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Giant magnetoresistance (GMR), which was until recently confined to magnetic layered
and granular materials, as well as doped magnetic semiconductors, occurs in manganate
perovskites of the general formula Ln;—«AxMnO3 (Ln = rare earth; A = divalent ion). These
manganates are ferromagnetic at or above a certain value of x (or Mn** content) and become
metallic at temperatures below the curie temperature, T.. GMR is generally a maximum
close to T or the insulator—metal (1—M) transition temperature, Tin. The T, and %MR are
markedly affected by the size of the A site cation, [fa[) thereby affording a useful electronic
phase diagram when T; or T, is plotted against (fa[J We discuss GMR and related properties
of manganates in polycrystalline, thin-film, and single-crystal forms and point out certain
commonalities and correlations. We also examine some unusual features in the electron-
transport properties of manganates, in particular charge-ordering effects. Charge ordering
is crucially dependent on [EaCor the ey band width, and the charge-ordered insulating state

transforms to a metallic ferromagnetic state on the application of a magnetic field.

Introduction

Magnetoresistance (MR) is the change in the electrical
resistance of a material produced on applying a mag-
netic field, H. MR is generally defined by the equation

MR = [Ap/p(0)] = [o(H) — p(0)V/p(0) 1)

where p(H) and p(0) are the resistances at a given
temperature in the applied and zero magnetic fields,
respectively. MR can be negative or positive. All metals
show some MR, but only a few percent. Nonmagnetic
metals, such as Au, exhibit small MR, but the magni-
tude is somewhat greater (up to 15%) in ferromagnetic
metals such as Fe and Co. Very large magnetoresis-
tance, referred to as giant magnetoresistance (GMR),
was first observed on the application of magnetic fields
to atomically engineered magnetic superlattices (e.g.,
Fe/Cr).%2 Several bimetallic or multimetallic layers,
containing ferromagnetic and antiferromagnetic or non-
magnetic metals, have since been found to exhibit GMR.
Besides magnetic layered materials, GMR has been
found in ferromagnetic granules dispersed in paramag-
netic metal films (e.g., Co/Cu).® GMR in magnetic
multilayer and granular materials has been investi-
gated by a wide range of methods in the past few years.*
The phenomenon is of vital interest because of its
potential technological applications in magnetic record-
ing, actuators, and sensors.

GMR in magnetic layered and granular materials
arises from the ability of magnetic fields to change and
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control the scattering of conduction electrons in metals
through the modification of the electron—orbit and
spin—orbit interactions. It is believed to be essentially
a manifestation of spin-dependent scattering. The
applied magnetic field reorients the ferromagnetic
components to an aligned state, generating a magnetic
disorder—order transition. GMR is then the extra
resistance due to the scattering of electrons by the
nonaligned ferromagnetic components in zero magnetic
field. There has been considerable effort to understand
the origin of GMR in magnetic multilayers,* but there
are yet some unresolved issues such as the effect of the
band structure of the magnetic multilayers on the
transport properties. Besides magnetic layered and
granular materials, GMR has been observed in doped
magnetic semiconductors, such as n-Cd;—yMn,Se.> In
these materials, GMR is maximum when the carrier
concentration is in the critical region across the metal—
insulator boundary.

The recent discovery of GMR in rare-earth man-
ganates,®® Ln;_4AxMnO3 (Ln = rare earth, A = a
divalent cation such as Ca, Sr, Ba, Pb) with the
perovskite structure has attracted considerable atten-
tion, not only because these oxides are new GMR
systems but also because they exhibit several novel
features. In the past three years, a variety of mangan-
ates have been investigated in the form of polycrystal-
line powders, thin films, and single crystals. These
studies have provided a wealth of information on the
GMR phenomena in metal oxides, as well as on the
nature of the oxides themselves. In what follows, we
present the highlights of the findings on the GMR and
related properties of the manganates and related sys-
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tems with emphasis on material aspects. We point out
important generalizations with regard to the depen-
dence of the properties on the composition, structure,
and other factors and also examine the interrelations
between the magnetic and electron-transport properties.
We also discuss certain unusual and interesting aspects
of the manganates; in particular, charge ordering effects
seen abundantly in these oxides. The competition
between charge and spin ordering in these systems is
clearly a topic of vital interest.

Preliminaries

LaMnOgs, as prepared by the solid-state reaction
between the oxides and carbonates of the component
metals, is an insulating perovskite with an orthorhom-
bic structure (b > a > ¢¥2, Pbnm) and typically contains
around 10% Mn**t. LaMnO;z with a small proportion of
Mn#*t (<5%) becomes antiferromagnetically ordered
below Ty = 150 K. The La;—xAxMnOj3 system (A = Ca,
Sr, or Ba), where the La®" in LaMnOs is progressively
substituted by a divalent cation, was investigated
several years ago by Jonker and van Santen,© who
found an empirical relationship between electrical
conduction and magnetism in these materials. With
increase in x (or the Mn** content), the manganates
became ferromagnetic with well-defined Curie temper-
atures, T.. Around T, they also exhibited metal-like
conductivity. The simultaneous observation of itinerant
electron behavior and ferromagnetism in the mangan-
ates is explained by the double-exchange mechanism,
due to Zener.1! The basic process in this mechanism is
the hopping of a d hole from Mn4* (d3, to¢3, S = 3/,) to
M3t (d4, ta® egt, S = 2) via the oxygen, so that the Mn**
and Mn3* ions change places. According to this mech-
anism, a paramagnetic to ferromagnetic transition
should occur, as described by

KT ~ X5t 2

where xp is the hole concentration (Mn**), t is the hole-
hopping amplitude, and & is the number of nearest
neighbors. Electronically, the system is expected to be
a disordered metal (or insulator) in the paramagnetic
phase with the holes diffusing through a collection of
fluctuating spins, and a metal in the ferromagnetic
phase whose resistivity decreases as the magnetization
increases below T¢. The tyg® electrons of the Mn3* ion
are localized on the Mn site giving rise to a local spin
of 3/5, but the ey state, which is hybridized with the
oxygen 2p state, can be localized or itinerant. There is
strong interaction between the eq electron and the tyg®
spins. Goodenough'? suggested that ferromagnetism is
governed not only by double exchange but also by the
nature of the superexchange interactions. de Gennes!3
clearly delineated the nature of the double-exchange
interaction (as distinct from the exchange interaction)
and pointed out that a noncollinear magnetic structure
forms at intermediate concentrations between the an-
tiferromagnetic and the ferromagnetic states. It may
be recalled that the Mn3"—O—Mn#** exchange interac-
tion is ferromagnetic while the Mn®*—O—Mn3* and
Mn4t—O—Mn** interactions are antiferromagnetic.
LaMnO3; and AMNnOs, the x = 0.0 and the x = 1.0
members of the La;_xAxMnO3 system, are AFM insula-
tors at low temperatures, with A- and G-type ordering,
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Figure 1. Magnetic structure of antiferromagnetic LaMnOg,
antiferromagnetic CaMnQg, and ferromagnetic Lag 7A¢3MnN0Os.
Two possible FM orderings of Mn ions are shown for the latter
(after ref 14).
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Figure 2. Magnetization and ac magnetic susceptibility of
La;—xAxMnO3 compositions (after ref 15).

respectively!* (see Figure 1). Ferromagnetic behavior
starts to manifest itself when x is ~0.1, and the
compositions up to x ~ 0.3 have both AFM and FM
characteristics.'* The x = 0.3 composition is purely
ferromagnetic, while the x > 0.5 compositions are
antiferromagnetic. In Figure 1, we show the antifer-
romagnetic ordering in LaMnOg3 and the ferromagnetic
ordering in Lag;Cag3sMnO3;. The FM transitions in the
La;—xAxMnO3 compositions are quite sharp,!® as can be
seen from Figure 2. Although manganates with x > 0.5
are essentially antiferromagnetic, there would be FM
Mn3t—O—Mn** clusters in the AFM medium. Figure
3 illustrates how the magnetic properties of Laj—x-
Ca,MnO3 change with the compositions.16

It was mentioned above that as-prepared LaMnO3
contains around 10% Mn**. The origin of Mn** has
been examined in some detail. Since perovskites cannot
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Table 1. Properties of Ln; xyAxMnO3

Mn#+a lattice form® of Tim Te Pp MRe
composition (%) structure parameters the sample (K) (K) (Qcm) (%) ref
LaMnOs 24 rhombohedral a=5478 A PC 180 230 115 53(6T) 15
o = 60.55°
33 cubic a=7.788 A PC 200 240 3 68(6T) 15
Lag7Cap3MnO3 33 pseudocubic a=7.699 A PC 260 260 0.2 556 T) 15
TF 250 250 0.018 85(5T) 32(f)
Lap 7Sro3sMnO3 37 rhombohedral a=5.454 A PC 330 360 0.016 456 T) 15
o = 60.14°
TF 370 369 0.008 35(5T) 9
28 rhombohedral SC 370 310 0.014 32(c)
Lag s7Bag.33sMnO3 31 pseudocubic a=7794A PC 340 340 0.012 40(5T) 44
rhombohedral a=5529 A TF 300 340 0.008 60(5T) 6(a)
o = 60.08°
Ndo.7Sro3sMnO3 28 pseudocubic a=7.738A PC 185 195 5 54 (6 T) 27
TF 60 265 99.99 (8 T) 39

a Obtained by redox titrations. P PC, polycrystal; SC, single crystal; TF, thin film. ¢ Magnetic field strength is shown in parentheses.
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Figure 3. Approximate temperature—composition diagram
of La;—xAxMnQOg3: CSI, canted-spin insulator; FMI, ferromag-
netic insulator; FMM, ferromagnetic metal; AFMI, antiferro-
magnetic insulator; PMI, paramagnetic insulator; PMM, para-
magnetic metal (adapted from ref 16).
accommodate excess oxygen, the defect chemistry of
LaMnO3; must involve the presence of cation vacancies
in the La and Mn sites.!” Accordingly, LaMnO3 is
considered to be La;—sMn;_s03. If the Mn** content in
LaMnOs is 33%, the formula will approximately cor-
respond to Lagg4sMngos503. It is to be noted that the
parent LaMnO3; becomes rhombohedral and then cubic
as the Mn** content is increased by chemical or elec-
trochemical means.’® Nominal La;—-sMnO3; and La-
Mn;_yO3 compositions have been prepared. The La;—s-
MnO;z; compositions exhibit ferromagnetism and the
I—M transition up to 6 = 0.3, but LaMn;_5O3 composi-
tions do so only up to 8' = 0.05.18

The structural chemistry for La;—xAxMnO3 is also
based on this model for the parent manganate. The
orthorhombic distortion in LaMnO3 decreases as La is
progressively substituted by a divalent ion, and the
material becomes essentially pseudocubic at some value
of X. The structures of La;—xAxMnO3 compositions are
therefore described as orthorhombic (Pbnm), rhombo-
hedral (R3c), or pseudocubic. The same is broadly true
for other rare-earth manganates, Ln;_yAxMnO3 (Ln =
Pr, Nd, etc.). We list the unit-cell parameters of a few
typical compositions in Table 1. The transfer interac-
tion of ey electrons is greater in the rhombohedral or
pseudocubic phase than in the orthorhombic phase. The
compositions with high symmetry structures (e.g.,
pseudocubic), as determined by ordinary powder X-ray
diffraction, may turn out to be of lower symmetry (e.g.,
orthorhombic) when examined with synchrotron radia-
tion or neutron diffraction.

Cation size also plays an important role in mangan-
ates of the type Ln;—xAxMnO3 (Ln = La, Pr, Y; A= Ca,
Sr, Ba); the structure is orthorhombic when the average
size of the A-site cations, fal] is small (<1.23). With
increase in [al] the structure becomes rhombohedral
down to very low temperatures. However, in Lag7Bag s-
MnO3 a new orthorhombic structure (Imma) has been
observed below 150 K, the R3¢ — Imma transition being
first order.’® In La;—SrkMnOs (x ~ 0.17), two insulating
orthorhombic states have been identified by Yoshizawa?®
with a phase boundary at x = 0.1. Yamada?® has found
polaron ordering at such doping.

X-ray crystallographic studies of LaMnO3; suggest
that the removal of the static Jahn—Teller distortion is
a first order transition.?!2 In LagsCapsMnOs, a drastic
decrease in the b parameter and an increase in the a
and ¢ parameters are found due to the Jahn—Teller (J—
T) distortions of the MnOg octahedra below 225 K.21b
Raveau and co-workers?1¢ have observed variations in
the a, b, and c parameters of Pry;Cap2Sro1MnO3 and
an increase in one of the Mn—0O distances by 0.01 A due
to J-T distortion at T,. Such changes, along with those
associated with the ordering of valence states, are
indeed of considerable interest and are discussed in a
later section.

Electron-Transport Properties and GMR

La;—xAxMnO3; compositions are generally insulators
at ordinary temperatures (say, 300 K or higher) and
exhibit an increase in electrical resistivity with a
decrease in temperature. Compositions that are ferro-
magnetic show insulating behavior above T, but the
resistivity decreases with decreasing temperature, as
in metals, when they are cooled below T.. This insula-
tor—metal transition (I—M) is therefore associated with
a peak in resistivity at a temperature Ti,. In Figure 4
we show typical 1-M transitions in polycrystalline
La;—xCaxMnO3; samples. Such a transition is also
exhibited by LaMnO3; with a sufficient proportion of
Mn**t. Tiny, is always lower than T,. We list the Tiy, and
T, values in a few polycrystalline manganates in Table
1.

Since the presence of an adequate proportion of Mn**™
is essential for the ferromagnetism and the consequent
I—M transition, it is desirable to independently deter-
mine the Mn** content by means of redox titrations (Fe-
(1) sulfate + KMnQ,). It can be somewhat misleading
to assume that the Mn** content is simply dictated by
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Figure 4. Temperature variation of magnetization, resistivity
and magnetoresistance of Lag75Ca025Mn0O;3 in various fields
(from ref 16).

the formula La;—xA«MnOg, since it can vary with the
method of preparation (e.g., solid-state reaction at high
temperatures vs low-temperature sol—gel method) and
the heating schedule employed. In Table 1 we list the
Mn#* content in a few polycrystalline samples, as
determined by redox titrations.

The application of a magnetic field (up to, say, 6 T)
causes a significant decrease in the resistivity of the
La;-xAxMnO3 samples, particularly in the compositions
with 0.1 < x < 0.5; these materials are generally
ferromagnetic with well-defined T¢'s. The magnitude
of the decrease in resistivity (i.e., the magnetoresistance,
MR) is highest in the region of T; or Tim. In Figure 4
we compare the temperature variation of the resistivity
of La;—xCaxMnO3 at 4 T with that in zero field. Mag-
netoresistance in the manganates is generally negative.
In Figure 5 we show the variation in %MR with
temperature in polycrystalline La;—xCaxMnQO3;. We see
that the %MR varies from one composition to another
and can be very high,?2 especially in the region of Tg;
some compositions show a peak in MR at a temperature
close to Tim. GMR close to 100% has been observed in
many polycrystalline La;—xAxMnO3; compositions (e.g.,
at 300 K and higher for A = Pb), but the applied field
is always quite high (5—6 T).2> The variation of %MR
with field is shown in Figure 6. We notice a sharp
decrease in the MR at low fields (<1 T), followed by a
gradual change. The %MR—H variation parallels the
variation in magnetization with H, the initial change
at small H being associated with magnetic domain
growth. Self-doped LaMnO3; samples with increased
Mn#* content (i.e., La;—sMn;—s03) exhibit GMR similar
to that observed in the La;—xAxMnO3 compositions;1® in
Figure 7 we show the behavior of Lag g45sMng 94503, with
33% Mn**. La-deficient La;—sMnO3z compositions also
exhibit GMR, but Mn-deficient LaMn;_5O3 samples do
not when ¢' > 0.05.18.24
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Figure 5. Temperature variation of the magnetoresistance
of polycrystalline La;—xCayMnOs.
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Figure 6. Variation of magnetoresistance of polycrystalline
La;—xSrkMnO3; with magnetic field, H (from ref 15).
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Figure 7. (a) Magnetization data of polycrystalline Laggss-
Mno.04503; (b) resistivity—temperature plots for polycrystalline
Lao.94sMnNp 04503 at different magnetic fields (after ref 15).

Besides polycrystalline La;—xAxMnO3 (A = Ca, Sr, Ba)
compositions, other rare-earth manganates, Ln;— AxMnQO3
with Ln = Pr, Nd, Sm, and Gd, have been examined for
GMR properties.?>=27 The ferromagnetic T¢'s and re-
lated properties of these compounds depend on the sizes
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Figure 8. Magnetoresistance of a thin film of La;-xCaxMnO3
(after ref 32f).

of the rare-earth and alkaline-earth ions. Generally,
T, decreases with a decrease in the cation size, but the
magnitude of the MR is enhanced, as is clearly demon-
strated by the yttrium-substituted derivatives.?82° Poly-
crystalline La;—xPbxMnOj3; exhibits large GMR at room
temperature or above.2® GMR in (Lag 75Tbo 25)0.67Ca0.33-
MnOj; is accompanied by magnetovolume effects above
T,; these disappear below T, suggesting two different
GMR mechanisms above and below T.3!

The electron transport of thin films of La;—xAxMnO3
is not different from those of the polycrystalline samples
discussed hitherto. After the initial reports®=1° of GMR
in thin films of La;—xAxMnO3; (A = Ca, Sr, Ba), there
have been several investigations of thin films of these
materials.32 In Figure 8, we show the resistivity
behavior of a typical thin-film preparation in the
absence and presence of a magnetic field. Thin films
of Nd17XSrXMn03,33 Lao,6Y0A07Ca0A33Mn03,34 and Lag.s-
Pbo4MnO3% have been shown to exhibit GMR, as do
films of La-deficient LaMnO3.38 Films of La;—xCaxMnO3
show strong Faraday rotation in the vicinity of the
2p(0) — 3d(Mn) charge-transfer adsorption (3 eV), as
well as of the 3d(tyy) — 3d(eg) excitation (1.5 eV).3"
Magnetoresistance in Lag7Cap3sMnOz; and Ndo7Sro3-
MnO; films shows hysteresis effects, the resistance
becoming dependent on magnetic history.383° In the
latter case, for example, the film enters a high conduc-
tivity state upon application of a magnetic field at
temperatures below Tin; this persists, even after the
field is reduced to zero. Such memory effects have also
been observed in polycrystalline samples of Nd;—x-
AMnNOs3.

GMR studies of single crystals of a few rare-earth
manganates have been reported in the literature.12:40
Although the general features of the transport proper-
ties are not very different from those of the polycrys-
talline samples, there are some subtle differences. For
example, the 1—M transition does not always show a
distinct resistivity peak as in the polycrystalline samples.
In Figures 9 and 10, respectively, we show the resistiv-
ity behavior (at zero field) and electronic phase diagram
of La;—xSryMnOs crystals. The effect of magnetic field
on the resistivity behavior of a typical sample is shown
in Figure 11, along with the temperature variation of
MR. The reduction in resistivity in these crystals scales
with the field-induced magnetization, M, as
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Figure 9. Temperature variation of the resistivity of a single
crystal of La;—«SryMnOg (after ref 9).

om

500 —
(]
r PMI i PMM
400} Te
=
@ 300
3
2
[o]
— 1
b '
£ 200 ;
e :
0ok E ; Laj_xSrxMnO3
CSl ! FMI!
1 :J 15 1 1 1 1 1 1 1 1
0 01 02 03 04 05 0.6

X
Figure 10. Phase diagram of La;.SryMnQO; (after ref 9).

3 3 100
;‘ La1_xerMnO3 :-‘“"'/

F 2 x=015

2 (107 ohm cm)
N
T

~8p/p )

-
T

15T

1 0
300 400

0 100 200
Temperature (K)

Figure 11. Resistivity—temperature plots of Lag ssSro.1sMnO3
at different magnetic fields (after ref 9).

—Aplp = C(MIM,)? (3)

for M/Ms < 0.3, where M;s is the saturation magnetiza-
tion. MR measurements on single crystals of Lag gPbg 4-
MnO3 and Ndoe(Sro7Pbo3)0.4MnO3 show that magne-
toresistance vanishes as T — zero,*! unlike in films and
polycrystalline materials (see Figures 5, 6, and 8).
Lages(Pb,Ca)o3sMn0O3 crystals exhibit a change in the
sign of the resistivity—magnetic field curve above and
below T, indicating two different mechanisms for the
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Figure 12. Variation of T; (Tim) of Lng7A03MnO3; with
hydrostatic pressure and the weighted average radius of the
A-site cations (from ref 47).

magnetic scattering of carriers in the two temperature
regimes.*?

Commonalities and Correlations

Investigations of the manganates in the past three
years enable us to arrive at some generalizations with
regard to the major factors responsible for GMR and to
correlate the electronic and magnetic properties with
structural parameters. In what follows, we present
some of the important general features and correlations.

(i) Ferromagnetism in the manganates, and hence the
I—M transition and the GMR, are crucially dependent
on the Mn** content.*®* Around 33% Mn*" seems to be
optimal, but the compositions with ~33 + 5% show
similar effects. The resistivity, p, also depends upon the
Mn#* content, as one would expect. The T, and p are
both affected by oxygen stoichiometry,** a decrease in
the oxygen content increasing p and decreasing T..

(ii) The insulator-to-metal transition generally occurs
just below T¢, and the T; and T, values are therefore
comparable. Maximum GMR also occurs in the T, Tim
region.

(iii) The Ln1—xAxMnO3 compositions have the ortho-
rhombic structure for small x and tend to become
rhombohedral or pseudocubic as x is increased. One
would expect maximum GMR when the Mn—0O—Mn
angle is close to 180°. The Mn—0O distance is less than
1.97 A (optimally ~ 1.94 A) in the manganates exhibit-
ing ferromagnetism and GMR.%5

(iv) Magnetoresistance is high when the T; or Tin, is
low. High MR is also favored by high resistivity,
especially at the 1—M transition (pp).

(v) Hydrostatic pressure decreases p and increases the
T. markedly*>46 as can be seen from Figure 12. The
increase in T, with pressure is attributed to changes in
the Mn—Mn transfer integral or the Mn—O—Mn angle.

(vi) The T, value in the manganates is sensitive to
the average radius of the A site cations.252747 By
varying the Ln and A ions in Ln;_xAxMnOgs, it has been
possible to correlate the T, with [Ea[] giving a useful
phase diagram that separates the paramagnetic insula-
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tor and ferromagnetic metal regimes. The effect of
increasing fallis equivalent to increasing the pressure.
Figure 13, which shows a plot of T; or Tin against [fall
for a large number of perovskites, illustrates the ef-
fectiveness of this relation in describing the electronic
phase diagram. We notice that at small [ka[we have
the ferromagnetic insulator regime. The T, Tim is
highest when the @Ea0is 1.23 + 0.01 A, which corre-
sponds to a tolerance factor of 0.93. The magnitudes of
MR and pp are also sensitive functions of [Eal] both
decreasing with increasing ral0(Figure 14). On the
basis of these correlations with [Fal] we would expect
that substitution of yttrium into La;—xAxMnO3; would
markedly affect the MR and related properties. Stud-
ies??48 have indeed shown the enhancement of MR, the
decrease in T¢, and the increase in pp, with yttrium
substitution. It may be noted that with increase in [al)
the e4 bandwidth increases.

(vii) The effect of dimensionality on the MR and other
properties of manganates has been examined by a study
of the system (SrO)(La;—xSrxMn03),.4° In this system,
the three-dimensional perovskite, La; 4SryMnOs, is the
n = o member, and La;—,Sri+xyMnQOg4, with the two-
dimensional K;NiF4 structure, is the n =1 member. The
n = 1 member is an insulator and does not show
ferromagnetism with a well-defined T,. The n = 2
member, on the other hand, shows a sharp I-M transi-
tion, a high pp, and large MR (greater than the three-
dimensional perovskite). T.and Ty increase with nin
this family. The high MR in the n = 2 member is
considered to be due to the in-plane antiferromagnetic
interaction competing with the double-exchange inter-
action.

(viii) The effect of particle size on the MR of man-
ganates has been studied.5%51 Samples with very small
particle sizes do not show very sharp ferromagnetic or
I—M transitions, but the magnitude of MR is apparently
unaffected. It is also pertinent that thinner films
exhibit larger MR than thicker ones.52 These observa-
tions suggest that long-range ferromagnetic order is not
a prerequisite for observing GMR in manganates. Itis
therefore not surprising that LaggCag1MnO3, which is
antiferromagnetic, shows MR at low temperatures
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Figure 14. Variation of the magnetoresistance of Ln;_/AxMnO3 with the weighted average radius of the A site cations, [fa[] the

inset shows the variation of log p, with [aO(after ref 27).

(Figure 5) due to the presence of small ferromagnetic
Mn3t—O—Mn** clusters.®® A study of Lag ¢;Cap33Mn0Os
films prepared by atomic, layer-by-layer molecular beam
epitaxy has indeed shown that 15—20 A superparamag-
netic regions are responsible for the GMR.5¥ The
importance of such superparamagnetism in the GMR
of granular metallic films has also been pointed out.>*

Certain Unusual Features

Some of the properties of the manganates exhibiting
GMR are rather uncommon and deserve notice. The
first of these pertains to the inhomogeneities that can
be present, especially in the samples prepared at low
temperatures or without annealing for extended periods
at 1270 K or above. On the basis of the variation of
the ferromagnetic resonance line width with tempera-
ture, the presence of such inhomogeneities has been
inferred.®> The occurrence of broad magnetic and I-M
transitions also reflects this feature. The presence of
chemical inhomogeneities can be observed directly
under favorable circumstances if the ultramicrostruc-
ture is examined by high-resolution electron microscopy,
although X-ray diffraction patterns may not reveal any
evidence for them. The same is true of the intergrowths
of related members of a family such as (SrO)(Laj—x-
SryMnOg)n.

It was mentioned earlier that the T, and Ty, of the
manganates are generally close to each other. There
are instances, however, where the Tin, is considerably
lower than T, (by 100—200 °C).3¢ This happens in
samples that are not heated and annealed at high
temperatures (>1270 K). What is curious is that widely
differing Tim values can occur in samples of the same
composition (but heat-treated differently), although the
magnetic transitions occur sharply at the same tem-
perature. This may be due to differences in the grain
sizes. As the annealing temperature is reduced, the
grain size decreases, leading to an enhanced contribu-
tion from the nonferromagnetic intergrain material; this
lowers the susceptibility, makes the material inhomo-
geneous, and affects p and MR.

The most unusual feature of the manganates relates
to their electrical resistivity.'®> The resistivity of the
manganates at the 1—M transition, pp, is rather high,
and this high resistivity persists in the “metallic” regime
(T < Tim). The pp values are much higher than Mott’s
maximum metallic resistivity, which is usually 1072—
1072 Q cm; typical p, values are >0.05 Q cm, reaching
values up to several thousand Q cm. The difference
between the resistivities at 300 and 4 K is also much
larger in the manganates than in the known metallic
oxides.5” In some of the manganates, p(T<T) is actually
larger than p(T>Ty). What, then, is this unusual
“metallic” state? Coey et al.® argue thatat T < T, the
eg electrons are delocalized on an atomic scale, but the
spatial fluctuations in the Coulomb and spin-dependent
potentials tend to localize the e4 electrons in wavepack-
ets larger than the Mn—Mn distance. A clear descrip-
tion of the nature of metallicity in manganates is
difficult at this juncture, although one can attempt to
describe it on the basis of comparisons with other oxide
systems. Many of the oxides that exhibit composition-
ally controlled 1—M transitions, e.g., Ln;_4Sr«CoOg3, have
resistivities comparable to Mott's maximum metallic
value at the critical composition.5® Furthermore, the
metallic compositions have a finite density of states at
the Fermi level.®0 The La;—xAxMnO3 system, however,
shows a negligible density of states at the Fermi level
at ordinary temperatures, even in the “metallic” com-
positions.®® They show unusual temperature- and
dopant-dependent spectral weight transfer, indicating
an unconventional metallic state below T., probably
polaronic in nature. In Figure 15, we show the valence-
band region photoelectron spectra of a few La;—xSrxMnO3
compositions to illustrate this important characteristic
of the manganates. Oxygen K-absorption spectra show
the presence of localized hole states around 1 eV above
Er. Clearly, the metallicity of the manganates differs
from that in other oxide systems.

Optical conductivity measurements®! on Lag gz5Sro 175

MnOj3 as a function of temperature in the 0—10 eV range
show a band at 1.5 eV and the spectral weight is
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Figure 15. Photoelectron spectra of La;—xSrxMnO; in the
valence region at room temperature (from ref 60a).

transferred from this band to low energies with decreas-
ing temperature. This band at 1.5 eV is considered to
be due to the interband transitions between the ex-
change-split spin-polarized ey bands. At T < T. the
conductivity spectrum is dominated by intraband tran-
sitions in the e; band. Recently, an electronic Raman
mode has been found at 1800 cm~1in Lag 7Sro3sMnOs;; a
photoluminescence band is found at 2.2 eV due to
intersite electronic transitions of the Mn ions.6? Both
the bands decrease in intensity with increase in tem-
perature. The 1800 cm~! Raman mode could possibly
be due to plasmon excitation.

The observation of GMR and related properties in
manganates has created considerable interest in the
understanding of the properties of these oxides in terms
of the electronic structure and theory. The origin of the
large magnetoresistance observed near T in the man-
ganates is mainly due to the forced alignment of the
local tyy spins by the application of a magnetic field
causing a reduction in the spin disorder scattering of
the e4 electrons.®® This phenomenon arises from the
strong spin-charge coupling (Hund’s coupling) between
the tyq and eq electrons® on the same Mn atom. This
intraatomic ferromagnetic interaction is considerably
large compared to the bandwidth and causes a splitting
of the e band. The double-exchange model essentially
explains the behavior of magnetoresistance with respect
to magnetization (—Ap/p = C(M/Ms)?).%% As long as one
restricts oneself to relatively wide-band materials such
as La;4SryMnOs, factors such as lattice distortion and
disorder seem to be unimportant. However, the situa-
tion would be different when the band is narrower as
in La;—xCayMnOs3. The basic question to understand
these manganates is that why they are insulating when
T > T.. The anomalous resistance and magnetoresis-
tance has in fact been explained by Millis et al.55 by
considering double exchange along with electron—
phonon coupling. The coupling constant varies with
temperature and composition. The situation changes
from weak coupling to strong coupling leading to a
metal—insulator transition. There are however many
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lattice parameters, and (c) resistivity of NdosSrosMnOj3 single
crystal (from ref 68).

open questions related to quantum photons, intersite
correlations, and so on.

Charge Ordering and Related Effects

The study of GMR and related properties of Ln;_x-
AxMnO3; compounds has brought forth novel features
related to charge and spin dynamics in these oxides.
Charge ordering in metal oxides is not a new phenom-
enon. Fe3O4 (magnetite) undergoes the famous Verwey
transition around 120 K due to charge ordering ac-
companied by a resistivity anomaly, but the ferrimag-
netic transition occurs around 860 K. The situation is
more interesting in manganates where double exchange
gives rise to metallicity along with ferromagnetism, the
charge-ordered state being generally associated with
insulating and antiferromagnetic (paramagnetic) be-
havior. The charge-ordered state can be melted into a
metallic spin-ordered (ferromagnetic) state, by the ap-
plication of a magnetic field.

Charge ordering in manganates was first investigated
by Jirak et al.%8 by neutron diffraction. An examination
of the observations on the rare-earth manganates®’
reveals two types of scenarios, as exemplified by Ndg s-
SrosMn0O3 and Pr;—,CayMnO3 (0.3 < x < 0.5).68-70 |n
the former, a ferromagnetic metallic state (T, ~ 250 K)
gives over to an antiferromagnetic charge-ordered state
around 150 K (T,) accompanied by changes in lattice
parameters as can be seen from Figure 16. ProsSros-
MnOQOs is similar to Ndg sSrpsMnO3z and shows a transi-
tion from a ferromagnetic to an antiferromagnetic state
at 140 K. The antiferromagnetic states of NdosSros-
MnO; and Pro5SrosMnOs are of different types (CE and
A, respectively); the resistivity anomalies at Ty (T, are
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Figure 17. Temperature variation of resistivity under H =
0, 6,and 12 T in Pr;_«CayMnO;3 (x = 0.35) crystal (from ref
70).

also therefore different as suggested by Yoshizawa.?®
The competition between the ferromagnetic double-
exchange interaction and the antiferromagnetic charge-
ordering instability has been examined in (Nd,Sm)osSros-
MnO3.72 In Pro;CagsMnOs, an insulating charge-
ordered state (T, ~ 200 K) becomes antiferromagnetic
around 140 K (Ty) and then undergoes a transformation
to a canted-spin antiferromagnetic state at a still lower
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temperature (Tca ~ 110 K),7 as shown in Figure 17.
The application of a magnetic field melts the charge-
ordered state in all the manganates giving rise to
metallic behavior. The first-order insulator—metal (1—
M) transition induced by magnetic fields is generally
accompanied by considerable hysteresis. This is shown
in Figure 18 for NdpsSrosMnO3; where the magnitude
of hysteresis varies critically with temperature. The
I—M transitions in Ndo 5SrosMnO3; and PrgsSrgsMnOs,
where the one-electron bandwidth is controlled by
composition, show interesting electronic phase dia-
grams®’ in the temperature—magnetic field (T—H) plane
as depicted in Figure 19, where we also show the phase
diagram for Pr;_,Ca,MnOs.

Charge ordering in the manganates is governed by
the width of the ey band which is directly determined
by the weighted average radius of the A-site cations,
ral) or the tolerance factor, t. This is because a
distortion of the Mn—O—Mn bond angle affects the
transfer interaction of the ey conduction electrons
(holes). We can describe the spin and charge-ordering
phenomena in the rare-earth manganate systems in
terms of the generalized phase diagram shown in Figure
20. The diagram shows that when [¥a0is large (e.g.,
La;—xSrxMnOs3), only ferromagnetism and the associated
I—M transition are found with no charge ordering. With
decreasing [Fal] the ferromagnetic charge—liquid state
transforms to the antiferromagnetic charge ordered
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Figure 18. Changes in the resistivity of NdosSrosMnO;s with increasing and decreasing magnetic fields. Notice the sharp jump

in resistivity at the lower and upper critical fields (from ref 68).
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state on cooling (e.g., NdosSrosMnOs). When Ialis very
small as in Prp7CagsMnO3z; and NdgsCagsMnOsz, no
ferromagnetism occurs, but one finds only a charge-
ordered state; the ferromagnetic metallic state is created
only by the application of the magnetic field in the
charge-ordered state. A recent study’ of NdosCags-
MnO3 shows a first-order transition around 200 K with
a large change in volume due to charge ordering; the
charge-ordered state can be melted by a magnetic field.
It is instructive to compare magnetic and electronic
phase diagrams with the generalized phase diagram in
Figure 19. We compare the magnetic and electronic
phase diagrams of Pr;—4,SryMnO3 and Pri_xCaxMnQOj3 of
Tokura et al.%” in Figure 21.

The [Falregime between 1.18 and 1.22 Ais interesting
and would be expected to show both charge and ferro-
magnetic ordering. A study of La;—xCaxMnOs in this
region has indeed been carried out.”»”> Charge ordering
in these systems is shown by the dramatic increase in
sound velocity suggesting the importance of the electron—
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phonon coupling. At the charge-ordering temperature,
these oxides exhibit an anomaly in d(In p)/d(T~1), AC/
T, and sound velocity’ as shown in Figure 22. Charge
ordering in the 2-dimensional compound LagsSr; sMnO,
has also received attention.”®

GMR in Other Oxides

GMR in oxides is not specific to either the perovskites
or the manganates. For example, it has been found
recently in TI,Mn,O7, which has the pyrochlore struc-
ture.”” The Ln;—AxCoO3; family of oxides is also a
candidate for GMR, because at a particular value of x
the material becomes ferromagnetic and metallic.5®
GMR has been found in some of these cobalt oxides in
the insulating regime (x < 0.1).787® Magnetoresistance
has also been measured in the metallic ferromagnet,
SrRu03.80

Concluding Remarks

GMR in manganates has aroused considerable inter-
est in the phenomenon in oxide materials. Although
we can explain GMR on the basis of the double exchange
model with suitable modifications (e.g., electron—lattice
interaction), we are far from understanding the nature
of metallicity and the resistivity behavior, specially at
low temperatures. Attempts to provide unified models
for GMR, charge ordering, and other observations will
be attempted, and the increasing variety of good ex-
perimental data related to spin, charge and orbital
ordering based on neutron scattering and other studies®®
will be of great value in this context.

The common features of GMR in the manganates
provide certain guidelines for the discovery or design
of new materials. It would be interesting to study
quaternary oxides, such as Ln;—,AMn;-yCo,O3, oxide
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spinels, the A;Mn30g family of oxides, as well as other
oxide systems. The ferromagnetic LaMn;_4Cr,O3 sys-
tem would provide a means of delineating exchange
from double-exchange interaction. Besides exploring
newer materials, there is considerable scope for detailed
structural and characterization studies, and physical
measurements, on well-characterized manganate ma-
terials. The discovery of novel phenomena, such as
charge-ordering and field-induced, first-order 1—M tran-
sitions, portends that new physics and chemistry will
emerge from studies of GMR materials. Of particular
interest would be studies of valence ordering in man-
ganates by resonant X-ray diffraction8! and neutron
studies of the phase transitions in the presence of a
magnetic field. Curiously, there is not sufficient struc-
tural information on the manganates around T..
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