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The amplitudeAp(T,H)/p and temperaturel;,, where the colossal magnetoresistance (CMR)
response ofL,_,Ca,MnO; manganites are maximum, are found to be controlled by the radius of
the lanthanidéZ>*) which modifies the bending of the Mn-O-Mn bond. Increasing the bond distortion
lowersT)y and enhancedp(T,H)/p. Enhanced CMR arises from (1) a shift to lower temperatures of
Twu, (2) a reduced mobility of the doping holes, and (3) an increase of the coupling between itinerant
and localized electrons. The resistivib(H) follows an ~BM?(H) law and the parameteB is also
tuned by the Mn-O-Mn bond angle. The narrowing of the electronic bandwidth is the fundamental
parameter controlling the observed CMR.

PACS numbers: 71.27.+a, 72.15.Gd, 72.20.My

Since the discovery of higliz superconductivity in The Zener—de Gennes mechanism for double exchange
copper oxides, transition-metal oxides of perovskite strucf5] offers a clear indication of a convenient way to control
ture are receiving much attention. Of especial relevancéhe coupling between the mobile holes and the localized
are the effects of the strong correlation among free carrier@’g electrons. This coupling should be controlled by the
and their interaction with the underlying antiferromagnetictransfer integrak;; between MA*-O-Mn** ions; then it
background. One of the most exciting manifestations otan be expected that this coupling is strongly dependent
this interplay is the recent observation of a colossal magen the angle subtended by the Mn-O-Mn bond. We will
netoresistive (CMR) response of some A#Mn-O per-  show in the following the success of such an approach.
ovskite thin films [1-4]. A consistent picture emerges and reveals that the struc-

Within the double-exchange interaction model [5]turally tuned electronic bandwidt{) is the critical pa-
the itinerant charge carriers (holes) in the substitutedameter governing the CMR. First, we will demonstrate
La;,A,MnOs (A is a divalent cation) oxide provide that the ferromagnetic Curie temperat(fg,) is reduced
the mechanism for ferromagnetic interaction betweerby bending the Mn-O-Mn bond; the carrier mobility de-
Mn3*/4* jons. The ferromagnetic Curie temperature iscreases when lowering the temperat(fe= T),), and the
related to the strength of the transfer integgalbetween giant resistive peak occurring &, is enhanced agy,
Mn3*/4* jons which itself controls the electronic (hole) lowers. As expected, carrier mobility becomes smaller
conductivity. It follows that in this system one should as the band is narrowed. Second, we will demonstrate
expect a strong interplay between magnetic, transporthat the electrical resistivityfp) and the magnetization
and structural properties. (M) can be approximately described by the relationship

However, detailed microscopic understanding of thep(T,H)/p(T,0) = 1 — B[M(T,H)/M,]*, where M, is
magnetic properties and the structure of the doped phas#ise saturation magnetization. We will show that the pa-
is still lacking. A few possible mechanisms have beerrameterB increases whe# is reduced. According to re-
proposed for the CMR observed in the manganites. Someently proposed models [6,7] the coefficighis related to
of them rely on the strong Hund coupling) between the coupling(B = J/W) between moving carriers and the
the moving carriers and the localized spins. Furukawdocalized spins. Agreement of the experimental data with
has recently developed a Kondo lattice model allowingheoretical predictions is striking. Our results provide, for
evaluation of the spin disorder scattering [6] in terms ofthe first time, a unique description of the colossal magne-
J/W whereW is the electronic bandwidth. The particular toresistance of manganites and demonstrate that CMR can
case of infiniteJ has also been considered by Inouebe tailored by appropriate structural engineering.
and Maekawa [7] within the framework of a Hubbard- In this Letter we present data obtained on a series of
Kondo lattice model in the single band’ (infinity) limit. La,-,—»L,CaMnO; oxides having dixed doping con-
The possible formation of spin polarons controlling thecentration(y = 0.3); L is a rare-earth trivalent cation (Y,
electrical conductivity [8] has also been examined. InDy, Yb, Gd). Substitutions ranging from = 0 to 0.25
spite of the intensive research effort, the interplay betweehave been used, allowing us to explore variations of the
crystallographic structure and the electrical and magnetimean ionic radii of the lanthanide ranging from 1.147 to
properties has remained hidden and the understanding addl18 A.
control on the giant magnetoresistance in these systems isCeramic samples of la—,L.Ca3;MnQO; composition
still challenging. were prepared by solid state reaction of precursor oxides.

1122 0031-900796/76(7)/1122(4)$06.00 © 1996 The American Physical Society



VOLUME 76, NUMBER 7 PHYSICAL REVIEW LETTERS 12 EBRUARY 1996

Appropriate amounts of L#,; CaO, MnO3, andL,0;  the resistivity peak, a metalliclike behavior is almost
(L =Y, Dy, Yb, and Gd were mixed and heated in air recovered. The most remarkable result of Fig. 1(a) is
at 900°C for 24 h with intermediate grinding. A final the monotonous lowering of the temperatufg where
sintering process step was carried out at 14D0Oin  the maximum resistance occurs when reducing the
oxygen atmosphere. The as-prepared materials wemean size of the lanthanid€r,)). This fundamental
characterized by x-ray and neutron diffraction and wereesult is summarized in Fig. 2(a). The application of
found to be single phase with an orthorhombibnm) a magnetic field strongly reduces the resistivity. The
perovskite structure. The lattice parameters are found tmagnetoresistance defined AR(H)/R = [R(Ty,0) —
vary linearly with the average ionic radié4)) of the  R(Ty,50 kOg]/R(10 K, 50 kOe) is temperature depen-
lanthanide. Magnetoresistivity measurements have beatent and reaches its maximum at temperatures close
performed under fields up to 5.5 T by a conventionalto Tj,, decreasing at temperatures above and bé&lgw
four-probe method with the current parallel to the applied As shown in Fig. 2(b), the amplitudes of the zero-field
field. Magnetic properties have been measured by usingesistivity peak and the maximal magnetoresistance are
a quadrupole SQUID magnetometer up to 5.5 T. closely related; both are controlled by the mean-ionic
Figure 1(a) shows the zero-field temperature deradii (r4), increasing when decreasifgs) and Ty,. It
pendence of the resistivity of some of the samplesis important to emphasize that the valug(af) is the key
Whereas at high temperature the resistivity is inparameter, irrespective of the rare-earth element.
the range of 0.1-0.8.cm and almost insensitive  We now focus our attention on the temperature de-
to the rare-earth substitution, a giant resistive pealpendence of the zero-field resistivity. We have found
develops at lower temperaturély,). Its amplitude
AR(T)/R = [R(Ty) — R(300 K)]/R(300 K) is of about
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a function of the averaged Ilanthanide radii. Dashed
FIG. 1. (a) Normalized [R(T)/R(300 K)] resistiv- lines are only a guide to the eye. (b) Relative varia-
ity vs temperature for Lg-.L.CasMnO; (L =Y, tions of the zero-field resistivity AR(T)/R = [R(Ty) —
x =0, 0.07, 0.10, 0.15, 0.20, and0.25). (b) Dependence of R(300 K)]/R(300 K) and magnetoresistanceAR(H)/R =
the reduced resistivitR(T)/R(Ty) vs the reduced temperature [R(T);,0) — R(Ty,50 kO8]/R(10 K, 50 kOe) vs T), for sev-
(T /Ty) for a selected set of samples. eral samples.
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that atT > T, the functional dependence @f(T,0) is In addition, our neutron diffraction data reveal that the
identical for all samples and consequently all resistiv-cell symmetry remains intact and the mean Mn-O-Mn
ity curves are very similar when using(T,0)/p(Tyx,0)  bond anglg®) closes when reducing4). For instance,
and T /Ty as reduced variables; see Fig. 1(b). This obwe have found thath = 158.3(5)° for L = Y5 and
servation reveals the existence of a common mechanisd = 159.7(5)° for L = Y5 [10]. This situation is
leading to the colossal rising of resistivity [9]. Even analogous to that encountered in thiliO; perovskites
more, the amplitude of the maximum depends on the temd. = Pr, Nd, Sm...) where it has been shown that
peratureT,, and on another parametes(Ty,,0), which  the main effect of changing the lanthanide is to modify
is characteristic of the sample. At temperatures abovéhe Ni-O-Ni bond angle without significant variations
Ty and up to room temperature(7T) can be described of the Ni-O distances in the NiQoctahedra [11]. The

by p(T) = p-. exp(To/T)"/*, with T, increasing monoto- consequences of these subtle variations of the Ni-O-Ni
nously with decreasindr,) [Fig. 2(a)]. Therefore, the bond angle on the electronic properties are extraordinary
colossal enhancement &fR(T)/R for samples of small because modifications of the bandwidth (through

(ra) results from the occurrence @}, at lower tempera- trigger the metal-insulator transition [12].

tures and from an enhanc@&g value. The observed tem-  Our results reveal that structural distortion is the key
perature dependence of the resistivity is believed to bparameter controlling the CMR response: Increasing the
related to the reduced carrier mobility when approachdistortion enhanceAR(T, H)/R and decreasesy,,. We

ing the ferromagnetic ordering temperature. Although abave shown that two main reasons lead to the higher
present a detailed description of this process is not yanagnetoresistance of samples having smalgr. (a) the
available, it is clear that rising of thE, values when in- pronounced increase of resistivity Bt= T); whenTy, is
creasing the bending of the Mn-O-Mn bond should reflectowered and (b) their reduced carrier mobility (i.e., higher
the enhancement of the carrier effective mass or the naff, values). Both factors appear to be controlled by the
rowing of the bandwidth. We recall here that th€f') =  electronic bandwidth, which itself is tuned by the bending
pe exp(To/T)* law is typically found when conduction of the Mn-O-Mn bond.

takes place by hopping between localized states. Within In Fig. 3 we plot the field dependence of the resistivity
this model theT, parameter is related to the spatial ex-of several samples at various temperatures as a function
tension (/) of the localized states and to the density ofof the magnetization. In order to allow comparison of
states[g(Ep)]: | = [g(EF)To]"'/?. It may also be ex- measurements performed at distinct temperatures, the re-
pected that bending of the Mn-O-Mn bond could result induced variablep /py andM /M, are used wher#/; is the

an enhancement @flEr). The observation that when re- saturation magnetization angy = (7, 0) is the zero-field
ducing (r4) the measuredy, increases indicates that the resistivity. Each set of data in Fig. 3 contains isothermal
reduction of/ is the main factor determining thg, en-  p(T,H) and M(T, H) measurements on a given sample
hancement. Therefore, our data suggest that the decreade= Y; x = 0, 0.07, and0.15) performed at tempera-

of the bandwidth associated to an increase of the latticaures close to the corresponding maximi@ga. For clar-
distortion decreases the localization length and thus thigy only a few representative temperatures are shown. The
carrier mobility is reduced. Detailed measurements ofirst observation in Fig. 3 is that all data for each sample
g(Er) are not yet available but a very rough estimatecollapse onto a single curve, thus showing that a unique
can be obtained if one assumes a free charge density oélationship exists between the magnetoresistance and the
~10*' cm™3 and a parabolic band. Under these assump-
tions! =~ 1 A. Although this value is somewhat smaller

than expected, probably due to the fact that the parabolic I

band approximation is too rough and to the fact that only

a small fraction of the doping carriers appears to be in- 0.8

volved in the conduction process [1,5], it is of the right r

order of magnitude and provides support to the variable o 06|

range hopping analysis. g'_ i . x=0
In terms of the perovskite tolerance factor 04+ . 120K

t = (ra + ro)/(rg + ro)¥/2, the cubic perovskites i ° }ggg

have t = 1 where ry, ry, and rp represent the ionic 02L e 200K

radii of the lanthanides, oxygen, and transition-metal r 260K x=0.07

ions, respectively. TheB-O-B bonds close when Y P R R B . o RS

reducing r and lower the lattice symmetry. Conse- 0 0.2 0.4 0.6 0.8 1

quently, in the present orthorhombic samples, sub- M/M

St + i 3+
§t|tut|0n of La by_ Smgller Ianthanldei results_ FIG. 3. Reduced resistivity (T, H)/po vs reduced magne-
in an enhanced distortion of the cubic perovsklte.tizaﬁOn M(T,H)/M,(T,5 T) data for samples. = Y, x =

Figure 2(a) shows us thaff)y, is shifted towards (o, 0.07, and0.15 at several temperatures. The lines through
lower temperatures when the tolerance factor is reducedhe data are the fits by the(M /M,)> expression.
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magnetization. The lines through the data are the fitgarrier density, the intensity of the CMR increases when
to the p(T,H)/po = 1 — B[M(T,H)/M,]* expression. lowering the onset of ferromagnetic order and this low-
For thex = 0.15 sample, i.e., the sample having the low- ering of T, is associated to a narrower bandwidth. Col-
estTy, and maximal magnetoresistance in Fig. 3, the fittedapsing of the bandwidth results in a reduced mobility of
B parameter i8 = 1.7, whereas for tha = 0.07 and0  the carriers before the ferromagnetic order is established
samplesB decreases to 1.14 and 0.66, respectively. It iand thus in an even higher resistivity Bf;. This is the
clear that theB parameter reflects an intrinsic characteris-dominant factor on the CMR. Our results impose seri-
tic of the sample. It can also be appreciated in Fig. 3 thabus constraints for any further theoretical development
in the high magnetization region the quadratic dependencand may have also important consequences for poten-
fails and the resistivity has a weake(M) dependence. tial technological applications. We have also shown that
Within the framework of some recently proposed theo-the field dependence of the resistivity of these samples is
retical models [6,7], the parametd is related to the well described by th&(M/M,)? law. It has been found
coupling(B = J/W) between moving carriers and the lo- that the coupling(J//W) is reinforced by the reduced
calized spins: LargeB corresponds to stronger coupling. bandwidth accompanying the enhanced bond distortion.
Accordingly, our data indicate that this coupling reinforcesFinally, we have demonstrated that CMR can indeed be
as the Mn-O-Mn bond bends. That is/W increases as tailored in manganese perovskites and further achieve-
the bandwidth(W) becomes narrower. This observation ments related to even higher colossal magnetoresistance
stresses the fundamental role played by the bandwidth, andhn be expected.
thus the density of states, on the CMR and supports the We acknowledge financial support by the CICYT-
conclusions presented above which were extracted froilIDAS (MAT94-1924-C0O2), DGICYT (PB92-0849)
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