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Mn4¿ cation localization in La-rich La 1ÀxCaxMnO y manganites
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Magnetization and electrical resistivity have been measured in La12xCaxMnOy manganites in the ranges
0.00<x<0.25 and 2.90<y<3. The magnetization is found to depend primarily on the concentration of Mn41.
A small concentration of substitutional Ca ions (x'0.50– 0.10) is found to suppress the onset of metallic
behavior even for Mn41 concentrations of 0.25. A model is proposed that assumes localization of Mn41 cations
around Ca substitutional atoms resulting in ferromagnetic clusters that are locally conducting. Percolation of
these clusters, attained after increasing the Ca concentration tox'0.25, leads to long-range metallic behavior.
We propose that Mn41 localization is due to differences in local Jahn-Teller splitting that is higher near the La
sites than near the Ca ones.
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The magnetic phase diagram and the transport prope
of Ln12xDxMnO3 ~Ln: lanthanide,D: divalent ion! perovs-
kites, particularly in the region where ferromagnetic~FM!
and antiferromagnetic~AFM! ordering coexist, is still a mat
ter of controversy.1–4 Much of the current research effort ha
been triggered by the urge to understand the peculiar be
ior of the electrical conductivity of these materials, partic
larly the origin of the so-called colossal magnetoresista
and the characteristics of a metal-insulator transition in
close neighborhood of the Curie temperatureTC . This TC

characterizes the transition from a low-temperature FM t
high-temperature paramagnetic~PM! state. Experiments us
ing different techniques, from neutron scattering and nuc
magnetic resonance ~NMR! to magnetization
measurements,5,6 describe the FM state in terms of either
canted AFM structure or a two-phase state formed by se
gated regions of FM and AFM ordering. Concerning t
mechanisms underlying the FM ordering and the onse
metallic conduction, it has been realized that the double
change mechanism, proposed by Zener7 and extended by de
Gennes,8 requires to be complemented by the inclusion
lattice distortion effects,9,10 leading to a rather complex the
oretical phase diagram as a function of the doping conc
tration x and temperatureT. Nevertheless, some prediction
such as the existence of FM polaronic clusters2 involving
three Mn, seem to be confirmed by recent experiments.4 The
latter also propose that following an increasingx, these FM
clusters first grow and finally attain the metallic state
percolation.

In the La12xCaxMnOy perovskite structure, Mn41 holes
can be generated either bysubstitutionof divalent Ca for La
ions in the center of the cubes or byoxidationof the initially
vacancy-rich LaMnO3 but in previous investigations it wa
currently assumed that only thetotal concentration of Mn41

was of relevance. As a consequence of this assumption
role of substitutional ions (Ca21) was restricted to that o
supplying Mn41 to the system. In this paper, we report e
periments starting atx as low as 0.05, in which the magnet
and resistive properties of La12xCaxMnOy samples with
similar concentration of Mn41 but very different concentra
tion of substitutional ions are compared. This is done
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carefully controlling the concentration of anionic and ca
ionic vacancies. Our results are at variance with the ab
assumption and, in fact, show that whereas the partial f
tion of Mn41 holes indeed governs the degree of FM ord
this is not the case in regard to the appearance of a met
state. An interesting phenomenon is disclosed at low Ca c
centrations~down tox50.05!: the presence of a low concen
tration of Ca ions actually hinders the onset of a meta
state even for Mn41 concentrations higher thanx50.25. We
propose that in the presence of Ca, the metallic state ca
be attained because percolation is thwarted as a result o
generation around the Ca ions of clusters consisting of ca
vacancies and Mn41 sites. To explain this behavior, a simp
model is proposed in terms of a different Jahn-Teller sp
ting depending on the Mn localization in the neighborho
of either La or Ca ions.

Air synthesized powder La12xCaxMnOy materials ~Ax
samples! were prepared by solid-state reaction of stoich
metric amounts of La2O3, CaCO3, and MnO2 with repeated
grindings and firings at temperatures up to 1400 °C for 11
and finally quenched down to room temperature. Oxidiz
compounds~Ox samples! were obtained by annealingAx
samples at 1300 °C for 24 h under an oxygen flow. Th
materials were cooled (rate52 K min21) to room tempera-
ture inside the furnace under oxygen flow. The chemi
composition of all the samples is shown in Table I followin
a complete control of cationic composition, oxygen conte
and oxidation state of Mn atoms. Note that the cationic a
anionic vacancy contents of every batch of samples are i
cated by the corresponding subindex. We believe this
cancy control to be mandatory as discrepancies among p
diagrams from different authors are likely to arise from i
adequate control of the sample compositions. Cationic ra
were determined by inductive coupling plasma. Oxygen c
tent and therefore the Mn41/Mn31 ratio was determined by
thermogravimetric analysis in a CAHN-D200 electrobalan
Magnetic susceptibilities were measured with a superc
ducting quantum interference device~SQUID! magnetometer
and electrical resistance measurements carried out by
four contacts method using a physical properties measu
system~PPMS, Quantum Design!. All samples exhibited the
perovskite-type structure with orthorhombic symme
11 328 ©2000 The American Physical Society
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TABLE I. Chemical composition and unit cell parameters of La12xCaxMnOy perovskites.

Sample Composition
Unit-cell

parameters

a ~nm! b ~nm! c ~nm!

A0.00
a La0.96~Mn0.18

41 Mn0.82
31 !0.96O2.97~1! 0.5572~2! 0.5572~2! 1.339~3!

A0.05 ~La0.95Ca0.05!0.96~Mn0.09
41 Mn0.91

31 !0.96O2.90~1! 0.5600~2! 0.5519~2! 0.7715~3!

A0.10 ~La0.90Ca0.10!0.97~Mn0.14
41 Mn0.86

31 !0.97O2.93~1! 0.5577~2! 0.5515~1! 0.7748~3!

A0.20 ~La0.80Ca0.20!0.99~Mn0.24
41 Mn0.76

31 !0.99O2.99~1! 0.5487~1! 0.5488~1! 0.7766~3!

A0.25 ~La0.75Ca0.25!~Mn0.25
41 Mn0.75

31 !O2.99~1! 0.5472~1! 0.5473~1! 0.7766~3!

O0.00
a La0.96~Mn0.25

41 Mn0.75
31 !0.96O3.00~1! 0.5536~3! 0.5536~3! 1.337~2!

O0.05
a ~La0.95Ca0.05!0.96~Mn0.29

41 Mn0.71
31 !0.96O3.00~1! 0.5512~2! 0.5512~2! 1.336~3!

O0.10 ~La0.90Ca0.10!0.97~Mn0.28
41 Mn0.72

31 !0.97O3.00~1! 0.5501~3! 0.5495~3! 0.7745~3!

O0.20 ~La0.80Ca0.20!0.99~Mn0.27
41 Mn0.73

31 !0.99O3.00~1! 0.5483~2! 0.5476~2! 0.7738~3!

O0.25 ~La0.75Ca0.25!~Mn0.27
41 Mn0.73

31 !O3.00~1! 0.5458~2! 0.5454~2! 0.7734~3!

a
Rhombohedral symmetry. Parameters correspond to the hexagonal cell.
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~space group Pnma! except theO0.05 material which showed
rhombohedral symmetry~space groupR3̄c!. Unit-cell pa-
rameters are gathered in Table I. Electron-diffraction patte
did not show superstructure spots suggesting that ani
vacancies are randomly distributed. Were there some o
present, it would be nonperiodic and would contribute o
to the incoherent background between Bragg reflection
the diffraction pattern.

Figure 1 shows the thermal dependence of magnetiza
and electrical resistance for the rich-in-oxygen-vacanc
samplesA0.05 and A0.25, whereas Fig. 2 does the same f

FIG. 1. ~a! Thermal dependence of magnetization, measu
under 1000 Oe applied field, for samplesA0.05 and A0.25. Inset:
Saturation curve for theA0.05 and A0.25 samples.~b! Electrical re-
sistance dependence onT for the same samples.
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fully oxidized samplesO0.05 and O0.25. We remark on the
following characteristics:~i! Magnetic properties: The result
of Figs. 1~a! and 2~a! indicate that, at 1000 Oe applied field
the low-temperature magnetization is practically the same
samplesA0.25 and O0.25 and similar ~within ;10%! for
O0.05, in all cases being close to 50 emu g21. Notice that the
saturation magnetization requires an external field about
times higher as shown in the inset of Fig. 1~a!. The percent-
ages of Mn41, relative to the total Mn content, are also sim
lar for the three samples—respectively, 25, 27 and 27%—
the Ca cations concentration is different, 25% for samp

d FIG. 2. ~a! Thermal dependence of magnetization, measu
under 1000 Oe applied field, for samplesO0.05 and O0.25. Inset:
Saturation curve for theO0.05 andO0.25 samples.~b! Electrical re-
sistance dependence onT for the same samples.



e,
r

t

h

e
le
ch
m
o

al
an

ve
t

ge
he

y
n
5

g

om
to

ov

-
o
-
m

on

l r

x
ly

ll
th
-
t
o

io
e

e

ran-
tra-
ore

of

of
y
an
ith

ce
be
oys

tor
va-

of
ped
r

lso

c
e as

00

11 330 PRB 62BRIEF REPORTS
A0.25 andO0.25 but only 5% for sampleO0.05. On the other
hand, the sampleA0.05, with a low content~9%! of Mn41,
has a magnetization of only 9 emu g21. Notice than upon
oxidation of the latter (A0.05→O0.05), the low-field magneti-
zation increases from 9 emu g21 up to 48 emu g21. Further-
more, Figs. 1~a! and 2~a! show that the Curie temperatur
being equal forA0.25 and O0.25 decreases about 50 K fo
O0.05. In the weakly ferromagnetic sampleA0.05 the effective
Curie temperature resembles also that ofO0.05. ~ii ! Electrical
conduction: As shown in Figs. 1~b! and 2~b!, sampleA0.05 is
an insulator in all the temperature range, as expected on
basis of its low Mn41 concentration. SamplesA0.25 andO0.25
are metallic conductors, also in good agreement with ot
authors’ measurements and with expectations based on
concentration of Mn41, which in both samples attains th
25% percolation theoretical threshold. Note in both samp
the large resistance peak near the Curie temperature, whi
related to the metallic-insulator transition. However, co
parison of their common electrical properties with those
sampleO0.05 reveals an unexpected behavior. Although
three samples exhibit similar magnetic characteristics,
have also similar Mn41 contents, their behavior vis-a`-vis the
onset of a metallic state is quite different, the sampleO0.05
being an insulator in all the range of temperatures. Moreo
the absence of metal-insulator transition is common
samplesA0.05 and O0.05 which contain the same percenta
of Ca cations,'5%, despite the threefold increase in t
Mn41 fraction introduced by oxidation, which grows from
9% in sampleA0.05 to 29% in sampleO0.05. The samples
with 10% Ca~A0.10 andO0.10! behave in much the same wa
as those with 5% as shown in Fig. 3. On the other ha
when the concentration of Ca is increased into the 20–2
range, the metal-insulator transition appears. In fact theA0.20
and O0.20 samples have a similar behavior to theA0.25 and
O0.25. ~iii ! Structural changes: The fivefold increase in ma
netization undergone by theA0.05 sample during oxidation to
O0.05 takes place alongside with a structural change fr
orthorhombic to rhombohedral. In order to have insight in
the possible role of the latter, Fig. 3 compares the ab
process with the effect of oxidation on sampleA0.1 which
evolves towardsO0.1 withoutany structural change. The rela
tive fraction of Mn41 increases now by oxidation from 14 t
28%. As shown in Fig. 3~a!, the low-temperature magnetiza
tion, measured under 1000 Oe applied field, increases fro
emu/g for sampleA0.1 up to 50 emu/g for sampleO0.1 indi-
cating a huge effect, in fact, practically the same that the
produced by oxidation of sampleA0.05. Furthermore, Fig.
3~b! shows that the thermal dependence of the electrica
sistance measured for samplesA0.1 and O0.1 is not so
strongly affected by oxidation. Both as-prepared and o
dized samples are insulators at all temperatures with on
small feature in the resistive curve aroundTC .

These results show that magnetization values, as we
their thermal dependence, are determined primarily by
fraction number of Mn41 holes, independently of the Ca con
centration. On the other hand, the resistance data sugges
transport is determined not only by the concentration
Mn41 but by the Ca cations concentration; when this fract
is in the range 5–10% the sample is an insulator indep
dently of a high concentration of doped holes Mn41 ~at least,
up to the limit of 27%!. The Ca concentration needs to b
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raised to the range 20–25% to achieve a metal-insulator t
sition. Indeed, our experiments show that, at low concen
tions, Ca substitutional ions do seem to play a role m
complex than described hitherto.

Additional insight is gained from further comparison
the magnetic and conductive behavior of samplesA0.25 and
O0.05. Low-field magnetization of sampleA0.25 ~25% of
Mn41! is about 11% larger than that of theO0.05 sample with
practically the same concentration of Mn41~29%). This sug-
gests an upper limit of about 11% for the volume fraction
sample O0.05 which is not ferromagnetic. Surprisingl
enough, this 11% of nonferromagnetic volume results in
increase of resistivity of several orders of magnitude w
respect to the resistivity of sampleA0.25, which according to
Fig. 1 is ferromagnetic and metallic. This striking differen
is directly related to a different Ca content and might
understood by assuming that the introduction of Ca destr
the random character of the Mn41 holes distribution. One
might argue that the impossibility of attaining a conduc
state is due to a mechanism involving only the cationic
cancies. This possibility can be dismissed by the results
transport measurements, Fig. 4, performed in two undo
La12xMn12xOy materials:A0.00 andO0.00 synthesized unde
the same conditions than the rest of theA andO series. Their
chemical composition and x-ray-diffraction data are a
listed in Table I. It is worth recalling that bothA0.00andO0.00
show a similar cationic-vacancy concentration,higher than
that of sampleO0.05. This higher concentration of cationi
vacancies does not prevent the onset of the metallic stat

FIG. 3. ~a! Thermal dependence of magnetization, under 10
Oe applied field, for samplesA0.10 andO0.10. Notice the increase of
magnetization induced by oxidation of sampleA0.10. ~b! Electrical
resistance dependence onT for the same samples.
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shown by the remarkable decrease of the resistance u
applying a field of 9 T in both samples, is in agreement w
results in Ca-free samples of other authors.3,11–16Comparing
these results with the behavior of our sampleO0.05 ~with
smaller percentage of Mn vacancies!, it is difficult to escape
from the conclusion that the lack of a metallic-insullat
transition in O0.05 is due to the presence of the 5% of C
cations. It is important to remark that, following oxidatio
the orthorhombic LaMnO3 evolves into a rhombohedra
structure14 and that this change of structure is also obser
in our sampleO0.05.

We propose that Mn41 holes are localized around Ca ca
ions forming ferromagnetic clusters. This ferromagneti
would then account for the high value of the magnetizat
of Fig. 2~a!. Carrier confinement into locally conductin
clusters with local ferromagnetic ordering has been obser
above the ferromagnetic transition temperatureTC in
La0.67Ca0.33MnO3.

17 In that compound the onset of a low
resistive state is reached when cooling down throughTC and
interpreted in terms of magnetic polaron breaking. It is th
likely that the undistorted clusters around the Ca ions, wh
existence we propose, are also locally conducting altho
the spatial localization imposed by the Ca dopants result
clusters that are electrically isolated from each other. For
x, independently of the Mn41 relative fraction, these cluster
only percolate when the Ca cation fraction reaches a con
tration near to 25%. The size of the conducting and fer

FIG. 4. Electrical resistance dependence onT for the A0.00,
O0.00, andO0.05 samples.
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magnetic cluster located around Ca cations can be estim
from the percolation threshold concentration. If we assu
the Mn41 cations are located at the corners of cubes cente
in Ca cations, percolation should occur when similar cub
are distributed along@111# directions shearing only one cor
ner where a Mn41 cation is placed. This corresponds to
25% of Ca cations content in fair agreement with experim
tal observations.

Why are Mn41 holes localized around Ca cations? It
known that in the stoichiometric LaMnO3 the doubly degen-
eratedeg level at Mn31 sites is splitted by the Jahn-Telle
~JT! effect resulting in a full lower band. We tentativel
suggest that the JT splitting of a Mn31 located at the neigh-
borhood of Ca ions is smaller than that of Mn31 located
around La ions and therefore the energy of creation of a h
(Mn31→Mn41) is lower in the neighborhood of a Ca ion
This proposal is founded in the well-known1,4 decrease of
lattice distortion of the La12xDxMnO3 perovskite asx in-
creases from 0 up to 0.33, the latter being the content
which the distortion disappears. Recent work by Lou
et al.18 suggests that for this type of perovskites, doped ho
would be repelled by the Mn sites with high JT distortion.
is also worth reminding that CaMnO3 is a very stable com-
pound in which each Ca ion is surrounded by all Mn41 ions.
In the clusters that we are regarding, cation vacancies~of Mn
and La! in neighboring cubes might play the alternative ro
of neighbor Ca ions in the stoichiometric CaMnO3 and help
thus to stabilize a high concentration of Mn41 around the Ca
ions.

In conclusion, we have shown that forx,0.2 substitution
of Ca for La ions in La12xCaxMnO3 perovskites does no
only lead to an increase of Mn41 holes~as usually assumed!
but to actually hindering the onset of the metallic conduct
even when the number of Mn41 holes reaches 25%. This i
most probably due to the formation of Mn41-rich, nonperco-
lating FM clusters around the Ca ions, the tendency of Mn41

holes to concentrate around Ca ions being accounted for
smaller Jahn-Teller splitting of the levels of the Mn ion
situated in the less-distorted neighborhood of Ca ions.
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