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Based on an extensive study of a large variety of rare earth
manganates (rare earth = La, Nd, Gd, or Y) with Ca, Sr, Ba,
and Pb as the substituents, as well as of LaMnQ; samples
with varying Mn** content, it is shown that the ferromagnetic
transition temperature, T,, as well as the insulator-metal (I-M)
transition temperature, T}, increases with the weighted average
radius of the A-cations, {r,), showing a maximum at 1.23 +
0.01 A. The essentially linear region ({r,) = 1.18—1.24 A) demar-
cales the ferromagnetic metal and paramagnetic insulator re-
gimes. The peak resistivity at the [-M transition, as well as
the magnitude of the magnetoresistance (MR), decreases with
increasing {r,}. Only below a (r,) of 1.23 + 0.01 A is the MR

greater than 50%. © 1995 Academic Press, Inc,

The phenomenon of giant magnetoresistance (GMR) in
oxides of the type Ln,_, A, MnQO; (Ln = rare earth; A =
divalent ion) has been the subject of intense investigation
in the last two years (1-7). All the manganates show an
insulator-metal (I-M) transition with a peak in the electri-
cal resistivity, pp, at a temperature T, close to the ferromag-
netic transition temperature, 7. A giant negative magneto-
resistance is generally encountered in the region near T,.
The magnitude of the MR and of the related properties
such as 7, are determined by the Mn** content, around 30%
Mn** being optimal. Some studies reported very recently
(811} indicate that the T, of Ln,_, A,MnQO; varies system-
atically with the ionic radius of the A-site cation. An in-
crease in the average radius of the A-sile cation appears
to be equivalent 1o the application of hydrostatic pressure
(H). We have investigaled several scries of rare earth
manganates with a view to studying the effcet of inlernal
pressure due to the A-site cations on the MR and the

'To whom correspondence should be addressed.

associated propertiessuch as T, T, and pp. Besides a large
number of La,;_, A,MnO; (A = a divalent ion) derivatives
including Pb substituted ones, we have investigated the
LaysCags_, Y.MnO, series as well as the Nd,_, A, MnQ;
and Gd,_, A,MnOj; (A = Ca, Sr, Ba) series, all prepared
and characterized under standardized conditions. The par-
ent LaMnQO, compositions with varying Mn** content aris-
ing from the presence of A- and B-site vacancies (12)
examined here conslitute a unique GMR system without
aliovalent ion substitution. More importantly, we have fol-
lowed the vartation of both the ferromagnetic transition
temperature, T, obtained from magnetic measurements
and the I-M transition temperature, T, obtained from
resistivity measurements. We have also studied the changes
in the peak resistivity, p,, at the I-M transition, which is
more relevant to the GMR phenomenon than the room
temperature resistivity (T > T3, To).

All the manganates of the general formula Ln,_ A,
MnQ; (Ln = La, Nd, Gd, or Y; A = Ca, Sr, Ba, or Pb),
as well as the parent LaMnO, samples with different Mn**
content, were prepared by the solid state reaction of the
relevant metal oxides or/and carbonates around 1273 K.
The manganates were characterized by X-ray diffraction
and the Mn** content was determined by redox titrations.
Electrical resistivity and magnetoresistance measurements
were made on bar-shaped pellets by the 4-probe method
in the 4.2-350 K range. Magnetic fields up to 6 T were
employed. Ferromagnetic Curie temperatures were deter-
mined by employing ac susceptibility and magnetization
measurements. The magnetoresistance (MR} is defined as
[p(H )-p()}/ p(0), where p( H) and p(0) are the resistivities
al magnetic ficld H and at zero fieid respectively.

To understand the effect of the rare earth on the MR
and other properties of Ln _; A,MnQ;, it is instructive
to compare the behavior of the members of the Ln,_,
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FIG. 1. (a) Temperature variation of the electrical resistivity (at

0 and 6 T) and of the percent magnetoresistance (%MR) of
Ndy7Ban;MnQs. (b) Temperature variation of the electrical resistivity
of GdyyBagsMnOs at 0 T, Tnset shows the variation of %MR with mag-
netic field at 130 K.

A MnO; series, where Ln = La, Nd, or Gd. In
Lng,BagsMnQs, the T, (7) decreases from 230 K (315 K)
when Lr = La to 105 K (140 K) when Ln = Nd;
Gd;7Bag;Mn0O; is an insulator not showing a peak in re-
sistivity. Similarly, in Lny78153MnO;, T, (T;) decreases
from 330 K (360 K) when Lr = La to 185 K (195 K) when
Ln = Nd; when Lr = Gd, the material is insulating. All
these manganates are generally cubic with the Mn** con-
tent in the 25-37% range (Table 1}. In LagsCags-. Y, MnO;
compositions, which are also cubic, T, decreases from
175 K when x = 0.05 to 85 K when x = 0.35. Clearly, a
decrease in the size of the rare earth ion decreases 7, (7.},
due to the negative pressure effect of the smaller ion.
In Fig. 1 we compare the magnetoresistance behavior of
Nd(_)_';BaoAgMnO3 and Gd()_7B30A3MHO3, both of which are
cubic and have a Mn** content of ~23%. Nd,-BagsMnO;
exhibits a sharp I-M transition and a fairly large GMR.
Gdy7BagsMnQjs, on the other hand, shows no evidence
for an 1-M transition and hence no T,. Accordingly, the
observed MR is rather small, being 25% at 130 K (at 6 T).
The field dependence of the MR of this composition is
also unusual (Fig. 1b), in that we do not see the two distinct
regimes evidenced in most of the manganates (6).
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Resuits of our studies of several of the divalent ion-
substituted rare earth manganates aptly demonstrate the
effect of internal pressure induced by the A-site cations.
In Fig. 2, we have plotted T, and T, values of La; A,
MnO; (A = Ca, Sr, Ba, Pb) as well as of La,sCaps_, Y,
MnO; (most of which have the cubic structure) against the
weighted average ionic radius of the A-site cation, (ra),
assuming ninefold coordination (13). T}, (7)) increases with
increased (ra) and reaches a maximum around 1.23 = 0.01
A, above which T, (7.) decreases. Interestingly, 7, (%)
values of parent LaMnQj; with differing Mn?* content also
fall on the curve of La,_, A, MnQO); systems. Since the man-
ganates with {ry) > 1.21 A studied by us are all cubic, we
believe that the decrease in T, (T:) at high {rs) may be
due to the size mismatch between the cations. Such a size
mismatch becomes even greater in Nd,_ ,Ba, MnOs;, which
shows considerably different T, (7) values from La,_,
Ba,MnQO;. We note here that the data points for the 4 =
Ca and Sr derjvatives fall on the same curve in Fig. 2. We
have shown the T}, (T.) data for Nd;-, A, MnO; separately
in the inset of Fig. 2; this curve has a shape similar to
that exhibited by the large variety of other substituted
manganates in Fig. 2, but the MR is anomalously high
(Table 1). The curve in Fig. 2 is nearly linear in the {ra)
range of 1.18-1.24 A and this region separates the ferro-
magnetic metal and the paramagnetic insulator regimes in
the manganates.

In Fig. 3, we have plotted the maximum value of MR
in the T, (7.) region against {ra) for Ln,-, A, MnQO; and
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FIG. 2. Variation of T, (T.) of Ln_,A MnO; with the weighted
average radius of the A-site cations, {(r»). In the inset, the data on
Nd,_, A, MnQ; are shown separately. The broken curve is drawn as a
guide to the eye in this and subsequent figures.
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TABLE 1
Properties of Ln;_ A, MnO,; (Ln = La, Nd, or Gd; A = Sr or Ba)
Cubic
Composition % Mn* a (A) T, {K) T. (K} pr (ohm em) MR (%)
LagBag;MnO, 31 7798 235 315 5 50
Ndy;Bagz;MnO, 26 7.751 105 140 440 96
Gdg_jBﬂg_3MﬂO3 25 7.725 a —_ a ng
Lag;BagsMnO; 45 7.781 200 300 3 48
NdysBapsMnQO; 43 7.743 95 120 210 92
Lay 51y :MnO; 37 ¢ 330 360 0.02 45
Ndy ;S1r,;MnO,7 28 7.738 185 195 5 54

% Does not show a peak down to 50 K; p = 10* ohm cm at 130 K.

® Valye at 130 K.
¢ Rhombohedral, & = 5454 A, a = 60.14°.
¢ Gdy;Sr0sMn0Os is an insulator down to 50 K.

LaMnQO; compositions. We see that the MR decreases with
increasing {r,). In the inset of the same figure, we have
plotted log pp against (r,) to demonstrate how the resis-
tivity at the insulator-metal transition decreases with in-
creased {r), just as the MR does. A high MR is generally
associated with low 7}, (T) and high pp, both of which are
favored by a smaller radius of the A-site cation.

A strict comparison of the MR and related properties
of the manganate systems can be made only when the Mn**
content is comparabie. For this purpose, we have plotted
the T, (7.) and %MR of manganates containing around
30% Mn** against (r4) in Fig. 4. We see that the shape of
the T, (7.) vs (ra) curve is similar to that in Fig. 2, with
a maximum around 1.23 * 0.01 A. The only difference is
in the small {rs) region where we had included 7, = 0K
data for some of the insulating manganates in Fig. 2. We
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FIG. 3, Variation of the %MR with the weighted average ionic radius

of the A-site cations, {r,). The inset shows the variation of the logarithm
of the resistivity at the I-M transition (log gp) with {rs).

generally do not observe T, = 0 K in samples with ~30%
Mn*; hence the difference. Figure 4b shows how the mag-
nitude of MR smoothly decreases with increasing {(ra). In
the inset of Fig. 4b, we have shown the variation of log pp
with {r,) for the manganates with 30% Mn**; the variation
is similar to that in Fig. 3.

Based on the present study, it seems necessary to make
a judicious choice of A-site cations (with the right average
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FIG. 4. (a) Variation of T, {T,) with {r»)} for manganates containing
30 + 4% Mn**. (b) Variation of MR with (r, ) for manganates containing
30 + 4% Mn**. Inset shows the variation of log pp with (r,).
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radius) in order to obtain the desired magnitudes of the
various properties associated with the GMR phenomenon.
When doing this, it should be noted that the T, (7;) maxi-
mum occurs close to a {ry) of 1.23 + 0.01 A, which corres-
ponds fo a tolerance factor of 0.93. A high MR (>50%) is
generally observed when {rn) < 1.23 A. Typical of the
manganates with {r ) of 1.23 = 0.01 A are La,_,Sr, MnO;
{x = 0.1-0.3) and cubic LaMnOs;.
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