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The CMR manganites Ln;_,A,MnO; with the
perovskite structure form a very important family of
magnetic oxides, studied for their fascinating colossal
magnetotransport properties. In this review, we discuss
two phenomena, charge ordering and phase separation,
which are crucial for the appearance of CMR in these
oxides. We propose a new route to CMR, based on the
Mn-site doping of these materials by other cations, such
as Cr, Co, Ni and Ru.

The discovery of magnetoresistance properties in manganese
oxides with the perovskite structure has allowed new features
related to charge ordering and electronic phase separation to be
evidenced and discussed. The properties of charge ordering in
perovskite manganites Ln;_,A,MnO; (Ln=Ianthanide,
A=Ca, Sr) were established a long time ago,'? long before
the discovery of colossal magnetoresistance (CMR) effects®™ in
these oxides.

In these systems, the charge ordered (CO) state is insulating
and either antiferromagnetic or paramagnetic, but plays a very
important role in the CMR effect: it can be melted into a
ferromagnetic (FM) metallic state by application of a magnetic
field. This ability to generate a FM metallic state is explained
by a double exchange (DE) mechanism,® but the origin of the
melting of the CO state under a magnetic field, the relationships
between this transformation and the structure and chemical
bonding are still matters of discussion. In a similar way, the
behavior of orbital ordering and its relation with charge
ordering are, so far, not completely understood.

The results obtained by numerous authors clearly show that
the CMR effect results from the coexistence of two competing
phases, a ferromagnetic metallic (FMM) phase with an
antiferromagnetic insulating phase (AFMI).” It has been
proposed that the intriguing properties of CMR manganites
are due to electronic phase separation, involving the coex-
istence of regions of different carrier concentrations within the
same crystal.® Such a pure electronic phase segregation is
difficult to explain over a large length scale. In fact, it will be
shown further that this phase separation originates from the
coexistence of different structures within the same crystal, in
agreement with the numerous structural transitions observed in
these oxides.

In this review, we discuss the main features which govern the
charge and orbital ordering in manganites in connection with
their magnetoresistive properties, and we describe the different
results which evidence phase separation in these systems.

Structural evidence for charge ordering

The first evidence for the collapse of a charge ordered state
under a magnetic field was shown for Pr;;,Sr;»MnO;.’
Unfortunately, subsequent structural investigations, coupling
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neutron diffraction and electron microscopy!® did not confirm
the existence of a CO state for this phase at low temperature.
Thus, this phenomenon, although it is of particular interest,
cannot be attributed to the collapse of charge ordering, but
rather to a structural transition of a different nature, implying a
transition from A-type AFM!®!! to FMM upon the applica-
tion of a magnetic field. In contrast, CO has been observed by
structural techniques in several CE-type AFM half doped
manganites Lng sCag sMnO3z with Ln=1La, Nd, Pr, Sm.'> 1% 1n
the CE-type AFM structure, zig-zag FM chains of Mn®*/
Mn** are AFM coupled with their nearest neighboring chains.
In these CO oxides, a doubling of one cell parameter, a, when
cooling the material below Tco is observed. This behavior
corresponds to a 1: 1 ordering of the Mn** and Mn** species.
From the TEM observations, it appears probable that the CO
appears as Mn>*+ and Mn*™ stripes which alternate along a. In
fact, the CO is not limited to the particular composition
Lng sCag sMnO;. Charge ordered stripes have been evidenced
by lattice imaging in electron microscopy for x>0.50 in
La,_,Ca,MnO;'” and for 0.4<x<0.75 in Sm;_,Ca,MnO;."
Such phenomena are illustrated by the lattice images of the
“SmCa” manganites recorded at 92 K, i.e. below To (Fig. 1).
For particular x values, x=3/4, 2/3 and 1/2, a system of fringes
spaced by 22 (Fig.la), 16.5 (Fig.1b) and 11 A (Fig. lc)
respectively, is observed, corresponding to a quadrupling, a
tripling and a doubling of the a:ap\/2 parameter, in
agreement with the corresponding electron diffraction patterns.
These results can be easily interpreted as the alternation along a
of one Mn* ™ stripe, with three (Fig. 2a), two (Fig. 2b) and one
(Fig. 2c) Mn* stripes. For intermediate x values, the situation
is more complex, as exemplified by two lattice images
(Fig. 3b,c) recorded for x=0.55, where it is shown that the
ordering of the stripes either takes place in a short range
manner (Fig. 3b), or in a regular long range sequence, but with
a more complex “periodicity” close to 7a,/2. In fact, whatever
the value of x in the range from 0.40 to 0.75, a long range
ordering of the Mn** and Mn** stripes exists, which can be
either commensurate for particular x values, or incommensu-
rate for intermediate x values. Such a long range ordering of
the stripes can thus be characterized by the wave ¢ vector,
which is remarkably found to be roughly equal to the 1—x
value, i.e. gx=1—x at 92 K, so that the superstructure along a
for particular x values is given by az(l/q)ap\/l

The transition from the AFM charge ordered state to the
paramagnetic state is clearly evidenced by the evolution of the ¢
value versus temperature, as shown for several x compositions
(Fig. 4). After the low temperature plateau which characterizes
the CO, the ¢ vector decreases abruptly as 7 increases,
corresponding to the disappearance of charge ordering above
Tco. Note that the Tco value deduced from the structural
evolution is closely connected with the T\,c.x value observed on
the magnetization curves of these oxides (Fig.5), ie.
Tpeak = Tco, showing that charge ordering plays a prominent
role in the appearance of the AFM state at low temperature.
This is the reason why many authors assign the M(T) peak of
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Fig. 1 [010] ED patterns and [010] lattice images recorded at 92 K for
Sm;_,Ca,MnO; with (a) x=3/4, (b) x=2/3 and (c) x=1/2.

the manganites to charge ordering, but without any crystal-
lographic proof of its existence.

The effect of A cation size upon CO: influence on
CMR properties

The strong influence of the size of the A-site cations upon
charge ordering has been evidenced by several authors.'8°
This phenomenon is easily explained by the fact that the Mn—
O-Mn bond angle is significantly affected by the size of the A
cations and, consequently, the e, band width is strongly
dependent on {rp). A comparison of the magnetic phase
diagrams recently established for four Ln; A ,MnOj systems,
with Ln=Pr, Sm and A=Ca, Sr,*! illustrates the important
role of the A cation size upon CO and, consequently, upon the
magnetotransport properties of these oxides. The “SmCa”
(Fig. 6a) and “PrCa” (Fig. 6b) manganites, which are char-
acterized by smaller {rn ) values, exhibit both CO domains for
a wide range of compositions, from x=0.40 to 0.80 for Sm and
from 0.34 to 0.85 for Pr; their regions coincide in both cases
with a large AFMI region. In both systems, 7o goes through a
maximum for x=0.60. The “SmCa” system exhibits maximum
Tco values significantly larger than those of the “PrCa”
system, showing that 7o is reinforced as {ra ) decreases when
replacing praseodymium by samarium. Such an increase of
Tco by decreasing {ra» was also shown for the solid solution
Pro sSro.s—.Ca,MnO3,%° for which Tco increases from 180 K
for x=0.25to 250 K for x=0.50. Note that the charge ordering
temperature may be significantly different from the Néel
temperature, as shown for the “PrCa system”, for which
Tn<Tco (Fig. 6b). When {rp) increases, the CO is rapidly
destabilized, as shown for the "SmSr" manganites (Fig. 6¢), for
which the CO domain is reduced to x=0.4-0.66, and finally
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(a)

Fig. 2 Examples of structural models for Sm;_,Ca,MnO; with (a)
q=3/4, (b) g=2/3 and (c) g=1/2.

disappears for higher {rp) values, as illustrated by the “PrSr”
system (Fig. 6d), for which no CO was evidenced. Note also
that the dramatic influence of <{r ) upon T is confirmed: the
“SmSr” manganites show 7Tco values ranging from 130 to
200 K (Fig. 6¢c), to be compared to the “PrCa” system
(Fig. 6d), whose smaller {ra» values allow Tco values up to
260 K to be reached.

It is also remarkable, upon comparing these four diagrams,
that the reduction of the CO region, which results from the
increase of {ray (Ca—Sr), takes place to the benefit of the
ferromagnetic domain, which expands from x~0.04-0.30 for
the Ca systems (Fig. 6a,b) to x~0.1-0.50 for the Sr system
(Fig. 6¢,d), Tc increasing with {rany and the FMM state
replacing progressively the FMI state as (rp) increases.
Another point concerns the disappearance of the CO state
on the Mn** rich side (x> 0.50) for higher {ra) values, i.e. in
the Sr systems, for which an AFMI state without CO extends
over a wide compositional range, from 0.60 to 0.9 for “SmSr”
(Fig. 6¢) and for 0.5 to 0.90 for “PrSr” (Fig. 6d). In contrast,
for smaller {rp) values, the CO state persists over a large
compositional range in the Mn** region, being replaced by a
short range charge ordering around x ~ 0.8, leading finally to a
cluster glass (CG)?? for x>0.9 (see Fig. 6a,b) in which
ferromagnetic clusters coexist within the AFM matrix.

This modification of the CO state versus {(rap» has a great
impact on the magnetotransport properties of the manganites.
The resistivity of the manganites is indeed influenced by charge
ordering, as illustrated by the p(7) curves of several
Sm;_,Ca,MnOj; oxides (Fig. 7). For the oxides corresponding
to 0.40 <x<0.85, a transition from a semi-metallic behavior or
semi-conducting state to an insulating state as 7 decreases is
indeed observed. All the curves (Fig. 7) show a resistivity jump
at a temperature Tgr, which coincides in fact with the peak



Fig. 3 Smg45Cag 5sMnO3 at 92 K: (a) [010] pattern and [010] lattice
images of different areas of the corresponding crystallite. They
exemplify (b) short range ordering and (c) long range ordering.

temperature on the M(T) curves (Fig. 5), and corresponds, in
fact, to Tco. Clearly, at low temperature, below Tco, the
antiferromagnetic insulating state is stabilized.

From the viewpoint of the CMR effect, the CO state opposes
the appearance of a ferromagnetic metallic state, since it is
highly insulating, but allows the obtention of the highest
resistance ratio. Its destruction, by applying a magnetic field in
order to get the FMM state, allows resistivity jumps of several
orders of magnitude to be reached. Thus, in order to produce a
CMR effect, the manganite should either exhibit a paramag-
netic insulating to ferromagnetic metallic transition, or at least
present a metastability of its insulating charge ordered state,
which can be destroyed by a magnetic field. This viewpoint is
strongly supported by comparison of the magnetic phase
diagrams in Fig. 6. CMR appears in FMM regions, as shown
for “SmSr” (Fig. 6¢) and “PrSr” (Fig. 6d), and can extend over
the CO region. For small A cations, “SmCa” (Fig. 6a) and
“PrCa” (Fig. 6b) systems, CMR is obtained in spite of the
absence of a ferromagnetic metallic state (FMM). CMR
appears in the electron doped regions at the boundary between
the CO and the CG regions. Moreover, in the hole doped
region, a CMR effect can also be obtained at the boundary
between the FMI and CO regions, for the PrCa system
(Fig. 6b). The compositional range where the CMR appears
corresponds, then, to the regions where CO is either not well
established or, in any case, not yet very stable. For this reason,
the CMR compositional ranges that are obtained for the small
A cations are rather narrow. Nevertheless, the CMR effects are
spectacular, as exemplified for the electron doped manganite?
Smyg 15Cag gsMnO; (Fig. 8a), which exhibits a resistance ratio
of 10? at 80 K under 7T and for the oxide Pry,Cag3;MnO;
(Fig. 8b), for which a resistance ratio of 3 x 10? at 80 K under
7T was reached. In contrast, for large A cations, “SmSr”
(Fig. 6¢) and “PrSr” (Fig. 6d), the CMR effect appears only in
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Fig. 4 Evolution of ¢ versus T for the different Sm;_,Ca,MnOj;
samples with 0.40<x<0.75. For the x=0.50 sample, arrows indicate
two particular temperatures: |, temperature at which superlattice spot
appears on cooling (Tco); |, temperature at which the ¢ value remains
constant (¢=¢max)-

the hole doped region, due to the fact that the metastable
charge ordered state has disappeared in the electron rich region
close to SrMnO3, and is replaced by a very stable AFMI state.
Then, the CMR effect covers a rather wide composition range
involving the adjacent CO and FMM and even FMI domains
as shown for the “SmSr” system (Fig. 6¢), for which Tco is
smaller than 200 K, so that CO state is certainly more
metastable. For the largest {rn) values, “PrSr”, the CMR
effect also extends over a wide composition range in the hole
doped region, but, in that case, it does not result from the
destruction of the CO state, but is only due to the PMI-FMM
transition, which is strongly modified by the application of a
magnetic field.

Phase separation: coexistence of ferromagnetism and
charge ordering

The appearance of ferromagnetism at low temperature in
manganites is easily explained by the DE model.® However, this
model cannot explain the entire phase diagrams. More
particularly, the role of charge ordering in the magnetotran-
sport properties is not taken into account in the framework of
double exchange. In the same way, magnetization and neutron
diffraction studies evidenced weak FM moments which could
not be explained by DE alone. In order to explain such
features, several theoretical papers®2° have proposed the
existence of phase separation between hole undoped anti-
ferromagnetic regions and hole rich antiferromagnetic regions
at low temperature. Arguments for the coexistence of two
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Fig.5 T dependence of the magnetization of the series of
Sm;_Ca,MnO3 samples, where T, indicates the temperature of
the maximum magnetization value.
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phases, supporting the model of phase separation, were also
developed in several experimental works on manganites.?¢>’
The coexistence of the CO state with the FMM phase was
shown, for instance, by in situ observation on heating a
Ndy.5Srg sMnO; sample in an electron microscope.30 This was
interpreted as microscopic electronic phase separation. In a
recent study of manganites, Uhera and Cheong®' showed that
the coexistence of FM and CO can be dramatically influenced
by cooling rate and aging, and suggested that the origin of the
phase separation is, in fact, structural.

These results demonstrate that the CO state plays a role in
the transition to the FMM state, and strongly suggest that the

0 50

300

Fig. 7 T dependence of the resistivity for the Sm;_,Ca,MnOj3 samples
with 0.40<x<0.85 (x values are labelled on the graph). The arrow
indicates Tk.

32 J. Mater. Chem., 2001, 11, 29-36

nature of the transition under a magnetic field is percolative, so
that ferromagnetic clusters within the CO-AFM matrix are
formed in a first step, the sample going from an AFMI to a
FMM behavior.

Mn-site doping: a chemical route to CMR

Bearing in mind the role of charge ordering in the magnetotran-
sport properties of the manganites, it should be possible to
enhance the CMR properties of these materials by weakening,
or even by suppressing, the CO state using a chemical route.
The doping of Mn sites with various foreign cations is, in this
respect, a very efficient method, since it introduces disorder on
the Mn sites and is susceptible to breaking both orbital and
charge ordering.

The Mn-site doping of the charge ordered manganite
Pry sCagsMnO; with various M cations (M=Mg>*, Fe’*,
APT, Ga**, Ti**, Sn**) leads to destruction of the charge
ordering.*? For example, the signatures of the CO on both the
p(T) (Fig. 9) and y'(7) curves (Fig. 10) have disappeared with
only 3% dopant, and a weak ferromagnetic component is
observed at low temperature on the y'(7) curves (Fig. 10).
Consequently, CMR properties are induced by doping, as
exemplified for PrysCagsMngg;Feg 0305 (Fig. 11). But the
most spectacular effect is obtained by doping the Mn sites with
magnetic elements, such as Cr, Co, Ni and Ru. In the series
PI'()'SC'dQ_sMIlI,xMXO3 with MZCI', CO, 1\117 it is ShOWl’l33735
that a magnetic field is not required to induce insulator to metal
transitions. Clear I-M transitions are observed, in the absence
of magnetic field in the Cr doped material
Pry.sCag sMn;_,Cr, O3 for x values as low as 0.02 (Fig. 12).
Correlatively, the M(T) curves (Fig. 13) show that the metallic
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state at low temperature is associated with ferromagnetism,
large magnetization values of 3 ug, close to the theoretical
magnetic moment, being reached. The disappearance of charge
ordering by chromium doping was clearly evidenced by the
electron microscopy study of Smg sCagsMng 97Crg0303. As a
consequence of the disappearance of CO, CMR behavior
similar to that of the hole doped manganites, without any CO,
is restored. This is illustrated in Fig. 14, where the p(7) curves
recorded at 0 and 7 T allow PrysCagsMng¢7Crg 0303 to be
compared with Prg;Cag,Srg;MnO;. Similar results are
obtained for cobalt and nickel doping, but chromium is the
most efficient cation to induce ferromagnetism.

In fact, further studies of the Cr doped manganites®*-’
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Fig. 10 Dependence of the real part of the susceptibility (y') for
PrgsCagsMnO;z; and 3% doped PrysCagsMng97;Mg 0303 samples
M=Mg>*, Fe’*, Ti*").

clearly establish that the transformation of the CO state into
the FM state takes place by a phase separation mechanism.
Coexistence of CO domains with the ferromagnetic metallic
phase is clearly evidenced by electron diffraction at low
temperature.®” This is illustrated by the ED pattern and lattice
image of the manganite Prg sCay sMng 95Crg osMnO3 measured
at 92 K (Fig. 15). The [010] ED pattern (top Fig. 15) shows that
the superlattice reflections are indeed in an incommensurate
position (¢=0.42), whereas they were close to the commensu-
rate positions (¢~ 0.48) in the undoped material. The lattice
image (bottom Fig. 15) shows that the order is partly
destroyed, i.e. ordered and non-ordered domains with variable
sizes coexist throughout the crystal, the first corresponding to
CO regions and the second being attributed to ferromagnetic
regions.

These results show that magnetic ions, like chromium, not
only destroy charge ordering, but also participate in ferro-
magnetism. In the case of chromium, the following scenario
can be proposed:*” as Cr** replaces the isovalent Mn** cation
it goes with reversed spin, leading to a decrease of the magnetic
moment (3.15 ug observed instead of 3.45 ug without altering
the spin direction). Direct evidence of spin reversal was given
by a magnetic dichroism study on the same compound.®® The
spin configuration before and after chromium doping can be
schematized as shown in Fig. 16. Without chromium (top
Fig. 16) the antiferromagnetic ordering is of the CE type below
170 K, with two FM zig-zag chains antiferromagnetically
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Fig. 11 Dependence of the resistivity (p) on T for Pry sCag sMnO; and
Pry 5Cag sMng 97Feg 0303 recorded at 0 and 7 T. Inset: dependence on T’
of the Ry/R;t ratios, demonstrating the CMR induced by doping with
M=Fe and Ti.
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Fig. 13 Pr(sCa sMn;_,Cr,O5: M(T) curves.

coupled in the ac plane, such planes are stacked along b with
reversed spins. Thus, in the undoped CE-type phase, metallic
conduction along the FM zig-zag chains is inhibited by the
strong repulsive Coulombic interaction between the charge
carriers and interchain AFM coupling. After chromium doping
(bottom Fig. 16), the occupation of some Mn positions by
Cr** with reversed spins breaks the AFM coupling between
the chains and forms local ferromagnetic clusters (circled
region at the bottom of Fig. 16). Thus, for a very small doping
level (x <0.05), the e, electron is itinerant within these clusters,
but in the regions outside the clusters, charge and AFM
ordering are weakened but still preserved. Thus, the insulating
state breaks into majority CO domains, with either spins
ordered antiferromagnetically or fluctuating within them, and
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Fig. 14 p(T) recorded at 0 and 7 T for the Cr doped Pr( sCag sMng g7~
Cr¢ 0303 manganite. The same curves for a classical charge delocalized
Lng 7A¢3MnO; manganite are also given.
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Fig. 15 [010] ED pattern of PrysCagsMngosCrg0sMnO3 recorded at
92 K. Arrows indicate superlattice reflections.

minority ferromagnetic metallic domains. The size of the CO-
AFM domains decreases as x increases and then metallicity
appears in a percolative way.

The possibility of inducing an [-M transition in a CO
manganite, NdysCagsMnOsz, by ruthenium doping was
shown for the first time by Rao er al,® the Curie
temperature increasing with the ruthenium content. The
doping of the Mn(1v)-rich manganites Lng 4Cag ¢(MnO5** and
CaMnO;*' with ruthenium shows that the potential of this
cation to induce metallicity and ferromagnetism is still
superior to Cr, Co and Ni. This is illustrated by the p(7) and
M(T) curves (Fig. 17) of the Prg 4Cag ¢Mn;_ Ru,Oj3 series. It
can be seen that, starting from an insulating phase (x=0,
upper inset in Fig. 17), the resistivity is lowered in a
spectacular way, by several orders of magnitude on doping
with ruthenium, showing ‘“‘double bump” curves (Fig. 17).
Correlatively, ferromagnetism is induced in a spectacular
way, the magnetic moment reaching a maximum value of
2.8 ug at 4K for x=0.06 (lower inset in Fig. 17). These
results show that Ru weakens charge ordering, but the
disappearance of CO 1is not sufficient to explain the
appearance of ferromagnetism and metallicity at low
temperature and also the double bump phenomenon on
the p(T) curves. Again, they can be interpreted on the basis
of the phase separation scenario.?*>® For low doping levels,
FM clusters are formed around the Ru cations within the
AFM insulating matrix, so that, for x=0.02, CO coexists
with these FM clusters and the resistivity is not affected
significantly. For higher doping levels (x~0.04), metallic FM

Mn4+

Fig. 16 Schematic spin configuration of PrysCaysMnO; (top) and
Prg sCagsMn;_,Cr,O; (bottom). The dashed zig-zag lines are to
illustrate interchain ferromagnetic coupling. The region enclosed by the
circle represents the ferromagnetic cluster formed by two Cr** cations.
Mn3+* e, orbital ordering is also shown as lobes. Cr substitution
weakens orbital ordering, as shown in the lower part of the figure.
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regions coexist with insulating AFM regions. The first bump
at high temperature on the p(7) curve (Fig. 17) corresponds
to the I-M transition within the FM regions, whereas the
second bump at lower temperature characterizes the
competitive contribution of both regions, AFM insulating
and FM metallic, to the conductivity. Finally, for x=0.10,
the percolation of FM clusters and their large domains can
be explained by the ability of this element to exhibit two high
oxidation states, Ru(iv) and Ru(v). The t2g3 configuration of
Ru(v) is similar to Mn(iv), whereas the t2g4 configuration of
Ru(1v) is different from the t2g3eg1 configuration of Mn(im).
Mn(i1) can interact with both Ru(v) and Ru(iv) via
ferromagnetic superexchange interaction involving overlap
of the partly filled e, orbital of Mn(i) and the empty e,
orbitals of Ru(iv) and Ru(v). Thus, its introduction on the
Mn lattice not only tends to destroy the charge ordering, but
may contribute to the increased Mn®* content according to
the equilibrium Mn*T +Ru*T=Mn’*T +Ru’". Conse-
quently, FM clusters are generated not only by DE between
Mn species (Mn* T +Mn*T=Mn*" +Mn>T), but also by the
FM superexchange interactions between Mn*" and both
Ru(iv) and Ru(v). Thus, it is most probable that the FM
clusters are formed around the Ru atoms, which locally
destroy CO and simultaneously favor DE.

Finally, it should be emphasized that the Ru doped
manganites exhibit CMR effects in spite of their metallic
conductivity, as shown, for instance, for Pry4CagsMngos.
Rug 0605 (Fig. 18a). More importantly, CMR is enhanced in a
spectacular way for lower doping levels, when smaller FM
domains coexist with AFM regions, as illustrated for
Pr0,4CaOA6Mn0‘96Ru0.O4O3 (Flg 18b) which exhibits a resistance
ratio of 40 at 110 K under 7 T, whereas, under the same
conditions, the undoped phase is not magnetoresistive. Thus,
this shows that the AFM regions shrink under an external
magnetic field, extending the FM clusters and eventually
leading to percolation.

Concluding remarks

The few results presented in this study show the prime roles of
charge ordering and phase separation phenomena in the
magnetotransport properties of manganites, allowing us to
explain and to discover a route to the generation of new CMR
properties. Many questions, however, still need to be answered
in order to understand the curious behavior of the manganites.
The role of orbital ordering and its interplay with charge and
magnetic ordering is one of the most important issues which
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Fig. 18 p(T) curves obtained upon cooling in 0 and 7 T (left y axis) and
po(T)p71(T) ratio (right y axis) for Prg4CageMn;_,Ru,O; with
x=0.06 (a) and x=0.04 (b).
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has been the subject of only a few studies'***** to date. Some

results suggest, for instance, that the incommensurate structure
observed by electron microscopy involves the presence of
partial orbital disordering and complete charge ordering, and
that long range orbital ordering is never achieved so that
charge order drives the orbital order at the transition. Further
systematic investigations are necessary to understand all these
phenomena.
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