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Manganites with the perovskite structure represent a very important family of oxides
which are extensively studied for their colossal magnetoresistance (CMR) properties. In
the present review we discuss the different factors which govern the magnetic and transport
properties of these materials: carrier concentration, average size of the interpolated cation,
and mismatch effect on the A-site. Three types of oxides are mainly examined: (i) the hole
doped manganites Lno7A:3MnO3; (A = Ca, Sr, Ba), (ii) the “charge ordered” LngsAqsMnO3
manganites, and (iii) the electron doped manganites Ca; «LnyMnO3z; and Ca; xThyMnOs;. The
relationships between structural and magnetic transitions are discussed, and particular
attention is paid to charge ordering phenomena. The doping of the Mn sites by various
elements (Al, Ga, In, Ti, Sn, Fe, Cr, Co, Ni) is systematically examined. The beneficial effect
of “Cr, Co, Ni” elements, which induce CMR properties in these perovskites, is emphasized.
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Introduction

Manganese oxides with the perovskite structure have
been the subject of numerous papers since the discovery
of large magnetoresistance in these materials.»2 These
manganites with the generic formulation Ln;—xAxMnO3
(A =Ca, Sr, Pb, Ba) exhibit a decrease of the resistance
on applying a magnetic field near their Curie temper-
ature (T¢) so that their magnetoresistance MR is
negative and generally defined as MR = AR/Rp = (Ry
— Ro)/Ro [see for review refs 3 and 4]. Recent investiga-
tions have shown that, for these oxides, MR tends
toward 100%,5-18 so that the amplitude of the effect is
better evidenced by the RR ratio RR = Ro/Ry, which
can reach extremely high values, up to 10!1. For this
reason, these compounds have been named CMR (colos-
sal magnetoresistance) manganites.

An overview of the CMR effect in the manganites has
been given previously,? so that the fundamental effect
is supposed to be well-known by the reader. In contrast,
the mechanism of the CMR effect is so far not com-
pletely understood. Although we know that it is based
on the double exchange (DE) between the Mn®* and
Mn** species,’®~2! the role of Jahn—Teller-type electron—
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phonon interactions has only been shown recently.??
Moreover charge ordering phenomena have to be taken
into consideration which are susceptible to influencing
dramatically the CMR properties of these materials.
Thus, at this point of the investigation we have to
understand the issues concerning the role of the man-
ganese mixed valence, the effect of the size and of the
disordering—ordering of the A site cations, and the role
of charge ordering and of the structural transitions upon
the properties of these manganites. In the present
paper, we review the relationships between the solid-
state chemistry of the manganites and their CMR
properties, emphasizing the progress made these past
2 years.

Hole Doped CMR Manganites Lng7A:3MnO3 and
LNo.e6A0.34MNO3

Among the perovskites Ln;_yAxMnO3, with A = Ca,
Sr, Ba, Pb and Ln being a lanthanide, those for which
x ~ 0.30 exhibit considerable magnetoresistances.
This is for instance the case of the manganites Prg -
Cap 30-xSrkMnO3 whose resistance can be decreased by
4—11 orders of magnitude on applying a magnetic field
of 6 T.22 For instance for x = 0.05 one observes a
maximum at 90 K (Tmax) on the R(T) curve in a zero
magnetic field (Figure l1a), which corresponds to an
insulator—metal transition as T decreases, whereas
under 5 T the R(T) curve is dramatically flattened
(Figure 1a), showing a Ro/Rst ratio of 2 x 10%. As shown
for the M(T) curve registered under 1.45 T (Figure 1b),
this transition coincides with a paramagnetic to ferro-
magnetic transition as T decreases. Thus, in a general
way, the CMR manganites are characterized by a
paramagnetic insulator (PMI) to ferromagnetic metallic
(FMM) transition as T decreases. Note however that
the existence of the insulator—metal transition is not
necessary for the appearance of CMR. This is il-
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Figure 1. (a, top) T dependence of the resistance (R) for the
ceramic Prg7Cag25Sro0sMnO3: (O)B =0, (0)B=5T, and (a)
R/Rst. (b, bottom) Corresponding magnetization (M) versus T
curve.
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Figure 2. R(T) curves of Pro7Cag26Sr0.04MnOs3.

lustrated for Prg7Cag 26Sr0.04MNn0O3,1® which exhibits a
semiconducting behavior in a zero magnetic field and
becomes a ferromagnetic metal under 5 T (Figure 2) so
that a resistance ratio of 10 is reached for this phase.

Two parameters must be taken into consideration to
explain the magnetotransport properties of these oxides:
the hole carrier density and the overlapping of the
manganese and oxygen orbitals. The hole concentration
is provided by the amount of tetravalent manganese
introduced in the trivalent manganese perovskite Ln-
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Figure 3. (a, top) R(T) curves of the Prg7Cag30-xSrkMnO3
series. (b, bottom) Corresponding M(T) curves.

MnOg, by just replacing partly the trivalent lanthanide
cation Ln3" by a divalent cation A%?". Thus, the hole
carrier density is controlled by the Mn(I11)/Mn(1V) ratio.
The overlapping of the Mn 3d orbitals and O 2p orbitals
depends on the Mn—Mn distance between two consecu-
tive MnOg octahedra and on the Mn—O—Mn angle. It
can be modified by varying the size of the interpolated
cation (A, Ln). The effect of the average size of the
interpolated cation has been studied by several
groups.21316-1824=29 The R(T) curves (Figure 3a) and
M(T) curves (Figure 3b) of the manganites Pro7Cag3—xSrx-
MnO3,?* characterized by a fixed Mn(I11)/Mn(1V) ratio,
show clearly the effect of the average size of the ionic
radius [falof the interpolated cation (Ln, Sr, Ca) upon
the magnetotransport properties of these oxides. One
indeed observes that the Curie temperature Tc (Figure
3b), which coincides with the metal—insulator (MlI)
transition at Tmax (Figure 3a), increases regularly as x
increases, i.e., as [falJincreases. Moreover, the resis-
tance ratio for R, /R(ok) decreases significantly as x
increases, from 3 x 10* for x = 0.05 to 170 for x = 0.10.
In fact, the graph T, (faD), plotted in Figure 4 for this
series, shows that for a constant hole carrier density
(0.3 hole/Mn mole), T¢ increases dramatically and
almost linearly as [fa0increases. The effect of the hole
carrier density can be evaluated by comparing the above
series with the oxides ProgsCap 34—xSr«MnO3 (Figure 4),
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Figure 5. aOdependence of Tmax for the Lng7Aq3MnOs
manganites: (O) data from ref 18 and (®) data from ref 31.

which exhibit a different hole carrier density (0.34 hole/
Mn). We notice that this second series also exhibits a
linear increase of Tc as [Malincreases. But most
important is the fact that for a same [#a[value, each
oxide of the series PrggsCag.3a—xSr«MnO3 exhibits a T¢
70 K smaller than the corresponding oxide of the series
Pro.7Cag3-xSrkMnOs.

The linear increase of T¢ versus [falJhas been gener-
alized to several other manganites such as Pro7—x-
LaXCao,gMn03,24 Lao,y_xYXCao,gMn03,3° and Ndo,7Ca0,3_X—
SrkMn03.26  From considerations of this size effect,
magnetic phase diagrams have been established for
different series of manganites.31=33 This is illustrated
by the diagram T¢ (fal) (Figure 5) for the series
Lno7A03MnO3. One can see that T¢ (or Tmax) iNcreases
abruptly and almost linearly for 1.19 A < [ 0< 1.24 A,
in agreement with the above statements. However, one
observes that Tmax goes through a maximum value of
360 K at [a0= 1.24 A, decreasing on the right side as
fralincreases further. In the same way, below [al0=
1.19 A, T¢ does not vary so dramatically and moreover
the FMM state disappears at the benefit of the FMI
(ferromagnetic insulating) state.3® Note that for [Fa[=
1.18 A, which corresponds to the Falvalue of Pro;Cag.s-
MnO3, the CMR effect tends to disappear in agreement
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Figure 6. (a, top) T dependence of the Mn—0O distances for
Pro.7Cap2Sro1MnOs. (b, bottom) Jahn—Teller distortion (dmn —

oapicaI/dMn - oequatorial)-

with the decrease of magnetization with [a[?* The
disappearance of the FMM state at low [fa(dhas been
explained by the decrease of the Mn—O—Mn angle with
(tal) making the bandwidth more narrow.??

The disappearance of linearity in Tc ((fal) for high
raCvalues in the ferromagnetic regime (Figure 5) shows
that, besides the size effect, there exists another factor
which influences strongly Tc. Rodriguez-Martinez and
Attfield®* have indeed shown that the disordering of
Ln3" and A?* cations on the A-site contributes dramati-
cally to the decrease of T¢ in the Lng7Aq3MnO3 man-
ganites. They have demonstrated that for the same
A-site average size fa[0= 1.23 A, Tc decreases as the
size difference between the A-site cations increases. To
guantify this effect, called mismatch, they have intro-
duced the 02 variance of the A cations radii distribution,
02 = Syiri2 — [Fal3, where y; are the fractional occupan-
cies of the different A cations of r; radii. For instance
in a comparison of Lag70Cap.11Sr0.19MNnO3 and Smg 7o-
Bag.30MnO3, which have the same aCand the same hole
carrier density but very different ¢2 of 16 x 104 and
24 x 1073 A2, respectively, they show that T¢ decreases
from 360 to 60 K, demonstrating the crucial mismatch
effect on the magnetotransport properties of these
oxides. Thus the magnetic phase diagrams T¢ ((fal) do
not render an account of the size effect only, and the
antagonist mismatch effect must be taken into consid-
eration.

To explain the magnetotransport properties of the
manganites, we have to determine whether the mag-
netic transitions are related to structural transitions.
The role of the Jahn—Teller effect of manganese, as well
as charge ordering phenomena in these mangnetotrans-
port properties, are issues that have to be answered to
understand the CMR mechanisms.

The neutron powder diffraction (NPD) study of the
manganite Pry7Cap 2Sro.1MnO3 which exhibits a PMI—
FMM transition at 170 K3 sheds light on these rela-
tionships between structure and properties. One ob-
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Figure 7. Typical [101], images: (a) overall and (b) enlarged
images of point like defects in Pro7Cag 25Sro0sMnOs. Compari-
son between the calculated images for (¢) PrMnQOg, (d) Proz-
Cap 25Sr00sMn0O3, and (e) CaMnOs.

serves a significant contraction of the lattice below the
FMM transition. An abrupt variation of the Mn—0O
distances is observed at the transition (Figure 6a). In
the PMI state, the Jahn—Teller distortion increases as
T decreases. One observes elongated octahedra with
two larger apical bonds (1.971—-1.976 A) and four
shorter equatorial bonds (1.958—1.952 A). In the fer-
romagnetic state, the distortion still exists but does not
vary significantly at low temperature, with two apical
distances of 1.96 A and four equatorial distances rang-
ing from 1.955 to 1.966 A. Clearly, the PMI to FMM
transition coincides exactly with the decrease of the
Jahn—Teller distortion (Figure 6b). A rather similar
decrease of the Jahn—Teller distortion below T¢ has also
been observed in the canted ferromagnetic insulator
Lagg75Sro.12sMnNO3 by Argyriou et al.3¢ Although they
correspond to a static effect, these correlations between
the Jahn—Teller distortion and magnetic ordering of
manganese are in agreement with the theory developed
by Millis et al.,?> which emphasizes the important role
of the dynamic Jahn—Teller effect in the properties of
these materials. But the high-resolution electron mi-
croscopy (HREM) study of this phase at room temper-
ature®” shows that the relationship between structure
and properties is certainly more complex than expected
from NPD data. The NPD study of Pro70Cag 25Sro.0s5-
MnO338 has indeed evidenced for this phase an orthor-
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Figure 8. (a, top) p(T) curves of ProsSrosMnOs. (b, bottom)
Corresponding M(T) curve registered under 100 G.

hombic symmetry “apy/2 x 2a, x a,+/2” and space group
Pnma, whereas HREM observations show the existence
in this matrix of monoclinic domains (am ~ 2ap, bm ~
apv/2, B ~ 90.3°), whose structure can be simulated in
the space group P2;/c. Moreover the [101], HREM
images of these phases show the existence of “point
defects” which can be correlated to clustering phenom-
ena, i.e., to a local ordering of the Mn(l1l) or Mn(l1V)
species, so that a variation of the Mn—O distances
around the manganese atoms would be involved. This
is illustrated in Figure 7a where the bright dots are
correlated to the positions of Pr, Ca, Sr and the smaller
ones to Mn atom. Then we notice that contrary to the
(Ln, A) sites, the intensity of the spots corresponding
to the Mn sites varies considerably within a limited area
(see darker dots indicated by white arrows). This local
variation of the contrast (Figure 7b) can be easily
simulated (Figure 7c—e) by considering CaMn'VO3 and
PriMn"'O3 “clusters” in which the Mn—0O distance varies
significantly, depending on the manganese charge.
Thus, local charge clustering is demonstrated in these
materials from HREM observations.

Charge Ordering Phenomena: The Manganites
LNos5A0sMNO3

The manganites LngsAosMnO3; also exhibit CMR
properties as shown for the first time by Tomioka et al.1
for ProsSrosMnOs. But the latter differs from the
LNno.7A03MnO3 phase with [fa> 1.18 A by the existence



Reviews

0.2
< =
= kS
\m 1 w\
410
2 =
= >
. 0.0
0 50 100 150 200 250 300

T(K)

Figure 9. (a, top) p(T) curves and (b, bottom) M(T) curves of
Pro5Sro.41Ca0.0sMN0Os.

of two transitions at 270 and 140 K, clearly visible on
the po(T) curve (Figure 8a), so that a metallic state is
sandwiched between two insulating states. These two
metal—insulator transitions coincide with two magnetic
transitions, as shown from the M(T) curve registered
in a magnetic field of 100 G (Figure 8b). Consequently,
one observes a PMI to FMM transition at T¢c = 250 K
such as that for Lng 7A03MnO3 manganites with similar
Tc, but contrastingly there exists a FMM to AFM
(antiferromagnetic) transition at a lower temperature,
Tn = 140 K.

The application of a magnetic field induces a decrease
of the FMM—AFMI transition temperature, as shown
from the R(T) curve at 7 T (Figure 8a). However, the
Ro/Rn reaches only 20 at 60 K under 7 T (Figure 8a).

Such as those for the Lng7A;3MnO3 phases, the
magnetotransport properties of these manganites are
strongly influenced by the size of the A-site cations. The
study of the oxides PrgsSros—xCaxMnO3%® and Pros_Yx-
CapsMn03% has indeed shown that the temperature Ty
corresponding to the FMM—AFMI transition tends to
decrease as the average ionic radius [fal] increases; on
the contrary, T¢, which characterizes the PMI-FMM
transition, increases significantly with [fallsuch as that
for the Lng7A03MnO3 manganites. Clearly, the FMM
state is progressively reduced as [falldecreases, at the
benefit of the PMI and AFMI states, so that there exists
a [Ealvalue below which the FMM state tends to
disappear.

As pointed out above, the shape of the p(T) curve is
modified on applying a magnetic field. Correspondingly
the shape of the M(T) curve is also modified. This is
illustrated for ProsSro41CagosMnOs (Figure 9). The
magnetoresistance effect observed for these compounds
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Figure 10. (a, top) kaldependence of both T¢ and Ty for the
(Ln,Ln")o5SrosMnO3z samples. (b, bottom) Schematic magnetic
phase diagram function of cationic size and temperature of
the manganites LngsSrosMnQO; established for 100 G. Dotted
lines would correspond to higher magnetic field values.

is much smaller than that observed for the Lng7Ao3-
MnOg oxides. It must be emphasized that the average
size of the A-site cation also affects the amplitude of
the CMR effect: compare for instance the maximum RR
of 17 obtained for ProsSrosMnO3 (Figure 8a) with the
RR of 10 000 observed for Pr5Sro41Cap0sMnO3 (Figure
9a).

In a similar way to Lng 7A0.3MnO3 oxides, plotting Tc
and Ty versus [falallows magnetic phase diagrams to
be established® as shown on Figure 10 for the (Ln,Ln')gs-
SrosMnO3 series. Note that T¢ varies much more
dramatically than Ty, which remains nearly constant.
The AFM state is only observed in a rather short rall
range (1.228—1.246 A). For larger A-site cations (a0
> 1.246 A), the FMM state is favored and only weak
AFM interactions remain below Tar (Figure 10a). On
the lower Ta0side, i.e., below the limit 1.228 A, the
FMM state observed between the T¢ and Ty branches
disappears. The different magnetic states are sche-
matically presented on Figure 10b, where it can be seen
that below a0= 1.228 A, the “T¢ boundary” separates
a canted AFM region from the PMI one as [fa[Hecreases.
For even smaller ta[values the samples become insula-
tors with weak ferromagnetism (WFMI) below T¢ (=90
K)

In fact the comparison of the (Ln,Ln")osSrosMnO3
(Figure 10) series with the Prq5(Sr,Ca)o s oxides (Figure
11) shows that the average size [fa[ls not the only factor
which governs T¢ and Ty in these oxides. Tc¢ does not
increase so abruptly for the “Pros(Sr,Ca)os” oxides
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(Figure 11) as for the “(Ln,Ln")osSros” phases, and Ty
decreases more severely down to 135 K as [faldincreases.
This different behavior is in fact due to the size
difference between the different cations that are located
on the A-sites. This apparent discrepancy is further
illustrated in Figure 12, where Tc and Ty versus [fal]
are reported for different (Ln,Ln")y5(Ca,Sr)osMnO3 se-
ries of different o2 values. To understand these results,
one must consider the ¢? (tal) diagram of the corre-
sponding compounds (Figure 13). From this diagram
it is clear that 02 and [allare not unequivocally related,
as shown for instance by comparing the Pros(Sr,Ca)os-
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MnO3; and (Gd,Pr)osSrosMnOg series. For the first one,
o2 increases with [#al) whereas for the second one the
opposite is observed. As a consequence, a new magnetic
diagram o2 (tal) (Figure 14) can be established in which
four regions can be distinguished: weak ferromagnetic
(WFM), ferromagnetic (FM), and two other regions in
which charge ordering phenomena take place, labeled
CO I and CO Il. The charge ordered compounds are
presumed to correspond to a 1:1 ordering of the Mn3*
and Mn** species in the structure, influencing dramati-
cally the magnetotransport properties. As a result the
first type of charge ordered manganite (CO 1) observed
for large sizes of the interpolated cations (1.21—1.26 A)
exhibit two transitions, AFMI-FMM and FMM—-PMI,
whereas the second type of charge ordered phases (CO
11), observed for the smallest [alvalues (<1.19 A) and
not too high o2 values (02 < 0.002 A2), exhibit only an
AFMI—PMI transition. It is remarkable that for the
CO | type, the larger tais, the wider is the o2 range,
indicating that the charge ordering becomes less sensi-
tive to the size mismatch when the size of the A cation
increases; nevertheless there exist critical ¢ values
below which FMM—PMI transitions are not seen; i.e.,
the FMM state does not exist. In contrast, for CO 11
type phases, charge ordering tends to disappear rapidly
as o2 increases (dashed region on Figure 14), so that
WFM or FM states are induced. Clearly, such a
diagram emphasizes the important role of both, the size
of the A cations and their mismatch on the magne-
totransport properties.*! All attempts to interpret these
properties on the basis of the [faleffect only, without
considering o2, are doomed to failure.

The nature of charge ordering, and its relationships
with magnetotransport properties, is a very important
issue for the understanding of the various magnetic
transitions but is so far not well-understood. This is
illustrated by the behavior of the manganite ProsSros-
MnOs. The crystal chemistry of this phase is complex
and still subject to controversy. The room temperature
form of this phase was solved in the Pnma space group
by Knizek et al.*2 and by Kawano et al.,*®* whereas
Argyriou et al.** solved it in the space group F4/mmc.
The recent NPD study of this manganite versus tem-
perature® confirms the structure of the room temper-
ature form found by Argyriou et al., although a different
cell “apv/2 x 2a, x apv/2” space group, 14/mecm, is used.
But the first important point concerns the existence of
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Figure 15. (a) Dependence of y' (left axis) and p (right axis).
(b) T dependence of the cell parameters. (c) T dependence of
the ferromagnetic component in the 14/mcm structure and of
the antiferromagnetic component in the Fmmm structure for
Pr0_5Sro_5Mn03.

a structural transition at low temperature which coin-
cides exactly with the FMM—AFMI transition at 140
K, as shown by comparing the y'(T) and p(T) curves with
the structural evolution (Figure 15). The second point
is that no structural transition accompanies the FMM—
PMI transition at 254 K according to the NPD data. The
third important result is that the low-temperature form
(T < 140 K), which is described in the space group
Fmmm with a “2a, x 2a, x 2a,” cell, shows only one
crystallographic site for manganese. The latter result
is of critical importance since it tends to demonstrate
that, within the temperature range from 4 to 293 K, no
ordering of the Mn3" and Mn** species takes place,
contrary to what was expected from the magnetic and
transport measurements which suggest charge ordering
phenomena at low temperature. The electron diffrac-
tion (ED) study of PrgsSrosMn0Os3* confirms the struc-
tural transition at 140 K and the structure of the low-
temperature form. In contrast, an apparent contradiction
is obtained about the room temperature form, between
ED and NPD. In ED one observes reflection conditions
compatible with the space group Imma and not with 14/
mcm deduced from NPD data. Moreover all attempts
to solve the room temperature structure in the Imma
group from NPD data are unsucessful. This different
behavior might be due to the different experimental
conditions (as for instance the low oxygen pressure in
the electron microscope). The work done on the lattice
parameters by X-ray data refinement and the bond
length Mn—0 at the molecular level obtained by micro-
scopic Raman and FTIR measurements should offer a
better elucidation to the question.

It must also be emphasized that the structures
described above for Prg5SrgsMnO3 are not universal for
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all LngsA0sMnO3; phases. For instance, Ndo5SrosMnOs3,
which is characterized like ProsSrosMnO3z by AFMI—
FMM—PMI transitions, exhibits fundamentally differ-
ent structures.®® Its “high-temperature” structure (T >
140 K) is indeed Imma “apv/2 x 2a, x apv/2”, involving
a single tiling of the almost regular MnOg octahedra.*®
In this compound, the AFMI—-FMM transition around
160—180 K coincides also with a structural transition.
But here, again, the structure of the low-temperature
AFMI phase is different from that of ProsSrosMnOs: the
cell is orthorhombic “2apv/2 x 2a, x apv/2” with Pnmm
or Pnm2; as possible space groups. The AFMI phase
exhibits two different Mn sites for Ndo 5SrosMnQOs, and
consequently is charge ordered contrary to PrgsSros-
Mn03,

Doping of the Manganese Sites

Although the mechanisms that are at the origin of
the CMR properties are still subject to discussion, it
seems clear that the electronic structure of Mn(l11) and
Mn(1V) species plays a specific role. Consequently, the
CMR properties should be considerably modified by
doping the Mn sites with various elements.

The substitution of trivalent elements (M = Al, Ga,
In, Fe) or tetravalent elements (Ti, Sn) or divalent
elements (Mg) for manganese in the CMR manganite
Pro.7Cap2SroaMnOs decreases T¢ but in contrast in-
creases significantly and even dramatically the CMR
effect.*”~*° For instance Pro7Cag 2Sro.1Mng esMdo.02MNO3
exhibits a Ro/R7t at 4 x 10° at 70 K,*° whereas from
the undoped phase Pry7Cap 2Sro1MnO3 RR reaches only
230 at 150 K. This effect is not limited to the praseody-
mium phase; it is indeed similarly observed for other
lanthanides. This is illustrated by SmgseSro.as-
Mn;_xFe,03,%° for which R¢/R77 reaches 8 x 10° at 55 K
for x =0.03 against 100 at 130 K for the undoped phase
SMo 56Sr0.44MN0O:3.

Very different behavior is observed for the doped
manganites ProsSrosMn;xMxO3 with M = Al, Ga, In,
Ti, Sn, Mg. Doping with divalent (Mg) or trivalent
elements (Al, Ga, In) increases the AFMI and PMI
states at the expense of the FMM state. Contrariwise
doping with tetravalent elements (Ti, Sn) tends to
suppress the AFMI state, whereas the FMM—-PMI
transition still exits.

The most spectacular effect is obtained by doping the
Mn site of the insulator ProsCagsMnO3; by Cr, Co, or
Ni. It is well-known that the manganites of the series
Pri—xCaxMnO3; remain insulating for any x without a
magnetic field,52757 due to the too small size of the
interpolated cation (Pr, Ca). For x = 0.5, the charge
ordering between Mn(lll) and Mn(l1V) species is so
strong that it prevents the appearance of the I-M
transition even under a magnetic field of 7 T. The
doping of the Mn site of this phase with chromium,
cobalt, or nickel leads to a rapid disappearance of the
charge ordering.58%° This is illustrated by the R(T)
curves (Figure 16a) and M(T) curves (Figure 16b) of the
series ProsCagsMn;—xCryO3. The fact that charge or-
dering vanishes by doping with a foreign element is not
particular to Cr, Co, or Ni: it is also observed for the
manganites ProsCagsMn;_xMyO3 with M = Fe, Al, Ga,
Ti.60 But most important is the fact that this “Cr, Co,
or Ni” doping induces a resistance peak characteristic
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Figure 16. R(T) (a, top) and M(T) (b, bottom) curves for the
series ProsCagsMn;—«CryOs.

of an I—M transition as T decreases (Figure 16a). This
behavior is very different from that observed for other
manganites ProsCagsMni—xMO3, that remain insula-
tors, whatever M = Fe, Al, Ga, Ti and whatever x. Such
an |—M transition is remarkable since it has never been
observed to date in manganites with a small average
size of the A-site cation. Another remarkable feature
concerns the transition temperature Tmax of the Cr-
doped phases (Figure 16a) which increases significantly
as the chromium content increases up to Tmax = 150 K
for x = 0.04 and then decreases for x > 0.04. The M(T)
curves (Figure 16b) corroborate the R(T) curves. One
indeed observes the appearance of a ferromagnetic
contribution at low temperature by doping with Cr, in
contrast to the undoped phase which is antiferromag-
netic at those temperatures. Note the rapid increase
of the magnetic moment as x increases, reaching 3—3.10
up for x ranging from 0.03 to 0.06; simultaneously, Tc
increases to 150 K as x increases to x = 0.06. Then, T¢
and ferromagnetism tend to decrease as X increases
beyond x = 0.06, as shown for the x = 0.10 sample that
exhibits a T¢ of 125 K and a magnetic moment of 2.75
up at 4.2 K. Very similar behaviors are observed for
cobalt and nickel, except that the maximum value of
the magnetic moment is significantly smaller than for
chromium. This transition from an insulator to a
ferromagnetic metal suggests that the so doped samples
exhibit colossal magnetoresistance properties. The
induced CMR effect is indeed spectacular, as shown by
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Figure 17. Ro(T), Rz(T) and Ro/R:r(T) curves for Pros-
CapsMn;_4CryO3 samples: x = 0.01 (a) and x = 0.05 (b).

comparing the undoped PrsCagsMnO3; manganite that
is not magnetoresistant even under 7 T with the Cr
doped manganites ProsCagsMn;—xCrO3 (Figure 17). For
very weak doping levels, i.e., x = 0.01, that correspond
to insulators in zero magnetic field, one observes high-
resistance ratios of 3 x 10* (Figure 17a) at 60 K,
although charge ordering has not completely disap-
peared. It is remarkable that as soon as the doped
phase exhibits an 1—M transition in a zero magnetic
field, the maximum RR value decreases significantly,
following the Tmax value: a RR value of 30 is observed
for the x = 0.05 (Figure 17b) Cr-doped phase at a Tmax
value of 145 K. It is worthy of note that, among these
three dopants, cobalt exhibits the highest resistance
ratios with RR ~ 3 x 10% at 60 K under 7 T for Prgs-
Cap.sMnp.99C00.010s3.

The possibility of applying such an effect to other
perovskites LngsCapgsMnO3; with a smaller lanthanide
(Ln) has been demonstrated for the series Lngs-
CagsMn;—,Niy03.59 Nevertheless, it is observed that the
ability to suppress charge ordering decreases as the size
of Ln3" decreases from Pr3* to Sm3*. In the same way,
the difficulty to induce an 1—M transition increases from
Pr3t to Sms+.

Electron Doped Manganites Ca;—xLnxMnO3; and
Cal—xTthnOS

In contrast to the hole doped manganites, very few
investigations have been performed on the electron
doped manganites, i.e., corresponding to Mn(IV) rich
perovskites. Such compounds should be of great inter-
est if one considers the magnetic and transport proper-



Reviews

14 T T T

—h s
o N

Q@
o

M(ug/mole Mn)

o
[N}

o
[=]

o

50 100 150 200 250 300

T(K)

Figure 18. T dependence of the magnetization (M), registered
under 1.45 T, for different compositions Ca;—xGdxMnO3; samples
(x values are labeled on the graph).

104

103

Figure 19. T dependence of the resistivity (p) for the same
compounds. Inset: Activation energy versus T for x = 0.18.

ties of the perovskites Ca;—xBixMnOg3, with x ranging
from 0.1 to 0.25.51-64 Among the latter, the discovery
of ferromagnetism and large magnetoresistance for x =
0.125 by Chiba et al.%* suggests the possibility of
inducing CMR properties in Mn(IV) rich manganites,
although the resistance ratio of these materials remains
small, compared to the hole doped manganites; i.e.,
typically, Ro/R7t ~ 3 at 50 K. In the same way, the
substitution of a trivalent rare earth Eu(l11) for calcium
in CaMnO3 has been shown by Troyanchuk et al.55 to
induce magnetoresistance. But here again the resistiv-
ity ratio remains small po/p121 ~ 4 at 30 K.

Taking into consideration these results, and the fact
that the CMR properties may be highly sensitive to the
carrier concentration, as demonstrated for the hole
doped manganites, the manganites Ca;—xL.nyMnO3 have
been reinvestigated by varying x by steps of 0.01, in the
range 0 < x < 0.20 for Ln = Pr, Nd, Sm, Eu, Gd, Ho.66-67

Two important results can be evidenced from this
study:

(i) For low x values (0 < x < 0.14 for Ln = Gd), a
ferromagnetic state is induced at low temperature
(Figure 18), i.e., for T < 100 K. Concomitantly, the
resistance is lowered (Figure 19), leading to a semime-
tallic behavior (see for instance x = 0.10—0.12). It is
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worth pointing out that the maximum magnetic moment
does not overpass 1.5 ug in a magnetic field of 1.45 T
and that it increases as the size of the lanthanide cation
decreases from 0.8 ug for Pr to 1.5 ug for Eu and seems
to decrease again for Ho to 1.2 ug (Figure 20).

(i) For higher x values (0.14 < x = 0.20) a quite
unusual behavior is observed, corresponding to an
abrupt drop of the magnetic moment at low temperature
(Figures 18 and 20) and simultaneously to a dramatic
increase of the resistance (Figure 19). In fact, in this
composition range, the p(T) curve shows a transition
around 100—150 K, from the semimetallic to the insu-
lating state as T decreases. It is quite remarkable that
the transition temperature Tr (see inflection point on
the p(T) curve, Figure 19) coincides with the appearance
of a peak on the M(T) curve (Figure 18), so that Tpeak =
Tr.

The M(T) peak, also observed for Bip,CaggMnO3,63-64
can be explained on the basis of electronic delocalization
and localization phenomena, in accordance with the p-
(T) curves. For low x values, introduction of electrons
on the eyg* level of manganese leads to electronic
delocalization and consequently favors the appearance
of a FMM state at low temperature, so that the magnetic
moment at 5 K increases in a first step with x.
However, as x increases beyond a certain electron
concentration (corresponding to x ~ 0.12—-0.14), a
localization of electrons appears (charge ordering or
local charge ordering in the form of clustering), so that
antiferromagnetism is favored at the expense of ferro-
magnetism. Consequently, ferromagnetism cannot fully
develop and the saturation corresponding to a moment
of 3.6 ug cannot be reached. Finally, the localization
predominates for higher x values, and antiferromag-
netism expands rapidly as x increases, so that the
intensity of the peak of the M(T) curves decreases
abruptly (Figure 18). This interpretation agrees with
the neutron diffraction study of La; xCayMnOs, which
shows charge ordering phenomena for x = 0.75. Nev-
ertheless, a complete structural study of all these oxides
has to be performed, to determine whether the charge
ordering phenomena that may appear are completely
established or just involve local clusters. The R(T)
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Table 1. IraO(According to Shannon), ¢, and Resistance
Ratio po/p7t for Xept in Each Series Ca;—xL.nxMnO3

polp7T

LN Xept [Fal(A) o2 (R?) at5 K at50K at 100 K
Th 0.08 1.173 5.96 x 104 50 4 3

Ce 0.08 1.167 1.88 x 1073 6000 5 4

Pr 0.135 1.18 1.168 x 1077 400 8 4.5
Nd 0.135 1.178 3.37 x 10°° 1200 20 5
Sm 0.15 1.173 6.7 x 1073 1000 100 10

Eu 0.16 1.170 4.84 x 10~ 3500 110 15

Gd 0.16 1.168 7.16 x 107 500 40 10

Ho 0.16 1.163 157 x 103 14 12 5

curves registered in a magnetic field of 7 T show the
existence of a negative magnetoresistance in the whole
domain for 0 < x < 0.20. The low xvalues0 < x < 0.12,
which exhibit a ferromagnetic transition, are character-
ized by small magnetoresistance ratios Ro/R7T; i.e., RR
< 3. Such an effect is comparable to that obtained for
the bismuth manganite Ca;—«BixMn03.%* It can be
explained by the fact that the resistance in the ferro-
magnetic state and near the ferromagnetic state, i.e.,
above Tc is rather low, so that the application of a
magnetic field cannot modify dramatically the resis-
tance. In fact there exists an optimal x value for which
the CMR effect is maximum. At the latter value, the
competition between ferromagnetism and antiferromag-
netism reaches its maximum, and, as a result, the
resistance ratio is high. Above Xg, the increase of
antiferromagnetism tends to suppress the magnetore-
sistance effect, and consequently RR decreases rapidly.
Thus, the x range where the material exhibits CMR
effects is rather narrow. This explains why, for the
series Ca;—xEuyMnOg3, resistance ratios of only 4 at 30
K under 12 T were detected previously.®> In fact, for
the latter series, resistance ratios of 110 at 50 K and of
15 at 100 K are observed in a magnetic field of 7 T
(Figure 21) for the value xopt = 0.16. For each series,
the Xqp values and the corresponding RR at three
temperatures (T =5, 50, and 100 K) are listed in Table
1. One observes that Xqpt increases slightly from 0.135
for Pr to 0.16 for Eu as the size of the lanthanide
decreases and then remains constant down to Ho.
Correlatively, as the size of the interpolated cation
decreases, the RR increases from 8 at 50 K for Pr to
110 for Eu and then decreases to 40 and 12 for Gd and
Ho, respectively. It is worth pointing out that the
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transition temperature Tpeax is slightly affected by the
size of the lanthanide, as shown from the diagram Tpeax-
(x) for different Ln series (Figure 22). One indeed
observes that for a fixed electron concentration x, the
transition temperature Tpeak decreases with the Ln size.
In other words, as the mean ionic radius ra0of the
interpolated cation decreases, a higher electron concen-
tration is necessary to replace the FMM state at the
benefit of the AFMI state. Thus, in contrast to the hole
doped manganites, the stability of the FMM state
increases as the size of the interpolated cation decreases.
Note, however, that the size effect alone cannot explain
the changes of properties that are observed, since the
series Ca;—xPriMnOz—for which [Falis kept constant—
exhibit also the transition from a FMM to an AFMI
state as x increases. It must also be emphasized that
the mismatch due to the size difference between the
A-site cations may also influence these properties. The
latter, characterized by the variance 02,34 although it
increases from Pr to Ho, remains rather small for x <
0.20, so that its influence cannot be evaluated easily
(Table 1).

At this point of the investigations it is of interest to
determine the role of electron concentration upon the
CMR properties of these electron doped manganites. In
this respect, thorium, owing to its size which is close to
that of calcium and praseodymium, is a very interesting
element for substitution, since it is susceptible to
introduction of twice the electrons per substituted atom
than lanthanides. The M(T) curves registered under
1.45 T (Figure 23) and the p(T) curves (inset Figure 23)
show that the doping of CaMnO3; with thorium leads to
the same effect as that obtained with trivalent lan-
thanides. For low x values (x = 0.05) ferromagnetism
increases slowly with x at low temperature (T < 100 K)
and reaches a magnetic moment of 1 ug at x = 0.05
(Figure 23), whereas for these compositions and tem-
perature ranges the resistivity decreases slowly as x
increases to x = 0.04 and then increases slightly. For x
= 0.07 a peak appears on the M(T) curves, whose
intensity decreases as x increases for the larger x values
(x ~0.10—0.12). As for the trivalent lanthanides, Tpeax
increases with x (Figure 23) and coincides with the
transition temperature Tr deduced from the p(T) curves
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which evidence also a transition from the semimetallic
to semiconducting state as T decreases (inset Figure 23).
Thus, the Ca;—xThyMnO3; samples exhibit, like the
Ca;—xLnyMnO3; samples, a competition between ferro-
magnetism and antiferromagnetism at low temperature.
But the most important feature concerns the evolution
of Tpeak VS X (Figure 22). One indeed observes that the
transition corresponding to Tpeax (Tr) appears for much
lower thorium contents (x ~ 0.07 to 0.12) compared to
trivalent lanthanides (x ~ 0.135 to 0.20). Such behavior
is easily explained by the tetravalent character of
thorium which introduces an electron concentration
twice as high as that introduced per atom by trivalent
lanthanides. Then, the behavior of Th(I1V) can be better
compared to that of the trivalent lanthanides by plotting
Tpeak VS 2X, leading to the dashed line on Figure 22.
From this comparison, it can be seen that, considering
the electron concentration (i.e., Mn(l11) concentration),
the thorium substituted phases exhibit a behavior
similar to that of the trivalent lanthanides. These
results demonstrate that the electron concentration is
a predominant factor for the magnetic and transport
properties of the electron doped manganites. This
behavior is also confirmed from the graph of the
magnetization at 5 K versus x (Figure 20), which shows
that the Msk(x) curves for Ln(l11) doped phases are
shifted by a factor 2 along x with respect to the Th
substituted phase.

From this comparison between Th(l1V) and Ln(lll)
dopants, it is possible to determine the cerium oxidation
state when introduced in the perovskite matrix. The
corresponding M(T) curves (Figure 24) and the p(T)
curves (inset of Figure 24) clearly show that the Ce
substituted phases exhibit magnetic and transport
properties close to those of the thorium—manganites.
At low temperature (T < 100 K), ferromagnetism indeed
increases as x increases to x = 0.06 and the peak
characteristic of the competition between ferromag-
netism and antiferromagnetism appears exactly at x =
0.07, as in the case of the Th substituted phases.
Correlatively the p(T) curves (inset of Figure 24) show
a transition from the semimetallic to the insulating
state for the same x values. Thus, the Tpeak(X) curves
(Figure 22), as well as the Msk(x) curves (Figure 20),
are very close to those of the Th samples, i.e., are shifted
by a factor 1/, along x with respect to the Ln(lll)
samples. These results demonstrate that cerium is
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tetravalent in these perovskites.

From this investigation, it is then possible to foresee
that the phases Ca;—xThiMnO3; and Ca;—xCexMnO3 will
exhibit CMR properties and that the optimal x value
will be close to Xqpt = 0.08 for both series. A systematic
scanning of the magnetoresistance confirms this view-
point. Both series of oxides, Th and Ce doped com-
pounds, exhibit CMR properties with similar RR.

Concluding Remarks

The considerable work that has been performed to
date on CMR perovskite manganites shows the great
potentiality of these materials. Despite the impressive
number of data that have been accumulated, several
issues will have to be answered in order to progress in
the understanding of the mechanisms which govern the
CMR. If there is no doubt that the double exchange
mechanism is the basis of the CMR effect, the role of
Jahn—Teller distortion is not yet clear, and accurate
structural studies, especially near the transition tem-
peratures, will have to be performed, coupling neutron
diffraction and high-resolution electron microscopy.
Such studies will also be of crucial importance in
accounting for the charge ordering phenomena which
seem to appear in several of these oxides.

The preliminary explorations that have been made
these past years have allowed guidelines to be drawn
for the research of new CMR materials, especially for
oxides containing chromium, cobalt, and nickel. At this
point of the investigations it is absolutely necessary to
determine the role of the tiny structural distortions
(local or long-range order) in the modification of the
magnetotransport properties of these oxides versus
temperature.
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