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Electron transport and magnetic properties of the cation-
deficient compositions of LaMnO; with the nominal formulae
La1_5Mn03 (0.0 =06= 0.2) and LaMnl_ﬁ'Og (0.0 =4§ = 0.2)
were investigated after their defect structures were examined.
La;_sMnQO; (6 = 0.1) contains more than one defect structure
involving both La and Mn vacancies. La;_;MnQO; (0.0 =< 6 < 0.2)
compositions are all ferromagnetic and show insulator—metal
(I-M) transition, with the resistivity decreasing with increasing
6. LaMn,_5;0; compositions show ferromagnetism and the I-M
transition only up to 6’ = 0.05, with the resistivity increasing
with &'. All compositions showing the I-M transitions exhibit
giant magnetoresistance. 01996 Academic Press, Inc.

INTRODUCTION

The discovery of giant magnetoresistance (GMR) in rare
earth manganates of the type Ln;_,AMnO; (Ln, rare
earth; A, divalent cation) has created much interest in
understanding the relation between structure and proper-
ties of these oxides (1-6). The substitution of La in
LaMnOj; by a divalent ion as in La;_,A,MnO; creates
Mn**, around 30% Mn** being optimal for ferromagnetism
and the associated insulator-metal (I-M) transition (4, 7).
It has been shown recently that the proportion of Mn** in
the parent LaMnQj itself can be varied by chemical or
electrochemical means (8). Structural investigations of
LaMnO; have revealed that Mn** ions are created in
LaMnO; by the presence of vacancies in La and Mn sites,
since excess oxygen cannot be accommodated in the close-
packed perovskite structure (9—11). Furthermore, the La
and Mn vacancies are present randomly and roughly in
equal proportion in LaMnQOj;. LaMnOs; can tolerate a con-
siderable proportion of vacancies in the A site (La), giving
rise to compositions of the type La;_sMnO; (12). We were
interested in examining the structure, electron transport

!'To whom the correspondence should be addressed.

and magnetoresistance properties of cation-deficient com-
positions with vacancies in A or/and B sites. We have
therefore studied the properties of manganates of nominal
formulae La; ;MnO; (0.0 = 6 = 0.2) and LaMn,_,O;
(0.0 = &' = 0.2) where the vacancies are in the A and B
sites, respectively. We show that while the vacancies in the
B site are detrimental to ferromagnetism and the giant
magnetoresistance, the A site can tolerate vacancies with-
out destroying these properties.

EXPERIMENTAL

La;_sMnO; and LaMn;_505 (0.0 = Sor §' = 0.2) compo-
sitions were prepared by the sol-gel method by starting
with the required quantities of La,O3; and MnCOj as the
starting materials. Citric acid and ethylenediamine were
used as gelling agents for the La and Mn ions in a nitrate
solution. The gel thus obtained was decomposed and heated
at 1223 K for 48 h. The Mn*" content of the samples was
determined by redox titrations using standard potassium
permanganate and ferrous sulfate solutions. Thermogravi-
metric analysis has been carried out using CAHN TG 131
thermogravimetric analyzer.

Powder X-ray diffraction patterns recorded on a JEOL.
JDX-8P diffractometer with CuK« radiation were used
to check the phase purity and to determine the unit cell
parameters of various compositions. A JEOL 3010 trans-
mission electron microscope (TEM) fitted with an ultra-
high resolution objective pole piece (~1.7 A point to point
resolution) was used for ultramicrostructure studies. Speci-
mens for electron microscopy were prepared by both sus-
pending the fine powder in an organic solvent on holey
carbon grids as well as by Ar-ion beam thinning of 3-mm
discs cut from sintered pellets using a Gatan Duomill.

Electrical resistivity measurements were performed in
the temperature range 4.2-300 K using the standard four-
probe technique. Magnetoresistance measurements were
carried out in the same temperature range up to a field of
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FIG. 1. Powder X-ray diffraction patterns of La;_;MnO; and

LaMn;_5O; compositions.

6 T using a superconducting solenoid. Magnetic susceptibil-
ity (ac) was measured with a mutual inductance bridge
operating at 100 Hz in an ac magnetic field less than 5 mT
so that the measured susceptibility was in the range of
reversible magnetization.

RESULTS AND DISCUSSION

In Fig. 1, we show the powder X-ray diffraction patterns
of the La;_sMnO; and LaMn;_sO; compositions. The
La;_sMnOj; compositions up to § = 0.2 have the rhombohe-
dral structure (R3¢ with a = V2 a, and a ~60°) with the
unit cell parameters listed in Table 1. The parent LaMnO;
as prepared by the sol-gel method has 26% Mn*". By
heating the sample in a N, atmosphere at 1173 K or in air
at higher temperatures, we obtain LaMnO; samples with
~10% or less of Mn*". It is noteworthy that with increasing
5, the Mn** content decreases in La;_;MnO;. This can
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FIG.2. (a)High-resolution electron microscopic image of La;oMnQOj3
in the [001] orientation. Notice the regular contrast in the image. (b) The
corresponding SAED pattern.

happen if there is some oxygen deficiency, although these
compositions were prepared by gel route in oxygen atmo-
sphere to avoid the oxygen deficiency as much as possible.
The LaMn;_sO5; compositions are rhombohedral up to
6’ = 0.1 and become pseudocubic with 6" = 0.05 or 0.20.
The Mn** content of LaMn;_5Oj5 increases with &'.
Based on the Mn** content obtained by redox titrations,
we derive the approximate compositions of the § = 0.0, 0.1,
0.2 and ¢’ = 0.1 and 0.2 compositions to be LajosMng 9503,
Lao.gMnOZ.%, Lao'gMIlOZ.79, and Lao,gng’lo_8903 and
LaMng 505 .03,, respectively, assuming equal proportion of
vacancies in excess of the nominal compositions on the A
and B sites (11). In order to understand the defect struc-
ture, we carried out thermogravimetric analysis of the
6=10.0,0.1 and &' = 0.1 samples in a H,/N, mixture (20: 80
by molar volume). The observed weight losses were 4.1,
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TABLE 1
Properties of La,_;MnQO; and LaMn,_;0;
Lattice
parameter
Nominal T. T, (T})° -MR
composition Mn** Structure’ a (A) a () (K) (K) (%)
6 0.00 26 R 5.461 60.42 230 200 (000) 52
0.05 24 R 5.460 60.46 b 220 (235) >
0.10 22 R 5.460 60.48 278 242 (250) 50
0.15 21 R 5.457 60.48 b 240 (260) >
0.20 19 R 5.462 60.49 268 240 (260) -
5 0.05 19 R 5.453 60.53 224 175 65
0.10 39 R 5.437 60.86 — — —
0.15 51 C 7.754 — — — —
0.20 58 C 7.732 — — — —

¢ R, rhombohedral; C, pseudocubic.
> Not measured.

¢ Those compositions for which T}, is not mentioned are insulating. T} refers to the temperature corresponding to the

shoulder in the resistivity.

5.2, and 5.34% for the § = 0.0, 0.1 and 6" = 0.1, respectively
(at 1173 K), the final products being La,O3 and MnO. The
observed weight loss in the § = 0.0 samples is close to that
expected from the formula LaggsMng¢60; (obtained from
redox titration). The observed values of the weight loss
are, however, higher than the expected values for the sam-
ples of the nominal formulae of La; gMnQO; and LaMng 4O;,
suggesting that there is some oxygen deficiency. We are
not able to fix the exact defect formulae of Lay sMnO; and
LaMnQO,,0; because we have only two experimentally
observed quantities (Mn** content and the weight loss)
and there are three unknowns (8, §’, and the oxygen defi-
ciency). We should note here that for a given nominal
composition such as Lay oMnQOj3, more than one defect com-
position can, in principle, occur together, since the crystal
lattice can accommodate such variations.

In order to examine the defect structure of La; ;MnO;
and LaMn,;_;O3, we have carried out high-resolution elec-
tron microscopic (HREM) studies along with selected area
electron diffraction. The electron diffraction patterns of
LagoMnO; recorded from various grains along [001] as
well as other directions could be indexed with respect to
a face—centere;d rhombohedral cell with a = 2 X a, and y =
90° (a, = 3.9 A). The [001] HREM images of the specimens
show regular contrast in the grain without any defects or
disorder structure. A typical image recorded is shown with
the corresponding selected area diffraction pattern in Figs.
2a and 2b. A careful examination of Ar-ion thinned speci-
men showed fine precipitation of faceted regions close to
grain boundaries. We show a bright-field image recorded
from such a region in Fig. 3a. The regions located along
the grain boundaries have diameters less than 400 A. The
lattice image of one such region is shown in Fig. 3b. The

fringe spacing observed is about 2.5 A. From the morphol-
ogy and the lattice image, we believe that these regions
correspond to a cubic phase nucleated in the rhombohedral
grains, La;_sMnO; preferentially along the grain bound-
aries. In other words LayoMnO; (nominal composition) is
actually composed of at least two defect compositions,
La1,51Mn1,51rO3 (rhombohedral) and La1,§2Mn1,52rO3
(pseudocubic). Earlier studies from this laboratory (11)
had shown that compositions of LaMnO; with around 33%
of Mn** have a cubic structure with the approximate com-
position Lag ¢45sMng 94503. Presence of more than one defect
composition in such oxides cannot be readily detected by
powder X-ray diffraction patterns. Unlike LagoMnOs,
LaMn, 403 does not reveal the presence of more than one
defect composition in HREM images. Instead, the images
show regular contrast. HREM images of both LayoMnO;
and LaMn,,O; do not show extended defects. The La as
well as Mn vacancies are therefore likely to be distributed
randomly as suggested earlier (9-11).

We show the temperature variation of the ac magnetic
susceptibility of the various La;_sMnO; compositions in
Fig. 4. The measurements show the § = 0.0, 0.1, and 0.2
compositions to be ferromagnetic with 7, values of 230,
273, and 268 K, respectively. In the case of LaMn;_5Os3,
only the 8" = 0.05 composition shows a ferromagnetic
transition with a 7, of 224 K (Fig. 5). LaMny¢O; (&' =
0.1) does not show ferromagnetism. It appears that even
10% vacancies at the B site destroys ferromagnetism in
these manganates. This is not entirely surprising as the
Mn ions are directly involved in determining the magnetic
properties of these manganates.

In Fig. 6a, we show the temperature variation of the
electrical resistivity of La;_sMnO; compositions. All of
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FIG. 3. (a) Bright-field image of LayoMnO; (Ar-ion beam thinned
sample). (b) Lattice image of one of the faceted particles of LagoMnOs.
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FIG. 4. Temperature variation of magnetic susceptibility data of
La,_;MnO; (8 = 0.1, 0.15, 0.2).
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FIG. 5. Temperature variation of magnetic susceptibility data of
LaMn;_505 (6" = 0.05, 0.1).

them show insulator—metal transitions with a maximum in
resistivity. The resistivity plots show a major peak and a
shoulder in samples with 6 > 0.0. The temperature corre-
sponding to the maximum in resistivity (7,) increases with
increasing &. The resistivity, especially at T, decreases with
increase in 8. The appearance of double maxima in the
resistivity curve in Fig. 6a suggests the coexistence of two
similar phases. We suggest that these are due to the pres-
ence of more than one defect compositions discussed ear-
lier, which cannot be detected by X-ray diffraction.

In Fig. 6b, we show the temperature variation of the
electrical resistivity of the LaMn;_sO; compositions. Only
the 6" = 0.05 composition which is ferromagnetic shows
the transition (~175 K) and the T, is slightly lower than
that of &' = 0.0. The resistivity increases with 6" and the
o' = 0.1 composition is insulating. It may be recalled that
the 8" = 0.1 compositions did not show a ferromagnetic
transition as well. Since both the ferromagnetism and the
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FIG. 6. Variation of the electrical resistivity with temperature in (a)

La;_sMnO; and (b) LaMn,_5Os3.



GIANT MAGNETORESISTANCE IN La;_sMnO3; AND LaMn;_;O; 91

aio 370
160
0.8
450
E 06 <
. lo 8
£ [a et
< =
S 04 430
Q.
420
0.2
410
i ! ! 1 ] 1 1 o
0 100 200 300
T(K)

b 1 70

. 60
N 150
E e 2
e q40 F
5 3
< 4 430

2 20

0 10

100 200 300 400

T(K)

FIG. 7. Temperature variation of electrical resistivity (at H = 0 and 6 T) and magnetoresistance in (a) LagoMnOj3; and (b) LaMn ¢50;.

electrical conductivities are determined by the double-ex-
change mechanism operative in the manganates, we would
expect vacancies at the B site to destroy the ferromagne-
tism accompanied by an increase in resistivity.

In Figs. 7a and 7b, we show the resistivity data of the
LagoMnOj; and LaMn,9sO; compositions, respectively, at
0 and 6 T. We observe a significant decrease in resistivity
at T, on the application of the magnetic field in both the
cases. The magnitude of magnetoresistance is maximum
at T,. The magnetoresistance in LagoeMnO; and
LaMn, 4505 are 50 and 65% respectively at T},. The magni-
tude of magnetoresistance does not show a monotonic
dependence on temperature and goes to a limiting value
as T — 4.2 K. LaMn;_;O; compositions with 6" > 0.05,
which do not exhibit ferromagnetism as well as the [-M
transition, did not show appreciable MR. In Table 1, we
list the T, T}, and other properties of La; ;MnO; and
LaMn;_yO3 compositions.
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