresistance.8,9

Systematic explorations of mixed-valence alkaline-ea
lanthanide manganites have shown the relevance for CMR
the mean oxidation state of the manganese ions, with
optimum value close to 3.33.10 These studies also indicat
the existence of a certain relationship between the transi
temperature and the tolerance factort of the perovskite struc-
tureABO3, which is a measure of the mismatch between
equilibrium A-O and Mn-O bond lengths.11 The t value de-
termines in practice the structural distortion of the perovsk
structure, that is, the Mn-O-Mn angle, and hence the tran
integral ts

F between Mn31 and Mn41 ions.
Despite the above, our results in the study of t

La12xKxMnO31d system have shown that the values of t
Mn41 concentrationc and the tolerance factor~or the mean
size of cations atA sites,̂ r A&) are not able to characterize b
themselves the electronic behavior of these materia12

Therefore, in order to characterize completely these co
pounds, we proposed the use of a new parameter: the
centration of vacancies at theB perovskite sitesvB . In fact,
preliminary results of the electronic characterization of t
1127 ©1999 The American Physical Society
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TABLE I. Selected chemical, structural, magnetic, and transport parameters of the samples of the series La12xNaxMnO31d. The meaning
of each symbol is explained in the text.

x Stoichiometry
%

Mn41
vB

~%! t
Tc

~K!
TR

~meV!
Er

~meV!
ES

~meV!
WH

~meV!
meff

th

(mB)
meff

CW

(mB)
mM

(mB)
m th

(mB)
Magnetic
structure

0.0 La0.949Mn0.949O3 35 5.1 0.994 145 127 15 112 4.4 5.9 3.1 3.5 Non colli
0.03 La0.929Na0.029 30 4.2 0.993 175 110 137 15 122 4.4 5.1 3.6 3.55 Ferro

M0.958O3

0.06 La0.910Na0.058 31 3.2 0.993 245 200 150 8 142 4.5 4.9 3.7 3.6 Ferro
Mn0.968O3

0.09 La0.889Na0.088 35 2.3 0.993 290 250 132 4.5 4.9 3.65 3.6 Ferro
Mn0.977O3

0.12 La0.866Na0.118 33 1.6 0.994 315 275 102 4.6 5.0 3.7 3.65 Ferro
Mn0.984O3

0.15 La0.844Na0.149 31 0.7 0.994 330 290 90 4.7 5.3 3.7 3.7 Ferro
Mn0.993O3
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La12xNaxMnO31d system have allowed us to determine r
evant points in the electronic phase diagram of this syst
Together with those previously obtained in the case of
La12xKxMnO31d system, they have revealed the existence
a correlation between the critical temperature for ferrom
netic ordering and the concentration of vacancies at thB
sites, in samples with a fixed concentration of Mn41 ~close to
the optimal!.13

In this work we present a comprehensive study of how
electric and magnetic properties of La12xNaxMnO31d
samples are modified by the presence of vacancies at tB
sites. In practice, our contribution is in debt to earlier d
and interpretations referred, in general, to the influence
defects on the electronic properties of mixed valence man
nites. In previous studies on the system LaMnO31d, the in-
fluence of the concentration of vacancies, the concentra
of Mn41 and the tolerance factor of the perovskite struct
have been considered.14 However, as far as usually several
these factors are simultaneously modified, it results intric
to weigh up the role of each variable on the identified te
dencies. In the present study, the concentration of Mn41 and
the tolerance factor are kept practically constant through
entire manganite series. Hence, the effect of the vacan
can clearly be shown.

II. EXPERIMENT

Polycrystalline La12xNaxMnO31d samples, wherex
50.00, 0.03, 0.06, 0.09, 0.12, and 0.15, were prepared
thermal decomposition of precursors obtained by freeze
ing of acetic acid solutions of the appropriate salts of
metals in the required stoichiometric ratios. A detailed d
scription of the preparation and characterization of
samples is given elsewhere.13 Further lanthanum substitutio
can give rise to secondary phases, as in the potass
series.12 The use of this precursor-based synthetic meth
has allowed us to synthesize single-phased perovskite
low temperatures. The incorporation of sodium in the per
skite lattice at low temperature avoids its subsequent eva
ration, and makes possible, in contrast to the ceramic pr
dure, a reliable control of the stoichiometry. Th
stoichiometry and mean oxidation state of the mangan
ions are given in Table I.
.
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ac susceptibility measurements have been carried out
homemade ac susceptometer, in the temperature range
345 K, at a magnetic-field amplitude of 1 Oe and a frequen
of 181 Hz. Magnetic measurements~temperature dependenc
of magnetization in high and low fields! were performed in a
Quantum Design superconducting quantum interference
vice magnetometer, over the temperature range 5–350 K
magnetic fields up to 10 kOe. Additional magnetization me
surements have been carried out in an EG&G vibrat
sample magnetometer up to 500 K.

dc resistivity and magnetoresistivity measurements w
made on sintered pellets using the standard four-probe t
nique in the temperature range 5–350 K, in magnetic fie
up to 10 kOe. Thermopower measurements were made lo
ing the samples in a temperature gradient of;10 K, and
changing the temperature from 75 to 290 K. The magne
field was varied between 0 and 10 kOe. All the thermoel
tric data are evaluated relative to the thermoelectric powe
Cu.

III. RESULTS

A. Magnetic properties

The measured temperature dependence of the mag
moment of the samples is shown in Fig. 1. The applied m
netic field in all these measurements was 9 kOe. In this fi
technical saturation was reached for all the samples. A tr
sition from a low-temperature ferromagnetic phase to a hi
temperature paramagnetic phase is evident. The trans
temperatureTc increases withx ~i.e., when the structura
disorder decreases, as discussed later!. However, not only the
magnetic transition temperature is modified by the disor
but also the net magnetic moment per Mn atom and
low-temperature dependence of the magnetic moment.
instance, the experimental value of the magnetic momen
10 K, mM, for thex50.00 sample~the one with higher dis-
order! is 12% smaller than the theoretical onem th, which has
been calculated assuming that the magnetic moment of
Mn31 is 4mB and the one of the Mn41 is 3mB ~see Table I!.
Also, for thex50.00 sample, the value of the magnetizati
continuously increases as the temperature is decreased
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K, meanwhile the samples withx>0.06 exhibit an almost
temperature-independent behavior in the low-tempera
range.

Zero-field-cooled~ZFC! and field-cooled~FC! runs show
also special features in the magnetization of the samples
lower Na content, cf. Fig. 2. The initial rise of the magne
zation of the samplesx50.00 andx50.03 in the ZFC ex-
periments suggests the presence of competing exchang
teractions ~the superexchange antiferromagnetict3-pp-t3

interaction and the ferromagnetic double exchangee1-ps-e0

one!.19 The remaining samples in the series (x>0.06) do not
exhibit this particular characteristic, which suggests that
ferromagnetic interaction dominates in these samples.

FIG. 1. Thermal variation of the magnetization at an appl
field of 9 kOe for La12xNaxMnO31d .

FIG. 2. Zero-field-cooled~ZFC!, continuous lines, and field
cooled ~FC!, symbols, magnetization warming runs at an appl
field of 10 Oe. Temperature range 10–300 K.
re

ith

in-

e

In Fig. 3 the temperature dependence of the inverse ox8
is presented. The obtained effective magnetic moment va
meff

CW, are found to be considerably larger than the theoret
ones,meff

th 5gAJ(J11)mB . In this formula the value of the
Landé factor g has been taken as 2. AlsoJ5S since the
orbital angular momentum is quenched by the crystall
field. The values of the spin quantum numberSof the Mn31

and Mn41 ions are, respectively, 2 and 3/2, within a model
localized electrons.mB is the Bohr magneton. This resu
indicates that a purely paramagnetic regime has not b
reached. In addition, there exists a wide temperature ra
aboveTc where stronger short-range ferromagnetic inter
tions are present, as evidenced by the significant differen
between the paramagnetic and ferromagnetic Curie temp
tures. In fact, this difference, which approximately increas
as the structural disorder does, becomes as high as 90x
50.03), whereas it does not exceed 30 K around in a typ
ferro- to paramagnetic transition.

B. Transport properties

Figure 4 shows the temperature dependence of the re
tivity at zero field. The samplesx>0.03 exhibit upon cooling
a clear transition from insulator (]r/]T,0) to metalliclike
behavior (]r/]T.0). Thus, a maximum in the resistivity
characteristic of the semiconductor-to-metal transition, is
served at a temperatureTR , slightly below the magnetic
transition temperature, which is a feature of structurally d
ordered mixed-valence manganites.16 The observedTR val-
ues for our samples are listed in Table I. In contrast, thx
50.00 sample shows semiconductorlike behavior in
whole temperature range, although it exhibits a magn
phase transition to a ferromagnetic state. This result, whic
fairly surprising~since ferromagnetism and metallic condu

FIG. 3. Thermal variation of the inverse of the in-phase com
nent of the ac susceptibilityx8(T). Solid lines represent the fit to
the Curie-Weiss law.
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1130 PRB 60J. VERGARAet al.
tivity usually appear as directly related through the D
mechanism!, will be explained below in terms of the struc
tural disorder in this sample.

The application of a magnetic field reduces significan
the resistivity below the transition temperature. The mag
toresistance MR is defined as@r(0,T)2r(H,T)#/r(0,T).
The samplex50.03 shows the maximum effect. It reaches
value of 37% in a magnetic field of 1 T. In Fig. 5, the the
mal variation of the MR is represented. The temperature

FIG. 4. Thermal variation of the zero-field resistivity fo
La12xNaxMnO31d . The inset represents the fit of the resistivity
a small polaron behavior in the adiabatic limit, as indicated in
text. Parameters values are listed in Table I.

FIG. 5. Thermal variation of the magnetoresistance in an
plied field of 10 kOe for the samples that show the highest valu
The arrows indicate the temperature of the resistivity peak.
-

e-

pendence of the MR for our samples can be explained on
basis of two different mechanisms.17,18 One of them is the
spin tunneling across the grain boundaries.17 This contribu-
tion is more significant at low temperature and low magnet
fields. It produces a continuous increase of the MR values
the temperature is lowered. The other contribution com
from the suppression of magnetic fluctuations as the field
increased. This process takes place within the volume of t
grains. This one is dominant in the vicinity of the magneti
transition temperature and is not saturated even in magne
fields of the order of 10 T.18 Since the grain size in our
samples is roughly constant'200 nm, surface and volume
effects need to be taken into account when studying the M
Also, the applied magnetic fields,H510 kOe, are relatively
small. In this particular situation, both mechanisms, spin tu
neling and the suppression of magnetic fluctuations, seem
compete with similar strengths, thus originating the presen
of a peak or an inflection near the temperature of the res
tivity maximum TR , cf. Fig. 5.

Measurements of the thermoelectric powera(T) as a
function of the temperature in the range 77–300 K are show
in Fig. 6. On cooling down from 300 K, the absolute value o
a(T) increases. As the transition temperature (Tc) is
reached, the transport behavior of the samples is modifie
the carriers start to delocalize~as corresponds to a metallic
behavior! and, subsequently the absolute value of therm
electric power decreases. But as already pointed out in t
description of the magnetic measurements~cf. Figs. 1 and 2!,
the samplesx50.00 and 0.03 show a different behavio
when compared with those for the other samples in the s
ries. Although all of them exhibit a relative maximum in the
absolute value of the Seebeck coefficientS, cf. Fig. 6, at a
temperature close toTc , the x50.00 andx50.03 samples
show significantly higher values ofa(T) around the transi-

e

-
s.

FIG. 6. Thermal variation of the zero-field thermopower for th
samplesx<0.09. The inset displays the fit of the thermopower to
small polaron behavior in the adiabatic limit, as indicated in th
text. Parameters values listed in Table I.
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PRB 60 1131EFFECT OF DISORDER PRODUCED BY CATIONIC . . .
tion temperature. This is an indication of their strong sem
conducting character. We will return to this subject later

The effect of the magnetic field on the thermoelect
power of the samplex50.03 is shown in Fig. 7. The appli
cation of a magnetic field produces a displacement to hig
temperatures of the maximum and a reduction in this va
A spin entropy term is thus contributing significantly to th
thermoelectric power of the samplesx50.00 andx50.03,
which are the ones that experience the highest reduction
their Seebeck coefficients.

IV. DISCUSSION

A. Effect of cationic vacancies

It is well established that the structure and behavior of
perovskitesABO3 are determined by the relative equilibriu
between theA-O andB-O bond lengths, characterized by th
tolerance factor, defined as

t5
A2O

&B2O
,

whereA-O andB-O are the distances between the oxyg
and the cations atA andB sites, respectively, of the perov
skite structure.19 For t,1, the B-O bonds are under com
pression and theA-O bonds are under tension. In order
mitigate these stresses, a cooperative rotation of theBO6
octahedra about an axis of the ideal cubic structure occ
This rotation bends theB-O-B bond angle from 180° to
180-f°, and f increases ast decreases. In the case of th
manganese perovskites, this structural stress can also be
ened by oxidation of the MnO3 array. By removing antibond
ing electrons, the mean equilibrium Mn-O bond length b
comes shortened, which results in at value closer to 1. In
samples prepared at high oxygen activities, as is the cas
the samples studied in this work@ ln a(O2)50#, an oxygen

FIG. 7. Thermal variation of the thermopowera(T,H) at ap-
plied fields of 0 and 10 kOe for the samplesx50.00 andx50.03.
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excess is normally observed in the structure.20 However,
there are no interstitial sites in the perovskite structure
this oxygen excess, and hence, the nonstoichiometryd is
accommodated as cation vacancies. In consequence, from
structural point of view, the correct notation of the perov
kites studied in this work should be

~La12xNax!3/~31d!~VLa!d/~31d!~Mn!3/~31d!~VMn!d/~31d!O3

for a (La12xNax):Mn ratio 1:1. The results of the chemica
analyses of these compounds, listed in Table I, indicate
the deviation from this ratio is negligible and, thus, the co
centration of cationic vacancies atA and B sites, VLa and
VMn respectively, is the same for a given sample of t
series.13 This concentration is listed in Table I under th
columnvB .

Another interesting fact is that the concentration of Mn41

remains practically constant (c53362%) for all the com-
pounds studied in this work, cf. Table I. We have previou
obtained the same result in our study of the La12xKxMnO31d
system. Other authors have obtained similar results in
La12xSrxMnO31d system, working at oxygen activities an
temperatures close to the ones used in our studies.20 As far as
the mean oxidation state of manganese ions is practic
constant throughout the series, the sodium content con
the concentration of cationic vacancies in the Mn12«O3 ar-
ray; «@«5d/(31d)# decreases with the increase inx, as
listed in Table I. On the other hand, as far as the Na1 ions
are only slightly larger than the La31 ones, the variation of
the tolerance factort is not significant, cf. Table I. These
facts make possible to clearly observe systematic tenden
due to the variation of the concentration of vacancies in t
system.

Particularly in our samples, it has been mentioned t
both the total concentration of holes and the tolerance fa
of the perovskite structure do not vary considerably throu
the La12xNaxMnO31d series, although the structural disord
increases contrary tox, being maximum for thex50.00
sample. It is worth pointing out that the effect of this stru
tural disorder is mainly due to the presence of vacancie
the B sites, as will be discussed below. The vacancies aA
~La! sites do not produce any significant change in the m
netotransport properties.21 Furthermore, the substitutiona
disorder produced by the replacement of La for Na does
seem to affect significantly the properties in these manga
series, as the sample with the highest Na substitution is
one that shows the minimum values of the resistivity, cf. F
4.

The most noticeable effect of the increase in the conc
tration of cationic vacancies atB sites is the decrease in th
critical temperature. We have previously reported how
critical temperature for ferromagnetic orderingTc is deter-
mined by the concentration of vacancies atB sites«, that, as
stated above, is controlled by the appropriate substitution
alkaline cations in place of La31 cations,13 ~note that «
5vB). The correlation betweenTc and« has been explained
to be a result of trapping of holes at Mn sites adjacent to
cationic vacancies, due to the modification of the perio
potential seen by the electrons. Within this framework,
increasing concentration ofB cationic vacancies gives rise t
a subsequent decrease in both the number of Mn ions
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1132 PRB 60J. VERGARAet al.
ticipating in the delocalization of carriers and the number
free holes. Consequently, the double-exchange contribu
to the critical temperature for the ferro- to paramagnetic tr
sition, according to the model of De Gennes3 will diminish
as« increases. As a result, the magnetic and transport p
erties of the samples will also be significantly modified.

Two mechanisms can be invoked in order to explain
modification of the electrostatic potential seen by the cha
carriers in the presence of Mn vacancies in the perovs
structure:

~i! An effective electrostatic interaction takes place b
tween the Mn vacancies, whose effective charge is23, and
the Mn ions in its vicinity. In this situation, the Mn41 ions
will be more easily trapped around theB-position vacancies

~ii ! Also, in the Mn-O-VMn linkages the Mn-O bond
length decreases. This produces an effective increase o
Mn valence; i.e., the Mn41 ions will preferentially occupy
these positions.22

As a consequence of these trapping processes the nu
of free holes, associated with the Mn41 ions, will decrease as
the concentration of vacancies is progressively higher.

B. Small-polaron transport behavior

Above the transition temperature, we have analyzed re
tivity and thermopower data of our samples using a sm
polaron approach.23 Resistivity and thermopower values,
the adiabatic limit, are given, respectively, by

r~T!5r0T exp~Er /kT!,

S5k/e~Es /kT1b!,

wherer0 is a temperature-independent factor, related to
frequency of the optical longitudinal phonons23~f! andb is a
constant.24 Then, resistivity and thermopower values i
crease upon cooling down, cf. Figs. 4 and 6, indicating
progressive localization of the charge carriers in the form
small magnetic polarons. The experimental values ofEr and
ES are listed in Table I. The difference between these t
values,WH5Er2ES , provides a measurement of the form
tion energy of the small polarons, which is roughly 2WH . In
this case we have found it to be'200 meV, irrespective of
the degree of disorder. The values of these energiesWH for
the different samples of the series are listed in Table I.

Within this framework and related to the magnetic pro
erties, it should be pointed out that in the temperature ra
of our studies a purely paramagnetic regime has not b
reached (meff

CW@meff
th ) at temperatures aboveTc in all our

samples, cf. Fig. 3. Such an experimental behavior has
ready been observed for related mixed-valence mangan
and it was explained in terms of the formation of small ma
netic polarons aboveTc .25 Hence, according to the work o
de Teresaet al.,25 when cooling, the charge carriers becom
localized at temperatures close to 400 K, presumably du
strong electron-phonon coupling associated with the Ja
Teller effect. This gives rise to a strong local deformation
both the nuclear lattice~as reflected by the anomalous the
mal expansion atTc– 400 K temperature range! and the spin
lattice. Also the magnetic moments around the charge ca
become polarized: a strong ferromagnetic correlation is
f
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served by magnetic measurements, and small-angle neu
scattering~SANS! experiences show the formation of ferro
magnetic clusters.25

Except for thex50.00 sample, whose special featur
will require us to return again to the effects associated w
its high structural disorder, the behavior in th
La12xNaxMnO31d series fits in well with this approach
Thus, when the magnetic order is achieved, a change in
thermal dependence of resistivity and thermopower is
served. Indeed, both properties reach their maximum va
at temperatures slightly lower thanTc . Then, the resistivity
changes from semiconducting (]r/]T,0) to metalliclike
behavior (]r/]T.0), and the thermopower drops to a co
stant value, close to zero. The temperature and magn
field dependences of thermopower are indicative of a p
gressive release of trapped carriers as ferromagnetic o
develops. These results are consistent with previous SA
experiments which showed that, when the temperature
proachesTc , and also by the application of a magnetic fie
the ferromagnetic clusters grow in size and decrease
number.25 This result suggests that the ferromagnetic or
induce the delocalization of the charge carriers. The rele
of trapped carriers is reflected in the decrease ofa(T,H).

Nevertheless, the particular behavior of the samplex
50.00, i.e., the occurrence of a magnetic transition tha
not accompanied by a change in the transport charac
would still remain unexplained in the context of the D
model. Thus, it seems necessary to search for a complem
tary approach that provides a more complete picture of
phenomenology.

C. Metal to insulator transition: effect of disorder

Traditionally two mechanisms have been invoked in ord
to explain the metal-to-insulator transitions in these syste
On one side, a strong coupling to the lattice can local
charge carriers as small polarons.7 The conduction processe
of these entities are explained in the framework of the H
stein model. This satisfactorily explains some properties
the manganite system, namely the isotopic effect,15 the
anomalous Hall effect,23~d! and the different activation ener
gies between resistivity and thermopower.23~c! On the other
side, it has been recently suggested that the effect of
structural disorder, which would modify the electrostatic p
tential seen by the charge carriers, could account for
metal-to-insulator transition.16,26,27 In this context it seems
that a strong electron-phonon coupling and a substan
amount of disorder are required to account for the insulat
character of the paramagnetic phase.8~b!

Within these models of disorder, Shenget al.26 have con-
cluded that there should be three possible different electro
regimes as a function of the disorder. Thus, without pre
dice to the ferro- to paramagnetic transition, which wou
occur in all cases,~a! the system must exhibit metallic be
havior in all the temperature range when the degree of
order is small, cf. Fig. 8~a!, since the Fermi level lies in the
region of extended states in the whole temperature range~b!
for a high degree of disorder, the system would behave
ways as insulator, cf. Fig. 8~c!, since the Fermi level lies in
the region of localized states; and~c! for intermediate situa-
tions, a metal-to-insulator transition, intimately related to t
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magnetic transition, is predicted, since in this case the Fe
level will cross the mobility edge as the temperature
raised, cf. Fig. 8~b!. In practice, several experimental fe
tures encountered in our samples are explained within
model:

~i! An increase by several orders of magnitude in
residual resistivity@r~0 K!# with increasing disorder.

~ii ! Metal-to-insulator transition temperatures that d
crease with increasing disorder.

~iii ! The existence of samples with higher degree of dis
der that show concomitant ferromagnetism and in
latinglike conductivity.

Thus, the insulator-to-metal transition is observed for
La12xNaxMnO31d samples in whichx varies from 0.03 (vB
54.3%) to 0.15 (vB50.5%). In contrast, thex50.00
samples (vB55.1%) would correspond to a point in th
phase diagram with higher structural disorder~see Fig. 9!.

From the study of the electronic properties of a simi
system, i.e., LaMnO31d ~for d<0.15), Ritteret al.14~c! con-
cluded that the low-temperature behavior of samples hav
a high structural disorder could be understood in terms of
existence of ferromagnetic clusters embedded in a ma
with a cluster-glass magnetic behavior. It seems reason
to expect a similar explanation in the present case as w
Intuitively, at low temperatures, as a consequence of diso
in La12xNaxMnO31d, there will coexist ferromagnetic
metallic regions~clusters!, where the DE mechanism wil
take place, and cluster-glass semiconducting zones. As
structural disorder is introduced in the system, the total v
ume occupied by the semiconducting regions progressi
increases. The residual resistivity of the samples will sub
quently increase. The x50.00 sample in the
La12xNaxMnO31d series represents the situation of high
disorder for which the metallic regions seem to be in
threshold of percolation. The conductivity, in this situatio

FIG. 8. Schematic representation of the electronic band diag
for different values of the disorder, both at 0 K and atT>Tc . The
random on-site energies due to nonmagnetic disorder are distrib
in the range@2W/2,W/2#, t is the transfer integral, andE is the
single-electron energy, eigenvalue of the Hamiltonian, accordin
Ref. 26. The structural disorder originates a broadening of theeg

conduction band and the appearance of localized energy leve
the bottom and top of it.
i
s

is

e

-

r-
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e

r
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will be semiconductinglike, although locally a ferromagne
order will be still present. This seems to give rise to a no
collinear magnetic structure and to a decrease of the m
netic moment, as observed experimentally, cf. Figs. 1 an

Thermopower data are consistent with the above desc
tion. As far as only metallic regions contribute to the
mopower values, regardless of the volume fraction occup
by the metallic regions, ‘‘metallic’’ characteristics are e
pected in the Seebeck coefficient for thex50.00 sample,
which seems to be the case in our present study. It is
important to recall that Zhouet al.28 suggested that the exis
tence of a new extended electronic state~resulting from the
strong coupling at low temperatures between the conduc
electrons and cooperative oxygen vibrations along the Mn
bond axes! is responsible for the temperature-independ
a(T)50 behavior at low temperatures. Indeed, it is in th
context that our above reference to ‘‘metallic’’ character
tics of the Seebeck coefficient values should be interpret

V. CONCLUDING REMARKS

The results of our study on manganite samples in
La12xNaxMnO31d series are especially appropriate becau
~1! The Mn31/Mn41 ratio in the samples remains practical
constant through the entire series; the mean oxidation sta
Mn is close to 3.33, a value considered as optimum
CMR. In this way, the total concentration of holes will n
change throughout the series.~2! Given that La31 and Na1

ions have similar radii, the tolerance factor of the perovsk
structure will remain practically unchanged for all th
samples. Under these considerations, the systematics
served in the electronic properties of these materials mus
related to the structural disorder produced by the presenc
cationic vacancies at theB sites of the perovskite structure
This last variable can, in turn, be chemically controlled
the appropriate substitution of alkaline cations in place
La31 cations.

As the structural disorder increases the residual resisti

m

ted

to

at

FIG. 9. Proposed phase diagram for La12xNaxMnO31d as a
function of the concentration of vacancies atB sites, with a constant
tolerance factor throughout the series. Solid circles represent
experimental values of the observed magnetic transition temp
tures.
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of the sample increases by eight orders of magnitude.
transition temperature from the ferromagnetic metallic ph
to the paramagnetic semiconducting one decreases from
to 140 K. Furthermore, the sample with the highest conc
tration of vacancies (x50.00), i.e., the highest structural dis
order, remains in a semiconducting state even in the m
netically ordered phase where a noncollinear magnetic s
is evidenced from magnetization measurements. Magne
tion and transport measurements suggest the existenc
small magnetic polarons whose formation energies are de
mined to be'200 meV, irrespective of the degree of diso
der in the samples.

These results may be explained in the framework of
model of Shenget al.,26 assuming the coexistence of ferr
magnetic and cluster glass regions below the temperatur
the magnetic transition. The volume fraction occupied by
former regions will determine the transport properties of t
manganite series.

Further experiences in order to determine explicitly t
effect of the structural disorder on the electron-phonon c
,
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pling could shed light on the understanding of the proper
of these kinds of samples.
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