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What about the role of B elements in the CMR properties of ABO3

perovskites?
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Abstract

A lot of progress has been made these last years about the understanding of colossal magnetoresistance (CMR) properties of
manganites with the perovskite structure. The role of the interpolated cation (size, mismatch effect) is now well established, whereas the
mixed valency of manganese Mn(III)–Mn(IV) is primordial for the appearance of this phenomenon which originates from double

31 41exchange between Mn and Mn species. The present paper is focused on the possibility to introduce other elements on the Mn-sites of
the perovskite to enhance their CMR properties. The doping of manganites with various elements (Al, Ga, In, Ti, Sn, Fe, Cr, Co, Ni, Mg)
is first reviewed. This study allows some spectacular effects to be evidenced for several perovskites (increase of T and of CMR effect byC

several orders of magnitude, induced CMR effects in insulating perovskites). Clearly, the doping of the Mn-sites modifies dramatically the
magnetic phase diagrams established on the only basis of the size effect by different authors. The second point deals with the synthesis of
new magnetoresistant oxides without manganese: the 112-type cobaltites LnBaCo O (Ln5Eu, Gd) which are oxygen deficient2 5.4

perovskites and the 1201-type oxide Tl Sr Cu Co O whose magnetotransport properties are studied.  1998 Elsevier Science0.94 2 0.4 0.6 52d

S.A.

Keywords: Magnetoresistance; Perovskite; Manganese; Cobalt; Oxide

1. Introduction The preparation of the samples is described elsewhere
[15–17,31–33].

A great deal of work has been carried out on the
manganites Ln A MnO since the discovery of colossal12x x 3

magnetoresistance properties in these compounds [1,2]. It 2. The substitution of trivalent and tetravalent
has been recently shown that three parameters govern the elements for manganese in Pr (Ca, Sr) MnO12x x 3

magnetotransport properties of these materials: the average
size of the interpolated cation [3–9], the hole carrier The systematic study of the substitution of various M
density, i.e. the mixed valence of manganese [3–5], and elements for Mn in the CMR perovskite
the size mismatch between the interpolated cations [10]. Pr Ca Sr MnO has been performed for M5Al, Ga,0.7 0.2 0.1 3

Although the mechanisms that are at the origin of these In, Ti, Sn [15,16]. It shows that whatever the element, the
properties are still subject to discussion, it seems clear that transition temperature T (or T ) from the ferromagneticC max

31 41the double exchange between Mn and Mn species metallic (FMM) to the paramagnetic insulating (PMI) state
plays an important role [11–13], whereas Jahn Teller type decreases dramatically as the content of the doping ele-
distortions [14] should also be involved. Such features are ment increases. This is illustrated by the R(T ) curves of the
specific of manganese so that the CMR properties of these series Pr Ca Sr Mn Al O (Fig. 1) where it can be0.7 0.2 0.1 12x x 3

materials should be considerably modified by doping the seen that T is decreased by about 12 K per percent ofmax

Mn sites with different elements. In the present study, we Al atom introduced on the Mn site. The corresponding
report the recent trends concerning the role of the B magnetoresistance, calculated by dividing the R(T )H50

elements in the CMR properties of the ABO perovskites. values by the R(T ) ones, is in fact correlated to T : it3 H57T C
3increases significantly as x increases, R /R reaching 100 7T

at 71 K for 6% Al per Mn.
*Corresponding author. Tel.: 131 0 951212; fax: 131 0 951600. A very different behaviour is observed for the charge

0925-8388/98/$19.00  1998 Elsevier Science S.A. All rights reserved.
PI I : S0925-8388( 98 )00372-7



462 B. Raveau et al. / Journal of Alloys and Compounds 275 –277 (1998) 461 –467

Fig. 1. T dependence of resistance (R) for different x values (labelled on
the graph) for the Pr Ca Sr Mn Al O samples.0.7 0.2 0.1 12x x 3

ordered phase Pr Sr MnO , which exhibits two differ-0.5 0.5 3

ent effects according to the valence of the doping element
M. Doping with trivalent elements (M5Al, Ga, In) in-
creases the antiferromagnetic insulating (AFMI) and the
PMI state at the expense of the FMM state as shown from
the M(T ) magnetisation curve for M5Al, where a substan-
tial increase of T is observed from 135 K for x50 to 170N

K for x50.06 (Fig. 2a). On the opposite, doping with
tetravalent elements (M5Ti, Sn) tends to suppress the
AFMI state, whereas the FMM to PMI transition still
exists (Fig. 2b).

3. The increase of CMR effect by iron and
magnesium doping in some manganites

The substitution of magnesium for manganese in
Pr Ca Sr MnO [17] leads also to a decrease of T Fig. 2. (a) T dependence of magnetization for different x values (labelled0.7 0.2 0.1 3 C

on the graph) for the Pr Sr Mn Al O series. (b) T dependence of Mwhich is even larger than that observed with trivalent or 0.5 0.5 12x x 3

for Pr Sr Mn Ti O ; m H50.01 T, and m H51.45 T.0.5 0.5 12x x 3 0 0tetravalent dopants. But the most remarkable feature deals
with the jump of resistance near the transition temperature,
which is the highest that has been observed to date in the
manganites Pr (Ca, Sr) Mn M O . Resistance peaks enhance the CMR effect in the manganites. This is the case0.7 0.3 12x x 3

close to four orders of magnitude are obtained at tempera- of the perovskite Sm Sr MnO [18]. The perovskites0.56 0.44 3

tures ranging from 70 K to 108 K for x|0.005–0.02 (Fig. Sm Sr Mn Fe O exhibit resistance maxima0.56 0.44 12x x 3

3), suggesting that the Mg doped phases exhibit very characteristic of a FMM- to a PMI transition for very low
promising CMR properties. The resistance curve registered doping (0#x#0.03) as shown in Fig. 5. Like doping with
in a magnetic field of 7 T (Fig. 4) confirms this viewpoint: other elements, it can be seen that T (i.e. T ) decreasesmax C

5a resistance ratio R /R of 4310 at 70 K is obtained for dramatically as x increases, from 130 K for x50, to 55 K0 7T

Pr Ca Sr Mn Mg O , to be compared to 230 at for x50.03, the phase with x50.04 being a semiconductor.0.7 0.2 0.1 0.98 0.02 3

150 K for the undoped phase Pr Ca Sr MnO . In But the most spectacular effect concerns the magneto-0.7 0.2 0.1 3

contrast, the Pr Sr Mn Mg O manganites are very resistance effect that is considerably increased. For in-0.5 0.5 12x x 3
5similar to the phases Pr Sr Mn M O with M5Al, stance, R /R reaches 8310 at 55 K for x50.03.0.5 0.5 12x x 3 0 7T

Ga, In, differing from the homologous series doped with Another important characteristic deals with the evolution
tetravalent elements (M5Ti, Sn). of the resistance versus the applied magnetic field. One

The doping of manganites by iron is also susceptible to observes a very abrupt decrease of the resistance for the
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phase Sm Sr Mn Fe O (Fig. 6) in the range0.56 0.44 0.97 0.03 3

0–0.02 T. Such a decrease of R has never been observed
below 1 T in other manganites to date.

4. The spectacular insulator–metal (I–M) transition
induced by ‘Cr, Co, Ni’ doping in Pr Ca MnO0.5 0.5 3

In contrast to many other manganites with the perovskite
structure, the manganite Pr Ca MnO remains insulating12x x 3

whatever x [19–23]. Such a behaviour has been explained
21by the fact that the size of the interpolated cations Ca

31and Pr is too small to develop the I–M transition.
Nevertheless, such a transition can be induced by

applying a magnetic field, as shown for Pr Ca MnO0.7 0.3 3

Fig. 3. T dependence of the resistance R for [22,23], so that the latter compound exhibits CMR prop-(H50)

Pr Ca Sr Mn Mg O samples, x values are labelled on the graph.0.7 0.2 0.1 12x x 3 erties in spite of its insulating properties. Nevertheless, for
the particular value x|1/2, the charge ordering between
the Mn(III) and Mn(IV) species reinforces the capitulation
of the I–M transition so that Pr Ca MnO does not0.5 0.5 3

exhibit CMR properties, i.e. remains insulator whatever the
value of the applied magnetic field up to 7 T.

The study of the doping of Pr Ca MnO with0.5 0.5 3

chromium, cobalt or nickel leads to a rapid disappearance
of the charge ordering phenomenon [24,25]. This is
illustrated by the R(T ) curves (Fig. 7a) and M(T ) curves
(Fig. 7b) of the series Pr Ca Mn Cr O [24]. The0.5 0.5 12x x 3

fact that charge ordering vanishes by doping with a foreign
element is not particular to Cr, Co or Ni: it is also observed
for the manganites Pr Ca Mn M O with M5Fe, Al,0.5 0.5 12x x 3

Ga, Ti [26]. But most important is the fact that this ‘Cr, Co
or Ni’ doping induces a resistance peak characteristic of an
I–M transition as T decreases (Fig. 7a). This behaviour is
very different from that observed for other manganites,
Pr Ca Mn M O , that remain insulator, whatever0.5 0.5 12x x 3

Fig. 4. T dependence of the resistance registered under 0 and 7 T and M5Fe, Al, Ga, Ti and whatever x. Such an I–M transition
corresponding R /R (T ) ratio for sample0 7T is remarkable since it has never been observed to date inPr Ca Sr Mn Mg O .0.7 0.2 0.1 0.98 0.02 3

manganites with a small average size of the A-site cation.
Another remarkable feature concerns the transition tem-
perature T of the Cr-doped phases (Fig. 7a) whichmax

increases significantly as the chromium content increases
up to T 5150 K for x50.05 and then decreases formax

x.0.05. A similar evolution is observed for Co and Ni
doped manganites. The M(T ) curves (Fig. 7b) corroborate
the R(T ) curves. One indeed observes the appearance of a
ferromagnetic contribution at low temperature by doping
with Cr, Co or Ni, in contrast to the undoped phase which
is antiferromagnetic at those temperatures. This is illus-
trated in Fig. 7b for the Cr-doped manganites that show a
rapid increase of their magnetic moment as x increases
reaching 3–3.10 m for x ranging from 0.03 to 0.06;B

simultaneously, T increases up to 150 K as x increases upC

to x50.06. Then, T and ferromagnetism tend to decreaseC

as x increases beyond x50.06, as shown for the x50.10
sample that exhibits a T of 125 K and a magnetic momentFig. 5. Temperature dependence of the resistance R in the series C

Sm Sr Mn Fe O (0#x#0.1). of 2.75 m at 4.2 K. Very similar behaviours are observed0.56 0.44 12x x 3 B
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Fig. 6. Magnetoresistance ratios versus magnetic field H for Sm Sr Mn Fe O at 55 K (x50.03 and x50.05).0.56 0.44 12x x 3

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 ferromag-
netic metal suggests that the so doped samples exhibit
colossal magnetoresistance properties. The induced CMR
effect is indeed spectacular as shown by comparing the
undoped Pr Ca MnO manganite that is not magneto-0.5 0.5 3

resistant even under 7 T, with the Cr doped manganites
Pr Ca Mn Cr O (Fig. 8). For very weak doping0.5 0.5 12x x 3

levels, i.e. x50.01, that correspond to insulators in zero
magnetic field, one observes high resistance ratios (RR) of

43310 (Fig. 8a) at 60 K, in spite of the fact that charge
ordering has not completely disappeared. It is remarkable
that as soon as the doped phase exhibits an I–M transition
in a zero magnetic field, the maximum RR value decreases
significantly, following the T value: RR values of 30max

and 40 are observed for the x50.05 (Fig. 8b) and 0.06
Cr-doped phases at T values of 145 K andmax

140 K respectively. It is worthy to note, that among
these three dopants, cobalt exhibits the highest resistance

6ratios with RR|3310 at 60 K under 7 T for
Pr Ca Mn Co O .0.5 0.5 0.99 0.01 3

The possibility of applying such an effect to other
perovskites, Ln Ca MnO , with a smaller lanthanide0.5 0.5 3

cation has been demonstrated for the series
Ln Ca Mn Ni O [25]. Nevertheless, it is observed0.5 0.5 12x x 3

that the ability to suppress charge ordering decreases as the
31 31 31size of Ln decreases from Pr to Sm . In the sameFig. 7. Pr Ca Mn Cr O : T dependence of the resistance R regis-0.5 0.5 12x x 3

way, the difficulty to induce an I–M transition increasestered during cooling (a), and T dependence of the magnetization in 1.45 T
31 31

after zero field cooling (b). from Pr to Sm .
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with [LnO ] layers ( y50.40). The resistivity curves ofy `

these compounds show that a metal-insulator transition
(MI) occurs at T |360 K, separating a nearly constant rMI

23 1region (10 V cm for T.360 K) from an insulating
region below 360 K, which cannot be described with one
activation energy (Fig. 9). The application of a magnetic
field of 7 T demonstrates that this phase exhibits a negative
magnetoresistance for T,250 K. The resistivity ratios
R /R (T ) show that this effect is at least ‘giant’ since0 7T

ratios higher than 10 are obtained at low temperature. The
magnetic field dependence of the normalized resistance
R /R shows that the magnetoresistance percentagesH 7T

(R 2R /R )3100 ranging from 15% to 41% according to0 7T 0

the temperature, are at least comparable to the highest
values reported for La Sr CoO perovskites for which a12x x 3

maximum of 40% is reached at 50 K in 6 T for
La Sr CoO [28,29]. It is remarkable that the resist-0.93 0.07 3

ance ratios R /R of these 112 phases are significantly0 7T

larger than that of La Sr CoO (greater than 10 against12x x 3

less than 2), although both compounds exhibit quite similar
MR percentages.

The magnetotransport properties of these phases are in
fact related to the existence of two types of magnetic
transitions; antiferromagnetic to ferromagnetic, and fer-
romagnetic to paramagnetic, that appear at 250 K and 360
K respectively.

5.2. The 1201-type Tl Sr Cu Co O0.94 2 0.4 0.6 52dFig. 8. R(T ) curves registered under 0 T and 7 T by cooling the samples
from 300 K to 5 K. The corresponding resistance ratio R /R is also0T 7T

This phase exhibits a 1201 structure built up of singlegiven (dashed line, right y-axis). (a) Pr Ca Mn Cr O and (b)0.5 0.5 0.99 0.01 3

Pr Ca Mn Cr O . octahedral perovskite layers [SrCu Co O ] intergrown0.5 0.5 0.95 0.05 3 0.4 0.6 3 `

with distorted rock salt type layers [Tl SrO ] .0.94 2 `

The R(T ) curve of this phase and its x(T ) dependence
show that its behaviour is characteristic of a spin glass

5. Non-manganese perovskites and relatives

The possible mixed valence of cobalt makes this ele-
ment appear as a potential for the generation of CMR
materials. The recent discovery of magnetoresistance prop-
erties for the cobalt perovskite La Sr CoO [27–30]12x x 3

supports this viewpoint. Nevertheless, the resistance ratios
observed for the latter is small, i.e. R /R is smaller than 20 H

whatever the temperature is, in a magnetic field of 6 T. In
order to understand the role of cobalt in such properties,
cobalt based systems were investigated. Two new phases,
LnBaCo O (Ln5Eu, Gd) [31] and2 5.4

Tl Sr Cu Co O [32,33] have been shown to0.94 2 0.4 0.6 52d

exhibit CMR properties.

5.1. The 112-type LnBaCo O2 5.4

These new phases, isolated for Ln5Eu, Gd, exhibit an
ordered oxygen deficient perovskite structure derived from Fig. 9. r(T ) curves registered during cooling in zero field (a) and in 7 T
the 112-structure of YBaFeCuO [34,35]. It consists of (b) (left y-axis, solid lines), and corresponding r (T ) /r curve (right5 0 7T

double pyramidal cobalt layers [BaCo O ] interleaved y-axis) for GdBaCo O .2 5.42 5 `
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The first series keeps in the insulating properties of the
undoped phase Ln Ca MnO , whereas the second one0.5 0.5 3

induces a MI transition. This shows that the suppression of
charge ordering is not sufficient to generate a ferromag-
netic metallic state under zero magnetic field. The different
behaviour of cobalt, nickel and chromium suggests that the
presence of such elements as doping agents induces a
significant variation of the crystal field for manganese, or
at least may create a narrow band very close to the
conduction band of manganese. Then, this different proper-
ty of chromium, cobalt, and nickel may be due to the
ability of these elements to exhibit itinerant carriers in
oxides with high valence states; this is indeed known, for
instance, in CrO which is a ferromagnetic metal, in2

La Sr NiO that is also a semi metal, and in22x x 4

La Sr CrO which is a good metal. It is also remarkable12x x 3

that the doped phases Ln Ca Mn M O exhibit CMR0.5 0.5 12x x 3

properties whatever M, even if they remain insulating.
Nevertheless, the appearance of such an effect is favouredFig. 10. Resistivity of Tl Sr Cu Co O sample at 5 K as a0.94 2 0.4 0.6 52d

function of an increasing applied magnetic field. by a MI transition. We note finally, with the study of the
Ln Ca Mn Ni O series that the ability of the dopant0.5 0.5 12x x 3

insulator [36]. This property is confirmed by the significant (Ni) to suppress charge ordering decreases with the size of
shifting of the susceptibility peak to higher temperature on the lanthanide. In any case, the doping of the Mn sites with
applying higher frequencies. foreign elements, and especially with Cr, Co or Ni,

The application of a magnetic field of 5 T lowers modifies considerably the magnetic phase diagrams that
significantly the resistivity, but the magnetoresistance ratio have been established previously by different authors for
R /R remains rather small, reaching 1.2 at low tempera- the undoped manganites on the only basis of the size of the0 5T

ture. The exploration of the magnetic field dependence of interpolated cations. The latter property is of capital
the resistivity, acquired on raising the field from 0 to 7 T at importance for the optimisation of the CMR properties of

21a rate of 0.025 T s , the sample being held at 5 K, these materials.
confirms the magnetoresistance effect (Fig. 10). It is seen The doping of the manganese sites in manganites, such
that the resistivity of the sample falls slowly initially, as Ln (Sr, Ca) MnO is also interesting, although it0.7 0.3 3

before rapidly decreasing from about 3700 V cm at 0 T to generally decreases T . The possibility of increasing theC

2400 V cm under 7 T. This magnetoresistance effect, CMR effect by several orders of magnitude, by doping
although much weaker than that observed in with iron or magnesium, may be useful for applications.
Ln A MnO perovskites, is of great interest since it may Further investigations will have to be made to understand12x x 3

be ubiquitous across a variety of transition metal oxides. these properties.
The synthesis of new CMR oxides without manganese,

such as the cobaltites LnBaCo O (Ln5Eu, Gd) and the2 5.4

6. Concluding remarks phase Tl Sr Cu Co O is also a very important0.94 2 0.4 0.6 52d

route for the research of new CMR oxides, in spite of the
The doping of Mn sites with various elements in fact that these materials exhibit much smaller resistance

manganites represents a very promising field for the ratios.
investigation of CMR properties of these materials.

Although the mechanisms are so far not understood,
several features can be emphasized which can be used as a References
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