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Giant Magnetoresistance Phenomenon in Manganates 

C. N. R. Rao" 

Abstract: The discovery of giant magnetoresistance 
(GMR) in rare earth manganates of the general formula 
Ln, -*ANnO,  (Ln = rare earth, A = divalent cation) has 
aroused much interest not only because of its technological 
implications, but also due to the fascinating features and 
mechanism of the phenomemon in these oxides. GMR is 
observed in these manganates when they become ferro- 
magnetic and transform from an insulating state to a 
metallic state close to the Curie temperature. The essential 
features of magnetoresistance in the manganates can be 
understood on the basis of the double-exchange mecha- 
nism, but this is too simplistic to account for all the ob- 
served data. The most curious property of the manganates 
relates to the high resistivity exhibited in the so-called 
metallic state. Charge ordering competes with the double- 
exchange interaction responsible for ferromagnetism and 
GMR in these materials. The charge-ordered (charge-crys- 
tal) insulating state in the rare earth manganates can be 
melted into a metallic and ferromagnetic charge-liquid 
state by applying a magnetic field, thus providing a unique 
case of charge and spin separation in solids. The observa- 
tion of GMR in Tl,Mn,O, shows that there can be causes 
other than double-exchange for the phenomenon. 

Keywords: charge ordering - giant magnetoresistance - 
magnetoresistance * manganates * rare earth manganates 

Introduction 

Many solids exhibit a change in their resistance on application 
of a magnetic field. The change in resistance relative to the initial 
resistance is referred to as magnetoresistance (MR) and is de- 
fined by Equation (l), where p(H) and p ( 0 )  are the values of the 

resistance or resistivity at a given temperature in the presence 
and the absence of the magnetic field, respectively. The sign of 
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MR can be positive or negative. Most metals exhibit magnetore- 
sistance of a few percent. Large magnetoresistance, referred 
to as giant magnetoresistance (GMR), was first observed in 
bimetallic or multimetallic layers containing ferromagnetic and 
antiferromagnetic or nonmagnetic metals (e.g. Fe-Cr, Co- Ag) 
as well as in granular materialsr11 wherein the ferromagnetic 
granules are dispersed in a paramagnetic metal film as in Co/Cu. 
GMR in these materials arises because the magnetic field 
changes and controls the scattering of the conduction electrons 
in the metal by modifying the electron-orbit and spin-orbit 
interactions. Considerable research has been carried out on the 
GMR in metallic materials in the last few years because of the 
vital technological applications in magnetic recording, sensors 
and the like. The discovery of GMR in rare earth man- 
ganate~,"-~] Ln, -,A,MnO, (Ln = rare earth, A = divalent 
ion such as Ca, Sr, Ba or Pb), of the perovskite structure has 
created excitement, the phenomenon being closely interwoven 
with the chemistry, electronic structure and magnetic properties 
of the oxide system. 

Discussion 

Unique Features of Rare Earth Manganates: Let us examine the 
nature of rare earth manganates to understand what makes 
them special. LaMnO,, as the formula dictates, has Mn in the 
+1n state. One can introduce Mn4+ ions by aliovalent substitu- 
tion as in La, - ,Ca,MnO,. When there is a suflicient proportion 
of Mn4+, the oxide becomes ferromagnetic and concomitantly 
exhibits metal-like conducti~ity.'~' Accordingly, the electrical 
resistivity increases with decrease in temperature like in an insu- 
lator until the ferromagnetic Curie temperature, T,. Below T,, 
the resistivity decreases with temperature as in a metal. Thus, an 
insulator - metal (I -M) transition occurs around as shown in 
Figure 1. This is understood on the basis of the double-exchange 
mechanism of Zener161. 

Zener's mechanism involves an electron hopping from Mn3 + 

(d4, t:,e:, S = 2) to Mn4+ (d', tiE, S = 3/2) via the oxide ion so 
that Mn3+ and Mn4+ ions exchange places [Eq. (211. This in- 

M n 3 + 0 2 - M n 4 +  - M n 4 + 0 2 - M n 3 +  (2) 

volves the transfer of an electron from the Mn3+ site to the 
central oxide ion and simultaneously the transfer of an electron 
from the oxide ion to the Mn4+ site. Such a transfer is referred 
to as double-exchange. The integral defining the exchange ener- 
gy in such a system is nonvanishing only if the spins of the two 
d shells are parallel. That is, the lowest energy of the system is 
one with a parallel alignment of the spins on the Mn3+ and 
Mn4+ ions. This is indeed a novel situation where the lining up 
of the spins of the incomplete d orbitals of the adjacent Mn ions 
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Fig. 1 .  Variation with temperature of a) the magnetization, b) electrical resistivity 
(in the absence and presence of a magnetic field) and c) magnetoresistance, MR, in 
La,,,,Ca0.2,Mn0, (adapted from ref. [9 ] ) .  Magnetic field strength is given in tesla 
(T) . 

is accompanied by an increase in the rate of hopping of electrons 
and therefore by an increase in electrical conductivity. Thus, the 
mechanism that leads to enhanced electrical conductivity re- 
quires a ferromagnetic coupling. It is assumed here that the 
intraatomic exchange, J ,  is large compared to the transfer inte- 
gral, t i j ,  between the two Mn sites. 

The relation between the electrical conductivity and ferro- 
magnetism by the double-exchange mechanism is readily ob- 
tained. The magnitude of the exchange energy, E, is given 
by Equation (3), where is v the frequency of oscillation of 

E = hv12 (3) 

the electron between two Mn sites. The diffusion coefficient for 
an Mn4+ ion is defined by Equation (4), where a is the 

D = a2&/h (4) 

lattice parameter. Making use of the Einstein equation relating 
conductivity (a) and D, u = ne2D/kT, where n is the number 
of Mn4+ ions per unit volume, we obtain Equation(5). 

a = xe2E/ahkT (5) 

Here x is the fraction of Mn4+ ions in La,-,A,MnO,. Since 
the ferromagnetic Curie temperature T, is related to the ex- 
change energy by the approximate relation, & %  kT,, Equa- 
tion (6) relates the electrical conductivity to ferromagnetic 

CT x (xe2/ah)( T J T )  (6) 

T,  and the fraction of Mn4+ ions. We would therefore expect the 
I-M transition in the manganates to occur at T,. Double- 
exchange is strongly affected by structural parameters such as 
the Mn-0-Mn angle or the Mn-Mn transfer integral. 

The double-exchange discussed above is different from su- 
perexchange, which also describes cation-anion -cation inter- 
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actions. The Anderson-Goodenough- Kanamori rules[71 apply 
to superexchange. According to these rules, a 180" interaction in 
a d3-oxygen-d3 system is antiferromagnetic, but a d3-oxy- 
gen -d4 interaction would be ferromagnetic. This interaction 
would not, however, give rise to increased electrical conduction 
as in the double-exchange mechanism. Zener's model has been 
extended or modified by several workers. In particular, de Gen- 
nes has shown that the energy of the electrons is lowered if there 
is canting of the sublattices, giving rise to a canted-spin antifer- 
romagnetic state, a situation found when x in Ln, _,A,MnO, is 
small.[*' 

The tip electrons of Mn3+ are localized on the Mn site, but the 
e, orbital is hybridized with the oxygen 2p  orbitals. The e, state 
can be localized or itinerant and there is strong coupling be- 
tween the t,, and e, electrons. Because Mn3+ is a Jahn-Teller 
ion, we would expect certain structural distortions in the man- 
ganates. Accordingly, the crystal structure of stoichiometric 
LaMnO, is orthorhombic ( b > a > ~ " ~ )  with three Mn-0  dis- 
tances (1.91, 1.96, 2.19A) due to Jahn-Teller distortion. The 
structure becomes rhombohedral or pseudocubic on progressive 
substitution of La by divalent cations. Larger A-site cations 
favour the rhombohedral structure and increase the width of the 
e, band. Itinerant e, electrons resulting from double-exchange 
would be expected to minimize the effects due to the Jahn- 
Teller distortion. 

In La,-,Ca,MnO,, both the end members LaMnO, and 
CaMnO, are antiferromagnetic with A- and G-type ordering, 
respectively. Ferromagnetism is found when in the composi- 
tion range x = 0.1-0.5. When x>O.5, the material is anti- 
ferromagnetic. In Figure 2 we show the phase diagram of the 

I PM I La,-,Ca,MnOj 
T, 

0 20 40 60 80 100 

.I. Ca 

Fig. 2. Temperature-composition diagram of La, -.Ca.MnO,: CSI, canted-spin 
insulator; FMI. ferromagnetic insulator; FMM, ferromagnetic metal; AFMI, anti- 
ferromagnetic insulator; PMI. paramagnetic insulator; PMM. paramagnetic metal 
(adapted from ref. 191). There could be polaron ordering when x-0.1. 

La, -,Ca,MnO, system['' to illustrate how the electronic and 
magnetic properties vary with the composition. The nature of 
the phase diagram varies with the Ln and the divalent cations in 
Ln, _,A,MnO,, since the average size of the A-site cations (Ln, 
A) in these perovskites has a marked effect on the electronic 
structure. For example, the size of the A-site cations determines 
the Mn-0-Mn angle and the nature of the e, electron. 

We have hitherto considered manganates of the type 
Ln, -A,MnO, where the divalent A ions introduce Mn4+ ions. 
Mn4+ ions can also be created by chemical or electrochemical 
means.[lOl It is thus possible to prepare LaMnO, with 33% 
Mn4+. The structure of LaMnO, changes to rhombohedral or 
pseudocubic on increasing the Mn4+ content and the material 
becomes ferromagnetic.["* Around T,, an insulator-metal 
transition occurs just as in La, -,Ca,MnO, (Fig. 3). The Mn4+ 
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Fig. 3. Variation with temperature of  a) the magnetization and b) the resistivity of 
La,,,,,Mn,,,,O, in presence and absence of  magnetic field (adapted from 
ref. Ill]). 
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ions are created in LaMnO, by the presence of cation vacancies 
in the La and Mn sites to nearly an equal extent, and not by 
oxygen excess.[121 LaMnO, with 33% Mn4' is therefore de- 
scribed as Lao~g45Mno,g450,. One can prepare samples with a 
greater proportion of vacancies in the La or the Mn site. The 
latter destroys ferromagnetism and the I-M transition if the 
vacancy concentration is greater than 5%.  

Magnetotransport Properties and GMR : From Figures 1 and 3, 
we see that the manganates undergo an insulator-metal (I-M) 
transition in the vicinity of the ferromagnetic Curie tempera- 
ture, T,. Usually, the I-M transition occurs at a temperature, 
q,,, , slightly lower than T,. Application of a magnetic field dras- 
tically reduces the resistivity, especially in the r, region. Trans- 
port properties and GMR of a large number of Ln, _.A,MnO, 
derivatives have been investigated in the last three years, with 
samples in the polycrystalline pellet," '. '' - "1 thin film''. ' 6 -  ''1 
or single crystal forms.[*, These studies have revealed certain 
general features, which are summarized below: 

Around 30 % Mn4' is optimal to observe ferromagnetism 
and GMR in the manganates. 
The magnitude of GMR is generally high and can reach up 
to loo%, especially in the T,  region. Some workers report 
very high values of GMR, because they use p(H) in the de- 
nominator of Equation (1) or give p(O)/p(H) ratios. 
High resistivity at the I-M transition and low T,  favour 
GMR.['" Magnetoresistance is found to scale with the field- 
induced magnetization, that is, MR = C(M/MJ2 where M ,  
is the saturation magnetization and C is a constant.t41 
The T,  increases with hydrostatic pressure because of the 
change in the Mn-0-Mn angle or the Mn-Mn transfer inte- 
gral.t201 Increasing the radius of the A-site cation, ( r J ,  has 
the same effect as the hydrostatic pressure." 3* 20-  'I A plot of 
T,  against (ra) or pressure gives a phase diagram that sepa- 
rates the ferromagnetic metal and the paramagnetic insula- 
tor regimes (Fig. 4) .I' 51 

METAL 

FMI I 

0 
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Fig. 4. Variation of  T. and the temperature of  the insulator-metal transition, Tm. 
with average size of  the A-site cation. < r , > ,  in rare earth rnanganates (adapted 
from ref. [15]). FMI, ferromagnetic insulator. 

5) Dimensionality affects the magnitude of GMR.[221. In the 
(SrO)(La, -,Sr,MnO,), system, the n = 2 member shows a 
sharp I-M transition and the highest MR. The n = 2 mem- 
ber has a dimensionality between 2 and 3, since the n =1  
member has the two-dimensional K2NiF4 structure and the 
n = 00 member is the three-dimensional perovskite. This is 
probably due to a competition between the in-plane antifer- 
romagnetic interaction and the doubleexchange interaction. 

6) Particle size has negligible effect on MR, although long- 
range ferromagnetic order is adversely affected.1231 Nano- 
metric particles of the manganates show GMR, although 
they do not exhibit a sharp ferromagnetic transition. It 
would appear as though the presence of small domains or 
Mn3'-0-Mn4' clusters is sufficient for GMR to be ob- 
served. Large differences between q,,, and T, also occur in 
samples of different particle sizes prepared at different tem- 
peratures. 

7) The manganates exhibiting GMR generally have unusually 
high resistivities not only in the insulating regime, but even 
in the so-called metallic regime. Thus, resistivities of some of 
these materials are very high at low temperatures, reaching 
values of = lo4 f2cm. The values of resistivity in the metallic 
regime are very much higher than the maximum metallic 
resistivity defined by M0tt.1~~1 Accordingly, the manganates 
possess a negligible density of states at the Fermi level 
even in the metallic state. The photoelectron spectra of 
Ln, -.Sr,MnO, compositions shown in Figure 5 demon- 
strate this feature.'2s* 261 The insulating compositions have 
still lower density of states than the metallic composi- 
t ion~.[~']  

Charge vents Spin Ordering: The study of GMR in the rare 
earth manganates has unravelled unique features related to the 
charge and spin dynamics in these oxides. Charge ordering in 
metal oxides is not a new phenomenon. FeJ04 (magnetite) un- 
dergoes the Verwey transition at around 120 K due to charge 
ordering accompanied by a resistivity anomaly. Charge order- 
ing is observed in the manganates when the Mn3+ and Mn4+ 
populations are roughly comparable. Doubleexchange gives 
rise to a metallic, ferromagnetic state, while the charge-ordered 
state is generally insulating and antiferromagnetic. This is un- 
derstandable since electrons become localized when the Mn'' 
and Mn4' ions become ordered; only when electrons hop from 
site to site, does the material become ferromagnetic owing to 
double-exchange. The charge-ordered state can be melted into a 
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Fig. 5. Photoelectron spectra of La, .,Sr,MnO, in the valence-band regime (from 
ref. [25]). 

metallic spin-ordered (ferromagnetic) state, by the application 
of a magnetic field. Such a separation of charge and spin in the 
manganates is indeed noteworthy. 

There are essentially two scenarios of charge ordering in 
the manganates. These are typified by Nd,,,Sr,,,MnO, and 
Pr,,,Cao~,Mn03. Nd,,,Sr,,,MnO, is a ferromagnetic metal at 
250 K and becomes an antiferromagnetic insulator on cooling 
to 150 K, owing to charge ordering, accompanied by changes in 
lattice parameters (Fig. 6).t281 Pr,,,Ca,,,MnO,, on the other 

5.3 - 
U d  

10-40 50 l00 150 2 0 0  250 300 
Temperature (K) 

Fig. 6. The variation of a) magnetization. b) lattice parameters and c) electrical 
resistivity of Nd, ,Sr,,MnO, with temperature (from ref. [28l). 

hand, is in the charge-ordered insulating state at 200 K, and 
becomes antiferromagnetic at 140 K and transforms to a cant- 
ed-spin antiferromagnetic state at 110 K.1291 This oxide does not 
exhibit the metallic ferromagnetic state at any temperature. We 
present these scenarios schematically in Figure 7. 
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Fig. 7. Schematic presentation of two typical scenarios of charge ordering in rare 
earth manganates. Dotted arrows show how, by the application of a magnetic field. 
H. thecharge-ordered state can be melted into a ferromagnetic and metallic (charge- 
liquid) state. Scenario (a) is found in Nd, ,Sr,.,Mn03 and (b) in Pr,,,Ca, ,MnO,. 

Charge ordering in the manganates is governed by the width 
of the e, band, which is determined by the weighted average 
radius of the A-site cations, (r,,), or the tolerance factor. This 
is because a distortion in the Mn-0-Mn bond angle affects the 
transfer interaction of the e, conduction electrons. The spin and 
charge-ordering phenomena in the rare-earth manganates can 
be described in terms of the generalized phase diagram in 
Figure8. The diagram shows that when ( r A )  is large (e.g., 
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Fig. 8. Schematic phase diagram showing the prevalence of charge-ordered (CO) 
and ferromagnetic (FMM) slates in Ln, AA,MnO, depending on the average radius 
of the A-site cation. (IA) (AFM, antiferromagnetic). 

La, ,Sr,MnO,), ferromagnetism and the associated I - M tran- 
sition are found, but charge ordering is not observed. With 
decreasing (r,,), we observe a ferromagnetic state, which trans- 
forms to the antiferromagnetic charge-ordered state on cooling 
(e.g., Nd,,,Sr,~,MnO,). When ( r A )  is very small as in 
Pr,,,Ca,,,MnO, and Nd,,,Ca,,,MnO,, no ferromagnetism oc- 
curs, but there is a charge-ordered state; the ferromagnetic 
metallic state is created only by the application of a magnetic 
field to the charge-ordered state. We compare the magnetic 
and electronic phase diagrams of Pr, -,Sr,MnO, and 
Pr, -,Ca,MnO,~”l in Figure 9 to illustrate the effect of the e, 
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Fig. 9. The magnetic and electronic phase diagrams of  Pr, .,Sr,MnO, and 
Pr,..Ca.Mn03 (adapted from ref. 1311). CI. canted spin insulator; COI, charge- 
ordered insulator; CAFMI. canted antiferromagnetic insulator (for further abbrevi- 
ations see legend to Fig. 2). 

bandwidth. A recent of Nd,~,Ca,,,MnO, has shown a 
first-order transition at around 200 K with a large change in 
volume due to charge ordering accompanied by changes in the 
bond angles and bond lengths (Fig. 10) in the ab plane. Such 

156 
0 100 200 300 

T(K) 

Fig. 10. Variation ofMn-Odistancesand Mn-0-Mn anglesdue tochargeordering 
in Nd,.,Ca&tnO, (from ref. 1301). 

large changes in structural parameters would be expected to 
occur due to charge ordering. 

The charge-ordered insulating state (charge-crystal state) 
can be melted into a charge-liquid (metallic) state which is 
ferromagnetic by the application of a magnetic field (see Fig. 7). 
In Figure 11 we show this phenomenon in the case of 

Pr,,,Ca,,,MnO, .lz91 Such 
resistivity transitions in- 
duced by magnetic fields are 
thermodynamically first or- - 
der and exhibit consider- 
able hysteresis effects.['** ''I 
The electronic phase dia- 
grams of two typical man- 
ganates in the temperature- ,$ 
magnetic field are 2 
shown in Figure 12 to Lz ,o-2 

demonstrate how the field- 
induced metallic regime is 
sensitive to the size of the 
A-site cations. Collapse of 
the charge-ordered state to 

, , , , , , , , , , , , , , 
0 loo 2 0 0  m 

Temperature (10 
a metallic state in a magnet- 
ic field is related to GMR, Fig. 1 1 .  Temperature variation of rcsis- 

tivity of Pro ,Ca, ,MnOl in the presence 
which is a field-induced and absence of  magnetic field (adapted 
change in resistivity. from ref. (291). 

*50r Nd,-,Sr, Mn03 

Magnetic field ( - 1 )  Maynetic field (T) 

Fig. 12. Electronic phase diagrams of  Nd,.,Sr,,,MnO, and Pro ,,Ca,.,,MnO, in 
the T-H plane (adapted from ref. [31]). 

TI,Mn,O, and La, -,A,CoO, : Tl,Mn,O, with the pyrochlore 
structure also exhibits GMR although it primarily contains 
Mn4 i0ns.[~~1 This oxide undergoes a transition from a para- 
magnetic metallic phase to a ferromagnetic metallic phase 
(T,z140 K). The Mn-0  distance is around 1.90 A, and elec- 
trons are the charge carriers, unlike in Ln,-,A,MnO, where 
holes are the charge carriers. The resistivity is quite low from 
300 K down to low temperatures. GMR in Tl,Mn20, seems to 
have a different origin, since double-exchange cannot occur as 
in the rare earth manganates. La, _,A,CoO, (A = Ca, Sr, Ba), 
which becomes ferromagnetic and metallic above a value of 
x = 0.1 5 ,  shows GMR in the insulating phase at low tempera- 
t u r e ~ . ' ~ ~ '  

Concluding Remarks 

Giant magnetoresistance in rare earth manganates is clearly 
linked to the ferromagnetism and the insulator-metal transi- 
tion arising from the double-exchange mechanism. Based on 
double-exchange, one can understand the gross behaviour of 
materials such as La, -.Sr,MnO, which have relatively broad e, 

According to such a simple model, GMR arises from 
the strong spin-charge coupling (Hund's coupling) between the 
t,, and e, electrons. Application of a magnetic field causes a 
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reduction in the spin-disorder scattering of the e, electrons. The 
double-exchange model, however, cannot explain all the obser- 
vations, especially the anomalous resistivity of the manganates. 
In order to understand the resistivity behaviour across the insu- 
lator-metal transition, especially in narrow-band materials in- 
volving small A-site cations, it is necessary to invoke electron- 
lattice coupling.[35* 361 Millis et al.1351 propose that elec- 
tron -phonon interaction arising from the Jahn-Teller splitting 
of the Mn d levels plays a crucial role. Jahn-Teller distortions 
localize conduction electrons as polarons. As the temperature 
decreases, the transfer integral t,j increases and the ratio of the 
Jahn-Teller energy to t i j  decreases. The coupling can vary with 
temperature and composition. The coupling would increase 
across the metal-insulator transition. The large oxygen isotope 
effect on T, recently observed also suggests that the coupling of 
the charge carriers to the lattice is important.1371 Electron-lat- 
tice interaction alone cannot, however, explain the high resistiv- 
ities of the materials, particularly at low temperatures. On-site 
Coulomb correlations together with antiferromagnetic ex- 
change interactions involving the t2, states could also be impor- 
tant.I3'I Coey et al.[391 argue that when Tc T,. the e, electrons 
are delocalized on an atomic scale but the spatial fluctuations in 
the coulomb- and spin-dependent potentials tend to localize the 
e, electrons in wave packets longer than the Mn-Mn distance. 
Clearly, there is a need to develop models that can explain a 
variety of unusual properties of the manganates such as charge 
ordering and the high resistivity of the metallic phase besides the 
GMR behaviour. As we have seen earlier, there is competition 
between charge ordering and double-exchange interactions. In 
order to describe the electrons in the marginally metallic rare 
earth manganates, it would be necessary not only to incorporate 
correlation and disorder effects, but also electron-lattice inter- 
actions, magnetic polaron effects, etc.l4'1 

The observation of GMR in T12Mn207 shows that double-ex- 
change alone cannot be responsible for this phenomenon1321. 
While exploring for newer systems, this has to be kept in mind, 
and also that other may exhibit GMR. While magne- 
toresistance close to 100% has been observed in many of the 
manganates, the magnetic fields employed are high or the tem- 
perature at which GMR occurs is below laboratory tempera- 
tures. For a viable use of these materials for technological appli- 
cations, GMR should occur at room temperature on the 
application of small fields (1 OOO G or less). If such materials are 
found, they will affect a multibillion dollar industry. Clearly, 
there is scope to explore other oxide systems which may show 
such properties. 
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