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LaMn, __Li O, perovskites have been synthesized by a flux
method using LiCl. Substitution of Li* creates mixed-valent
manganese according to the formula LaMn;*, Mnj3! Li} O,, for
0.10 <x < 0.20. At low values of x, additional vacancies are
found on the perovskite 4 and B sites. All the members crystal-
lize in the rhombohedral (R-3c) perovskite structure and are
semiconducting with no long-range magnetic order. The samples
show spin-glass-like short-range magnetic correlations at low
temperatures and Curie—Weiss behavior above ca. 150 K. The
x=0.05 and 0.10 samples show a magnetoresistive effect of
~90% at 50 K and 8.5 T. The effect of Li* substitution in
LaMnOj, cannot be explained on the basis of a simple percola-
tiOﬂ model. © 2001 Academic Press

INTRODUCTION

Alkaline earth metal-substituted perovskite manganites,
Ln, _,AMnO; (Ln = La or rare earth; 4 = Ca, Sr, Ba),
continue to attract attention in view of their exotic elec-
tronic properties that include colossal magnetoresistance,
metal-insulator transition, and charge/orbital ordering
(1, 2). Substitution of divalent A4 cations for the trivalent Ln
in LnMnQj that creates a mixed-valent Mn"™"VOj; array in
the perovskite structure is crucial for the occurrence of novel
electronic properties in this family of oxides. Monovalent
alkali cations have also been substituted for La in LaMnOs,
giving rise to similar Mn™/Mn'Y mixed-valent compounds.
These materials, with nominal formula La,_.A.MnO;
(A" =Na, K, Rb, Cs), show ferromagnetic and metallic
properties although the structures are complicated by the
presence of defects/vacancies at La/Mn or O sites (3-5).
Interestingly, substitution of lithium in LaMnOj5 has not
been reported to our knowledge. Considering the size (the
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Shannon radius of Li*™ in octahedral coordination is
0.76 A), one would expect Li* to substitute at the octahed-
ral B site in ABO; perovskites. Indeed, several B-site-sub-
stituted Li perovskites, such as 4,LiReOq4 (4 = Ca, Sr, Ba)
and La,LiFeOy, are known in the literature (6). Lithium is
also known to substitute for copper in La,CuQ, (7) and
YBa,Cu;0¢4, (8), creating holes in CuO, planes that be-
have anomalously. Substitution of lithium at the A4 site of
the ABOj; perovskite structure is known in the rare instance
of the lithium ion conductor, (La, Li) TiO5 (9), although the
exact location of lithium in this material appears to be
unique (10).

We investigated the substitution of lithium at both the
lanthanum and manganese sites of LaMnQOj;. Although or-
dinary ceramic techniques did not give single-phase mater-
ials due to the formation of stable LiMn,O,, we could
prepare single-phase LaMn; _,Li,O; using LiCl as flux. We
describe the details of synthesis, structure, and properties of
these new manganites in this paper.

EXPERIMENTAL

Our attempts to synthesize LaMn,_,Li,O; and
La;_,Li,MnOj; by reacting stoichiometric quantities of
La,03, Li,CO3, and MnO, at high temperatures did not
yield single-phase products. A perovskite phase and
LiMn,0O, were the major phases in the products and the
latter persisted even beyond 1300°C. We could, however,
prepare single-phase LaMn, - ,Li,O; (0 < x < 0.25) by the
following method using LiCl as flux. Stoichiometric quantit-
ies (10 mmoles, total) of La,O; (predried at 950°C), Li,COs,
and MnO, corresponding to the formula LaMn, _Li,O;
for 0 < x < 0.25 were mixed with 20 mmoles of LiCl. The
mixture was heated slowly (100°C/h) to 1100°C/48 h and
1170°C/24 h with intermediate grinding. The product was
thoroughly washed with distilled water until free from LiCl,
dried at 110°C, pelletized, and the pellets were sintered at
1100°C/24h. Powder X-ray diffraction patterns (XRD)
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FIG. 1. XRD patterns for the LaMn, _Li, O3 samples where x = 0.05,

0.10, 0.15, and 0.20. The inset shows an enlarged view of the 0 1 2 reflection
at ~ 23° for the x = 0.2 (top), 0.15, 0.10, and 0.05 (bottom) phases, respec-
tively.

showed that the products were single-phase perovskite ox-
ides (within the limits of detection of an XRD experiment).
We could not, however, prepare La; _ Li,MnOj series by
the LiCl flux method.

Chemical compositions of LaMn, _,Li, O3 were deter-
mined by redox titrations (11) (Mn oxidation state), WDS
analysis (La/Mn ratio), and ion chromatography (Li con-
tent). The redox titrations have a precision of + 0.5% (11).
WDS analyses were performed using a JEOL microprobe
analyzer with a single-crystal Lag goCag ,o0MnO3 o stan-
dard. XRD patterns (Fig. 1) were indexed on rhombohed-
ral/hexagonal perovskite cells and the least-squares refined
lattice parameters of LaMn; _,Li,O; members are listed
in Table 1. Magnetization was measured from polycrystal-
line samples in gelatin capsules that were loaded
into a SQUID magnetometer. Resistivity measurements
were made by a standard four-probe technique on sintered
pellets.

RESULTS
Synthesis and Structure

In Table 1, we give the chemical composition based on
analytical results and lattice parameters of nominal
LaMn; _,Li,O; members. We see that for x > 0.10, substi-
tution of lithium occurs at the Mn site according to
4Mn3* - Li* +2Mn**" + Mn®*, giving the expected
Mn** content. Accordingly, the formula of the solid solu-
tions could be written as LaMn}’; . Mn3! Lif O; for
0.10 < x < 0.20. The x = 0.05 member has a considerably
higher Mn** content than the expected 2x amount
(Table 1). This result could be understood in terms of the
following: undoped “LaMnQO;” synthesized under ambient
atmosphere (i.e.,, an open container) is nonstoichiometric,
containing about 20-25% of Mn** and 80-75% of Mn®™,
corresponding to the formula Lag.os[Jo.03 Mndh
Mn$bo To.o3 O3 where lattice vacancies ([J) occur at both
La and Mn sites (12-15). Since our LaMn, _,Li, O3 samples
were prepared under ambient atmosphere, a higher Mn*™*
content than that expected for x =0.05 in nominal
LaMn, _,Li O3 is consistent with the inherent tendency
of manganese to oxidize to a ~ 25% Mn**/75% Mn*"*
mixture in lanthanum manganite. Accordingly, we
express the formula of the x=0.05 member as
Lag os[o.02Mn3 5,Mng 51 Lig o5 [Jo.0.05 that is consistent
with the chemical analysis results. A vacancy concentration
of about 2% at both La and Mn sites is not unreasonable to
expect considering that up to ~ 5% of La and Mn
vacancies are known in oxidized LaMnOj (12-15).

All the LaMn;_,Li,O; members crystallize in the
rhombohedral perovskite structure (Fig. 1, Table 1). There
is a systematic decrease in the lattice parameters and
cell volume, reflecting the increasing Mn** content with
x. By comparison, oxidized LaMnOj; samples contain-
ing Mn** > 20% adopt a rhombohedral (R-3c) structure
(16). We believe the structure of LaMn, _,Li,O3 reported
here is similar to the rhombohedral structure of oxidized

TABLE 1
Chemical Composition and Lattice Parameters of LaMn,_,Li O3

Total Mn (%)* WDS¢ Lattice parameters
Mn4+
x Caled  Obsd (%) Formula® Caled  Obsd an (A) N V(A3
0.05 2169 21.80 490  LagosMoosMndhoMndh LidosTo0,05 093 0.926(7) 5.527(1) 13.3212) 35241
0.10 2086 20.87 487 LaMn35oMné 5, Lig 1005 090  0.888(7)  5.5241(8)  13312(2)  351.79
0.15 1990 1993 7.05 LaMng5sMnd%oLid 505 085  0.849(6)  5.51859)  13290(9)  350.50
0.20 1892 1895 9.45 LaMn3 3o Mn# o Lig 005 080  0797(9)  55121(9)  13272(2) 34921

“Calculated value based on the formula in this table.

®Formula based on Mn** content, reaction stoichiometry, and Li analysis.
¢WDS is reported as the Mn: La ratio. The calculated value is based on the formula in this table.
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TABLE 2
Magnetic and Transport Data for LaMn,_,Li, O; Oxides

Nominal 0 u(efd), u(s-o), T E, p(295 K)
x (K) obsd caled (K) (eV) (ohm cm)
0.05 165 5.8 4.7 70 0.13 1.3
0.10 140 5.6 4.7 50 0.13 43
0.15 122 52 4.6 30 0.14 6.8
0.20 97 5.0 4.4 25 0.14 24

LaMnOs;, where Li* ions are randomly distributed at the
Mn sites.

Electrical Transport and Magnetic Properties

The direct current magnetic susceptibility of polycrystal-
line LaMn; _,Li,O5 samples was measured between 5K
and 300K using a SQUID magnetometer. A summary of
the magnetic data is given in Table 2. The field-cooled (FC)
and zero-field-cooled (ZFC) susceptibilities of the x = 0.05
member (Fig. 2) show spin-glass-like behavior with short-
range ordering below 128 K. The x = 0.10, 0.15, and 0.20
samples also show similar spin-glass-like behavior with
freezing temperatures (T) shifting to lower values of 100, 60,
and 25K, respectively. Above T the samples exhibit
a Curie—Weiss-like behavior (see Fig. 3) but the data are not
rigorously linear at any temperature. The approximated
temperature intercepts in the paramagnetic region decrease
progressively from 165 K (x = 0.05) to 97 K (x = 0.20). As
expected, the susceptibility steadily decreases with Li™ con-
tent due to the associated increase of Mn** (d°) at the
expense of Mn3* (high-spin d*). The magnetic moments (per
Mn ion) in the paramagnetic region were estimated from the
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FIG. 2. Field-cooled (FC) and zero-field-cooled (ZFC) molar magnetic
susceptibility for the x = 0.05 sample in the LaMn, _ Li O, series. Data
were recorded at 100 Oe.
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FIG. 3. Plots of reciprocal molar susceptibility versus temperature for
the LnMn, _ Li O, samples.

equation

 _NepSES+1)
m = T3(T — 0)

The moments are all listed in Table 2 and are significantly
greater than the values for the chemical formulas given in
Table 1. The deviations from the spin-only values in this
region are most likely due to existence of superparamag-
netic clusters where the double-exchange ferromagnetic
interaction between Mn** /Mn** is stronger than the anti-
ferromagnetic interaction. The long-range interactions,
however, are suppressed by the random disorder introduced
by the Li* ions which lead to the observed spin-glass-like
behavior at lower temperatures. A similar behavior and
explanation have been reported for nonstoichiometric
lanthanum manganites (15, 17, 18).

The electrical resistivity measurements (Fig. 4) show that
all samples are semiconducting with room temperature

6 -
5 -
4 -
B 3
on
ki
2 -
1 -
0 .
0.002 0.004 0.006 0.008 0.010
Tk H

FIG. 4. Plot of log(R) vs 1/T for the LaMn, _ Li O, samples.
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FIG. 5. Temperature dependence of resistivity for LaMn,, Li; ,50,

recorded at 8.5 Tesla and in the absence of field. The inset shows the
magnetoresistance of the sample. %MR =[p(0T) — p(8.5 T)]/p(0T) x
100.

resistivities increasing with increasing Li content. The ac-
tivation energies are similar at ~ 0.13 eV (Table 2). The
magnetoresistivity of the x = 0.05 sample was measured at
8.5 T (Fig. 5) but showed only a modest response (90%) at
50 K. A similar magnetoresistance is observed for the
x = 0.10 sample.

DISCUSSION

All the samples are semiconductors/insulators with no
long-range (ferro) magnetic ordering. Significantly, even the
x = 0.05 sample where 93% of the sites are occupied by
manganese ( ~ 0.21 Mn**/0.72 Mn3*) is semiconducting
with no long-range magnetic ordering. The results indicate
that a substitution of about 5-7% of manganese sites by
lithium or Mn vacancies is sufficient to disrupt the long-
range magnetic ordering, rendering the samples semicon-
ducting. It is well known that La;_.4,MnO; materials
containing an equivalent amount of Mn**/Mn3* (< 0.30)
exhibit ferromagnetic and metallic properties. According to
percolation theory (19, 20), the percolation threshold, p, for
site substitution in a perovskite lattice is 0.31. This means
that a substitution of less than 69% of Mn sites in LaMnOj;
would still preserve the connectivity of Mn-O-Mn bonds
and therefore one would expect long-range electrical and
magnetic properties consistent with Mn**/Mn** content.
But our experimental results on LaMn,_,Li,O; suggest

that the effect of lithium substitution cannot be understood
on the basis of a simple percolation model. It is possible that
an Anderson-type localization (21) could be responsible for
the semiconducting behavior due to the introduction of
impurity states (Li") directly into the conduction band.
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