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Abstract

Magnetoelectronic features of the perovskite-type manganites are overviewed in the light of the mechanism of the
colossal magnetoresistance (CMR). The essential ingredient of the CMR physics is not only the double-exchange
interaction but also other competing interactions, such as ferromagnetic/antiferromagnetic superexchange interactions
and charge/orbital ordering instabilities as well as their strong coupling with the lattice deformation. In particular, the
orbital degree of freedom of the conduction electrons in the near-degenerate 3d e, state plays an essential role in
producing the unconventional metal-insulator phenomena in the manganites via strong coupling with spin, charge, and
lattice degrees of freedom. Insulating or poorly conducting states arise from the long or short-range correlations of
charge and orbital, but can be mostly melted or turned into the orbital-disordered conducting state by application of
a magnetic field, producing the CMR or the insulator-metal transition. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The particular magnetoresistance (MR) phe-
nomena described here are the gigantic decrease of
resistance by application of a magnetic field that is
observed for the manganese oxides (manganites)
with perovskite or related structures [1]. Such a gi-
gantic negative MR is now termed “colossal mag-
netoresistance” (CMR) to distinguish it from the
giant magnetoresistance (GMR) observed in trans-
tion metal systems in multilayer or granular forms.
The MR in the perovskite manganites near the
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Curie temperature (T'¢c) seems to have already been
known at the very early stage of the study on
transition metal oxides. For example, the paper in
1969 by Searle and Wang [2] reported thoroughly
the magnetic field dependence of the resistivity for
a flux-grown crystal of La; - .PbMnO3; in particu-
lar the large MR near T, as well as the phenom-
enological analysis. Soon after, Kubo and Ohata
[3] have given a theoretical account for this phe-
nomenon using the so-called double-exchange
Hamiltonian (or the s-d model with the on-site
ferromagnetic exchange interaction), that includes
the essential ingredient of the double-exchange
mechanism elaborated by Zener [4], Anderson and
Hasegawa [ 5], and de Gennes [6]. Interest in the
MR of those manganites has revived more lately
since the rediscovery of the CMR or even more
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astonishing magnetic field induced insulator-metal
[7-117 and/or lattice-structural [12] transitions.
On the one hand, the highly sensitive and electri-
cally readable magnetic-field sensors have recently
been in industrial demand for the read-head of the
magnetic memory and it is anticipated that the
CMR oxides may be one such candidate material.

The “renaissance” of the CMR manganites was
due partly to the revived interest in the barely
metallic state of the transition metal oxides with
strong electron-electron and/or electron-lattice in-
teraction since the discovery of the high-temper-
ature superconductivity in copper oxide (cuprate)
compounds. After the experience of the research
fever for superconducting cuprates, there has been
much progress in the preparative method of oxide
specimens, e.g., growth of single crystals and fabri-
cation of epitaxial thin films, as well as in com-
prehensive understanding of the electronic and
magnetic properties of such correlated-electron
systems [13]. This circumstance has expedited the
research on the CMR oxides, as of nowadays.

In perovskite-related structures (Fig. 1), the two
important parameters, i.e., the band filling (or dop-
ing level) and the bandwidth (or electron hopping
interaction), can be controlled to a considerable
extent by modifying the chemical composition of
the perovskite. Both the parameters control the
kinetic energy of the conduction electrons which
not only governs the metal-insulator phenomena
but also the competing magnetic interactions, i.c.
ferromagnetic vs. antiferromagnetic, in the perov-
skite manganites. We will see ample examples of the
chemical control of the electronically important
parameters in the following.

In this article, we first overview fundamental
electronic and lattice features (Section 2) for perov-
skite manganites. After describing the electronic
configuration and double-exchange interaction of
Mn ions placed in the perovskite lattice, we focus
on the experimentally observed features of mag-
netoresistance and insulator-metal transition for
La;-,Sr:MnOj; crystals that are viewed as the
most typical double-exchange systems although
many important deviations from the simple model
already show up there. Section 3 is devoted to the
description on the compositional tuning of the
CMR effect in perovskite manganites. We present
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Fig. 1. Upper panel: crystal-field splitting of five-fold degenerate
atomic 3d levels into lower t, (triply degenerate) and higher
¢, (doubly degenerate) levels. Jahn-Teller distortion of MnOg
octahedron further lifts each degeneracy. Lower panel: Sche-
matic structures of distorted perovskites of manganite; orthor-
hombic (left) and rhombohedral (right).

electronic phase daigrams in the plane of temper-
ature and hole-doping level for representative man-
ganites and specify the compositional region where
the CMR is most pronounced. As a most remak-
able example of the CMR, we describe in Section
4 the magnetic field-induced melting of the
charge/orbital ordered states which are widely ob-
served in heavily hole-doped manganites (around
x =0.5). We present the systematic electronic
phase diagrams relevant to the charge/orbital or-
dering with variation of the electronic bandwidth at
x = 1/2 as well as of the hole doping level away
from x = 1/2, which are the bases of the magnetic
or photonic metal-insulator phase control of these
manganites. In Section 5 we briefly review
late advances in study on the layered-structure
manganites which show many unconventional
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magnetoelectronic and magnetoelastic properties,
including the CMR effect.

2. Fundamental electronic and lattice features
2.1. Electronic features

The manganese (Mn) ion in the CMR manganite
is surrounded by the oxygen octahedron. The 3d
orbitals on the Mn-site placed in such an octahed-
ral coordination are subject to the partial lifting of
the degeneracy into lower-lying t,, states and high-
er-lying e, sates. In the Mn3*-based compounds,
the Mn site shows the electronic configuration of
t3ges (total spin number S = 2). The t,, electrons,
less hybridized with 2, states and stabilized by the
crystal field splitting, are viewed as always localized
by the strong correlation effect and as forming the
local spin (S = 3/2) even in the metallic state. Even
the e, state electrons, hybridized strongly with O 2p
states, are affected by such a correlation effect, and
tend to localize in the “carrier-undoped” or the
parent all-Mn3*-based compound, forming the
so-called Mott insulator. However, the e, electrons
can be itinerant and hence play a role of conduction
electrons, when electron vacancies or holes are cre-
ated in the e, orbital states of the crystal. The latter
hole-doping procedure corresponds to creation of
mobile Mn*" species on the Mn sites.

The important consequence of the apparent sep-
aration into the spin and charge sectors in the 3d
orbital states is the effective strong coupling be-
tween the e, conduction electron spin (S = 1/2) and
tze electron local spin (S = 3/2). This on-site fer-
romagnetic coupling follows the Hund’s rule. The
exchange energy Ju (Hund’s-rule coupling energy)
is as large as 2-3 eV for the manganites and exceeds
the intersite hopping interaction % of the e, elec-
tron between the neighboring sites, i and j. In the
case of the strong coupling limit with Jy/t;; — o0,
the effective hopping interaction t;; can be ex-
pressed in terms of Anderson-Hasegawa relation
[5], by neglecting the Berry phase term

ti; = t9cos(0:j/2). (1)

Namely, the absolute magnitude of the effective
hopping depends on the relative angle (0;))

between the neighboring (classical) spins. The
ferromagnetic interaction via the exchange of the
(conduction) electron is termed as the double-
exchange interaction after the naming by Zener
[4].

By creating electron-vacancy sites (or hole-
doping) the e, electron can hop depending on the
relative configuration of the local spins. The fer-
romagnetic metallic state is stabilized by maximiz-
ing the kinetic energy of the conduction electrons
(0;j = 0). When temperature is raised up to near or
above the ferromagnetic transition temperature
(T¢), the configuration of the spin is dynamically
disordered and accordingly the effective hopping
interaction is also subject to disorder and reduced
on average. This would lead to enhancement of
the resistivity near and above Tc. Therefore, the
large MR can be expected around T, since the
local spins are relatively easily aligned by an ex-
ternal field and hence the randomness of the
€, hopping interaction is reduced. This is the intu-
itive explanation of the MR observed for the man-
ganite around T'¢ in terms of the double-exchange
(DE) model.

The physics of the colossal mangetoresistance
(CMR) is obviously more complex. We will see
ample examples of the failure of the simplest DE
model in this article, as manifested for example by
insulating behavior above T'¢ relevant to the CMR
effect, anomolously diffusive charge dynamics even
in the ferromagnetic ground state, versatile charge-
and orbital-ordered states adjacent to or competi-
tive with the DE ferromagnetic state, etc. There are
certainly other important factors than in the above
simplest DE scenario, which are necessary to inter-
pret important features observed experimentally.
Those are, for example, electron-lattice interaction,
ferromagnetic/antiferromagnetic superexchange in-
teraction between the local spins, intersite exchange
interaction between the e, orbitals (orbital ordering
tendency), intrasite and intersite Coulomb repul-
sion interactions among the e, electrons, etc. These
interactions/instabilities occasionally compete with
the ferromagnetic DE interaction, producing com-
plex but intriguing electronic phases as well as the
gigantic response of the system to an external field,
such as CMR or the field-induced insulator-metal
transition.
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Among the above interactions other than the
DE interaction, the important electron-lattice
interaction stems from the Jahn-Teller-type coup-
ling of the conduction e, electrons with oxygen
displacement. The Jahn-Teller interaction tends to
lift the degeneracy of the d orbital and stabilize the
energy level of the occupied d electrons via the
deformation of metal-ligand (e.g. Mn—O) octahed-
ron. The Mn** (3d* ) ion placed in the octahedral
coordination is one such example, and the conduc-
tion e, electron is subject to such a Jahn-Teller
effect, spontancously deforming the MnOg oc-
tahedron (see Fig. 1). In the crystal, such
a Jahn-Teller distortion is collective and a coherent
distortion of Mn-O network is realized, as typically
seen in LaMnOgj [14]. The itinerant e, holes
(or mobile Mn** species) are obviously destruc-
tive to the static distortion, yet the subsisting
dynamical Jahn-Teller coupling has been argued
as one of the major factors relevant to the CMR
phenomena.

2.2. Perovskite structures

Most of the CMR phenomena have been found
out and investigated for the manganese oxide (man-
ganite) compounds with perovskite-type structure
(Fig. 1). The perovskite-type manganites have
the general formulas, RE; - \AE.MnQOj3;, where RE
stands for the trivalent rare-earth element such as
La, Pr, Nd, Sm, Eu, Gd, Ho, Tb,Y, etc. or for Bi®*,
and AE for the divalent alkaline earth ions such as
Sr, Ca, and Ba or for Pb?*. The (RE,AE) site
(so-called perovskite A-site) can in most cases form
homogeneous solid solution. Perovskite-based
structures occasionally show lattice distortion as
modifications from the cubic structure. One of the
possible origin in the lattice distortion is the defor-
mation of the MnOsg octahedron arising from the
Jahn-Teller effect that is inherent to the high-spin
(S=2) Mn3* with double degeneracy of the
e orbital. Another lattice deformation comes from
the connective pattern of the MnOg octahedra in
the perovskite structure, forming rhombohedral or
orthorhombic (so-called GdFeOs-type) lattice, as
shown in Fig. 1 (lower panel). In those distorted
perovskites, the MnOg octahedra show alternating

buckling. Such a lattice distortion of the perovskite
in the form of ABO; (here A = RE; - AE, and
B = Mn for the present manganites) is governed
by the so-called tolerance factor f [15], which is
defined as

f=(rs + ro)/s/2(ra + ro). 2)

Here, r; (i = A,B (or) O) represents the (averaged)
ionic size of each element. The tolerance factor
fmeasures, by definition, the lattice-matching of the
sequential AO and BO; planes. When fis close to 1,
the cubic perovskite structure is realized. As r4 or
equivalently f decreases, the lattice structure trans-
forms to the rhombohedral (0.96 < f < 1) and then
to the orthorhombic structure ( f'< 0.96), in which
the B-O-B bond angle 0 is bent and deviated
from 180°. In the case of the orthorhombic lattice
(see Fig. 1), the bond angle 0 varies continuously
with f.

The bond angle distortion decreases the one-
electron bandwidth W, since the effective d electron
transfer interaction between the neighboring B-
sites is governed by the supertransfer process via
O 2p states. For example, let us consider the hy-
bridization between the 3d e, state and the 2p
o state in the GdFeOs; type lattice which is com-
posed of the quasi-right BOs octahedra tilting
alternatively. In the strong ligand field approxima-
tion, the p-d transfer interaction t,q is scaled as
t24 cos 0, t9q being for the cubic perovskite. Thus,
W for the e, electron state is approximately propor-
tional to cos? 0.

Another important feature in the perovskite and
related structures is that the compounds are quite
suitable for the carrier-doping procedure (filling
control) since the structure is very robust against
the chemical modification on the A-site. For
example, in La; - ,Ca,MnOs, the solid solution can
extend from x = 0 to 1. For AE = Sr the x can be
extended up to x = 0.7 under normal synthetic
condition, but up to x = 1 under high pressures. In
the formula unit of RE; - ;ZAE.MnQ3, the averaged
Mn valence varies as 3 + x. Namely, x produces
the vacancy in the e, electron state at a rate of x per
Mn-site, and hence is referred to as the hole-dop-
ing. To be exact, the filling (n) of the e, electron
conduction band is given as n =1 — x.
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2.3. Magnetoresistance of La1 - xSrsMnOQO3:
a canonical case

The La;-,Sr.MnOs; is the most canonical
double-exchange (DE) system, since it shows the
largest one-electron bandwidth W and accordingly
is less significantly affected by the electron-lattice
and Coulomb correlation effects. Nevertheless, the
end compound LaMnOj; (x = 0) is strongly affec-
ted by the collective Jahn-Teller effect as well as by
the electron correlation effect due to the n=1
filling of the e, band. The collective Jahn-Teller
distortion present in LaMnQj reflects the orbital
ordering such as the alternating ds,:—,2 and
dsy2—,2 orbitals on the ab plane [14]. In this
Jahn-Teller-distorted and orbital-ordered state,
the LaMnOj3; undergoes the antiferromagnetic
transition at 120 K. The spin-ordering structure is
layer type or so-called A-type, in which the fer-
romagnetic ab plane is coupled antiferromagneti-
cally along the c-axis.

With the hole-doping by substitution of La with
Sr, the ordered spins are canted toward the c-axis
direction. In the pioneering paper by Wollan and
Koehler for La; - ,Ca,MnO3; [16], they argued the
spin state in such a lightly doped region in terms of
the mixture of the ferromagnetic and antiferromag-
netic domains. This was however reinterpreted in
terms of the DE mechanism by de Gennes [6]: The
extension of the wave function of the hole along the
c-axis can mediate the DE-type ferromagnetic
coupling, producing the spin canting. (This prob-
lem, namely the spin canting vs. the two-phase
coexistence, has recently been revived in the light of
theoretical views on the generic phase separation
instability in correlated electron systems, but here
for explanation of the phase diagram, we tenta-
tively follow the de Gennes’s interpretation.) As the
doping level x increases, the spin canting angle is
continuously increased to the nearly ferromagnetic
spin structure. In Laj;_.SryMnOj; [17,18], the
canted antiferromagnetic phase appears to persist
up to x = 0.15, although for x > 0.10 the spin-
ordered phase is almost ferromagnetic. With
further doping, the ferromagnetic phase appears
below Tc which steeply increases with x up to 0.3
and then saturates. Another important conse-
quence of the hole-doping is that the static collec-

tive Jahn-Teller distortion present in LaMnOs; is
diminished with increase of the doping level, per-
haps beyond x = 0.10. This is manifested by the
structural transformation between two types of or-
thorhombic forms [18].

The temperature dependence of resistivity and
the magnetic field effect are exemplified in Fig. 2
(left panel) for the x = 0.175 crystal [11,17]. The
resistivity shows a steep decrease around T¢ (in-
dicated by an arrow), indicating that the relatively
high resistivity above T¢ is dominantly due to the
scattering of the conduction electrons by thermally
disordered spins. The magnetic field greatly reduces
the resistivity near T¢ due to the suppression of the
spin-scattering of the e,-state carriers. Such a nega-
tive magentoresistance (MR) is nearly isotropic
with respect to the direction of the applied field.
The MR value defined as — [p(H) — p(0)]/p(0) is
also plotted in Fig. 2 by open circles at a field of
uoH =15T.

Fig. 2 (right) shows the correlation between the
field-induced changes in p and M for the x = 0.175
crystal. The magnitude of the MR correlates with
the change in M; the MR is large around T, but
very small at temperatures (e.g., 78 K for x = 0.175)
far below Tc. The rapid rise of the M—H curve in
the low-temperature ferromagnetic phase is due to
the domain rotation in the present soft ferromag-
net, which appears to least affect the p value.

The resistivity change thus appears to be scaled
with the change of the magnetization of the system.
With use of the M-H and p—H curves at respective
temperatures, the change of the resistivity can be
deduced as a function of M. The result for an
x = 0.175 crystal is shown in Fig. 3 [11,17]. Look-
ing at this p-M curve, one may notice that the
experimental points taken at different temperatures
above T'c show an approximately identical curve in
spite of seemingly different MR behaviors. In Fig. 3
is also shown the p-M curve which was obtained
by the temperature dependence of the p and M data
taken at a field of 0.5 T. The curve shows a similar
trace to the universal curve obtained from the field
dependence. The good coincidence suggests that
the p-T curve is also governed by a similar scatter-
ing process to the case of the MR. The experimental
points taken below Tc¢ draw horizontal lines
(dashed lines) in the low-M region, but merge to the
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Fig. 2. Left: Temperature dependence of resistivity for a La, - .Sr,MnO; (x = 0.175) crystal at various magnetic fields. Open circles
represent the magnitude of negative magnetoresistance — [p(H) — p(0)]/p(0) with a magnetic field of 15 T. Right: The resistivity (upper
panel) and magnetization (lower panel) as a function of magnetic field for a La; — Sr,MnO; (x = 0.175) crystal.
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Fig. 3. Change of the resistivity as a function of magnetization
for a La;_,Sr,MnOj; crystal (x = 0.175). The points are ob-
tained from the p-H and M-H curves at respective temper-
atures. The solid line is obtained using the p-T and M-T curves
with a field of 0.5 T.

universal curve in the high-M region. The initial
magnetization is governed by the domain rotation
(typically below 0.2 T) and does not influence the
carrier-scattering process. A small but systematic
discrepancy between the temperature- and field-
variation curves in the high-M region is ascribed
to the temperature-dependent scattering process
other than the simple spin scattering.

The observed MR features near Tc¢ for
La; —SryMnOj; are viewed as canonical for the DE
system, and the M dependence of the MR value at
a temperature near above T¢ is well expressed by
a scaling function

— [p(H) — p(0)1/p(0) = C(M/M)?, )

at least in the relatively low-M region, say
M < 0.3M; (M; is the saturation magnetization in
the ground state). The scaling constant C remark-
ably depends on the doping level x: The C is as high
as 4 near the metal-insulator phase boundary
(x =0.175) but steeply decreases with x and
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becomes =~1 at x =04. The scaling constant
C measures the effective coupling between the
e, conduction electron and the t,, local spin. In
terms of the simple DE model, the coupling is
dominated by the quantity Ju/W and x, W being
the one-electron bandwidth of the e, conduction
band. According to the dynamical mean-field
theory of the DE model [19], the C can be as large
as 4 in the case of the strong coupling, namely
Ju/W > 1, but become 1 in the weak coupling limit.
Furthermore, other competing interactions with
the DE interaction can enhance the resistivity
above Tc and resultantly cause the larger MR,
producing the seemingly very large C value ( > 4).
The hole-doping dependence of C indicates that the
increase of the nominal hole concentration x drives
the system effectively towards the weak coupling
regime.

Concerning the empirical expression for the
M-dependence of the resistivity (p), Hundley et al.
[20] proposed a more general formula that fits
a broader temperature and field region,

p(H, T) = pmexp[ — M(H, T)/Mo], )

where My is a scaling parameter with dimension of
magnetization. If the polaron hopping type trans-
port is relevant near T'c, it should be activated by
the effective hopping interaction t.y, namely,
p oc exp( — tegr). With teer oc M, Eq. (5) suggests that
polaronic hopping is the prevalent conduction
mechanism near below Tec.

An important issue directly relating to the CMR
effect is a semiconducting or insulating behavior
above T¢ in the rather low-x region, e.g.
x = 0.15-0.20 of La; - xSr,MnO3 or in narrower-W
systems such as La; - yCa,MnQOs;. In such an x re-
gion, the negative MR effect is most pronounced
around T'¢ and hence the origin of the semicon-
ducting transport is of great interest. Millis et al.
[21] pointed out that the resistivity of the
low-doped crystals above Tc¢ is too high to be
interpreted in terms of the simple DE model and
ascribed its origin to the dynamic Jahn-Teller
distortion. The static and coherent Jahn-Teller dis-
tortions disappear above x=0.1 in Laj_.
SryMnOs;, judging from the crystal-structural
phase change between the two orthorhombic forms
[18]. However, Jahn-Teller coupling energy is

large (an order of 1eV) and should remain finite
when the carrier mobility is reduced by disordered
spin configuration above Tc. Therefore, the mean
amplitude of the Jahn-Teller distortion is critically
reduced in lowering temperature below T'c, as the-
oretically demonstrated by Millis et al. [22]. This is
also considered as a consequence of the crossover
from small polaron to large polaron with decreas-
ing temperature through T'c or applying a magnetic
field near Tc¢ [23]. In fact, the presence of the
dynamic Jahn-Teller distortion has been evidenced
in some experiments, in particular for a narrower
bandwidth system, La; - Ca,MnOj3 [24,25]. Thus,
the tunable electron-lattice coupling or temper-
ature- and magnetic field-dependent formation of
Jahn-Teller polarons is an important feature of the
CMR manganites.

Another possible origin of the resistivity increase
near above T¢ and the effective suppression by an
external magnetic field has been ascribed to the
Anderson localization of the DE carriers arising
from the inevitably present random potential in the
solid solution system [26], or to antiferromagnetic
spin fluctuation which competes with the DE inter-
action [27,28]. An important issue relating to these
instabilities is how we can take into account the
orbital degree of the freedom of the e,-state elec-
trons and their possible strong intersite correlation
or coupling to the lattice degree of freedom. We will
later come back to this problem, taking example of
more conspicuous cases.

2.4. Ferromagnetic ground state

In addition to the large MR effect around T, the
low-temperature ferromagnetic metallic state in
a prototypical DE system, La; - ,Sr.MnO3, is also
unique and important from the following view-
points: (1) the Mott transition induced by the
change of the doping level (x) or the band filling
(n=1—x), and (2) dynamics of charge carriers
with nearly full spin polarization but with orbital
degeneracy inherent to the e, state. The former
view is based on the assumption that the origin
of the charge gap in the parent insulator LaMnQOj;
is dominantly due to the electron correlation,
namely the on-site Coulomb interaction of e, con-
duction electrons. In the conventional-doped Mott
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insulators (including both Mott-Hubbard or
charge-transfer insulators), such as high-temper-
ature superconducting cuprate compounds, the me-
tallic state near the insulator-metal (or Mott)
transition is subject to strong antiferromagnetic
spin fluctuation. By contrast, the doping-induced
metallic ground state, e.g., in La;—,Sr,MnOs3, is
fully spin-polarized (half-metallic) with no spin de-
gree of freedom left at zero temperature. This may
signal that the Mott transition in La; - ,Sr,MnQO3
or the barely metallic state may differ qualitatively
from the conventional carrier-doped (filling-con-
trolled) Mott insulators.

On the other hand, the orbital-ordered state with
3x?> —r? and 3y* — r? as seen in the parent com-
pound LaMnOg; appears to subsist against hole
doping up to x = 0.1, above which the ferromag-
netic state emerges (see also Fig. 6). If the orbital
degree of freedom is viewed as pseudo-spin [29,30],
then such an “antiferromagnetic (C-type)” orbital
ordering is quantum-melted by doping of mobile
holes. This is quite analogous to the doped antifer-
romagnetic Mott insulator where the mobile holes
lead to the collapse of the spin-ordered state and
produce the correlated metallic state. Likewise, the
barely metallic ground state in the fairly low-doped
region may show the pseudo-spin moment arising
from the orbital degree of freedom and its transport
properties be affected by the orbital correla-
tion/fluctuation. If the Jahn-Teller coupling be-
tween the orbital and lattice degrees of freedom is
appreciable, the dynamic and cooperative
Jahn-Teller distortion may be present even in the
metallic ground state. In fact, quasi-elastic neutron
diffraction studies probing the pair distribution
function (PDF) [31] as well as phonon Raman
scattering studies [32] have indicated the presence
of the Jahn-Teller distortion or large (or medium-
size) polarons even in the low-temperature metallic
state. In spite of this conjecture and some support-
ing experimental evidences, the detailed aspects of
the ferromagnetic ground state suffering from
strong orbital fluctuations or accompanying lattice
dynamics are still left to be explored.

In Fig. 4 is plotted the doping(x)-dependence of
the inverse of residual resistivity, the Hall coeffic-
ient Ry, the electronic specific heat constant 7y, and
the lattice Debye temperature @p in the vicinity

La Sr MnO
1-x X 3

Critical Region

— L [ ]

"e 2.:’; - Z ]

'T; 1 g L é ‘:

v : 7 :

fo 0.15 L / ]
0

R, (102 ecm®/C)
<) o
— w

LN LI N S B B m B

LI L B e

T (mJ/K2 mole)
O =N WAV o

S
I
o
T

440 [
420 [
400 [
380 [
360 |-

0, ()

01 015 02 025 03 035 04
X

Fig. 4. Doping level x dependence of zero-temperature conduct-
ivity o, (inverse of residual resistivity), Hall coefficient Ry, elec-
tronic specific heat coefficient y, and Debye temperature O p, for
La,_,Sr,MnOj; crystals. A hatched vertical bar indicates the
metal-insulator transitional region, where the resistivity up-turn
is observed at a lower temperature than 7' (Curie temperature).

of the metal-insulator transition (x.=0.16) of
La;-Sr:MnOj [33]. The hatched region repres-
ents the MI transitional region where the resistivity
shows up-turn at lower temperatures below T,
where some ordering in charge and/or orbital sec-
tors is likely to occur [34,35]. The specific heat at
low temperatures in La;_.SrMnOg3 crystals
[33,36] is composed of the three components; lat-
tice T3-term (@), spin-wave T3/*-term, and T-
liner electronic part. The figure shows the electronic
part y and the lattice term (©p). The third panel of
the figure represents the ordinary part of Hall effect
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observed at 4.2 K. In such a low-temperature re-
gion, the contribution from the anomalous Hall
effect characteristic of the ferromagnetic metal is
negligible [37]. Over the whole metallic region
(x > 0.18), the Hall coefficient takes a positive small
value (indicating nominally ~ 1 hole per Mn site)
which is characteristic of a metal with a large Fermi
surface. In other words, the Fermi surface retains its
area down to near the metal-insulator phase
boundary even in the presence of the aforemen-
tioned dynamical (and perhaps collective) Jahn-
Teller distortion.

The y value, which represents the density of state
at the Fermi level in the case of a conventional
metal, shows a minimal enhancement even near the
metal-insulator boundary and steeply decreases to
zero in the transitional region in between x = 0.18
and 0.15. This is in contrast with the canonical
cases of the doping-induced Mott transition in
strongly correlated electron systems, such as V,0O3
[38,39] and LaTiO3 [40,41], in which the critical
enhancement of y or the strong mass renormaliz-
ation effect is observed in common near the
metal-insulator phase boundary. The residual
resistivity, which should be irrelevant to the elec-
tron correlation (Coulomb interaction), shows
a large reduction with the increase of x from 0.18
(see the top panel of Fig. 14) and also under pres-
sures [42].

Such a diffuse charge dynamics may originate
from the aforementioned orbital fluctuations or the
Jahn-Teller type electron-lattice coupling. How-
ever, the identity of the carriers is not a conven-
tional small polaron, since no mass enhancement is
observed even in the vicinity of the metal-insulator
boundary. However, some lattice anomaly mani-
fests itself in the anomalous x-dependence of Debye
temperature Op, as shown in the bottom panel of
Fig. 4. A dashed line is a reference that is expected
from the slight change of material density. Thus, it
is clear that anomalous softening of the lattice
occurs below x = 0.3, which are not apparently
relevant to the orthorombic-rhombohedral struc-
tural transition taking place around x = 0.2 nor to
the metal-insulator phase boundary. The orbital
ordering of the 3x* — r? and 3y* — r? as observed
in the LaMnO3 is melted above x = 0.10, yet such
an apparent softening of lattice in between x = 0.1

and 0.3 [33,36] is likely due to the Jahn-Teller-type
lattice distortion which is dynamical and short-
range ordered.

Another distinct experimental indication against
the picture of a simple half-metallic ground state is
the anomalously incoherent feature of the charge
dynamics as seen in the optical conductivity
spectra. The temperature dependence of spectra of
the optical conductivity for a La;-SryMnOj;
(x = 0.18) crystal is shown in Fig. 5. As seen in this
figure, the gap-like transition on the higher-energy
(>1eV) side gradually decreases in intensity with
the decrease of temperature, while the spectral
weight of the lower-lying (<1 eV) band increases.
These two types of transitions, between which the
spectral intensity is exchanged depending on the
spin polarization, can be explained by the crossover
from the interband transition between the ex-
change-split e, -bands to the intraband transition
within the e,-conduction band [43,44]. The low-
energy spectra are composed of the nearly w-inde-
pendent incoherent part and the sharply w =0
centered Drude response, as shown in the inset of
Fig. 5. Even the ground-state spectrum is, however,
dominated by the incoherent component concern-
ing the spectral weight. In fact, the estimated Drude

/> 9K
140K

180K -
%(5)811% Laj_SryMnO3 |
230K x=0.18 i
1 1 | | 1 | L
0 1 2
Photon energy (eV)

Fig. 5. Temperature dependence of optical conductivity spectra
of a La;_,Sr,MnOj; (x =0.180) crystal. The inset shows the
magnification below 0.2 eV.
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weight is extremely small (0.02-0.03 as effective
number of electrons, Ngr). This can neither be as-
cribed to heavy effective mass nor small carrier
density as compared with the results of the Hall
coefficient and specific heat in Fig. 4. Thus, the
conventional Drude model is not applicable to the
ferromagnetic metallic state in La;—SryMnO3;
where the carrier motion is mostly incoherent. The
strong scattering in the fully spin-polarized ground
state without any appreciable mass renormalization
may be ascribed to the orbital degree of freedom in
the e, state, as theoretically argued [45,46], or other-
wise to dynamical phase segregation [47] composed
of the ferromagnetic-metallic (double-exchange-
mediated) and ferromagnetic-insulating (orbital-
ordered super-exchange-mediated) states. The
problem is of current interest and yet to be settled.

3. Compositional tuning of CMR and its
implication in the CMR mechanism
3.1. Variation of electronic phase diagrams

We show in Fig. 6 eclectronic phase diagrams
in the temperature (T) vs. hole concentration (x)
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plane for prototypical compounds [48]; (a)
La; .Sr:MnO3, (b) Nd;-.SriMnO3; and (c)
Pr; - Ca,MnOs;. As the tolerance factor or equiva-
lently the averaged ionic radius of the perovskite
A-site decreases from (La,Sr) to (Pr,Ca) through
(Nd,Sr), the orthorhombic distortion of GdFeOs;-
type increases, resulting in the bending of the
Mn-O-Mn bond and hence in the decrease of the
one-electron bandwidth (W) of the e,-state carriers.
This means that other electronic instabilities, such
as the charge/orbital-ordering and super-exchange
interactions which compete with the double-
exchange (DE) interaction, may become dominant
in specific regions of x and temperature.

The phase diagram for La;_.Sr.MnO3; with
maximal W is canonical as the DE system, as
described in the former section. The decrease of
W complicates the phase diagram. In particular,
when the doping x is close to the commensurate
value x =1/2, the charge-ordering instability
comes to the surface. In the case of Nd; - \Sr:MnO3
(Fig. 6), the ferromagnetic metallic (FM) phase
shows up for x > 0.3, yet in the immediate vicinity
of x = 1/2 the FM state changes into the charge-
ordered insulating (COI) state with decrease of
temperature below Tco = 160 K. This COI state

400 —

350F

300}

I N EE W

n
[51)
o

200}

150} FM

Temperature [K]

100}

50} Ll

iAFM]

P L

Fl

T 'I T F T 1 F T
E Nd,_ SrMnO,

S o 7 e anen i L i e (B o B P W R T

Pr, ,CaMnO,

Pl

C\J CAFI

M PR B | B L.
03 04 05 06 0 0.1
X

0 0.1 02

- L1 .
0.2 03 04 05 06
X

h L | -
070 01 02 03 04 05
X

Fig. 6. The magnetic as well as electronic phase diagrams of La;_,Sr,MnOj; (left), Nd, -, Sr,MnOj3 (middle) and Pr,_,Ca,MnO;
(right). The PI, PM and CI denote the paramagnetic insulating, paramagnetic metallic and spin-canted insulating states, respectively.
The FILFM, and AFM denote the ferromagnetic insulating and ferromagnetic metallic, and antiferromagnetic (A-type) metallic states,
respectively. At x = 0.5 in Nd; _,Sr,MnOs, the charge-ordered insulating (COI) phase with CE-type spin ordering is present. For
0.3 < x <£0.51n Pr; - ,Ca,MnOj3, the antiferromagnetic insulating (AFI) state exists in the charge-ordered insulating (COI) phase. The
canted antiferromagnetic insulating (CAFI) state also shows up below the AFI state in the COI phase for 0.3 < x < 0.4.
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Fig. 7. Spin, charge, and orbital ordering pattern of the CE type
observed for most of the x ~ 1/2 manganites. The e,-orbital
ordering on Mn3* sites are also shown. The Mn*"* sites are
indicated by closed circles.

accompanies the concomitant antiferromagnetic
ordering of orbitals and spins, that is so-called CE
type [16,49-517, as shown in Fig. 7. The nominal
Mn®** and Mn*" species with a 1:1 ratio shows
a real-space ordering on the (001) plane of the
orthorhombic lattice (Pynm), While the e, orbital
shows the 1x2 superlattice on the same (00 1)
plane. Reflecting such an orbital ordering, the or-
dered spins form a complicated sublattice structure
extending over a larger unit cell as shown in the
figure. Although a similar concomitant charge- and
spin-ordering is widely seen in 3d electron
transition metal oxides [13], the most notable fea-
ture of the manganites is the magnetic-field-
induced melting of the CO state, which shows up as
the field-induced phase transition from an antifer-
romagnetic insulator to a ferromagnetic metal [ 52].

With the hole concentration of x > 0.52, the
A-type (layer-type) AF ordering turns up again
[53-55]. As evidenced by the change in lattice para-
meters toward the A-type AF phase (i.e., the a, b-
axes expanding and the c-axis shrinking), the
uniform ordering of d,:—,» orbitals appears to be
realized in the A-type AF phase in such an over-
doped region (0.52 < x < 0.62). Note the difference
of the orbital ordering in the present overdoped
metallic manganites RE; - ,SryMnO3 (RE = La,

Pr, and Nd; 0.5 < x < 0.6) and the insulating par-
ent material REMnO3; (x =0), in the latter of
which the same A-type AF structure appears with
the orbital ordering of 3,:—,2 and 3,2, on the ab
plane. The uniform ordering of x* — y? orbitals
makes the phase metallic but 2D-like as observed
(0av/o. = 10* at 35 mK) [54], since the inter-plane
(c-axis) hopping of the fully spin-polarized
d.2—,» electron is almost forbidden due to the in-
plane confinement in the layered-AF structure as
well as to the minimal supertransfer interaction
between the x* — y? orbitals along the z-direction.
The mean-field theory for electronic phase diagram
of pseudo-cubic manganites also predicts that the
layered A-type AF state near x = 0.5 accompanies
the x? — y? orbital-ordering [56]. As x is further
increased, the rod type (C-type) AF ordering turns
up at x > 0.62 (Fig. 6). As evidenced by the elonga-
tion of a lattice parameter along the c-axis, the
3z2 — r? orbitals are mostly occupied in the C-type
AF phase.

For Pr; -.Ca.MnOj; with a further reduced tol-
erance factor, the CO phase is present below
220-240 K for x = 0.3 and no FM phase shows up
in any x-region at zero field. In the CO phase of
this compound, there are successive magnetic
transitions to the CO antiferromagnetic insulating
(AFT) phase and to the CO spin-canted insulating
(CAFI) phase [50,51,57,58]. An observed variation
of the transition temperatures T and Tca with
x can be interpreted in terms of the partial revival
of the DE carriers in the CO phase [59]: The CO
pattern is always (r,7,0) in the pseudo-cubic setting
irrespective of x and hence the deviation of x from
x = 0.5 may produce extra carriers which mediate
the DE interaction along the c-axis and play a role
of modifying the antiferromagnetic spin structure
towards the ferromagnetic one, as observed.
Such a discommensuration of the nominal hole
concentration seems to affect not only the temper-
ature-dependent spin structure but also the metal-
insulator phase diagram in the T-H plane (see
Section 4.2).

3.2. Compositional tuning of CMR

The ferromagnetic transition temperature T'c is
a good measure for the kinetic energy of the
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double-exchange (DE) carriers, which would scale
linearly with the e, electron hopping interaction or
the conduction bandwidth (W) in the case of the
simple DE ferromagnet. The T in the perovskite
manganties, RE; —.Sr:MnO3; (RE = La, Pr, Nd,
Sm and their solid solution), are in fact very sensi-
tive to the doping level and the tolerance factor
(degree of lattice distortion) which are both closely
relevant to the carrier kinetic energy [59,60]. Fig. 8
shows the T'c for various doping (x) levels as a func-
tion of the tolerance factor f, defined by Eq. (2) [60].
The temperature of the charge ordering transition
is also indicated for the x = 0.5 crystals. The fer-
romagnetic transition temperature Tc decreases
with decease in f'or W irrespective of x. In particu-
lar, the rate of the reduction in T¢ is enhanced
below some critical value of f( ~ 0.975 for x = 0.5,
~ 0.970 for x = 0.45, and ~ 0.964 for x = 0.4).
Let us first see the case of x = 0.5. For /> 0.976
(RE =Nd) the Tc is almost constant and the

400_!||||||||||ll||lvll[|||l|||||||||l_
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Fig. 8. The critical temperatures of the ferromagnetic transition
(solid circles) and the charge-ordering transition for x = 0.5
(solid squares) in RE;_,Sr,MnO; (RE = La, Pr, Nd, Sm and
their solid solution) crystals as a function of the tolerance factor.
The tolerance factor (f) is defined as f'= (ry + 1‘0)/\/5(1‘3 + 1o)
where r,, rg and rq are ionic radii of the perovskite A, B (Mn) site
cations and oxygen, respectively. The hatched thick lines and the
solid thin ones are the guides to the eye, connecting the identical
x and RE compounds, respectively.

charge-ordered state exists at lower temperatures
(see the curves for Ndo.5Sro.sMnOj3 in Fig. 8). For
f<0.976, however, the reduction of T¢ with de-
crease of f is pronounced. Since the T¢ should
depend almost linearly on the W (and hence f in
this region) in the simple DE model, such a pro-
nounced suppression of T¢ suggests that other in-
stabilities which compete with the DE interaction
become important for f< 0.976. In this region,
the hysteresis (first-order nature) of the ferromag-
netic transition and the deviation of the inverse
susceptibility from the Curie-Weiss law are also
pronounced [60]. For f < 0.971, the ferromagnetic
metallic state disappears and in turn the charge-
ordered state is present below some critical temper-
ature, e.g., Tco = 230K for Pry,2Caq,2MnO3 (see
also Figs. 6 and 11).

In Fig. 8, similar suppression in Tc is seen also
for f< 0970 in x=0.45 and for f<0.964 in
x = 0.4, although no (long-range) charge-ordered
state is present even at low temperatures. In such
a f-region as showing anomalously low T¢c, the
restoration of the DE interaction by the magnetic
field is most conspicuous and hence the mag-
netoresistance around T'c is maximized, as shown
in the following. We compare the cases of
Smi - SryMnO3; and Nd; -, Sry:MnO3; (x = 0.45)
with a small difference in the tolerance factor but
with a big difference in T'c. Fig. 9 shows the temper-
ature dependence of resistvitiy under various mag-
netic fields for the both crystals [60]. The MR
is seen around the T¢ in the both crystals, but
the magnitude differs significantly for the
Nd; - xSr:MnQOj; (x = 0.45) and Smj-,Sr,MnOj;
(x = 0.45) crystals: The latter crystal shows a gigan-
tic decrease of resistivity by four orders of magni-
tude at T'c and the above-T resistivity is likewise
reduced by application of fields, while the former
crystal shows a rather canonical behavior of MR,
being similar to that of La; - .SryMnOj3 with maxi-
mal W. The upper panel of Fig. 9 shows the
Curie-Weiss plot (H/M vs. T) for the both crystals
measured at 0.5 T. The Weiss temperature of
Nd; - xSr:MnQOj; (x = 0.45) coincides with the Tc,
whereas the H/M for Sm;_.Sr:MnOj; (x = 0.45)
shows a deviation from the simple Curie-
Weiss behavior below about 230 K and at Tc¢
the magnetic state is suddenly switched to the
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Fig. 9. The temperature dependence of resistivity under several
magnetic fields for crystals of Nd; _,Sr,MnO; (x = 0.45) and
Sm; _,Sr,MnQOj; (x = 0.45). The dashed line for Sm; _ . Sr,MnO3
(x = 0.45) indicates the warming run at 1 T. Upper panel shows
the Curie-Weiss plot for the respective compounds, whose mag-
netization was measured at 0.5 T.

ferromagnetic one. The anomalous increase of re-
sistivity above T'¢c (and its critical field suppression)
for Sm; —,Sr:MnO (x = 0.45) must be relevant to
such an antiferromagnetic interaction competing
with the ferromagnetic DE interaction.
Furthermore, large lattice-structural change
or anisotropic strain upon the ferromagnetic
transition as well as the gigantic magnetostriction
is observed for Sm;_,Sr:MnOj; (x = 0.45), but
much less for Nd; - SrsMnO3; (x = 0.45) [60]. The
observed distinctive features for the both crystals,
Nd; -Sr:MnO3 (x = 0.45) and Sm;—,Sr:MnO3;
(x = 0.45), indicate that the colossal feature of the
MR is obviously relevant to the switching of the
magnetism above T'¢ as well as of the lattice strain.

The anisotropic feature of the magentostri-
ction coupled to the gigantic MR for the
Sm; —SrxMnOj; (x = 0.45) crystal implies that the
relevant dynamical Jahn-Teller distortions are
strongly spatially correlated. Such a collective na-
ture of the Jahn-Teller distortion above Tc likely
arises from the anisotropic short-range orbital or-
dering or fluctuation. In particular, the e, orbitals
are already aligned perpendicular to the c-axis and
show the directional order (i.e., with little 3z% — r2
component), while the in-plane ordering remains
short-ranged. The situation may be viewed as
a “liquid-crystal” state (like nematic phase) for the
orbital degree of freedom.

4. Magnetic field induced melting of
charge/orbital ordered states

4.1. Charge/orbital ordering at x = 1/2

In Fig. 10 are shown typical examples of the
charge/orbital ordering transitions observed for
Nd; —xSr:MnOj; (x = 0.5) [61] and Sm; - .Ca,MnO3
(x =0.5) [62]. As shown in the temperature de-
pendencies of resistivity and magnetization, the
charge/orbital ordering transitions manifest them-
selves as decrease in magnetization and increase
in resistivity, which locate at T'co( = Tn) =~ 160 K
in Ndl/ZSrl/zMnO3 (left) and Tco ~ 270K in
Smy,,Ca12MnO3 (right), respectively. Changes
in lattice parameters are also observed at Tco;
elongation in the orthorhombic a- and b-axes and
contraction in the c-axis, which suggests that
ordering of eg-orbital occurs simultaneously.
Such a change in lattice parameters upon the
charge/orbital ordering transition as shown in
Fig. 10 has also been reported for polycrystalline
Lal/ZCal/zMnO3 (Tco ( = TN) ~ 160 K) [63,64]
In Nd;/2Sr1,,MnO3, the ferromagnetic and metal-
lic state due to the double-exchange (DE) interac-
tion is seen below Tc ~ 255K, and subsequently
the transition to the antiferromagnetic charge/or-
bital-ordered state occurs at Tco (= Tn) ~ 160 K
[61]. In Smy,,Ca1/2MnO3, similar changes in resis-
tivity and magnetization are seen at Tco ~ 270 K
[62], where the charge/orbital ordering takes place.
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Fig. 10. The temperature dependencies of magnetization (top), resistivity (middle) and lattice parameters (bottom) observed for
Nd,;2Sr;,,MnOj (left) and Sm;,,Ca,;;,MnOj (right). In Nd,,,Sr;,,MnO; the critical temperature of the charge/orbital ordering
transition coincides with the antiferromagnetic Néel temperature (T'co = Ty & 160 K), while in Sm;;,Ca;;,MnOj the former is higher

than the latter (T'co &~ 270 K and Ty ~ 170 K).

As is clear from the temperature dependence of
magnetization, however, the antiferromagnetic
spin-ordering occurs not concurrently but at
a lower temperature, Tn ~ 170K, and no fer-
romagnetic state is present at zero field. In
the reduced-bandwidth systems, such as
REl/zCal/zMnO3(RE = PI', Nd, Sm, ), in which
no ferromagnetic or metallic state is realized, a split
between Tco and T is generally observed. A

similar feature is also observed for the related
material with the layered-perovskite structure,
Lag—,Sri+.:MnOy(x = 1/2), where Tco~ 217K
and Tx ~ 110 K [65].

In Nd;,2Sr1,2MnQO3, an antiferromagnetic spin
ordering of the CE-type (Fig. 7) with the magnetic
unit cell expanding to 2x2x1 of the original
orthorhombic lattice has been confirmed below
Tco by a neutron diffraction study [53]. In
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Sm;,,Ca1,2MnO; the charge/orbital- and spin-
ordering as shown in Fig. 7 are realized below T\.
The charge/orbital ordering at x = 1/2 is thus char-
acterized by the antiferromagnetic CE-type struc-
ture which has originally been revealed for
La; -«Ca.MnO3; (x ~ 1/2) [16].

In the magnetization curve for the charge/orbital
ordered state, we can see the metamagnetic
transition. In accord with this, the resistivity also
shows steep decrease by several orders of magni-
tude. Thus, the transition from the antiferromag-
netic charge/orbital-ordered insulating state to the
ferromagnetic metallic one is caused by application
of an external magnetic field. From a thermo-
dynamic point of view, the both states are energeti-
cally almost degenerate, but the free energy of the
ferromagnetic (FM) state can be decreased by the
Zeeman energy -M H (M,, the spontaneous mag-
netization) so that the magnetic field-induced
transition to the FM metallic state takes place in an
external magnetic field.

Fig. 11 shows the charge/orbital ordering phase
diagrams for various RE;,AE;>MnQOj; crystals

Nd. _Sr,_ MnO,

127 1/2

Pr. Sr. _MnO
1/2 1/23003

Temperature [K]

ot
0 5 10 15

which are presented on the magnetic field—temper-
ature (H-T) plane. The phase boundaries have
been determined by the measurements of the mag-
netic field dependence of resistivity (p—H) and mag-
netization (M-H) at fixed temperatures [61,66],
and those for RE;,,Ca1,2MnO3 (RE = Pr, Nd and
Sm) have been obtained by measurements utilizing
pulsed high magnetic fields up to 40 T [67]. In this
figure, the critical field to destruct the charge/
orbital-ordered state in Ndj,2Sr;,,MnQOj3 is about
11T at 42K, while that in Pry,;Ca;,2MnO3
increases to about 27T. In the case of
Sm;,»Ca1,2MnQO3, the charge/orbital ordering is so
strong that the critical field becomes as large as
about 50 T at 4.2 K. Fig. 11 thus demonstrates that
the robustness of the charge/orbital ordering at
x = 1/2 critically depends on the W, which is
understood as a competition between the DE inter-
action and the ordering of Mn**/Mn** witha 1: 1
ratio accompanied by simultaneous ordering of e,-
orbital of Mn**.

To be further noted in Fig. 11 is the large hyster-
esis of the transition (hatched in the figure) which is

Sm Ca MnO3

12 2

charge/orbital
ordered
state

Fig. 11. The charge/orbital-ordered phase of various RE,,AE, ,MnO; plotted on the magnetic field-temperature plane. The phase
boundaries have been determined by measurements of the magnetic field dependence of resistivity (po—H) and magnetization (M-H) at
fixed temperatures [61,66], and those for RE,;Ca;;;MnOj3; (RE = Pr, Nd and Sm) have been obtained by measurements utilizing

pulsed high magnetic fields up to 40 T [67].
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characteristic of the first-order transition coupled
with the change of crystal lattice. The change in
lattice parameters originates from the field destruc-
tion of orbital ordering. As seen in Fig. 11, the
hysteresis region (hatched area) expands with de-
creasing temperature especially below about 20 K.
In the case of the first-order phase transition, the
transition from the metastable to the stable state
occurs by overcoming a free-energy barrier. Since
the thermal energy reduces with decrease in tem-
perature, a larger (smaller) field than the thermo-
dynamic value is needed to induce the transition
from (to) the AF charge/orbital-ordered to (from)
the FM metallic state. Thus the hysteresis between
the field increasing and decreasing runs increases
with the decrease of temperature.

4.2. Effect of discommensuration of doping level

The charge/orbital-ordering phenomena tend to
be most stabilized when the band filling coincides
with a rational number for the periodicity of the
crystal lattice. In fact, the charge/orbital-ordered
state in Nd; - Sr,MnO3 emerges only in the im-
mediate vicinity of x = 0.5, as shown in Fig. 6. In
perovskite manganites of which W is further re-
duced, such as Pr;-.Ca,MnOj, however, the
charge/orbital ordering of the similar CE type ap-
pears in a much broader range of x [50]. We have
already shown in Fig. 6 the electronic phase dia-
gram of Pr;-.Ca,MnOj; (0 <x < 0.5) [58]. In
Fig. 6, the ferromagnetic and metallic state is not
realized at zero magnetic field and at ambient pres-
sure due to the reduced W, while the ferromagnetic
but insulating phase appears for 0.15 < x < 0.3.
With further increase in x, the charge/orbital-or-
dered state with 1: 1 ordering of Mn®*/Mn** ap-
pears for x > 0.3. As an earlier neutron diffraction
study [50] reported, the charge/orbital ordering
exists in a broad range of x (0.3 < x < 0.75), where
the pattern of spin, charge and orbital ordering is
basically described by that of x = 0.5. The coupling
of spins along the c-axis is antiferromagnetic at
x = 0.5, while the spin arrangement is not antifer-
romagnetic (or collinear) but canted for x < 0.5. As
the doping level deviates from the commensurate
value of 0.5, extra electrons are doped on the Mn**

sites in a naive sense. To explain the modification of
the arrangement of spins along the c-axis, Jirak
et al. [50] postulated that the extra electrons hop
along the c-axis mediating the ferromagnetic
double exchange interaction. (This is analogous to
the lightly hole-doped case of LaMnO3, where the
canted antiferromagnetic spin structure is realized
due to the hole motion along the c-axis [6].) Such
an effect of extra electrons on the magnetic struc-
ture should be enhanced with decrease in x from
0.5. In fact, neutron diffraction studies [ 50,51] have
revealed that the coupling of spins along the c-axis
becomes almost ferromagnetic at x = 0.3 in spite of
that the CE-type ordering is maintained within the
orthorhombic ab-plane.

Fig. 12 (left) exemplifies the magnetic field
dependence of the resistvity (at 4.2 K) and the mag-
netization (at 5 K) for a Pry-,Ca,MnOj; (x = 0.3)
crystal [57]. Although the crystal of x = 0.3 under-
goes the charge/orbital ordering transition at
Tco ~ 200 K [51], it changes to the metallic state
in a magnetic field. In the magnetization curve of
Fig. 12, the transition from the canted AF to the
fully spin-polarized (ferromagnetic) state is ob-
served at about 3.5 T in the field increasing process.
In accord with the behavior in magnetization, the
resistivity shows an insulator to metal transition at
~ 4 T. Because of the strong first-order nature, the
transition is irreversible at low temperatures and
the ferromagnetic and metallic state remains even
after the magnetic field is removed [57]. The ob-
served phenomenon was further investigated by
neutron diffraction measurements [51,68]. Fig. 12
(right) shows the magnetic field dependence of the
intensities of the ferromagnetic (top), antiferromag-
netic (middle) and orbital superlattice (bottom)
reflections which were all taken at 5 K. Corre-
sponding to decrease in the antiferromagnetic and
orbital-superlattice diffractions at 4 T, an increase
is observed for the ferromagnetic one. Thus, the
field-induced insulator-metal transition is con-
firmed to be accompanied by collapse of the
charge/orbital-ordered state.

For the Pry - .Ca,MnOj3; (x = 0.3) crystal, a sim-
ilar insulator to metal transition is induced by
applying an external pressure [69-71] which
increases one-electron bandwidth W (or transfer
integral t).
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temperature.

In Pr; -.Ca,MnOQO3, the dependence of the field-
induced transition (or collapse of the charge/
orbital-ordered state in a magnetic field) on the
doping level has systematically been investigated
for 0.3 < x < 0.5[58,67]. The x-dependent features
are well demonstrated by the charge/orbital order-
ing phase diagram displayed on the magnetic
field—temperature (H-T) plane as shown in Fig. 13.
In this figure, the phase boundaries have been de-
termined by the measurements of the magnetic field
dependence of resistivity (po—H) and magnetization
(M-H) at fixed temperatures. The charge/orbital

ordering for x = 0.5 is so strong that the critical
field to destruct the charge/orbital-ordered state
becomes as large as about 27 T at 4.2 K, and a sim-
ilar feature is also seen for x =045 [67]. For
x < 0.4, by contrast, the charge/orbital-ordered
phase-region becomes remarkably shrunk, in par-
ticular at low temperatures. The averaged value
(Hay) of the critical fields in the H-increasing and-
decreasing runs at a constant temperature rather
shows a decrease with decrease in temperature be-
low =~ 175 K (dH4/dT < 0). In the case of x = 0.3,
collapse of the charge/orbital-ordered state (i.e.,
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appearance of the FM metallic state) is realized by
applying an external magnetic field of only several
Tesla when the temperature is set below 50 K.
Another noteworthy aspect in Fig. 13 is expansion
of the field hysteresis with decreasing temperature,
which is characteristic of the first order phase
transition as mentioned above [61]. Such a vari-
ation of the charge/orbital-ordered phase with the
doping level has been observed similarly for a fur-
ther W-reduced system, Nd; - Ca,MnO; [67,72].
The common feature for the modification of the
phase diagram with x seems to be correlated with
the action of the extra electron-type carriers in the
CE-type structure [51]. Thermodynamically,
excess entropy may be brought about in the
charge/orbital-ordered state by the extra localized
carriers and their related orbital degrees of free-
dom, which are pronounced as x deviates from 0.5.
The excess entropy may reduce the stability of the
charge-ordered state with decreasing temperature
and cause the reduction in the critical magnetic
field (dH.,/dT < 0) as observed in the case of
x < 0.4 in Fig. 13. In reality, however, the micro-
scopic phase separation into the x ~ 0.5 charge-
ordered state and the x < 0.5 ferromagnetic state

should be also taken into account for a deeper
understanding of the present features for x < 0.5
systems.

5. CMR of the layered-structure manganites
La;->.Sr1+2.Mn,0-

The title compounds correspond to the n =2
layered perovskite structures (see the inset to
Fig. 14) with the MnO, bilayer in a repeated
unit. Taking the Mn?*"-based compound,
La,SriMn,O- (x = 0), as the parent insulator, the
composition x stands for the nominal hole number
per Mn site. Fig. 14 shows the temperature depend-
ence of the p, in the series of Ruddlesden—Popper
phases [(La,Sr),+ 1Mn,O3,+1; n = 1,2 and infinite]
with the nominal hole concentration fixed at
x =0.3 [73]. In the pseudo-cubic (n = c0) com-
pound, the drop of the resistivity at =~ 360 K cor-
responds to the onset of ferromagnetic ordering.
The n = 1 phase with an isolated MnO, sheet, on
the other hand, does not undergo the ferromagnetic
transition and remains insulating down to the
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lowest temperature, perhaps due to the charge or-
dering instability [65,74]. In the n = 2 compound,
Pap Shows a broad maximum around 270 K, and
then metallic temperature dependence, followed by
the sharp decrease at 90 K corresponding to the
three-dimensional (3D) magnetic transition. (Con-
cerning some controversy about the temperature
dependence of the resistivity above the 3D
transition temperature in this specific compound,
see also Ref. [75].)

The temperature dependence of in-plane resistiv-
ity (pap) and c-axis resistivity (p.) for this x = 0.3
single crystal shows a highly anisotropic behavior
[76]. The p. shows a sharp maximum at T
~ 100 K and semiconducting temperature depend-
ence above Thax While a metallic-like behavior be-
low Thax. Compared with the magnetization data,
the steep drop of p. below Thax has an intimate

connection to the 3D ferromagnetic spin ordering.
By contrast, ps, shows a broad maximum at
T, ~ 270 K where the slope of inverse magneti-
zation deviates from the Curie-Weiss law. This
implies that the in-plane two-dimensional (2D)
ferromagnetic correlation evolves with decrease of
temperature below T¢,, that is far above T, The
anisotropy of resistivity is as large as p./pa ~ 103
at room temperature, yet further increases with
decrease of temperature and reaches such a large
value as po/pa =~ 10* at Téax.

The isothermal MR curves with application of
magnetic field along the c-axis are shown in Fig. 15
[76] for the in-plane and interplane components
together with the magnetization curves at char-
acteristic temperatures; around T%, (273 K),
Thax (100 K) and enough low temperature (4.2 K)
with almost full spin polarization. Large MR is
observed for the both components due to the en-
hanced in-plane and interplane ferromagnetic cor-
relations at 273 K and more conspicuously at
100 K. In particular, the interplane MR at 100 K is
extremely large (p.(H)/p/0) ~ 10~* at 5 T) due to
the field-induced incoherent-coherent transition
for the c-axis charge transport at this temperature.

In the low-temperature case at 4.2 K, p. drasti-
cally decreases in a low-field region in accord with
the magnetization process, and becomes constant
when the magnetization saturates above an ex-
ternal field of about 0.5 T. This MR behavior has
been interpreted in terms of the interplane tunnel-
ing MR. According to the neutron scattering study
[77], the ferromagnetic 3D ordering sets in below
Thax, but the in-plane ferromagnetically ordered
spins begins to cant between the inter-bilayer units,
and below T = 60 K shows the layered-type anti-
ferromagnetic ordering. In the antiferromagnetic
state, the ferromagnetically ordered bilayers couple
antiferromagnetically with the easy axis along the
c-axis (perpendicular to the plane). The interplane
antiferromagnetic interaction is extremely weak as
compared with the in-plane ferromagnetic interac-
tion, being inherent to the quasi-2D structure. Such
an interplane antiferromagnetic coupling should
block the interplane tunneling of the spin-polarized
electrons, although the interlayer coupling mode
should contain a high density of domain walls, i.e.,
the ferromagnetic interlayer coupling mode. (Such
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a ferromagnetically interlayer-coupled part as a de-
fect may serve as a leaky current path along the
c-axis.) By applying a magnetic field, however,
a sort of metamagnetic transition takes place at
a very low field, say 0.05 T, due to an extremely
weak antiferromagnetic interlayer coupling, and
accordingly the carrier-blocking boundaries should
be removed. Such a field-switching of the spin
structure in coincidence with the tunneling-type
MR has in fact been confirmed by a neutron scat-
tering study [77]. It is worth noting that the re-
moval of the interlayer blocking domain-boundary
also affects the in-plane charge dynamics as seen
the low-field MR for the in-plane component at
42 K (top panel of Fig. 15). Thus, the x = 0.3 bi-

layered manganties can be viewed as an infinite
stack of the spin valves.

The charge transport properties including the
MR characteristics in these bilayer manganites are
observed to be quite sensitive to the band filling or
hole-doping level even more than in the aforemen-
tioned case of the pseudo-cubic perovskite manga-
nites. This may be related to the variation of the
orbital occupancy of the e, conduction band due to
the layered structure. The tetragonal crystal field in
the layered structure generally tends to favor the
3z2 — r? orbital state. However, the in-plane 2D
band dispersion should be larger for the x? — y?
state than for 3z2 — r? state. Such a competition
between the crystal field energy and the electron
kinetic energy appears to cause the complex vari-
ation of the magnetic state and the lattice distortion
as well as the magnetoelastic phenomena in this
class of layered manganites [78]. For example, in
the x =0.4 crystal [79], both of the in-plane
and interplane resistivity show a semiconducting
increase with decrease of temperature down
to Tc(=121K) with activation energy of
30-40 meV, though the anisotropic ratio of the
resistivity is still as large as 10, in contrast to the
case of x = 0.3. At around Tc¢( = 121 K), both of
the ps and p. show a steep decrease by more than
two orders of magnitude, showing a metallic behav-
ior below T (although accompanied by localiza-
tion behavior below about 20 K). By application of
magnetic fields, the resistivity above Tc is appreci-
ably suppressed, putting the resistivity maximum
towards higher temperature. Recent extensive stud-
ies [80-82] have been revealing the strong
charge/orbital correlation and associated dynam-
ical lattice distortion (cooperative Jahn-Teller
type) immediately above T'c where the CMR effect
is most pronounced. Reflecting the simple 3D fer-
romagnetic spin structure in the ground state, how-
ever, such an interplane tunneling MR as observed
for the x = 0.3 crystal does not show up in this
x = 0.4 crystal.

With further increase of x, the ground state tends
to show the spin canting within the bilayer unit,
and its canting angle increases as x is increased
from x =04 to 0.5 [83], perhaps reflecting the
increasing component of the x? — y? orbital
state. For x=0.5, the ground state of
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La,—,Sri+.Mn,O- appears to be in the layered
antiferromagnetic state, where the ferromagnetic
single layer couples antiferromagnetically with
each other within the bilayer unit [83,84]. The
charge ordering transition associated by the orbital
ordering as observed for the x = 0.5 single-layered
and narrow-bandwidth perovskite manganites
appears also at x = 0.5 in this » = 2 member man-
ganite around 220 K [85]. However, as the temper-
ature is decreased below 120 K, the charge ordering
is again melted and the ground state is turned into
the aforementioned layered antiferromagnetic state
[86], perhaps reflecting the change in the orbital
ordering pattern. Many unconventional features
arising from the 2D nature of the carrier motion
and the strong charge/orbital fluctuation are now
being unraveled in the layered manganites, whose
favorable simple structure and low-dimensionality
may be a touchstone for the model for the spin-
charge-orbital correlations in the magnetic oxides.

6. Concluding remarks

Fundamental features of the colossal mag-
netoresistive (CMR) manganites with perovskite-
related structures have been described. The main
advantage of the perovskites is the capability of
controlling the band filling and the bandwidth,
which are both important physical parameters for
the strongly correlated electron system or strongly
coupled electron-lattice system like the CMR man-
ganites. First, we have seen a prototypical example
of the double-exchange (DE) manganite, that is the
case of La;_,Sr.MnQO3;, whose MR near Tc¢ can
well be described by the canonical DE model. Even
in that case, however, in particular near the metal-
insulator compositional (x) phase boundary, we see
ample examples of deviation from the simplest DE
model. Those are ascribed partly to the Jahn-
Teller-type electron-lattice coupling, which causes
dynamical Jahn-Teller distortion or small polaron
conduction above Tc. In other words, the hole-
doping level (concentration of nominal mobile
Mn*"* species in the Jahn-Teller Mn?*-ion back-
ground) is not enough to extinguish the orbital
“moment”. This might be true also in the ferromag-
netic metallic state. In fact, some anomalous fea-

tures show up even in the metallic ground state,
such as very high residual resistivity and minimal
Drude (or quasi-particle spectral) weight in spite of
seemingly insignificant mass-renormalization ef-
fect. In the ferromagnetic metallic ground state, the
conduction electron spin is fully polarized (i.e., no
spin degree of freedom left) and hence the ano-
malous features may originate from the carrier
scattering process by orbital correlation or orbital
fluctuation. However, most of the problems are left
to be solved in the future.

In manganite systems with a narrower band-
width than La;-.Sr,MnOQOs;, even more complex
but intriguing features emerge due to the competi-
tion between the DE and other generic instabilities,
such as antiferromagnetic superexchange, orbital-
ordering, charge-ordering, and orbital-lattice
(Jahn-Teller type) interactions. A complex elec-
tronic phase diagrams are presented for several
RE; -tAE:MnO3; (RE =La, Pr, Nd, and Sm;
AE = Sr and Ca) as a function of the doping level,
where the charge/orbital/spin ordering occa-
sionally shows up near the doping level of x = 1/2.
Conspicuous phase transition from a charge/
orbital ordered state to a ferromagnetic metal is
caused by application of an external magnetic field.
More lately, it has been demonstrated that other
external stimuli than magnetic field, such as impu-
rity (e.g. Cr3*)-doping on the Mn site [87], cur-
rent-injection [88], and photo-irradiation [89] or
X-ray irradiation [90] can drive such a phase trans-
formation, although the transitions remain within
the spatially local area. These phenomena have
been attracting great interest in the context of un-
conventional phase control of the magnetic and
electronic states in the magnetic oxides.

In addition to the conventional pseudocubic
manganites, the layered structure manganites or
so-called Ruddlesden—Popper series are also the
important systems endowed with CMR. Due to
the confinement of the DE carriers within the plane,
the magnetic interaction in the layered manganite
is extremely anisotropic, and other competitive in-
teractions such as charge and orbital ordering cor-
relations become relatively important. We have
seen versatile phenomena arising from such a two-
dimensionality, while many unconventional fea-
tures are now being unraveled. One such example is
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the interplane tunneling MR which arises from the
weak antiferromagnetic inter-bilayer coupling be-
tween the ferromagnetic-metallic Mn-O bilayer-
sheets in Lay—.Sri+2:Mn,O7 (x =0.3) and is
reviewed also in the article by Gupta and Sun of
this volume with a broader perspective.
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