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We have studied resistivity, magnetization, and magnetoresistance in polycrystalline Lag7Bag33MnO, by
reducing the oxygen stoichiometry from z=2.99 to 2.80. As the oxygen content decreases, the resistivity of
Lay¢;Bag 33 MnO, increases and the magnetic transition temperature shifts to lower temperature. A large
magnetoresistance effect was observed over a wide temperature range for all samples except the insulating
z=2.80 sample. The similarity between our results on oxygen-deficient polycrystalline Lay ¢; Bag33MnO, and
films previously reported to have a very large intrinsic magnetoresistance is discussed. At low temperature the
magnetoresistance was observed to be strongly dependent on the magnetization. A possible mechanism for this

effect is discussed.

The phenomenon of intrinsic giant magnetoresistance
(GMR) in oxides has been known for a long time.'~> How-
ever, recent observations of a large GMR effect in ferro-
magnetic metallic oxides R;_,B,MnO, (R=La,Pr,Nd,
B=Ca,Sr,Ba,Pb)* ! have triggered renewed attention to this
class of materials. An extremely large GMR effect in films of
Nd, 7Srg3MnO, (Ref. 8) and La,;Caj33MnO, (Refs. 6 and
9) have recently been reported. The magnetoresistance (MR)
ratio in these films exceeds 0.999, with the MR ratio here
defined as [R(0)—R(H)]/R(H=0), where R(0) is the re-
sistance in zero field and R(H) is the resistance in a field.
The transport and magnetic properties of these films strongly
depend on film preparation details, such as substrate
temperature12 and post heat treatments.’ !

It is believed that the double exchange interaction be-
tween pairs of Mn>* and Mn** ions is responsible for the
ferromagnetic and metallic properties in these manganese
oxides.!® Pairs of Mn>* and Mn** can be controlled by
changing the doping level or oxygen stoichiometry. There-
fore, it seems plausible that oxygen content will be important
for the magnetic and electronic properties in these materials.
Until now the dependence of magnetic and transport proper-
ties on oxygen stoichiometry has not been investigated. In
this letter we will show that the resistivity, magnetization,
and magnetoresistance in bulk ceramic samples depend on
oxygen stoichiometry. We will discuss a similarity between
our experimental results and the prior results on films where
a very large intrinsic magnetoresistance effect was observed.
On the other hand, a very large magnetoresistance effect oc-
curs not only near the ferromagnetic transition temperature
(T,),”1%1* but also at temperatures™>1¢ well below T, . We
will also report the dependence of this large magnetoresis-
tance on magnetization and present a possible explanation
for the low-temperature magnetoresistive effect.

We synthesized polycrystalline Lagg;Bag33MnO; 99 by
mixing La, 03, BaCO;, and MnCOj; with repeated grinding
and refiring as indicated in Ref. 17. At the final stage the
powders were pelletized and annealed at 1500 °C in air for 8
h. The x-ray diffraction pattern indicated that the parent
Lag ¢7Bag 33Mn0O, g9 material has the cubic perovskite struc-
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ture without any other secondary or impurity phase. The lat-
tice parameter is @ =3.897(*0.003) A. The lattice parameter
of the oxygen-deficient Lajg;Bag33MnO, becomes larger
than that of the nearly stoichiometric sample (z=2.99). For
example, Lagg;Bag33sMnO,q99 has a lattice parameter of
3.910(*0.003) A. The oxygen stoichiometry was measured
by iodometric titration.'8

We annealed Lagg;BagisMnO,9 under many dif-
ferent conditions similar to those used previously for
the films of La;_,Sr,MnO,,” Lag4Cag33Mn0O,,%°
Lao‘67B30_33MnOZ ,5’12 and Ndo.7Sr0_3MnOZ .8 It was not pos-
sible to change the oxygen stoichiometry of Lagg;Bags;
MnO, g9 under these conditions or even under high pressure
(300 bars) and high temperature (900 °C) in an O, atmo-
sphere. However, by annealing with a Ti getter at 800—900
°C in a N, atmosphere, we have successfully reduced the
oxygen content of the samples.

Magnetic measurements were carried out with a super-
conducting quantum interference device magnetometer in a
field of up to 5 T. Resistivity was measured by the
usual four point method with a typical sample size of
5X1x0.1 mm>®. The same samples were used in both the
magnetic measurement and the resistivity measurement. In
the magnetic measurement the field was applied in the long-
est sample direction to minimize demagnetization effects,
and in the resistivity measurement the field direction was
perpendicular to the current direction.

The temperature dependence of the magnetization for
Lag 67Bag 33MnO, was measured in a field of 5000 G, which
is above the magnetization saturation field (H) (3000—4000
G) (Fig. 1). The magnitude of magnetization for oxygen con-
tent, 2.99, 2.95, and 2.90, is essentially the same at 5 K
(80—87 emu/g), but the ferromagnetic transition temperature,
defined as the temperature of the maximum slope in
dM/dT," shifts to lower temperature with the increase of
oxygen deficiency. There is a significant difference in the
magnitude of magnetization between oxygen content of 2.90
and 2.85. For Lag ¢;Bag 33MnO, gg, the magnitude of magne-
tization becomes much smaller and the ferromagnetic transi-
tion is much broader compared with those of higher oxygen
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FIG. 1. Temperature dependence of magnetization for ]
La, ¢;Bag 33Mn0, (2.80<z<2.99). The applied field was 5000 G. ) J o5
For z=2.99, 2.95, and 2.90 samples ferromagnetic transition tem- ]
perature, defined as the temperature of the maximum slope in —_ 0.4
dM/dT, is indicated by a vertical line on the magnetization curve. E 1.5 .
5 ]
content samples. For z=2.85 the average manganese oxida- S ; 02
tion state is 3.03 and only a few pairs of Mn>* and Mn*" a J o2
exist. Since the pairs are responsible for the ferromagnetism,
this small number of pairs is consistent with the small ferro- 0.5 J 0.1
magnetic moment we measured for this composition.
The temperature dependence of the resistivity for 0 1,

Lag ¢7Bag 33Mn0O, is shown in Fig. 2. The metallic resistivity
increases with decreasing oxygen content and the material
becomes insulating for z=2.80. All samples except
Lag 67Bag33MnO, gy exhibit a resistivity peak which de-
creases in temperature with the increase of oxygen defi-
ciency. Samples with oxygen stoichiometry between 2.90
and 2.85 show a rapid increase of resistivity which appears
to correlate with the magnitude of magnetization which de-
creases rapidly for this range of oxygen content.
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FIG. 2. Temperature dependence of resistivity for

Lag 67Bag 33MnO, (2.80=<z=2.99). A vertical line indicates the po-
sition of resistivity peaks.

0 50 100 150 200 250 300 350 400

T(K)

FIG. 3. Temperature dependence of resistivity (filled circle)
and MR ratio (empty circle) for (a) Lagg¢BagssMnO,g and
(b) LapeBag3sMnO,y. The MR ratio is defined as
[R(0)—R(H=5T)]/R(0).

All the samples except Lag¢7Bag33MnO; gp show a large
magnetoresistance. Figure 3 shows the temperature depen-
dence of the resistivity and the MR ratio with an applied field
of 5T for La0‘67Ba0.33Mn02.99 and 1;&0‘67B30.33Mn02'90 . As
seen in Fig. 3(a), for Lay¢Bag33Mn0, g9, the resistivity
peak was observed around 340 K. By applying a magnetic
field the resistivity drops significantly throughout whole tem-
perature range we have investigated. The MR ratio at a field
of 5 T has a sharp peak at 330 K, slightly below the resis-
tivity peak. There also exists a significant magnetoresistance
below the resistivity peak which increases slightly as tem-
perature decreases. Figure 3(b) shows the temperature depen-
dence of the resistivity for Lag ¢;Bag33MnO, g. In this case
the resistivity peak is observed near 230 K, and the MR peak
near 210 K. Figure 4 shows the field dependence of R(H)/
R(0) and the magnetization at 5 K for Lag¢,Bag 33MnO, g9
and Lag¢,Bag33MnO, 9. This result suggests a correlation
between the magnetization and the resistivity of the sample.
Below the magnetic saturation field (3000—4000 G), the re-
sistance drops rapidly with an increase of the field. Above
the saturation field, the resistance drops more slowly com-
pared to the low-field drop, but still significantly. We also
find that above the saturation field, the field dependence of
the resistance for Lag¢7Bag33Mn0O, gy is much greater than
that of Lag7Bag33Mn0O; g9.
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FIG. 4. Field dependence of relative resistivity and mag-
netization at 5 K for (a) LaggBagssMnO,99 and (b)
Lag 7Bag33Mn0O; o -

Now we discuss our results and compare them with prior
work on films. The magnetization, resistivity, and MR be-
havior found in our polycrystalline Lagg¢;Bag33MnO, are
similar to those found in films of La;_,Sr,MnO,,’

La0_67Ba0_33MnOZ y >12 L30.67cao'33MnOZ N 69 and

Nd0.7Sr0'3MnOz.8 In films of La0_67Ba0.33MnOz,12 a hlgher
substrate growth temperature results in a higher resistivity
and a lower temperature for the resistivity peak. Similarly,
for polycrystalline Lag ¢7Bag 33Mn0O,, as the oxygen content
decreases, the resistivity increases and the resistivity peak
temperature shifts to lower temperature. This suggests that
oxygen deficiency is the origin of the resistivity behavior.
Similar behavior is observed in films of LaMnOj; with Sr and
Ca doping.%’

The lattice parameter (a=3.89 A) of highly resistive
Lay 67Cag 33MnO, films® is larger than that of bulk
(a=3.87 A) samples.'” Similarly oxygen-deficient
Lag ¢7Bag 33MnQO, has a larger lattice parameter than that of
stoichiometric samples [for example, z=2.99 and 2.90
samples have a lattice parameter a=3.897(%0.003) A,
3.910(*0.003) A, respectively]. With increasing oxygen de-
ficiency, the average manganese oxidation state decreases

Lag ¢;Cag33MnO, (Ref. 6) is very similar to that for highly
oxygen-deficient and resistive Lag ¢7;Bag33MnO, gq, i.e., for
both materials the magnitude of magnetization is small
(~40 emu/g at 5 K) and the temperature dependence of the
magnetization is different from that of higher oxygen content
Laj 67Bag 33MnO, samples. Our experimental results and pre-
vious work?*?! show that it is difficult to increase the oxygen
content beyond 3 in highly doped (i.e., more than 30% dop-
ing) LaMnO;. The difficulty in obtaining an excess oxygen
state in these oxides is probably true for films as well. In
conclusion the comparison of our experimental results with
that of films strongly suggests that the films have oxygen
deficiencies. By decreasing the oxygen content in our bulk
samples it was possible to reproduce the MR, magnetization,
and resistivity behavior observed in films of these
materials.?

Bulk Lag ¢7Bag 33MnO, shows a magnetoresistive effect in
two distinct regions. One is dominant at high temperature
near the ferromagnetic temperature, the other is dominant at
low temperature where the magnetization is substantial. The
physical origin of the MR effect in the high-temperature re-
gion has possibly been explained by the existence of mag-
netic polarons near the ferromagnetic transition temperature
and their effect on the electron transport with and without an
external field."”'* Here we focus on the low-temperature
MR effect. As seen in Fig. 4, below the saturation field
(H,) the resistivity drops rapidly, which is similar to the
rapid increase in magnetization. Above the saturation field
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the resistivity drops more slowly but still mimics the slow
increase in the magnetization. We explain these data based
on double exchange between pairs of Mn>* and Mn*" ions.
In this mechanism a parallel alignment of the manganese
spin is required before electrons can be transferred between
the ions [Fig. 5(a)] to give electrical conductivity. Well be-
low T., the manganese ions are ferromagnetically ordered
and therefore, inside a single magnetic domain the electron
transfer between pairs of Mn®>* and Mn** ions is easy. But
for an unmagnetized specimen there exist many domains
[Fig. 5(b)] which have different magnetization directions.”
Near the domain-wall boundaries, the pairs of spins of
Mn3* and Mn** may not be parallel. As a result the electron
transfer between pairs of Mn>* and Mn** ions across the
domain wall is difficult and the resistivity is high. In a strong
enough field, the magnetic domains tend to align along the
field direction. As a result electrons are transferred more eas-
ily across the domain-wall boundaries and the resistivity de-
creases.

In addition we can explain the high-field (i.e., H>H,)
effect using the double exchange mechanism. The high-field
MR effect may have its origin in a small canting of the
manganese moments inside each domain since the magneti-
zation increases slightly even for H>H . For H>H the
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canting angle will become smaller and therefore electrons
will transfer more easily between pairs of Mn>* and Mn*™*
ions. This will lead to a MR effect. This possible explanation
is only valid for T7<T_. Further work is needed to under-
stand this MR effect in depth and over the entire temperature
range.

In summary, we studied the electronic and magnetic prop-
erties of polycrystalline Lag ¢;Bag33MnO, by reducing oxy-
gen stoichiometry from 2.99 to 2.80. We found a metal-to-
insulator transition near an oxygen content of 2.80. We
have also found that the resistivity, magnetoresistance,
and magnetization behavior of bulk oxygen-deficient
Lag¢7Bag33MnO, is similar to that of films previously re-
ported to have a very large magnetoresistance effect. There-
fore we believe the MR effect observed in films of
Lag ¢7Bag 33MnO, is related to the oxygen deficiency. At low
temperature the magnetoresistance was observed to be
strongly dependent on the magnetization. We presented a
possible explanation using the concept of double exchange
between pairs of Mn** and Mn** ions.
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