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Colossal magnetoresistance (CMR) effect was discovered among the manganese oxide class of materials,
i.e. La1−xCaxMnO3. It shows large magnetoresistance by orders of magnitude, however several environmental
requirements limit CMR toward general applications. Recently people have been focused on understanding a
fundamental physics because of complex correlations between electron-lattice and electron–electron interac-
tions, which gives rise to a rich variety of physical phenomena. Basic theories which have been published to
explain CMR are introduced in the paper.

Introduction

From the classical electrodynamics, magnetoresistance
(MR), which was first discovered by W. Thomson in 1856,
is the material property to change its electrical conductivity
when a presence of an external magnetic field. Although nor-
mally a change of the conductivity is in an order of few per-
centage, there has been several technologies crucially used in
our life, which are based on the MR. The discovery of the gi-
ant magnetoresistance (GMR) in the late 1980’s has another
enormous influence into our life[4, 5]. Thinly layered mag-
netic and non-magnetic materials were found that they ex-
hibit increase or decrease of their resistivity by more than
20 percent under relatively weak external magnetic fields.
This GMR opened new electronics where the electron spin
plays a key role in the operation of electronic devices. Few
years later of GMR discovery, the materials were found that
could exhibit the change of an electric resistance not by a few
percent but by orders of magnitude, hence this phenomenon
was named the colossal magnetoresistance (CMR). The CMR
is generally found in doped manganite perovskites such as
RE1−xMxMnO3 (RE = rare earth, M = Sr, Ca, Ba)[7].

Figure 1: The magnetization, resistivity, and magnetoresistance of
La0.75Ca0.25MnO3 as a function of temperature at various field. The
inset shows ρ at low temperatures. [12]

The CMR effect can be extremely large resulting in a resis-
tance change of a few orders in magnitude. CMR originates
from a metal-insulator transition in the low temperature near
the Curie temperature (TC) the vicinity of TC and requires
magnetic fields of the order of several Tesla.

In the technological applications view points, we can make
the MR factor very close to 100%, however this occurs un-
fortunately at the cost of reducing TC. GMR presents MR
changes with as small as 0.01 T, while CMR typically needs
larger fields of about 1 T or more for equivalent resistivity
changes. This seems too large for potential use in magnetic
recording devices. Hence, the manganites will be mainly con-
sidered as an interesting basic-physics problem[7]. CMR ma-
terials are interesting from a fundamental viewpoint. In con-
trast to traditional ferromagnets such as Fe, Co and Ni where
the spin system is isolated from the lattice, in the manganites
the charge, spin, and lattice degrees of freedom are strongly
coupled together, which are strongly correlated electron sys-
tems, leading to a delicate balance of interactions that gives
rise to a rich variety of physical phenomena of current interest
in condensed matter science [3, 9].

Quantitatively Schiffer et al. exhibits CMR phenomena at
x = 1/4 of La1−xCaxMnO3. The Fig. 1 shows the magne-
tization and resistivity as a function of temperature, and the
existence of a robust MR, larger than 80%. The drop in re-
sistivity with decreasing temperature and the peak in MR are
correlated with the ferromagnetic transition in the magneti-
zation. At this concentration, the insulating behavior above
TC is very prominent, on the other hand below TC ferro-
magnetism is presence[7]. The Fig. 2 is phase diagram
of La1−xCaxMnO3 from experimental measurements. There
are several different phases, which are mixture of ferromag-
netic/antiferromagnetic and metal/insulator phases. The inter-
pretation and understanding the mechanism of these different
phases are crucial.

The physical features of CMR manganites

Crystal structure:

The structure of the La1−xCaxMnO3 oxides is close to that
of the cubic perovskite. The crystal structure and lattice pa-
rameters can be obtained by neutron powder diffraction [11].
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Fig. 2.2.3. Phase diagram of La
!"!

Ca
!
MnO

#
, constructed from measurements of macroscopic quantities such as the

resistivity and magnetic susceptibility, reproduced from Cheong and Hwang (1999). FM: Ferromagnetic Metal, FI:
Ferromagnetic Insulator, AF: Antiferromagnetism, CAF: Canted AF, and CO: Charge/Orbital Ordering. FI and/or CAF
could be a spatially inhomogeneous states with FM and AF coexistence.

FM phase actually occupies just a fraction of the whole diagram, illustrating once again that DE
does not provide a full understanding of the manganites. For instance, equally prominent are the
charge ordered (CO) states between x"0.50 and 0.87. The CO state at x"0.50 was already
described by Wollan and Koehler (1955) as a CE-state, and the characteristics at other densities are
discussed below. In the regime of CO-states, studies by Ramirez et al. (1996) of the sound velocity,
speci"c heat, and electron di!raction were attributed to strong electron}phonon coupling, in
agreement with the predictions of Millis et al. (1995). The `canteda state at x close to 1 could
be a mixed-phase state with coexisting FM}AF characteristics based on recent theoretical
calculations (see below Section 3), but the issue is still under discussion. The low hole-density
regime is quite unusual and nontrivial, and it appears to involve a charge-ordered phase, and
a curious ferromagnetic insulator. Actually at x"0.10, there is no large MR e!ect using "elds of 12
T, according to Fig. 6 of Ibarra and De Teresa (1998c). Fig. 25 of the same reference shows that at
x"0.65, well inside the charge-ordered state, a 12 T "eld is also not su$cient to destabilize the
insulating state into a metallic one. Thus, to search for a large MR e!ect, the density must be closer
to that leading to the FM metallic regime, as emphasized before.

In Fig. 2.2.3 note also the presence of well-de"ned features at commensurate carrier concentra-
tions x"N/8 (N"1,3,4,5 and 7). The Curie temperature is maximized at x"3/8 according to
Cheong and Hwang (1999), contrary to the x"0.30 believed by many to be the most optimal
density for ferromagnetism. Cheong and Hwang (1999) also remarked that in the large-bandwidth
compound La

!"!
Sr

!
MnO

#
, !

$
is also maximized at the same x"3/8 concentration, implying

that this phenomenon is universal. It is important to realize that within a simple one-orbital
double-exchange model, as described later, the optimal density for ferromagnetism should be
x"0.50. The fact that this is not observed is already indicative of the problems faced by
a double-exchange description of manganites. Note also that Zhao et al. (1996, 1999) found a giant
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Figure 2: Phase diagram of La1−xCaxMnO3, constructed from
measurements of macroscopic quantities such as the resistivity and

magnetic susceptibility. [6] FM: Ferromagnetic Metal, FI:
Ferromagnetic Insulator, AF: Antiferromagnetism, CAF: Canted

Antiferromagnetism, and CO: Charge/Orbital Ordering.
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and epitaxial strains are reviewed. Early devices based on
manganite films are described.

2. Important physical features of CMR manganites

2.1. Crystallographic structure

The structure of the RE1!xMxMnO3 oxides is close to that of
the cubic perovskite (figure 1). The large sized RE trivalent
ions and M divalent ions occupy the A-site with 12-fold oxygen
coordination. The smaller Mn ions in the mixed-valence state
Mn3+–Mn4+ are located at the centre of an oxygen octahedron,
the B-site with 6-fold coordination. For the stoichiometric
oxide, the proportions of Mn ions in the valence states 3+ and
4+ are respectively, 1 ! x and x.

The structure of the manganites is governed by the
tolerance factor t = (rA + rO)/

"
2(rB + rO). The perovskite

structure is stable for 0.89 < t < 1.02, t = 1 corresponding to
the perfect cubic closely packed structure. Generally, t differs
appreciably from 1 and the manganites have, at least at low
temperature, a lower rhombohedral symmetry or orthorhombic
structure. This is illustrated by the orthorhombic structure of
LaMnO3 (figure 2) which is the parent compound of the most
investigated manganites for potential application by partial
substitution of La by Ca and Sr.

Figure 1. Schematic view of the cubic perovskite structure.

Figure 2. Crystallographic structure of LaMnO3 (after [26]).

The Ruddlesden–Popper phases of the manganites are
characterized by the general formula (RE, M)n+1MnnO3n+1.
They consist of n connected layers of vertex-sharing MnO6

octahedra separated by rock-salt type layers (RE, M)O; n = #
corresponds to the usual three-dimensional perovskite. Some
n = 1, 2 members could be obtained in single crystals [15] but
for n = 3, only thin films are available [22]. The structure
of La2!2xSr1+2xMn2O7 consists of Mn bilayers separated
from each other by non-magnetic layers. This quasi two-
dimensional structure leads to original anisotropic magnetic
and transport properties [15, 23].

2.2. Electronic structure

For an isolated 3d ion, five degenerated orbital states are
available to the 3d electrons with l = 2. In a crystal, the
degeneracy is partly lifted by the crystal field. The five
d-orbitals are split by a cubic crystal field into three t2g

orbitals and two eg orbitals. For the MnO6 octahedron, the
splitting between the lowest t2g level and the highest eg level is
! $ 1.5 eV (figure 3). For the Mn3+ and Mn4+ ions, the intra-
atomic correlations ensure parallel alignment of the electron
spins (first Hund’s rule); the corresponding exchange energy
of about 2.5 eV being larger than the crystal field splitting !,
Mn3+ is 3d4, t

3%
2g e

%
g with S = 2 whereas Mn4+ is 3d3, t

3%
2g with

S = 3
2 . Their respective magnetic moments are 4µB and 3µB,

neglecting the small orbital contribution.
In a crystal field of symmetry lower than cubic, the

degeneracy of the eg and t2g levels is lifted, as shown in the
figure 3 for an axial elongation of the oxygen octahedron.
Although the energy of Mn4+ remains unchanged by such a
distortion, the energy of Mn3+ is lowered. Thus, Mn3+ has
a marked tendency to distort its octahedral environment in
contrast to Mn4+. This Jahn–Teller distortion is rather effective
in the lightly doped manganites, i.e. with a large concentration,
1 ! x, of Mn3+ ions; the Jahn–Teller distortions are not
independent from one Mn3+ site to another (cooperative Jahn–
Teller effect). This is illustrated by the structure of LaMnO3

(figure 2) in which the MnO6 octahedra are strongly elongated
within the ab plane in a regular way leading to a doubling of
the unit cell. On increasing the Mn4+ content, the Jahn–Teller
distortions are reduced and the stabilization of the 3z2 ! r2 eg

orbital becomes less effective. Nevertheless, in a large number
of manganites, the eg orbitals of two types, 3z2!r2 and x2!y2

are not occupied by the eg electrons of Mn3+ at random and an
orbital order is achieved.

Figure 3. Energy levels and orbitals of Mn4+ and Mn3+ in a crystal
field of octahedral symmetry and with axial elongation.

R128

cubic pervoskite 

Figure 3: The cubic perovskite of La1−xCaxMnO3 manganites. The
large sized Lanthanum (trivalent rare earth) ions occupy the A-site

with 12-fold oxygen coordination. The smaller Mn ions in the
mixed-valence state Mn3+OR Mn4+ are located at the centre of an

oxygen octahedron, the B-site with 6-fold coordination. [3]

The large sized Lanthanum (trivalent rare earth) ions and Cal-
cium (divalent alkaline earth) ions occupy the A-site with 12-
fold oxygen coordination [3]. The smaller Manganese ions in
the mixed-valence state Mn3+–Mn4+ are located at the cen-
ter of an oxygen octahedron, the B-site with 6-fold coordina-
tion. For the stoichiometric oxide, the proportions of Mn ions
in the valence states 3+ and 4+ are respectively, 1 − x and
x. For instance, LaMnO3 is isostructural, crystallizing in the
orthorhombic Pnma structure at the ambient condition. The
octahedra are elongated and tilted, and it’s believed the result
of a Jahn–Teller local distortion (Fig. 4) [11].

Electric properties:

For an isolated 3d ion, generally five degenerated orbital
states are available to the 3d electrons. In a crystal, the degen-
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Figure 4: The Jahn-Teller distortion on a cubic perovskite. The
distortion of oxygen octahedron causing splitting of Mn d orbitals.

3y2− r2 orbital caused by the degeneracy can be observed. [1]

eracy is partly lifted by the crystal field. In the cubic lattice
environment, due to the Jahn-Teller (JT) distortion the five-
fold degenerate 3d-orbitals of an isolated atom or ion are split
into a manifold of three lower energy levels (dxy, dyz, and dzx),
usually referred to as t2g once mixing with the surrounding
oxygen is included, and two higher energy states (dx2−y2 and
d3z2−r2 ) called eg [7, 11].

For the MnO6 octahedron, the splitting between the lowest
t2g level and the highest eg level is ∆ ∼1.5 eV [3, 11]. We
consider the valence of the Mn-ions is either four (Mn3+) or
three (Mn4+), and their relative fraction is controlled through
chemical doping (proportions of Mn ions in 3+ and 4+ are 1-x
and x respectively)[3]. The Hund coupling exchange energy
of about 2.5 eV being larger than the crystal field splitting,
Mn3+ is 3d4, t3↑2get↑g with S = 2 whereas Mn4+ is 3d3, t3↑2g with S
= 3

2 . Hence, the large Hund coupling favors the population of
the t2g levels with three electrons forming a spin S=3/2 state,
and the eg level either contains one electron or none [3].

Figure 5: Five different types of d orbitals degeneracy caused by
cubic lattice and JT distortion. [2]

The large value of the electron-phonon coupling is clear in
the regime of manganites below x = 1/5 where a static JT dis-
tortion plays a key role in the physics of the material. In a
crystal field of symmetry lower than cubic, JT distortion pro-
duces important fluctuations that localize electrons by split-
ting the degenerate eg levels at a given MnO6 octahedron. In
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the detail, if the spins order along the z-axis, then the LS in-
teraction λLS immediately stabilizes the orbitals with the z
component of the angular momentum Lz =±1 or Lz =±2 in-
stead of Lz = 0 [3]. Depending on the sign of λ , the orbitals
are chosen so that Lz and the spin align in a parallel or antipar-
allel way. In the octahedron surroundings of the ligand atoms,

Physics of CMR:  Ordering

Orbital ordering
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• Orbital-ordering gives rise to the 
anisotropy of the electron-transfer 
interaction. 

• This favors or disfavors the double-
exchange interaction or superexchange 
interaction in an orbital direction-
dependent manner.

• Hence gives a complex spin-orbital 
coupled state. The orbital-ordering is 
coupled with Jahn-teller distortion .

[7]
Figure 6: J-T distortion and orbital ordering on ab plane. [1]

a JT distortion occurs in such a way that the octahedron elon-
gates in the z direction because the electrons occupy nonzero
Lz states, such as yz and zx orbitals. This is characterized
as the coupling between the orbital ordering and JT distortion
(Fig. 6) [9].

Besides, although the energy of Mn4+ remains unchanged
by JT distortion, the energy of Mn3+ is lowered (Fig. 7).
Thus, Mn3+ has a preferred tendency to distort its octahedral
environment compared to Mn4+. This would explains that JT
distortion is rather effective in the lightly doped manganites
(large concentration of Mn3+); the JT distortions are not inde-
pendent from one Mn3+ site [3, 9]. This is illustrated in Fig.
6 by the structure of LaMnO3 in which the MnO6 octahedra
are strongly elongated within the ab plane. By increasing the
Mn4+ content, the JT distortions are reduced and the stabiliza-
tion of the 3z2− r2 eg orbital becomes less effective. Never-
theless, in a large number of manganites, the eg orbitals of two
types, 3z2−r2 and x2−y2 are not occupied by the eg electrons
of Mn3+ at random and an orbital order is achieved [3].
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Cubic latticeIndividual Ion J-T distortion

Figure 7: Energy level diagram of the degenerated Mn3+ ions 3d
orbital by the cubic lattice and JT distortion. [1]

Topical Review

ions with respective proportions of 1 ! x and x, and with a
magnetic anisotropy that is the weighted sum of the single-ion
anisotropies of Mn3+ and Mn4+. The Mn ion is surrounded
by an octahedron of oxygen atoms, more or less axially
distorted depending on x. The distortion is strong in Mn+3

rich manganites such as LaMnO3 [44, 45] due to the large Jahn–
Teller effect of Mn+3 and it gradually decreases with increasing
the concentration x in Mn4+. The crystal field experienced by
the Mn ion is thus composed of two contributions: a large cubic
contribution since the symmetry is predominantly cubic, and
a smaller tetragonal contribution roughly proportional to the
axial elongation of the oxygen octahedron.

Let us first consider the case of a Mn3+ ion which,
following Hund’s rules, has a total spin S = 2 and a total
orbital moment L = 2. The five-fold orbital degeneracy
(Lz = !2, !1, 0, 1, 2) is partly lifted by the crystal field [46]
(figure 7). In particular, for elongated MnO6, the tetragonal
contribution gives rise to an orbital singlet ground state |G" =
(|2"+|!2")/

#
2 and to a first orbital excited state |0", 2! higher

in energy, which join together for purely cubic symmetry. As a
result of spin-orbit coupling "LS, the five-fold spin degeneracy
of |G" is partly lifted. The energy shifts of the ground state
sublevels to second-order perturbation are: #E = !6"2/#,
!9"2/# and !18"2/#, for Sz = 0, ±1 and ±2, respectively,
where # is the splitting by the cubic crystal field. Except for an
additive constant, !6"2/#, the energies of these sublevels are
reproduced by the usual single ion anisotropy spin hamiltonian
HMA = D(Sz)

2, with D = !3"2/#. Surprisingly, the
size D of the magnetic anisotropy does not depend on the
magnitude of the tetragonal term of the crystal field which
nevertheless is necessary for its existence. This apparent
paradox can be understood by looking at the splitting of the
first orbital excited state, |0", due to the spin-orbit coupling.
The second-order perturbation calculation leads to D(Sz)

2 with
D = +3"2/#, which exactly cancels out that of the ground
state. For perfect cubic symmetry, ! = 0, the ground level

Figure 7. Energy level diagram and orbital eigenstates of Mn3+ in a
crystal field of cubic and tetragonal symmetry.

is split into five equidistant levels spaced 6"2/# apart by the
spin-orbit coupling [47], which evolve into the two multiplets
D(Sz)

2 mentioned before for ! $ 3"2/#. Since 3"2/# % 2 K
in manganites [48], a tiny distortion of the oxygen octahedron
is sufficient to achieve ! $ 3"2/#, but the width W of the
energy levels is likely much larger than the splitting 2! between
the two triplets. Thus, both contribute to single ion anisotropy
resulting to an effective anisotropy Deff(Sz)

2 with Deff given
for 2! & W by Deff = !3(2!/W)"2/#.

The Mn4+ single ion anisotropy in a similar crystal field is
less subtle. Indeed, the orbital ground state in cubic symmetry
is a singlet and the splitting, !', of the first excited state by
the tetragonal crystal field appears explicitly in the expression
of D = !8"2!'/#'2 [47], where #' is the energy of the
first excited level and for !' & #'. Since Mn4+ is not
a Jahn–Teller ion, it undergoes a much smaller tetragonal
distortion than in the case of Mn3+ and so its contribution to
the magnetocrystalline anisotropy is likely negligible.

In agreement with this simple single-ion model, the
manganites with strong distortion of the oxygen octahedron
have a large magnetic anisotropy. Indeed, the anisotropy field,
HA, of AF LaMnO3 deduced from the measured spin-flop field
is HA % 3.7 T. It is consistent with the magnetocrystalline
anisotropy of Mn3+, D = !3"2/#, which leads to |D/kB| %
1.95 K for "/kB = 127 K and #/kB % 25 000 K [48],
where kB is the Boltzmann constant. Reducing the distortion
by substitution of alkaline earth ion with La causes the
magnetic anisotropy to strongly decrease. For instance in a
ferromagnetic single crystal of La0.67Sr0.33MnO3, a uniaxial
anisotropy energy Ku sin2 $ with Ku % 9 ( 104 erg cm!3 at
T = 100 K was observed, corresponding to an anisotropy
field, 2Ku/Ms % 30 mT [49]. However, in epitaxial thin
films with the same composition, the magnetic anisotropy can
be enhanced by an order of magnitude or more, depending
on substrate type and orientation. This enhancement arises
from the distortion of the oxygen octahedron induced by the
epitaxial strains (section 6). In agreement with the model, easy
out-plane axis anisotropy results from elongation of MnO6

(D < 0) and easy plane anisotropy results from compression
of MnO6 (D > 0).

2.7. Electronic phase separation

It has been recently predicted from computational studies of
realistic models that an electronic phase separation can occur
in manganites in a certain range of doping [50]. In particular,
at low doping level and at low temperature, a phase separation
between hole-poor AF regions and hole-rich F regions is
energetically more favourable than the homogenous canted
AF phase. The energy of the charge carriers is minimal
for F ordering. With a density insufficient for establishing
the F ordering in the entire sample, the carriers concentrate
into droplets or stripes which become ferromagnetic inside
the insulating AF matrix. Such a phase separation was
predicted earlier for degenerate magnetic semiconductors [51]
and conjectured for manganites [52, 53]. On increasing the
doping level the ferromagnetic regions become connected to
each other and a low electrical resistance is achieved above
the percolation threshold. Interesting tunnelling effects of the
charge carriers between the ferromagnetic entities just below

R131

Figure 8: A crystal field of cubic and tetragonal symmetry of Mn3+

ions. [3]

Theory of magnetic and metallic phases

Super Exchange and Double Exchange interactions:

Origin of the magnetic properties of the manganites are
governed by exchange interactions between the Mn ion spins.
These interactions are relatively large between two Mn spins
separated by an oxygen atom and are controlled by the over-
lap between the Mn d-orbitals and the O p-orbitals [3, 7]. The
corresponding “super exchange interactions” depend on the
orbital configuration. Generally, for Mn4+ –O–Mn4+ , the in-
teraction is AF, whereas for Mn3+–O–Mn3+ it may be FM or
AF (Fig. 9), such as in LaMnO3 where both F and AF inter-
actions coexist [1, 7, 10]. The detail mechanism of the super
exchange interaction is described in the following charge or-
dering section.

Physics of CMR:  Exchange Interactions

Super Exchange

Double Exchange

superexchange interactions depend on orbital configuration

• M+3-O-Mn+3! F or AF
• M+4-O-Mn+4! AF

•　Magnetic properties of manganites ! exchange interaction between Mn ion spins.　
•　Mn-O-Mn interaction ! controlled by overlap between Mn d-orbital and O p-orbitals 
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Electron jumps from Mn3+ to Mn 4+

Only if other spins are properly aligned. ! the Hund coupling
Net result: ferromagnetic coupling conductivity sensitive to 
spin order

[7]

(a) (b)

Figure 9: Super exchange interactions between Mn3+-O2−-Mn3+.
The interactions depend on orbital configuration. (a) This configura-
tion exhibits “anti-ferromagnetic” type interaction. (b) This configu-
ration exhibits “ferromagnetic” type interaction. [1]

An interesting case is that of Mn3+–O–Mn4+, for which the
Mn ions can exchange their valence by a simultaneous jump of
the eg electron of Mn3+ on the Oxygen p-orbital and from the
Oxygen p-orbital to the empty eg orbital of Mn4+. This mech-
anism of “double exchange interactions” (DE) originally pro-
posed by Zener in 1951 [13] explains a strong ferromagnetic-
type interaction [3]. The DE correlates strongly with the Hund
coupling, which is explained in the following section. In this
process there are two simultaneous motions involving spin up
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electron moving from the oxygen to the right Mn-ion, and an-
other spin up electron from the left Mn-ion to the oxygen (Fig.
10) [7].

Fig. 3.1.1. (a) Sketch of the Double Exchange mechanism which involves two Mn ions and one O ion. (b) The mobility of
e
!
-electrons improves if the localized spins are polarized. (c) Spin-canted state which appears as the interpolation between

FM and AF states in some mean-"eld approximations. For more details see the text.

not included in the early considerations. The states of manganites were assumed to be uniform, and
`double exchangea (DE) was proposed by Zener (1951b) as a way to allow for charge to move in
manganites by the generation of a spin polarized state. The DE process has been historically
explained in two somewhat di!erent ways. Originally, Zener (1951b) considered the explicit
movement of electrons schematically written (Cieplak, 1978) as Mn!!

"tO#t$!sMn%!P
Mn%!O

"t$!sMn!!
#t where 1, 2, and 3 label electrons that belong either to the oxygen

between manganese, or to the e
!
-level of the Mn-ions. In this process there are two simultaneous

motions (thus the name double exchange) involving electron 2 moving from the oxygen to the
right Mn-ion, and electron 1 from the left Mn-ion to the oxygen (see Fig. 3.1.1a). The second way
to visualize DE processes was presented in detail by Anderson and Hasegawa (1955) and it
involves a second-order process in which the two states described above go from one to the
other using an intermediate state Mn!!

"tO
!sMn!!

#t . In this context the e!ective hopping for the
electron to move from one Mn-site to the next is proportional to the square of the hopping
involving the p-oxygen and d-manganese orbitals (t

"#
). In addition, if the localized spins are

considered classical and with an angle ! between nearest-neighbor ones, the e!ective hopping
becomes proportional to cos(!/2), as shown by Anderson and Hasegawa (1955). If !"0 the
hopping is the largest, while if !"!, corresponding to an antiferromagnetic background, then the
hopping cancels. The quantum version of this process has been described by Kubo and Ohata
(1972).
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Figure 10: Sketch of the Double Exchange (DE) mechanism which
involves two Mn ions and O ion. [7]

The Hund coupling:

The Hund coupling is an electron-electron interaction caus-
ing by same electron spin directions and angular momen-
tum. In the case of Mn3+, the eg and t2g electrons interact
through the Hund coupling. In this situation, when the eg
electrons directly jump from Mn to Mn their kinetic energy
is minimized if all spins are aligned. This procedure to obtain
ferromagnetism is usually also called double-exchange (DE)
[3, 7, 9, 11].

Charge ordering:

A periodic pattern of filled and empty sites is said to exhibit
charge ordering. For manganites, Goodenough [8] theoreti-
cally explained the AFM phase at x=1/2 of La1−xCaxMnO3
[7]. At x=1/2, a real-space ordering of charge carriers takes
place when their long-range Coulomb interaction overcomes
the kinetic energy [3]. This huge nearest-neighbor Coulomb
repulsion can stabilize the system. Hence, from the theory it
was assumed that the charge was distributed in a checkerboard
pattern, upon which spin and orbital order was found (Fig. 11)
[7, 11].

In the detail of Goodenough’s theory, we consider a Mn-O
bond directed along the z-axis, and let us assume that the Mn-
cation has an occupied orbital pointing along x or y instead of
z (in other words, there is an empty orbital along z) in Fig. 9
(a). Because the oxygen ion does not have a negative cloud
of Mn electrons, the oxygen in O2− state, will try to move to-
wards the top Mn2+ site. This process shortens the distance
Mn-O and makes a stable bond [7]. Suppose now the occu-
pied Mn-orbital has an electron with an up (right) spin. Of the
two relevant electrons of oxygen, the one with spin up (right)
will feel the exchange force toward the Mn electron [If both
electrons involved have the same spin, the space part of their
common wave function has nodes which reduce the electron-
electron repulsion (as in the Hund’s rules)] [7, 9]. Then, ef-
fectively the considered Mn-O bond becomes ferromagnetic
between the Mn electron and one of the oxygen electrons.

Physics of CMR:  Ordering

Charge ordering

Text

Charge ordering along ab-plane in La0.5Sr0.5MnO4

• Due to localization of charges 
therefore it is associated with 
insulating and 
antiferromagnetic (or 
paramagnetic) behavior

[7]

Figure 11: When x=1/2 of La1−xCaxMnO3. The charge ordering of
Mn3+ and Mn4+ ions are shown along the ab plane. [2]

Now consider the bottom of O-Mn portion of the Mn-O-
Mn bond in Fig. 9 (a). In the example under consideration,
the second electron of oxygen must be down (left) and it stays
away from the top Mn2+. If the Mn2+ on the bottom of the
link Mn-O-Mn also has an occupied orbital pointing perpen-
dicular to the z-axis, then O-Mn and Mn-O behave similarly
(individually FM) but with pairs of spins pointing in opposite
directions. As a consequence an effective antiferromagnetic
Mn-Mn interaction has been generated (Fig. 9 (a)), and both
Mn-O and O-Mn are shorten in length [7, 11]. However, if the
bottom Mn2+ has an orbital pointing along z (along the rel-
evant p-orbital of the oxygen), the Hund-rule-like argument
does not apply anymore (direct exchange), leading to an AF
O-Mn bond (Fig. 9 (b)) [7]. In this case, the overall Mn-Mn
interaction is ferromagnetic. Then, simple arguments lead to
the notion that both AF and FM couplings among the Mn-ions
can be effectively generated, depending on the orientation of
the orbitals involved [3, 7, 9, 11].

Orbital ordering:

Orbital-ordering gives rise to the anisotropy of the electron-
transfer interaction. This favors or disfavors the double-
exchange interaction or the super exchange interaction in an
orbital direction-dependent manner. Hence gives a complex
spin-orbital coupled state. Besides, as explained in the pre-
vious section the orbital-ordering is coupled with the Jahn-
Teller distortion (Fig. 6) [3, 9].

Fig. 2.2.4. The charge and orbital ordering con"gurations forLa
!"!

Ca
!
MnO

#
with x"0, 1/2, and 2/3.Open circles are Mn$"

and the lobes show the orbital ordering of the e
!
-electrons of Mn#". Figure reproduced from Cheong and Hwang (1999).

oxygen isotope shift in !
%

of about 20 K at x"0.2, showing the relevance of electron}phonon
couplings in manganites, a recurrent result of many papers in this context.

The charge-ordering temperature !
%&

peaks at x"5/8 (the same occurs in (Bi, Ca)-based
compounds), while at x"4/8"1/2 there is a sharp change from ferromagnetic to antiferromag-
netic ground states. The whole phase diagram has a pronounced electron}hole asymmetry, showing
again that simple double-exchange models with only one orbital are not realistic. At x"1/8 the
low-density charge-ordered state appears to have the largest strength, while on the other side at
x"7/8 charge ordering disappears into a mixed FM}AF state. Finally, at x"0 the ground state is
an A-type antiferromagnet (see also Matsumoto, 1970a) with ferromagnetic spin correlations on
a plane and antiferromagnetism between planes, while at x"1 it is a G-type antiferromagnet (AF
in all directions), both of them insulating.

The pattern of charge- and orbital order in the CO states of Fig. 2.2.3 is highly nontrivial and at
several densities still under discussion (for early work in the context of orbital ordering see Kugel
and Khomskii, 1974; Eremin and Kalinenkov, 1978, 1981). Some of the arrangements that have
been identi"ed are those shown in Fig. 2.2.4, reproduced from Cheong and Hwang (1999). At x"0,
the A-type spin state is orbitally ordered as it appears in Fig. 2.2.4a. At x"0.5 the famous CE-type
arrangement (Fig. 2.2.4b) already found in early studies of manganites is certainly stabilized. This
state has been recently observed experimentally using resonant X-ray scattering (Zimmermann
et al., 1999, see also Zimmermann et al., 2000). At x"2/3, and also x"3/4, a novel `bi-stripea
arrangement is found (Mori et al., 1998a). The x"0.65 state is very stable upon the application of
a magnetic "eld (Fig. 25 of Ibarra and De Teresa, 1998c). The origin of the term bi-stripe is obvious
from Fig. 2.2.4c. However, theoretical work (Hotta et al., 2000a and references therein) has shown
that it is more appropriate to visualize this arrangement as formed by FM zigzag chains running in
the direction perpendicular to those of the charge stripes of Fig. 2.2.4c. This issue will be discussed
in more detail later in the review when the theoretical aspects are addressed. Based on electron
microscopy techniques Cheong and Hwang (1999) believe that at the, e.g., x"5/8 concentration
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Figure 12: When x=0 of La1−xCaxMnO3. The orbital ordering of
Mn3+ ions, which is strongly correlated with JT distortions, can be

observed. [6]
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Spin ordering:

Interactions with neighboring atoms make the spin of elec-
trons align in a particular fashion. Ferromagnetism occurs
when the spins are arranged parallel to one another. Antiferro-
magnetism results when they are anti-parallel to one another.
There are particularly three types of antiferromagnetic order-
ing in perovskite-type oxides (Fig. 13) [3, 7, 9, 11].

Figure 13: Three different types of antiferromagnetic order in 3D
perovskite structure. A-type: The intra-plane coupling is

ferromagnetic while inter-plane coupling is antiferromagnetic.
C-type: The intra-plane coupling is antiferromagnetic while

inter-plane coupling is ferromagnetic. G-type: Both intra-plane and
inter-plane coupling are antiferromagnetic. [2]

Interpretation of the phase diagram of La1−xCaxMnO3

The explanation of the physical properties of
La1−xCaxMnO3 is crucial. Due to the compound has
rich and complex phases and magnetic properties, people
have been worked to understand the change of properties with
the theories, which are listed in previous sections.

x = 0:

When the zero chemical doping, whereas LaMnO3 is found
to be an AF insulator from the phase diagram in Fig. 2 with
a gap in the half-filled eg band resulting from the JT distor-
tion. In this system, only Mn3+ ions are located on the lat-
tice, hence as explained in the previous section, Mn3+ ions
are orbitally ordered with strongly correlating JT distortion.
Besides from Fig. 11, one can see ferromagnetic type orbital
ordering in 2D from the super exchange configuration (Fig. 9
(b)), however in 3D, there are anti-ferromagnetic configura-
tions between each layer, which is A-type AF (Fig. 13).

x = 1/3:

A half-metallic ferromagnetic ground state is obtained at x
= 1/3, with the electronic structure near the Fermi level mainly

consisting of substantially hybridized bands derived from ma-
jority spin Mn eg states and O p states. The transfer of eg
electron from Mn3+ to Mn4+ by DE is the basic mechanism of
electrical conduction in the manganites. In those with strong
DE, the eg electrons become delocalized in the ferromagnetic
phase for a certain range of doping centred around x = 1/3 and
a FM state is established at low temperature [3]. This would
explains in Fig. 2 at high temperature the compound shows
insulator type feature, but as the temperature gets lowered the
compound starts exhibiting metallic type ferromagnetism.

x = 1/2:

The well-known CE-type AFM [7]. From Fig. 11 the con-
figuration exhibits charge/orbital/spin ordering. This CE-type
arrangement is quite stable among all kinds of doping con-
centration. In the phase diagram, it’s shown at the boundary
between F and AF phases (Fig. 2).

Fig. 2.2.4. The charge and orbital ordering con"gurations forLa
!"!

Ca
!
MnO

#
with x"0, 1/2, and 2/3.Open circles are Mn$"

and the lobes show the orbital ordering of the e
!
-electrons of Mn#". Figure reproduced from Cheong and Hwang (1999).

oxygen isotope shift in !
%

of about 20 K at x"0.2, showing the relevance of electron}phonon
couplings in manganites, a recurrent result of many papers in this context.

The charge-ordering temperature !
%&

peaks at x"5/8 (the same occurs in (Bi, Ca)-based
compounds), while at x"4/8"1/2 there is a sharp change from ferromagnetic to antiferromag-
netic ground states. The whole phase diagram has a pronounced electron}hole asymmetry, showing
again that simple double-exchange models with only one orbital are not realistic. At x"1/8 the
low-density charge-ordered state appears to have the largest strength, while on the other side at
x"7/8 charge ordering disappears into a mixed FM}AF state. Finally, at x"0 the ground state is
an A-type antiferromagnet (see also Matsumoto, 1970a) with ferromagnetic spin correlations on
a plane and antiferromagnetism between planes, while at x"1 it is a G-type antiferromagnet (AF
in all directions), both of them insulating.

The pattern of charge- and orbital order in the CO states of Fig. 2.2.3 is highly nontrivial and at
several densities still under discussion (for early work in the context of orbital ordering see Kugel
and Khomskii, 1974; Eremin and Kalinenkov, 1978, 1981). Some of the arrangements that have
been identi"ed are those shown in Fig. 2.2.4, reproduced from Cheong and Hwang (1999). At x"0,
the A-type spin state is orbitally ordered as it appears in Fig. 2.2.4a. At x"0.5 the famous CE-type
arrangement (Fig. 2.2.4b) already found in early studies of manganites is certainly stabilized. This
state has been recently observed experimentally using resonant X-ray scattering (Zimmermann
et al., 1999, see also Zimmermann et al., 2000). At x"2/3, and also x"3/4, a novel `bi-stripea
arrangement is found (Mori et al., 1998a). The x"0.65 state is very stable upon the application of
a magnetic "eld (Fig. 25 of Ibarra and De Teresa, 1998c). The origin of the term bi-stripe is obvious
from Fig. 2.2.4c. However, theoretical work (Hotta et al., 2000a and references therein) has shown
that it is more appropriate to visualize this arrangement as formed by FM zigzag chains running in
the direction perpendicular to those of the charge stripes of Fig. 2.2.4c. This issue will be discussed
in more detail later in the review when the theoretical aspects are addressed. Based on electron
microscopy techniques Cheong and Hwang (1999) believe that at the, e.g., x"5/8 concentration

15E. Dagotto et al. / Physics Reports 344 (2001) 1}153

Figure 14: Mn3+ and Mn4+ ions arrangement at x=1/2. The black
symbol is Mn3+ and the white empty dot is Mn4+. [6]

x = 2/3:

When increasing x above 1/2, the number of ferromagnetic
DE links decreases and that of AF coupled Mn4+ increases
[3]. This favors AF or canted AF phases in which the motion
of charge carriers is hindered [7, 11]. In the phase diagram,
at high temperature it’s insulator and as the temperature de-
creases CO (Charge/Orbital ordered) and AF phases appears
respectively (Fig. 2).

Fig. 2.2.4. The charge and orbital ordering con"gurations forLa
!"!

Ca
!
MnO

#
with x"0, 1/2, and 2/3.Open circles are Mn$"

and the lobes show the orbital ordering of the e
!
-electrons of Mn#". Figure reproduced from Cheong and Hwang (1999).

oxygen isotope shift in !
%

of about 20 K at x"0.2, showing the relevance of electron}phonon
couplings in manganites, a recurrent result of many papers in this context.

The charge-ordering temperature !
%&

peaks at x"5/8 (the same occurs in (Bi, Ca)-based
compounds), while at x"4/8"1/2 there is a sharp change from ferromagnetic to antiferromag-
netic ground states. The whole phase diagram has a pronounced electron}hole asymmetry, showing
again that simple double-exchange models with only one orbital are not realistic. At x"1/8 the
low-density charge-ordered state appears to have the largest strength, while on the other side at
x"7/8 charge ordering disappears into a mixed FM}AF state. Finally, at x"0 the ground state is
an A-type antiferromagnet (see also Matsumoto, 1970a) with ferromagnetic spin correlations on
a plane and antiferromagnetism between planes, while at x"1 it is a G-type antiferromagnet (AF
in all directions), both of them insulating.

The pattern of charge- and orbital order in the CO states of Fig. 2.2.3 is highly nontrivial and at
several densities still under discussion (for early work in the context of orbital ordering see Kugel
and Khomskii, 1974; Eremin and Kalinenkov, 1978, 1981). Some of the arrangements that have
been identi"ed are those shown in Fig. 2.2.4, reproduced from Cheong and Hwang (1999). At x"0,
the A-type spin state is orbitally ordered as it appears in Fig. 2.2.4a. At x"0.5 the famous CE-type
arrangement (Fig. 2.2.4b) already found in early studies of manganites is certainly stabilized. This
state has been recently observed experimentally using resonant X-ray scattering (Zimmermann
et al., 1999, see also Zimmermann et al., 2000). At x"2/3, and also x"3/4, a novel `bi-stripea
arrangement is found (Mori et al., 1998a). The x"0.65 state is very stable upon the application of
a magnetic "eld (Fig. 25 of Ibarra and De Teresa, 1998c). The origin of the term bi-stripe is obvious
from Fig. 2.2.4c. However, theoretical work (Hotta et al., 2000a and references therein) has shown
that it is more appropriate to visualize this arrangement as formed by FM zigzag chains running in
the direction perpendicular to those of the charge stripes of Fig. 2.2.4c. This issue will be discussed
in more detail later in the review when the theoretical aspects are addressed. Based on electron
microscopy techniques Cheong and Hwang (1999) believe that at the, e.g., x"5/8 concentration
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Figure 15: Mn3+ and Mn4+ ions arrangement at x=2/3. Bi-stripe
type AF arrangement. The black symbol is Mn3+ and the white
empty dot is Mn4+. [6]
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x = 1:

At this concentration, only Mn4+ are located on the lattice.
Similar to x = 0, as the temperature gets lowered the phase
gets changed to insulator to AF metal (Fig. 2). Specifically,
this AF has G-type AF as shown in Fig. 13 [7, 9, 11].

Conclusion

Since the discovery of CMR manganites, it has attracted
huge attentions. Specifically this 3d transition-metal oxides,
possess large magnetoresistivity, which easily exceeds GMR,
at relatively low temperature. This large magnetoresistivity in
these oxides is the result of a unique type of metal–insulator
transition. These oxides have a rich and complex physics
related to the large importance of electron-lattice and elec-
tron–electron interactions. Their structural, magnetic and

transport properties are intricately related. For that, it is nec-
essary to understand a fundamental physics behinds the phe-
nomenon. Exchange interactions, the Hund coupling and
charge/orbital/spin orderings have been used to explain phys-
ical properties of CMR manganites, however there are still
numerous unknown phenomena, which can’t be explained by
the theories. Numerical, computational simulations have been
heavily applied for solving the complex phenomenon, and
people would expect these methods will be crucial to answer
the questions.
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