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Introduction

It is generally assumed that a single crystal of a compound is
pure and monophasic, with an exact composition and a well-
defined set of properties. While this is indeed true of most
molecular and extended solids, it has been found in recent
years that a few of the transition-metal oxides negate this

presumption, and exhibit compositional and electronic inho-
mogeneities arising from the existence of more than one
phase in crystals of nominally monophasic composition. The
different phases in such materials have comparable compo-
sitions, and the phenomenon is commonly referred to as phase
separation. One may be tempted to think that there is little
new in this phenomenon. Afterall, there are many oxide
systems in which there is intergrowth of related phases, as
exemplified by the Aurivillius family of oxides of the general
composition, Bi4Am�n�2Bm�nO3(m�n)�6 (A�Ba or Bi, B�Ti,
Nb etc).[1, 2] In the oxides of this family, it is common to find
the presence of unit cells of the wrong (m� n) values to
intergrow along with the major phase (e.g., (m� n) of 1 or 2
in a major phase corresponding to (m� n) of 3). Similar
intergrowths occur in cuprates of the type Bi2(CaSr)n�1-
CunO2n�4 and Tl2An�1CunO2n�4 (A�Ca, Sr, Ba), as well as in
the Ruddlesden ± Popper series of oxides of the type
Srn�1TinO3n�1.[1, 2] While the presence of intergrowths in the
metal oxides such as the above affects the properties of the
major phase, no new property or phenomenon seems to result
from it. Our interest in this article is in phase-separated solids
whose behavior is significantly different from what is ex-
pected of the nominal composition, and reflects a combina-
tion of disparate electronic, magnetic, and other properties
associated with the different phases coexisting together. In
certain cases, phase separation does indeed give rise to
entirely new properties.

A good example of phase separation is that in La2CuO4�� ,
in which two phases with different oxygen stoichiometries
coexist over a specific temperature range.[3] Thus, the cuprate
with a nominal �� 0.03 separates into two phases below a
certain temperature, one with a small oxygen excess (�� 0.01)
and another with a higher oxygen excess (�� 0.06).[4] The two
phases possess entirely different magnetic and electrical
properties. Rare-earth manganates of the general composi-
tion, Ln1�xAxMnO3 (Ln� rare earth, A� alkaline earth),
display a variety of effects due to phase separation, giving
rise to novel electronic and magnetic properties. The rare-
earth manganates became popular because of the colossal
magnetoresistance (CMR) exhibited by them.[5] CMR and
related properties are generally explained on the basis of the
double-exchange mechanism of electron hopping between the
Mn3� (t2g3eg1) and Mn4� (t2g3eg0) ions. In this mechanism, the
ferromagnetic alignment of the spins of the incomplete eg
orbitals of adjacent Mn ions is directly related to the rate of
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hopping of the electrons, giving rise to an insulator±metal
transition at the ferromagnetic Curie temperature (TC). In the
ferromagnetic state (T�TC), the material is metallic, but is an
insulator in the paramagnetic state (T�TC). Jahn ±Teller
distortion associated with the Mn3� ions and charge-ordering
of theMn3� andMn4� ions compete with double exchange and
promote the insulating behavior and antiferromagnetism.[5]

Charge-ordering in these materials is also closely linked to the
ordering of the eg orbitals. The nature of phase separation in
the manganates depends on the average size of the A-site
cations, carrier concentration or the composition (value of x),
temperature, and other external factors such as magnetic and
electric fields. Phases with different charge densities (carrier
concentrations) as well as magnetic and transport properties
coexist as carrier-rich ferromagnetic (FM) clusters or domains
along with a carrier-poor antiferromagnetic (AFM) phase.
Such an electronic phase separation giving rise to microscopic
or mesoscopic inhomogeneous distribution of electrons
results in rich phase diagrams that involve various types of
magnetic structures.[6] What is noteworthy is that electronic
phase separation is likely to be a general property of solids
with correlated electrons such as the large family of transition-
metal oxides. There are indications that many of the unusual
magnetic and transport properties of oxide materials arise
from phase separation.[3, 6]

The term phase separation or segregation implies the
presence of at least two distinct phases in the sample, but the
relative fractions may vary anywhere from a dilute regime,
involving small domains of the minor phase (or clusters) in the
matrix of the major phase, to a situation in which the fractions
of the two phases is comparable. Thus, FM clusters present
randomly in an AFM host matrix often give rise to a glassy
behavior. As the FM clusters in an AFMmatrix grow in size to
become reasonably sized domains, due to effect of temper-
ature, composition, or an applied magnetic field, the system
acquires the characteristics of a genuine phase-separated
system. We shall discuss the various scenarios in phase-
separated rare-earth manganates in this article by presenting
some of the recent results in the form of phase diagrams and
schematic illustrations of the spatial distribution of the
coexisting phases. We shall also briefly examine the features
of phase separation in oxygen excess La2CuO4. Before
discussing the results on these oxide systems, we shall examine
the general features of phase separation in solids.[3, 6]

Phase Separation: The Phenomenon

Thermodynamic, equilibrium phase separation is distinct
from phase separation caused by inhomogeneties in chemical
composition, such as those due to non-uniformity in impurity
distribution, as it can have an electronic origin or could also
arise from the presence of magnetic impurities. Such phase
separation can be controlled or changed by temperature,
magnetic fields, and other external factors. In both these types
of phase separation, a high carrier density favors ferromag-
netic ordering and/or metallicity. If the carrier concentration
is not sufficient, ferromagnetic ordering can occur in one
portion of the crystal, the rest of the crystal remaining

insulating and antiferromagnetic. In electronic phase separa-
tion, the concentration of the charge carriers giving rise to
ferromagnetism and/or metallicity in a part of the crystal
causes mutual charging of the two phases. This gives rise to
strong Coulomb fields, which may mix the conducting
ferromagnetic and insulating antiferromagnetic phases in
order to lower the Coulomb energy. When the carrier
concentration is small, the conducting ferromagnetic regions
are separated forming droplets as in Figure 1a. At higher
carrier concentrations, the volume of the ferromagnetic phase

Figure 1. Microscopic phase-separated state giving rise to a) an insulating
state with ferromagnetic (conducting/metallic) droplets, b) a conducting
state where a ferromagnetic (conducting) part of the crystal has separated
(insulating) droplets, and c) charge-stripes. A macroscopic phase separa-
tion state is shown in d). Hatched portions represent the ferromagnetic
regions with high carrier concentration (and are therefore conducting)

increases rendering the droplets to coalesce, giving rise to a
situation shown in Figure 1b. Electronic phase separation has
been observed in magnetic semiconductors such as heavily
doped EuSe and EuTe. Here, the main portion of the crystal is
antiferromagnetic at low temperatures and the conducting
electrons occur in the ferromagnetic droplets. A magnetic-
field-induced insulator to metal transition, giving rise to high
magnetoresistance, is accompanied by an increase in the size
of the ferromagnetic droplets.

Impurity phase separation is different from electronic
phase separation in that there is no mutual charging of the
phases in the former. Here also, magnetic fields increase the
size of the magnetic domains or regions. Impurity atom
diffusion has to be sufficiently large to give rise to phase
separation in such systems. The case of oxygen-excess
La2CuO4 is one such example.

The case of rare-earth manganates, Ln1�xAxMnO3 (Ln�
rare earth, A� alkaline earth), is one in which the ferromag-
netic phase is conducting and the antiferromagnetic phase is
insulating. Depending on x or the carrier concentration, we
can have a situation such as that shown in Figure 1a or b. The
phase separation scenario here is somewhat complex because
the transition from the metallic to the insulating state is not
sharp, and the domains of the two phases are often sufficiently
large to give rise to well-defined signatures in neutron
scattering or diffraction experiments. However, one may
consider the large magnetoresistance in these systems to be a
consequence of the electronic phase separation. In the
presence of Coulomb interaction, the microscopically charged
inhomogeneous state is stabilized, giving rise to clusters of
one phase embedded in another. The size of the clusters
depends on the competition between double exchange and
Coulomb forces. Electronic phase separation with phases of
different charge densities is generally expected to give rise to
nanometer scale clusters. This is because large phase-sepa-
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rated domains would break up into small pieces because of
Coulomb interactions. The shapes of these pieces could be
droplets or stripes (Figure 1a ± c).

One can visualize phase separation arising from disorder as
well. The disorder can arise from the size mismatch of the
A-site cations in the perovskite structure.[7] Such phase
separation is seen in the (La1�yPry)1�xCaxMnO3 (LPCM)
system in terms of a metal ± insulator transition induced by
disorder. The size of the clusters depends on the magnitude of
disorder. The smaller the disorder, the larger would be the size
of the clusters. This could be the reason why high magneto-
resistance occurs in systems with small disorder.

Microscopically homogeneous clusters are usually of the
size of 1 ± 2 nm in diameter dispersed in an insulating or
charge-localized matrix as seen in Figure 1a. Such a phase-
separation scenario bridges the gap between the double-
exchange model and the lattice distortion models. A number
of recent papers on manganates show that in addition to
microscopic phase separation there can also be mesoscopic
phase separation whereby the length scale is between 30 ±
200 nm, arising from the comparable energies of the ferro-
magnetic metallic and antiferromagnetic insulating states. In
certain manganate compositions, mesoscopic as well as
microscopic phase separation has been observed. In LPCM
and other manganates, the occurrence of multiple phases has
also been noticed.

The techniques required to identify phase separation in
different length scales vary. For example, diffraction techni-
ques can be used to examine macroscopic phase separation
(Figure 1d), for which distinct features occur in the diffraction
patterns due to the different phases in the system. Techniques
such as NMR spectroscopy, on the other hand, give informa-
tion on the local environment at a microscopic level. It is often
difficult to identify electronic phase separation based on
magnetic measurements because of the sensitivity of phase
separation to magnetic fields. Thus, magnetic fields transform
the antiferromagnetic insulating state to the ferromagnetic
metallic state. However, transport measurements, under
favorable conditions, can provide valuable information on
phase separation.

Lanthanum Cuprate

La2CuO4 is an insulating layered oxide thst contains CuO2

sheets.[2] It is antiferromagnetic, but the AFM order is
destroyed on doping it with holes. Hole doping is accom-
plished by introducing excess oxygen between the LaO layers
or by substituting La partly by a divalent cation such as Sr2�. A
neutron diffraction study[4] of La2CuO4.03 synthesized under
high oxygen pressure showed that it undergoes a reversible
macroscopic phase separation below a certain temperature,
Tps, into two nearly identical orthorhombic phases with �

values of �0.01 and �0.08. Phase separation in this oxygen-
excess cuprate is evidenced from resistivity, magnetic suscept-
ibility, specific heat, NMR, and NQR measurements, which
show anomalies around Tps.[8] In Figure 2, we show the phase
diagram of La2CuO4�� (upto �� 0.07) constructed by Chou
and Johnston.[8] The �� 0.01 and 0.08 phases possess entirely

Figure 2. Phase diagram of La2CuO4�� (reproduced with permission from
ref. [8]).

different properties, the former being an AFM insulator
(TN� 250 K) and the latter a superconductor (TC� 35 K).
Accordingly, magnetic susceptibility measurements on a
sample of La2CuO4�� show both the AFM and superconduct-
ing transitions[8] as shown in Figure 3. The transitions exhibit

Figure 3. Temperature dependence of magnetic susceptibility of
La2CuO4�� showing antiferromagnetic and superconducting transitions
(reproduced with permission from ref. [8]).

considerable thermal hysteresis. TEM images reveal the
domain structure of the oxygen-rich and -poor phases with a
minimum dimension of 30 ± 150 nm.[9] Phase separation in
La2CuO4�� can be visualized from the spatial distribution of
the AFM and superconducting regions presented in Fig-
ure 4.[10]

Inhomogeneous doping of the CuO2 planes gives rise to
hole-rich (metallic) one-dimensional features (charge stripes)
due to the concentration of holes in periodic walls superposed
on AFM stripes (Figure 1c). The stripes are a consequence of
phase separation, arising from preferred hole dopings with
independent dispersions. The stripes are charge-driven rather
than spin-driven.[11, 12] Such stripes due to the presence of
hole-rich and hole-poor regions are also seen in nickelates of
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Figure 4. Schematic representation of the growth of the antiferromagnetic
(white) and superconducting (black) phases with increasing doping or �

value (reproduced with permission from ref. [10]).

the type La2NiO4�� .[11] Phase separation and stripes are found
in La2�xSrxCuO4 (0.0� x� 0.15) as well.[13, 14] In adiition, this
system shows another kind of phase separation. When the
hole concentration is greater than 0.085, the cuprate exhibits
two superconducting transitions at 15 K and 30 K.[14] When it
is less than 0.02, AFM order coexists with a spin-glass phase at
low temperatures.[15]

Rare-Earth Manganates

A wide range of compositions of the rare-earth manganates,
Ln1�xAxMnO3 (Ln� rare earth, A� alkaline earth), exhibit
charge-ordering.[5] Charge- and AFM-ordering may occur at
the same temperature or at different temperatures. The Mn3�

(dz2) orbitals and the associated lattice distortions develop
long-range order, and such orbital-ordering occurs with
charge ordering in many of the manganates, but it is always
accompanied by AFM ordering. In Ln1�xAxMnO3, small Ln
and A ions stabilize the charge-ordered state. Thus,
Pr0.7Ca0.3MnO3, with an average A-site cation radius, �rA�, of
1.18 ä, charge-orders around 230 K (TCO) in the paramagnetic
state, becoming antiferromagnetic at 170 K; it is an insulator
and does not show ferromagnetism in the absence of a strong
magnetic field. La0.7Ca0.3MnO3 (�rA�� 1.27 ä), on the other
hand, is an FM metal below the TC (TC� 250 K) and a
paramagnetic insulator above the TC. La0.5Sr0.5MnO3 (�rA��
1.26 ä) is metallic both in the FM and paramagnetic states,
whereas Nd0.5Sr0.5MnO3 (�rA�� 1.24 ä) shows a transition
from a FM metallic state to an AFM charge-ordered state
around 150 K. The charge-ordered states in these manganates
are associated with CE-type AFM-ordering, whereby the
Mn3� and Mn4� ions are arranged as in a checker board. The
CE-type AFM charge-ordered state in Ln1�xAxMnO3 is
associated with the ordering of 3x2� r2 or 3y2� r2 type orbitals
at the Mn3� site. The Jahn ±Teller distortion that accompanies
orbital ordering stabilizes the CE-type AFM state relative to
the FMM state. Orbital and spin ordering occur without
charge ordering in the manganates that show A-type anti-
ferromagnetism.

Evidence for charge ordering in the rare-earth manganates
is found in the crystal structures at low temperatures. A
charge-ordering transition is marked by a resistivity anomaly,
specially if the transition is first order.[5] Magnetization shows
an abrupt change or a peak depending on the nature of the
transition. Accordingly, the transition in Nd0.5Sr0.5MnO3 at
150 K from the FM state to the AFM charge-ordered state
(TCO�TN) is accompanied by a sharp increase in resistivity
and a decrease in the magnetization (Figure 5). In Pr0.6Ca0.4-

Figure 5. Temperature variation of a) magnetization and b) resistivity of
Nd0.5Sr0.5MnO3 (reproduced with permission from ref. [5b]).

MnO3 (�rA�� 1.18 ä) the paramagnetic ground state is
charge-ordered and becomes antiferromagnetic on cooling
(Figure 6). This manganate shows a small peak in magnet-
ization at TCO. Furthermore, well below TN the magnetic
susceptibility shows clear indications for the presence of

Figure 6. Temperature variation of a) resistivity and b) magnetic suscept-
ibility of Pr0.6Ca0.4MnO3 (reproduced with permission from ref. [5b]).

ferromagnetic interactions (see Figure 6). The charge-ordered
states in the manganates can be transformed to a FM metallic
state by the application of magnetic fields, the strength of the
field depending on the robustness of the charge-ordered state.
The charge-ordered state in the manganates with small A-site
cations is often unaffected by strong magnetic fields or by
doping the Mn site by cations such as Ru4� and Cr3�. These
dopants transform the charge-ordered state in both
Nd0.5Sr0.5MnO3 and Pr0.6Ca0.4MnO3 into a FM metallic state.



Phase Separation 828±836

Chem. Eur. J. 2003, 9, No. 4 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0904-0833 $ 20.00+.50/0 833

In Figure 7, we show the phase diagrams of La1�xCaxMnO3

and Pr1�xCaxMnO3. In the former, charge ordering occurs in
the x� 0.5 ± 0.8 range, while in the latter charge ordering

Figure 7. Phase diagrams of a) La1�xCaxMnO3 and b) Pr1�xCaxMnO3. CAF,
canted antiferromagnet; CO, charge-ordered state; FMI, ferromagnetic
insulator; FMM, ferromagnetic metal; PMI, paramagnetic insulator; COI,
charge-ordered insulator (paramagnetic); COAFMI, charge-ordered anti-
ferromagnetic insulator (reproduced with permission from ref. [16]).

occurs over the x� 0.3 ± 0.8 range. These differences are
essentially due to the effect of the size of the A-site cations,
the smaller size favoring the charge-ordered insulating state.
From Figure 7, we see that the charge-ordered regime is
prominent at large values of x. Thus, the x� 0.5 compositions
in Ln1�xCaxMnO3 are almost entirely in the charge-ordered
regime when Ln�La or Pr. This regime is referred to as the
electron-doped regime and the x� 0.5 compositions as the
hole-doped regime. There is marked electron-hole asymmetry
in these manganates, ferromagnetism and metallicity not
being encountered in the electron-doped regime.[16]

At low dopant levels (low x values, say x� 0.1), FM clusters
are found to be present in an antiferromagnetic host matrix in
Ln1�xCaxMnO3, often giving rise to a spin-glass behavior. A
similar situation obtains when x� 0.9. The coexistence of
charge-ordered (AFM) and FM domains, the sizes of which
are affected by the composition (x value), relative sizes of
A-site cations, temperature, magnetic field, and cation
doping, arises from electronic phase separation,[6, 17, 18] giving
rise to anomalous magnetic and transport properties. In
La1�x�yPryCaxMnO3 (x� 0.37), mesoscopic phase separation
into submicrometer-scale charge-ordered regions (3 ± 20 nm)
and FM metallic domains have been observed in electron
microscopic images.[19] In Nd0.5Sr0.5MnO3, phase segregation
of the FM metallic and CE-AFM charge-ordered phases
along with a A-type AFM phase has been observed.[20] The
point to note is that phase separation in all these materials is a
consequence of the competition between charge localization

and charge-delocalization, the two being associated with
contrasting magnetic and transport properties.[6, 17]

As mentioned earlier, coexistence of the FM metallic and
the AFM insulator phases due to electronic phase separation
(inhomogeneous distribution of charge densities) cannot be a
long-range phenomenon owing to the high coulomb energy
cost. Therefore, we observe a microscopically inhomogeneous
state with FM clusters of 1 ± 2 nm in diameter dispersed in an
insulating (charge-localized) matrix as in Figure 1a. Evidence
for such microscopic phase separation in the manganates is
found from various physical measurements[6, 17, 21] (e.g., spin-
glass behavior or canted-spin ordering as seen at low temper-
atures in Pr0.6Ca0.4MnO3, see Figure 6). The cause of meso-
scopic phase separation found in some manganate composi-
tions lies in the comparable energies of the FM metallic and
insulating phases, and the large strain mismatch of the
domains of the two phases.[22]

Some Recent Results

We shall now briefly examine some of the recent findings on
rare earth manganates. Based on neutron scattering and
diffraction studies, Radaelli et al.[23, 24] have shown tunable
mesoscopic phase separation in Pr0.7Ca0.3MnO3. Intragranular
strain-driven mesoscopic phase segregation (5 ± 20 nm) be-
tween two insulating phases (one charge-ordered and another
spin-glass) occurs below TCO. The charge-ordered phase
orders antiferromagnetically and the other remains a spin-
glass. On the application of a magnetic field, most of the
material goes to a FM state. Microscopic phase separation
(0.5 ± 2 nm) is present at all temperatures, especially in the
spin-glass phase at low temperatures. These results are shown
in the form of a phase diagram in Figure 8.

As mentioned earlier, submicrometer-sized phase separa-
tion involving FM and charge-ordered AFM domains has
been found in La5/8�yPryCa3/8MnO3. By varying y, the volume
fraction and the domain size of the FM and charge-ordered
phases can be varied.[19] In Figure 9, a schematic diagram to
describe the coexistence of the two phases is shown. Electrical
conduction in this manganate occurs through a percolative
mechanism because of phase separation. The phase diagram
of (La1�yPry)0.7Ca0.3MnO3 showing the dependence of phase
separation on the composition and temperature[25] is shown in
Figure 10. Clearly, phase separation is sensitive to the cation
size and size disorder.

La0.5Ca0.5MnO3 changes to a FM phase on cooling to 220 K
(TC) and then to a charge-ordered AFM phase around 150 K
(TCO). This manganate is best described as magnetically phase
separated over a wide range of temperatures.[26, 27] At low
temperatures (T�TCO), FM metallic domains are trapped in
the charge-ordered AFM matrix, giving rise to percolative
metallic conduction. The fraction of the FM phase at low
temperatures is highly dependent on the thermal treatment.
Even within the FM phase, in the TCO�T�TC region, there is
phase separation. A second crystallographic phase, probably
without magnetic order, has been identified.[27] The phase
diagram of La1�xCaxMnO3 in the 0.47� x� 0.5 range (Fig-
ure 11) reveals the nature of phase separation. Magnetization
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Figure 8. Fractions and magnetism of the coexisting phases Pr0.7Ca0.3MnO3

from multiphase Rietveld refinements of neutron data. Top: Phase
fractions of charge-ordered (AFM) phase (squares), ferromagnetic
charge-delocalized (CD), and reverse orbital-ordered (ROO) weakly
ferromagnetic spin-glass phase (triangles) on zero-field cooling (filled
symbols) and warming after 7 T field processing at 3 K (open symbols).
Arrows indicate the direction of cooling/heating. Bottom: magnetic
moments per manganese atom for the individual phases (symbols as in
top panel) (reproduced with permission from ref. [24]).

Figure 9. Schematic diagram showing the coexistence of the charge-
ordered insulating (dark area) and FM metallic (white area) domains in
La1�x�yPryCaxMnO3. Arrows show alignment in a magnetic field (repro-
duced with permission from ref. [19]).

studies show three phase separated regimes: TC�T�TO,
TO�T�TCO and T�TCO, in which TO is the onset temper-
ature below which the cooling field plays an unbalancing role
in favor of the FM state.[26] It is in the last regime that minority
FM domains are embedded in the AFM matrix. In the first
regime near the TC, the FM phase grows freely with the
application of a magnetic field.

The occurrence of a phase-separated state below TCO (TN)
in some of the manganate compositions was pointed out
earlier. In Figure 12, we illustrate the phenomenon schemati-
cally in the case of Nd0.55(Sr0.17Ca0.83)0.45MnO3.[28] The situation
is even more complex in Nd0.5Sr0.5MnO3. High resolution
X-ray and neutron diffraction investigations show that
Nd0.5Sr0.5MnO3 separates into three macroscopic phases at
low temperatures.[20] The phases involved are the high-

Figure 10. Phase diagram of the (La1�yPry)0.7Ca0.3MnO3. The diamonds
and circles show the TC and TN values. The bottom x axis shows the average
A cation radius �rA�. The low-temperature state is homogeneous for y� 0.8
(canted AFM insulator, CAF-I) and for y� 0.6 (FM metal). In the range
0.6� x� 0.8 the magnetic state is an inhomogeneous mixture of slightly
canted ferromagnetic (CFM) and AFM regions. The TN and TC transition
temperatures coincide for x� 0.6. A ferromagnetic contribution of Pr
moments is found in the interval of the Pr concentration marked as Pr-FM
(reproduced with permission from ref. [25]).

Figure 11. Phase diagram of La1�xCaxMnO3 in the range of compositions
0.47�	� 0.53. The horizontal curves separate, going from top to bottom:
i) the FM transition of the F-I crystallographic phase at �260 K; ii) the
formation of the low-temperature A-II phase, which appears at �230 K;
and iii) the AFM transition that occurs in the A-II structure at �160 K
(TN). As shown in the diagram, the ferromagnetically ordered F-I phase
and the antiferromagnetically ordered A-II phase coexist at low temper-
atures (reproduced with permission from ref. [27]).

temperature FMM phase, the orbitally ordered A-type AFM
phase, and the charge-ordered CE-type AFM phase. On
cooling this manganate, the A-type AFM phase starts
manifesting itself around 220 K, with the charge-ordered
AFM phase appearing at 150 K (as expected from Figure 5).
At the so-called FMmetallic-charge-ordered AFM transition,
all the three phases coexist, and this situation continues down
to very low temperatures as shown in Figure 13. In Figure 14,
we show the percentage volume fraction of the different
phases in the presence and absence of a magnetic field.[29]

Phase segregation in this system seems to depend crucially on
the Mn4�/Mn3� ratio, a ratio slightly greater than unity
stabilizes the A-type AFM phase. Thus, Nd0.45Sr0.55MnO3 has
the A-type AFM structure.
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Figure 12. Schematic illustrations for the temperature variation of phase
separated state in Nd0.55(Sr0.17Ca0.83)0.45MnO3: a) T�TCO, b) TC�T�TCO,
c) T�TC. COI, PI, and FM, stand for the charge-ordered insulating,
paramagnetic insulating, and ferromagnetic metallic phases, respectively
(reproduced with permission from ref. [28]).

Figure 13. Variation in the percentage of the different phases of
Nd0.5Sr0.5MnO3 with temperature (reproduced with permission from
ref. [20]).

Figure 14. Schematic diagram of the percentage volume fractions of
different phases of Nd0.5Sr0.5MnO3 under a) H� 0 Tand b) 6 T (reproduced
with permission from ref. [29]).

The few case studies of the rare-earth manganates descri-
bed above should suffice to illustrate how phase separation is
of common occurrence in this family of oxides. Phase
separation occurs in layered manganates,[30] electron-doped
manganates,[31] Ln1�xAxMnO3 (x� 0.5), and in Ca1�xBix-
MnO3.[32]

Conclusion

Phase separation in metal oxide systems has emerged to
become a phenomenon of importance, because of the
diversity of properties found in the rare earth manganates.
In Figure 1, we showed a few possible scenarios of phase
separation schematically. These scenarios roughly represent
the experimental observations in the rare-earth manganates.
Phase separation has been observed recently in real space
with atomic-scale resolution.[33] It seems likely that phase
separation will be found in materials in which the electronic or
magnetic properties vary strikingly over extremely narrow
composition ranges. For most classes of materials this is not
the case, but in highly correlated systems, instability towards
phase separation and formation of inhomogeneous states may
be an intrinsic property.[34] For example, phase separation is
suspected to be responsible for the occurrence of two
magnetic transitions in Sr3CuIrO6�� .[35] The compositional
FM±AFM transition accompanying changes in electron
bandwidth found in La1�xYxTiO3, coexistence of FM and
paramagnetic phases in La1�xSrxCoO3, and the compositional
AFM±FM transition in Ca2�xLaxRuO4 are all likely to be
associated with phase separation.[6] What is important to note
is that phase separation occurs over a large length scale from a
few angstroms to a few hundred nanometers. The domain
sizes of the component phases clearly determine the proper-
ties of the material.
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