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Colossal Magnetoresistance of Ferromagnetic Manganites:
Structural Tuning and Mechanisms
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The amplitudeDrsT , Hdyr and temperatureTM , where the colossal magnetoresistance (CMR
response ofL12xCaxMnO3 manganites are maximum, are found to be controlled by the radius
the lanthanidesL31d which modifies the bending of the Mn-O-Mn bond. Increasing the bond distort
lowersTM and enhancesDrsT , Hdyr. Enhanced CMR arises from (1) a shift to lower temperatures
TM , (2) a reduced mobility of the doping holes, and (3) an increase of the coupling between itin
and localized electrons. The resistivityrsHd follows an øBM2sHd law and the parameterB is also
tuned by the Mn-O-Mn bond angle. The narrowing of the electronic bandwidth is the fundam
parameter controlling the observed CMR.

PACS numbers: 71.27.+a, 72.15.Gd, 72.20.My
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Since the discovery of high-Tc superconductivity in
copper oxides, transition-metal oxides of perovskite str
ture are receiving much attention. Of especial releva
are the effects of the strong correlation among free carr
and their interaction with the underlying antiferromagne
background. One of the most exciting manifestations
this interplay is the recent observation of a colossal m
netoresistive (CMR) response of some La-A-Mn-O per-
ovskite thin films [1–4].

Within the double-exchange interaction model [
the itinerant charge carriers (holes) in the substitu
La12xAxMnO3 (A is a divalent cation) oxide provide
the mechanism for ferromagnetic interaction betwe
Mn31y41 ions. The ferromagnetic Curie temperature
related to the strength of the transfer integraltij between
Mn31y41 ions which itself controls the electronic (hole
conductivity. It follows that in this system one shou
expect a strong interplay between magnetic, transp
and structural properties.

However, detailed microscopic understanding of t
magnetic properties and the structure of the doped pha
is still lacking. A few possible mechanisms have be
proposed for the CMR observed in the manganites. So
of them rely on the strong Hund couplings Jd between
the moving carriers and the localized spins. Furuka
has recently developed a Kondo lattice model allowi
evaluation of the spin disorder scattering [6] in terms
JyW whereW is the electronic bandwidth. The particula
case of infiniteJ has also been considered by Inou
and Maekawa [7] within the framework of a Hubbard
Kondo lattice model in the single band (U infinity) limit.
The possible formation of spin polarons controlling th
electrical conductivity [8] has also been examined.
spite of the intensive research effort, the interplay betwe
crystallographic structure and the electrical and magn
properties has remained hidden and the understanding
control on the giant magnetoresistance in these system
still challenging.
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The Zener–de Gennes mechanism for double excha
[5] offers a clear indication of a convenient way to contr
the coupling between the mobile holes and the localiz
t3
2g electrons. This coupling should be controlled by th

transfer integraltij between Mn31-O-Mn41 ions; then it
can be expected that this coupling is strongly depend
on the angle subtended by the Mn-O-Mn bond. We w
show in the following the success of such an approa
A consistent picture emerges and reveals that the st
turally tuned electronic bandwidthsW d is the critical pa-
rameter governing the CMR. First, we will demonstra
that the ferromagnetic Curie temperaturesTMd is reduced
by bending the Mn-O-Mn bond; the carrier mobility de
creases when lowering the temperaturesT $ TMd, and the
giant resistive peak occurring atTM is enhanced asTM

lowers. As expected, carrier mobility becomes smal
as the band is narrowed. Second, we will demonstr
that the electrical resistivitysrd and the magnetization
sMd can be approximately described by the relationsh
rsT , HdyrsT , 0d  1 2 BfMsT , HdyMsg2, where Ms is
the saturation magnetization. We will show that the p
rameterB increases whenW is reduced. According to re-
cently proposed models [6,7] the coefficientB is related to
the couplingsB ø JyWd between moving carriers and th
localized spins. Agreement of the experimental data w
theoretical predictions is striking. Our results provide, f
the first time, a unique description of the colossal magn
toresistance of manganites and demonstrate that CMR
be tailored by appropriate structural engineering.

In this Letter we present data obtained on a series
La12y2xLxCayMnO3 oxides having afixed doping con-
centrations y  0.3d; L is a rare-earth trivalent cation (Y
Dy, Yb, Gd). Substitutions ranging fromx  0 to 0.25
have been used, allowing us to explore variations of
mean ionic radii of the lanthanide ranging from 1.147
1.118 Å.

Ceramic samples of La0.72xLxCa0.3MnO3 composition
were prepared by solid state reaction of precursor oxid
© 1996 The American Physical Society
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Appropriate amounts of La2O3, CaO, Mn2O3, andL2O3
sL  Y, Dy, Yb, and Gdd were mixed and heated in ai
at 900±C for 24 h with intermediate grinding. A fina
sintering process step was carried out at 1400±C in
oxygen atmosphere. The as-prepared materials w
characterized by x-ray and neutron diffraction and we
found to be single phase with an orthorhombicsPbnmd
perovskite structure. The lattice parameters are found
vary linearly with the average ionic radiusskrAld of the
lanthanide. Magnetoresistivity measurements have b
performed under fields up to 5.5 T by a convention
four-probe method with the current parallel to the appli
field. Magnetic properties have been measured by us
a quadrupole SQUID magnetometer up to 5.5 T.

Figure 1(a) shows the zero-field temperature d
pendence of the resistivity of some of the sampl
Whereas at high temperature the resistivity is
the range of 0.1–0.3V cm and almost insensitive
to the rare-earth substitution, a giant resistive pe
develops at lower temperaturesTMd. Its amplitude
DRsT dyR  fRsTMd 2 Rs300 KdgyRs300 Kd is of about
ø3 3 105% for L  Y0.20. At temperatures well below

FIG. 1. (a) Normalized fRsT dyRs300 Kdg resistiv-
ity vs temperature for La0.72xLxCa0.3MnO3 (L  Y,
x  0, 0.07, 0.10, 0.15, 0.20, and0.25). (b) Dependence of
the reduced resistivityRsT dyRsTMd vs the reduced temperatur
sTyTMd for a selected set of samples.
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the resistivity peak, a metalliclike behavior is almo
recovered. The most remarkable result of Fig. 1(a)
the monotonous lowering of the temperatureTM where
the maximum resistance occurs when reducing
mean size of the lanthanideskrAld. This fundamental
result is summarized in Fig. 2(a). The application
a magnetic field strongly reduces the resistivity. T
magnetoresistance defined asDRsHdyR  fRsTM , 0d 2

RsTM , 50 kOedgyRs10 K, 50 kOed is temperature depen
dent and reaches its maximum at temperatures cl
to TM , decreasing at temperatures above and belowTM .

As shown in Fig. 2(b), the amplitudes of the zero-fie
resistivity peak and the maximal magnetoresistance
closely related; both are controlled by the mean-ion
radii krAl, increasing when decreasingkrAl and TM . It
is important to emphasize that the value ofkrAl is the key
parameter, irrespective of the rare-earth element.

We now focus our attention on the temperature d
pendence of the zero-field resistivity. We have fou

FIG. 2. (a) The zero-field temperature of the resisti
ity maximum sTM d and T0 (see definition in text) as
a function of the averaged lanthanide radii. Dash
lines are only a guide to the eye. (b) Relative vari
tions of the zero-field resistivityDRsTdyR  fRsTMd 2
Rs300 KdgyRs300 Kd and magnetoresistanceDRsHdyR 
fRsTM , 0d 2 RsTM , 50 kOedgyRs10 K, 50 kOed vs TM for sev-
eral samples.
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that at T . TM the functional dependence ofrsT , 0d is
identical for all samples and consequently all resist
ity curves are very similar when usingrsT , 0dyrsTM , 0d
and TyTM as reduced variables; see Fig. 1(b). This o
servation reveals the existence of a common mechan
leading to the colossal rising of resistivity [9]. Eve
more, the amplitude of the maximum depends on the te
peratureTM and on another parameter,rsTM , 0d, which
is characteristic of the sample. At temperatures ab
TM and up to room temperature,rsT d can be described
by rsTd  r` expsT0yTd1y4, with T0 increasing monoto-
nously with decreasingkrAl [Fig. 2(a)]. Therefore, the
colossal enhancement ofDRsT dyR for samples of small
krAl results from the occurrence ofTM at lower tempera-
tures and from an enhancedT0 value. The observed tem
perature dependence of the resistivity is believed to
related to the reduced carrier mobility when approac
ing the ferromagnetic ordering temperature. Although
present a detailed description of this process is not
available, it is clear that rising of theT0 values when in-
creasing the bending of the Mn-O-Mn bond should refle
the enhancement of the carrier effective mass or the n
rowing of the bandwidth. We recall here that thersT d 
r` expsT0yT d1y4 law is typically found when conduction
takes place by hopping between localized states. Wit
this model theT0 parameter is related to the spatial e
tension sld of the localized states and to the density
statesfgsEFdg: l ø fgsEFdT0g21y3. It may also be ex-
pected that bending of the Mn-O-Mn bond could result
an enhancement ofgsEFd. The observation that when re
ducing krAl the measuredT0 increases indicates that th
reduction ofl is the main factor determining theT0 en-
hancement. Therefore, our data suggest that the decr
of the bandwidth associated to an increase of the lat
distortion decreases the localization length and thus
carrier mobility is reduced. Detailed measurements
gsEFd are not yet available but a very rough estima
can be obtained if one assumes a free charge densit
ø1021 cm23 and a parabolic band. Under these assum
tions l ø 1 Å. Although this value is somewhat smalle
than expected, probably due to the fact that the parab
band approximation is too rough and to the fact that o
a small fraction of the doping carriers appears to be
volved in the conduction process [1,5], it is of the rig
order of magnitude and provides support to the varia
range hopping analysis.

In terms of the perovskite tolerance facto
t  srA 1 r0dysrB 1 r0d

p
2, the cubic perovskites

have t ø 1 where rA, r0, and rB represent the ionic
radii of the lanthanides, oxygen, and transition-me
ions, respectively. TheB-O-B bonds close when
reducing t and lower the lattice symmetry. Conse
quently, in the present orthorhombic samples, su
stitution of La31 by smaller lanthanidesL31 results
in an enhanced distortion of the cubic perovski
Figure 2(a) shows us thatTM is shifted towards
lower temperatures when the tolerance factor is reduc
1124
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In addition, our neutron diffraction data reveal that t
cell symmetry remains intact and the mean Mn-O-M
bond anglesFd closes when reducingkrAl. For instance,
we have found thatF  158.3s5d± for L  Y0.15 and
F  159.7s5d± for L  Y0.05 [10]. This situation is
analogous to that encountered in theLNiO3 perovskites
sL  Pr, Nd, Sm, . . .d where it has been shown tha
the main effect of changing the lanthanide is to mod
the Ni-O-Ni bond angle without significant variation
of the Ni-O distances in the NiO6 octahedra [11]. The
consequences of these subtle variations of the Ni-O
bond angle on the electronic properties are extraordin
because modifications of the bandwidth (throughtij)
trigger the metal-insulator transition [12].

Our results reveal that structural distortion is the k
parameter controlling the CMR response: Increasing
distortion enhancesDRsT , HdyR and decreasesTM . We
have shown that two main reasons lead to the hig
magnetoresistance of samples having smallerkrAl: (a) the
pronounced increase of resistivity atT ø TM whenTM is
lowered and (b) their reduced carrier mobility (i.e., high
T0 values). Both factors appear to be controlled by
electronic bandwidth, which itself is tuned by the bendi
of the Mn-O-Mn bond.

In Fig. 3 we plot the field dependence of the resistiv
of several samples at various temperatures as a func
of the magnetization. In order to allow comparison
measurements performed at distinct temperatures, the
duced variablesryr0 andMyMs are used whereMs is the
saturation magnetization andr0 ; sT , 0d is the zero-field
resistivity. Each set of data in Fig. 3 contains isotherm
rsT , Hd and MsT , Hd measurements on a given samp
(L  Y; x  0, 0.07, and0.15) performed at tempera
tures close to the corresponding maximumTM . For clar-
ity only a few representative temperatures are shown.
first observation in Fig. 3 is that all data for each sam
collapse onto a single curve, thus showing that a uni
relationship exists between the magnetoresistance an

FIG. 3. Reduced resistivityrsT , Hdyr0 vs reduced magne
tization MsT , HdyMssT , 5 Td data for samplesL  Y, x 
0, 0.07, and0.15 at several temperatures. The lines throu
the data are the fits by theBsMyMsd2 expression.
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magnetization. The lines through the data are the
to the rsT , Hdyr0  1 2 BfMsT , HdyMsg2 expression.
For thex  0.15 sample, i.e., the sample having the low
estTM and maximal magnetoresistance in Fig. 3, the fitt
B parameter isB ø 1.7, whereas for thex  0.07 and0
samplesB decreases to 1.14 and 0.66, respectively. I
clear that theB parameter reflects an intrinsic character
tic of the sample. It can also be appreciated in Fig. 3 t
in the high magnetization region the quadratic depende
fails and the resistivity has a weakerrsMd dependence.

Within the framework of some recently proposed the
retical models [6,7], the parameterB is related to the
couplingsB ø JyWd between moving carriers and the lo
calized spins: LargerB corresponds to stronger coupling
Accordingly, our data indicate that this coupling reinforc
as the Mn-O-Mn bond bends. That is,JyW increases as
the bandwidthsWd becomes narrower. This observatio
stresses the fundamental role played by the bandwidth,
thus the density of states, on the CMR and supports
conclusions presented above which were extracted fr
zero-field data.

It may be useful to compare the values ofB to the
theoretical estimates. In the limiting case ofJ ! `,
Inoue and Maekawa [7] predictedB  7y4, whereas
Furukawa [6] foundB to increase continuously from
B  1 for JyW ø 1 to B ø 4 5 at higher coupling
JyW ø 5. Our results forx  0.15 nicely agree with
the predictions of Inoue and Maekawa and fall with
the predicted range from the Furukawa model. Howev
it is not clear at this moment to what extent th
agreement is significant because theoretical predicti
were obtained for systems with fixed density of stat
It should also be noted that the progressive departure
the quadraticrsMd dependence (Fig. 3), when increasin
the magnetization, has also been predicted for system
enhanced coupling [6]. Accordingly, for samplesx 
0 and0.07 the quadraticrsMd law extends to higher
magnetization values than for samplex  0.15.

Recently, the Kondo lattice model has been extend
[13] to account for the dependence ofTM on the coupling
J parameter, assuming a fixed density of states. It w
found that, as physical intuition indicates,TM increases
with increasing J. On the other hand, the orderin
temperature is expected to increase with the free car
bandwidth because of the enhanced kinetic energy
carriers at the ferromagnetic state [5]. In the present ca
the progressive bending of the Mn-O-Mn bond shou
reduce TM . Our observation that enhanced couplin
occurs simultaneously with a reduction ofTM appears to
indicate that the reduction of the bandwidth dominatesTM

and the coupling parameterB.
In conclusion, the present work clearly shows that t

colossal magnetoresistance of the manganese perovs
results from the interplay between the itinerant charge c
riers and the localized moments and this interaction can
conveniently controlled by appropriate structure engine
ing. One of our major findings is that, at a fixed char
ts
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carrier density, the intensity of the CMR increases wh
lowering the onset of ferromagnetic order and this lo
ering of TM is associated to a narrower bandwidth. Co
lapsing of the bandwidth results in a reduced mobility
the carriers before the ferromagnetic order is establis
and thus in an even higher resistivity atTM . This is the
dominant factor on the CMR. Our results impose se
ous constraints for any further theoretical developm
and may have also important consequences for po
tial technological applications. We have also shown t
the field dependence of the resistivity of these sample
well described by theBsMyMsd2 law. It has been found
that the couplingsJyW d is reinforced by the reduced
bandwidth accompanying the enhanced bond distort
Finally, we have demonstrated that CMR can indeed
tailored in manganese perovskites and further achie
ments related to even higher colossal magnetoresista
can be expected.
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Note added.—During the process of revision of thi
Letter correlations between magnetizationM and electri-
cal resistivityr in the region beyond saturation were r
ported by Hundleyet al. [14].
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