
PHYSICAL REVIEW B 67, 064424 ~2003!
Strongly frustrated magnetism and colossal magnetoresistance
in polycrystalline La0.47Ce0.20Ca0.33MnO3
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We present x-ray diffraction, x-ray photoemission spectroscopy, magnetization, and transport results on the
cerium-doped manganite La0.47Ce0.20Ca0.33MnO3. We have achieved good quality, single-phase polycrystalline
samples by the nitrate decomposition route. A Rietveld analysis of the x-ray spectrum revealed a distorted
structure with a small Mn-O-Mn apical angle of 152.6°. We found that both 31 and 41 charge states of
cerium ions coexist, introducing an additional source of cation disorder in theA site of the perovskite structure.
The low-temperature magnetization measurements, together with the high-T susceptibility results, indicate a
magnetically frustrated behavior belowTF'70 K. The zero-field resistivity shows, atTM'145 K, the typical
metal-insulator transition found in manganite systems, though a temperature for a long-range ferromagnetic
order transition does not obviously exist. The magnetoresistance~MR! is large, with a maximum value close to
100%. Strong hysteresis effects are observed in the MR vs field curves, that correlate well with the magneti-
zation vs temperature measurements. We discuss these observations and show that the resistivity results are
closely related to the magnetic behavior of the system.
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I. INTRODUCTION

In manganite systems La12yDyMnO3 (D5Ca, Sr, Ba!,
with a perovskite structureABO3, the double-exchange
mechanism,1 responsible for the ferromagnetism and meta
conductivity of these compounds, is optimized for dopi
levels y'1/3. At these concentrations, the largest values
colossal magnetoresistance~CMR! are also obtained.

When the lanthanum in theA site of the perovskite is
partially replaced by yttrium or a rare-earth such as Pr or
the cation disorder introduced in the structure has b
shown to lead to different and interesting phenomena,
pending on the nature of the substitute cation. Magnetic fr
tration has been observed2–4 in La0.672xYxCa0.33MnO3, spin
glass behavior was reported5 in La0.7Tb0.3Ca0.33MnO3, and
evidence of electronic phase separation was found6 in
La5/8Pr3/8Ca1/3MnO3.

The average ionic radius of theA site seems to play an
important role, through the tolerance factor of the structu
Isovalent substitutions, such as those with Y or Pr, have b
widely investigated, but nonisovalent substitutions have o
recently attracted some attention.7–11

Why do the ~La, Pr!Ca compounds show evidence
electronic phase separation while the magnetic behavio
~La, Y!Ca and~La, Tb!Ca seems to be closer to a spin glas
Is the bending of the Mn-O-Mn angles, produced by t
chemical pressure induced by the mismatch of different io
radii in theA site, the only relevant parameter? These qu
tions led us to prepare and characterize polycrystal
0163-1829/2003/67~6!/064424~8!/$20.00 67 0644
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samples of~La, Ce!Ca with ana priori nominal hole con-
centrationof 33%. On the one hand, doping values close
0.33 are known to maximize the CMR in other mangan
systems; on the other hand, this choice will allow us to co
pare our results with different studies reported in the lite
ture on yttrium and rare-earth~Pr, Tb! substituted samples
with nominal hole doping values close to 1/3.

In cerium-doped manganites, it is possible for Ce31 and
Ce41 species to coexist in the same compound, adding
extra source of structural disorder. Today, the experime
data on cerium-doped manganites available in the litera
are limited,7–11 and not conclusive in various aspects. In p
ticular, the question about the valence state of Ce ions
these compounds is still an open matter. In a previous w
by Kang et al.,11 where x-ray photoemission spectrosco
~XPS! measurements on polycrystalline La0.7Ce0.3MnO3
were reported, the authors claimed that the charge stat
cerium ions is mainly 41, although the coexistence of bot
valences states should not be discarded. In an attempt to
some light on these open questions, we report on x-ray p
der diffraction ~XRD!, XPS, magnetization, and magne
totransport results obtained in very good quality samples
polycrystalline, single-phase La0.47Ce0.20Ca0.33MnO3.

II. EXPERIMENTAL DETAILS

Powder samples of La0.47Ce0.20Ca0.33MnO3 were prepared
using the nitrate decomposition route, and final calcinat
treatments were done at 1450 °C for 3 h. The incorporat
of cerium cations in the perovskite lattice was monitored
©2003 The American Physical Society24-1
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powder XRD. Cell parameters, Mn-O distances, and M
O-Mn bond angles were determined by a Rietveld analy
using the programFULLPROF.12

The valence state of cerium ions was investigated thro
XPS measurements. The experiments were performe
room temperature~RT!, and the spectra were collected usi
an incident photon energy ofhn51486.6 eV.

Magnetization measurements were performed in a su
conducting quantum interferece device magnetometer fro
to 300 K, and magnetic fields up to 50 kOe. Hig
temperature magnetization experiments were carried out
Faraday balance magnetometer in the temperature r
300–1000 K. Magnetotransport measurements were don
a standard four-probe geometry, under magnetic fields u
50 kOe, and temperatures between 4 and 300 K.

III. RESULTS AND DISCUSSION

A. Sample characterization

1. Powder x-ray diffraction

Preparing good quality samples of cerium-doped man
nites is a difficult task. The high quality of th
La0.47Ce0.20Ca0.33MnO3 powder obtained in this work is re
flected in the x-ray diffraction spectrum shown in Fig.
where only the characteristic perovskite peaks have str
intensities. From the very low intensity of the CeO2 peak at
28° we estimate that less than 0.6 wt. % of cerium oxide
segregated, i.e., only 3.6% of cerium ions are out of
perovskite compound.

Our result differs from some previous reports7,8 on
La12xCexMnO3 samples, where intense CeO2 peaks ap-
peared in the x-ray spectra, reflecting an important segre
tion of cerium oxide. The routes employed to prepare th
bulk polycrystalline samples included wet methods7 and
solid state reaction.8 In the x-ray spectra of the samples r
ported in Refs. 7 and 8, unreacted cerium oxide is signa
by the presence of the 28°, 47°, and 56° peaks, charact
tic of CeO2. Gangulyet al.13 demonstrated, after preparin

FIG. 1. Powder diffractogram of polycrystallin
La0.47Ce0.20Ca0.33MnO3 at RT. It corresponds to aPnmaperovskite
structure. The arrow points to the~111! reflection of CeO2; a
Rietveld-based estimation indicates only 0.6 wt. % of segrega
cerium oxide~see text!.
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samples of La12xCexMnO3 by the solid state reaction rout
and performing careful x-ray diffraction experiments, th
the samples so obtained were not single phased. On the
trary, they were actually multiphase mixtures comprisi
hole-doped lanthanum-deficient manganite phases, and
rium oxide CeO2. Although the reasons for CeO2 segrega-
tion in those samples7,8,13are not well established, it may b
related to the presence of Ce41 cations. For air-prepared
samples, the most stable valence state of cerium is expe
to be 41. Therefore, charge neutralization would require t
formation of Mn21. On the one hand, Mn21 is a much larger
cation that Mn31 and Mn41; on the other hand, Ce41 is a
much smaller ion than La31 or Ce31. Both effects led to a
very low tolerance factor,14 whose value is 0.907 for all ce
rium ions in the 41 charge state in La2/3Ce1/3MnO3. This
fact indicates that the cerium-doped structure is very
stable and, as a consequence, CeO2 segregation would occur

In our calcium-doped compound La0.47Ce0.20Ca0.33MnO3,
however, the presence of Ca21 stabilizes the structure by
allowing the substitution with tetravalent cerium ions wit
out requiring the formation of Mn21. In this system, the
tolerance factor would rise to 0.950, if all cerium ions we
in the 41 state. Under these more favorable structural c
ditions, cerium was accepted by the structure by anneal
at 1450 °C. Therefore, our samples are essenti
single phased. At RT, we determined an orthorhom
~Pnma! structure with parametersa55.4824(4) Å, b
57.7184(4) Å, andc55.4610(4) Å. The Mn-O-Mn dis-
tances are s51.8355(4) Å, m51.9862(4) Å, and l
52.0896(4) Å, and the two Mn-O-Mn angles are 152.6°~5!
for apical O~1!, and 160.6°~5! for equatorial O~2!.

The average value of the three Mn-O-Mn bond ang
observed in manganites vary approximately3,15 from 156.5°
to 168.5°. In the La0.672xYxCa0.33MnO3 series, average
angles of 159.7°, 158.3° and 157.6° have been reported
x50.05, 0.15, and 0.20 respectively.3,4 In this context, our
experimental value of 157.9° is not unusual. However, it
interesting to note that thedifferencebetween apical and av
erage bond angles are larger in La0.47Ce0.20Ca0.33MnO3. In-
deed, while in the~La, Y! series16,17 this difference is less
than 1%, in our cerium-doped compound it rises to 3%.

2. X-ray photoemission spectroscopy

Figure 2 shows the XPS spectrum
La0.47Ce0.20Ca0.33MnO3 in the region of the Ce-3d core-level
peaks. Three structures labeledA, B, andC are clearly visible
in the spectrum centered at about 917, 900, and 884
respectively. To help in the identification of these structu
we have also included in the figure the spectra of CeO2 and
Ce2O3 ~taken from Ref. 18!, representative of Ce ions in th
14 and13 charge states, respectively. Each one of th
spectra is composed of two identical multiplets shifted
18.5 eV, with relative intensities 3:2, that correspond to
spin-orbit-split 3d5/2 and 3d3/2 core holes. The differen
multiplets in CeO2 and Ce2O3 reflect their different 4f
occupations in the ground states. It can be seen in Fig
that the structure labeledC in the spectrum of
La0.47Ce0.20Ca0.33MnO3 is contributed to by the peaksV9 and

d
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V of the CeO2 spectrum and by the peaksV8 andV0 of the
Ce2O3 spectrum. Similarly, the broad structure labeled
gets contributions from the peaksU9, U, and V- of the
CeO2 spectrum and from the peaksU8 andU0 of the Ce2O3
spectrum. In this case, however, there is an additional c
tribution coming from theL3M2,3V Auger electrons of Mn,
which have kinetic energies in the range 575–594 eV,
thus apparent binding energies in the range 893–908
Finally, it is seen that the peak labeled A coincides in sh
and position with the peakU- of the CeO2 spectrum, and is
therefore, a clear indication of the presence of Ce41 ions in
the compound. From the intensity of this peak one can e
mate the intensities of theV9 and V contributions to the
structureC and by difference the intensities of theV8 andV0
contributions. The relative intensities of the contributio
(V9,V) and (V8,V0) give the percentages of Ce ions in th
14 and 13 charge states, respectively. Our conclusion
that about 60% of the cerium atoms are in the14 charge
state and the remaining 40% in the13 charge state. This
result indicates that our samples are hole-doped compo
with an effective level of 21%. Future studies with care
control of oxygen stoichiometry are encouraged to determ
the Mn valence state in these cerium-doped manganites

B. High-temperature susceptibility

The high-temperature dc magnetization is linear with
magnetic field up toH550 kOe aboveT'200 K. The in-

FIG. 2. XPS spectrum of La0.47Ce0.20Ca0.33MnO3 in the region
of the Ce-3d core-level peaks. Also included for comparison are
spectra of CeO2 and Ce2O3 ~thin solid lines! taken from Ref. 18.
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verse of the susceptibilityx215H/M vs temperature, is
plotted in Fig. 3 forT*300 K. We have made the necessa
corrections due to diamagnetic contributions and to the m
netization of cerium ions. Therefore, the curve shown in
figure represents the net Mn ions contribution to the susc
tibility. In order to subtract the cerium contribution we a
sumed that Ce31 and Ce41 ions are present in the relativ
concentrations estimated from XPS results. Tetravalent
rium has a zero magnetic moment, so we must only subt
the nonzero Ce31(me f f52.54mB) component. For that pur
pose we supposed that Ce31 ions are paramagnetic and the
magnetization follows a pure Curie law (CCe /T) in the
whole temperature range. This procedure neglects any m
netic coupling between the Ce moments and the surroun
ions. These interactions may be present according to re
neutron diffraction data obtained in La0.7(Ca0.5Ce0.5)0.3MnO3
by Wuet al.19 However, the correction introduced to the hig
temperature susceptibility by subtracting a Curie-We
~CW! law19 with QCe'45 K, instead of a Curie law, is very
small, and does not affect our main conclusions.

There is a positive curvature ofx21(T) vs T at the lower
temperatures, which is typical of other mangan
systems20,21 and has been explained in terms of short-ran
order effects. A subtle anomaly appears close toT5720 K,
probably associated with the high temperature orthorhom
to rhombohedral transition observed in other lanthan
manganites.21 Future high-temperature x-ray-diffractio
studies are necessary to test this assignment. Well above
feature,x21 exhibits a CW behavior given byx(T)5C/(T
2Q), with C53.26 ~5! emu K/mole Oe (me f f55.12mB),
and Q5298 (10) K. TheC value so obtained should b
compared with the average calculated on the basis of
relative amounts of Ce31 and Ce41 estimated from XPS re-
sults, i.e.,C52.76 emu K/mole Oe.

An oxygen deficiency, leading to an increment of Mn31

ions, would raise the value of the effective moment. Ho
ever, the Curie constant corresponding to an oxygen defic
compound with all Mn ions in the 31 state is
3.0 emu K/mole Oe. Thus, the observed enhancement of

FIG. 3. Inverse of the susceptibility,x21 vs temperature~on
heating: circles; on cooling: squares!. The solid line is a CW law
fitting with C53.26 ~5! emu K/mole Oe, andQ5298 (10) K.
4-3
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magnetic moment cannot be explained by this assumpt
Second, a non-negligible content of Mn21 would lead to an
increase of the Curie constant, but we have mentioned
this situation is not structurally favored. Finally, some co
tribution to the effective magnetic moment could arise fro
itinerant electrons.22 There are important experimental ev
dences that such kind of mechanism may play an impor
role in the measured enhancement of the magnetic mom
In fact, appreciable departures of the effective Curie cons
from the expected value have been observed in another
ovskite systems: it is reduced22 in SrFeMoO6, and enhanced4

in La0.672xYxCa0.33MnO3. Since yttrium is always in the
31 state, the last compounds are expected to be a mixtu
67% Mn31 and 33% Mn41. The measured value4 of C
52.95 emu K/mole Oe is 12% higher than the calculated C
rie constant. A similar deviation is found here fo
La0.47Ce0.20Ca0.33MnO3, with a difference of 18% betwee
calculated and experimental values.

C. Low-temperature magnetization

The temperature dependence of the magnetization in
range 5–300 K is shown in Fig. 4. We measured the ze
field-cooled ~ZFC! and field-cooled ~FC! magnetization
curves up to 300 K, forH550 Oe, 5000 Oe, and 50 kOe
From the 50 Oe curves~see Fig. 4a!, three temperature re

FIG. 4. Zero-field-cooled~ZFC! and field-cooled~FC! magneti-
zation vs temperature curves.~a! H550 Oe,~b! H55000 Oe, and
~c! H550 kOe. Freezing temperatures (TF) are indicated with ar-
rows.
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gimes can be defined according to the behavior observe
the ZFC and FC measurements:~i! From 5 to 70 K, there is
a strong dependence on the magnetic history;~ii ! between 70
and 200 K, some irreversibility still persists; and~iii ! above
200 K the curves are fully coincident within experiment
uncertainty. When the magnetic field is increased abov
kOe, ZFC and FC curves differ only at the lowest tempe
tures, as shown in Fig. 4~b! and 4~c!. The maximum in the
low field ~50 Oe! ZFC magnetization and the plateau of th
FC suggest a ‘‘freezing’’ of the spin system below the te
peratureTF;70 K. In this case, the small ratioTF /Q'0.2
is an indication of the large degree of magnetic frustrati
Recall thatTC /Q ~whereTC is the temperature of long-rang
ferromagnetic order! has been used in the same spirit to an
lyze the frustrated compounds La0.672xYxCa0.33MnO3 in Ref.
4.

Detailed measurements of the Mn-magnetization vs fie
shown in Figs. 5 and 6, complete the description of the lo
temperature magnetic behavior. In Fig. 5, the shape of
magnetization loops changes strongly with temperature.

FIG. 5. Magnetization loops, measured atT55 K ~diamonds!,
100 K ~squares!, 150 K ~circles!, and 295 K~triangles!.

FIG. 6. Details of the magnetization curves, including the virg
branches~filled symbols!, measured at 5 K~circles! and 100 K
~triangles!. The solid lines are guides to the eye. Inset: initial su
ceptibility, xZFC vs H.
4-4
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magnetization curve measured at 295 K indicates that
system is paramagnetic at high temperatures. In region~ii !,
the magnetization increases slowly with magnetic field in
whole H range. A small hysteresis arises below 200 K, a
increases slowly as the temperature is decreased. A tiny
ercive fieldHc,20 Oe is measured at 5 K, similar to tho
observed in La0.67Ca0.33MnO3 compounds.23 Due to the elon-
gated shape of the magnetization loops, with very small
manence and coercivity,24 it is very difficult to estimate the
ferromagnetic~FM! fraction of the sample.

The magnetization does not saturate at low temperatu
even at 50 kOe, and attains 2.2mB /Mn at 50 kOe and 5 K,
far below the Mn-system saturation valueMsat'3.79mB .
This result is another indication of a highly frustrated sp
system. In FM manganites, the magnetization usually s
rates aboveH;2 kOe. This is not the case of the lowe
temperature loops @region ~i!#, where (Mi2Md)/
M (50 kOe)52% at 50 Oe, and the hysteresis closes a
kOe.

ZFC magnetization branches, measured below and ab
the freezing temperatureTF'70 K, are shown in Fig. 6. At
T55 K, the virgin curve exhibits anS-shaped form. The
initial susceptibility xZFC5@]MZFC /]H#H50, is smaller
than the susceptibility reached at an inflection point ofMZFC
for a critical field,Hcrit . This behavior is better evidenced
the inset of Fig. 6, wherexZFC vs H is plotted. The maxi-
mum of xZFC is observed at the critical field,Hcrit
'1490 Oe. AboveTF , the S shape of the virgin curve is
blurred andxZFC has a small maximum atH'0. This S
behavior of the ZFC magnetization has been observed
wide variety of spin-glasses below the freezi
temperature,25 and adds more evidence for the existence o
frustrated, glassy state in La0.47Ce0.20Ca0.33MnO3.

D. Resistivity and magnetoresistance

Figure 7~a! shows the temperature dependence of the
sistivity r(T), measured at zero field, and applyingH
550 kOe. The La0.47Ce0.20Ca0.33MnO3 samples are much
more resistive than La2/3Ca1/3MnO3: the RT resistivity of the
former samples is three orders of magnitude higher.26 This
ratio is also found when comparing residual resistivitiesr0
~measured at 4 K!. At high temperature, T.180 K, r(T)
shows a thermally activated behavior: r(T)
5r`exp(D/kBT). The activation energy deduced from th
fits, D5130 meV, is higher than the values measured
La2/3Ca1/3MnO3 compounds,D554 meV.26 This increase of
the gap suggests that Ce doping not only modifies the s
tering potential but it affects the band structure of the co
pound.

The zero-field resistivity has a maximum aroundTM
'145 K, that signals the metal-insulator (M -I ) transition,
usually found in ferromagnetic manganite compounds. T
relationr(TM)/r(20 K);930 is huge, much larger than th
values found in La0.67Ca0.33MnO3 compounds.26–28 It must
be noted that the parent compound La0.67Ca0.33MnO3 pre-
sents the M-I transition at a higher temperature26 (TM
5260 K), close to the FM transition of the Mn moments. A
we commented above, the magnetization curves
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La0.47Ce0.20Ca0.33MnO3 do not show clear evidences of
long-range order~LRO! magnetic transition. We have ob
served that there is a tiny hysteresis between ZFC and
magnetization curves below 200 K, and the presence of
short-range ordered~SRO! regions is evident from the mag
netization loops measured in the same temperature ra
The M -I transition may indicate the percolation of FM re
gions across the sample. It is known that the conduct
electrons are driven in the lowest resistive channels. Th
fore, our results can be explained by the existence of a s
circuit through the percolated FM regions. Within this pi
ture, the effect on the resistance of the presence of m
disordered zones would be negligible. The shape of the m
netization loops does not allow one to estimate the FM fr
tion of the samples accurately. It is also known that the p
colation limit strongly depends on the geometric
arrangement of the entities:29 the theory of random con
tinuum percolation gives a volume concentration limit as lo
as xp50.15, while this concentration limit is raised toxp
50.31 for a three-dimensional cubic lattice. However, t
relative proportion of ferromagnetic phase~short- and long-
range order! may be rather small. Studies performed
Au-Fe and Cu-Ni alloys determined a percolation of a LR
zone30 for a magnetic concentration of around 15%.

At low temperature (T;20 K) a resistivity minima is
measured. This feature has been recently attributed
electron-electron quantum interference,31 usually found in

FIG. 7. ~a! Resistivity vs temperature, measured atH50 ~empty
symbols! andH550 kOe~filled symbols!. M -I transition tempera-
tures (TM) are indicated by arrows. Inset:T dependence of the MR
as obtained from data in~a!. ~b! ZFC and FC resistivity curves
(H520 kOe).
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disorder alloys. Similar behaviors have been also repo
for spin glasses and distorted bulk La0.672xY0.20Ca0.33MnO3,
being associated with different physical phenomena.32 Fur-
ther experiments are needed to elucidate the origin of th
results.

The resistivity has also been measured under ZFC and
conditions, with a measurement field of 20 kOe. We look
for magnetohistory effects, associated with the frustra
magnetic phase observed in the magnetization curves at
temperature. An enlarged view of the low-temperature reg
of these curves is shown in Fig. 7~b!. The FC resistivity
remains smaller than the ZFC resistivity below a charac
istic temperatureTr'60 K. These results show the influenc
of the whole magnetic structure on the charge carriers
fact, the described behavior can be ascribed to sp
dependent scattering mechanisms present in the magneti
frustrated system.

The resistivity measured under an applied field of 50 k
drops several orders of magnitude and presents a maxim
at higher temperatures, confirming the direct correlation
tween spin disorder and theM -I transition. The temperature
dependence of the magnetoresistance ratio MR (50 k

FIG. 8. ~a! Normalized magnetoresistance MR(H)5@R(H)
2R(0)#/R(0) vs field, forT55 K ~circles!, 75 K ~squares!, 100 K
~diamonds!, and 250 K~triangles!. TheT575, 150, and 5 K curves
have been displaced by20.20, 20.40, and20.60, respectively.
~b! Total MR ~filled squares!, LFMR ~circles!, and IMR ~triangles!
components of the magnetoresistance, as deduced from data i~a!.
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[100*@R(0)2R(50 kOe)#/R(0), is plotted in the inset of
Fig. 7. It reaches a flat maximum close to 100% between
and 150 K.

Normalized magnetoresistance loops MR(H)[@R(H)
2R(0)#/R(0), measured at different temperatures betwe
5 K and 300 K, are presented in Fig. 8~a!. Here also, as in the
case of magnetization data, three different temperature
gimes can be identified, according to the shape of the cur
For T,75 K @region~i!#, the curves measured under increa
ing and decreasing magnetic fields, are almost comple
reversible and exhibit an important low field magnetores
tance~LFMR!.33 The LFMR fraction is determined from th
MR(H) curves @Fig. 8~a!#. It is calculated as the ratio
DR/DRtotal5100*@R(H50)2R(Hmax)#/@R(H50)2R(H
530 kOe)#, beingHmax the magnetic field where a chang
of slope is measured in the low-field region of the curv
This feature is particularly noticeable in the lowest tempe
ture plots, i.e.,T55 and 75 K. The intrinsic magnetoresis
tance~IMR! fraction is obtained by difference between th
total MR and the LFMR.

The LFMR component is attributed to spin-dependent
tergrain scattering, and increases with decreasing temp
ture due to the progressive increase of the spin polariza
of the carriers. A non-negligible quasilinear decrease of
resistivity is observed at higher fields. This magnetores
tance component is intrinsic~IMR!, and has been tradition
ally explained in manganites by the double exchan
coupling1 between Mn31 and Mn41 ions. In the 75 K<T
<200 K range@region ~ii !#, the r(H) curves are character
ized by a strong hysteresis. The irreversibility increas
abruptly above 60 K, passes through a maximum atT
;100 K, and decreases smoothly, attaining zero above
K. TheMR(H) curves have been measured in different ma
netic field sweep rates between 1 and 6 kOe/min, with
finding any change in the hysteresis of the curves, mean
that the relaxation processes involved in this effect are v
slow and of characteristic times much different from t
measuring times. ForT>200 K @region~iii !#, the MR is very
small, decreasing smoothly with increasing temperature,
the curves show no hysteresis. They have a bell-shape fo
in FM manganites aboveTC .33

The temperature dependence of the low-field and hi
field magnetoresistance contributions, estimated from
MR(H) curves, are plotted in Fig. 8~b!. We observe that the
total magnetoresistance, as well as the LFMR and IMR co
ponents, remain constant belowTF . The simultaneous
‘‘freezing’’ of both the extrinsic and intrinsic magnetoresi
tance at around 30% is unusual in manganite systems, a
is probably associated with the low-temperature gla
phase.

IV. CONCLUSIONS

We have obtained single-phase, high-quality polycrys
line samples using the nitrate decomposition route. X
measurements on La0.47Ce0.20Ca0.33MnO3 indicate that both
31 and 41 charge states of cerium ions are present in
estimated 40–60 % relation, giving a compound with an
fective hole doping level of 21%.
4-6
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STRONGLY FRUSTRATED MAGNETISM AND COLOSSAL . . . PHYSICAL REVIEW B 67, 064424 ~2003!
The low ratio TF /Q'0.2 observed in the high
temperature susceptibility, together with the low-T magneti-
zation measurements, indicates that La0.47Ce0.20Ca0.33MnO3
orders in a complex magnetic structure, built of ferroma
netic SRO regions with a broad size distribution, either e
bedded in a frustrated matrix or coupled forming a clust
glass system. This behavior could be understood in the fr
of intrinsic cation disorder and consequent structural dis
tions. As occurs in La0.67YxCa0.33MnO3 compounds,4 mag-
netic frustration would arise in La0.47Ce0.20Ca0.33MnO3 from
the competing FM~double exchange! and antiferromagnetic
~superexchange! interactions in a background of structur
disorder. In La0.47Ce0.20Ca0.33MnO3, the disorder arising
from the La substitution and the random positions of Mn31

and Mn41 ions, is reinforced by the presence of cerium io
in the 31 and 41 charge states.

A metal-insulator transition is observed atTM'145 K
that moves to higher temperature when a magnetic fiel
applied. This fact, together with the large magnetoresista
ratios observed, reveals the magnetic nature of theM -I tran-
sition in a system where long-range FM order is not evid
to set up. This is a very interesting feature
La0.47Ce0.20Ca0.33MnO3 that suggests the existence of a lo
lying, FM short-range order that would play a crucial role
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Muñoz, and X. Obradors, Phys. Rev. Lett.76, 1122~1996!.

4G. Alejandro, M.T. Causa, M. Tovar, J. Fontcuberta, and X. Ob
dors, J. Appl. Phys.87, 5603~2000!.

5J.M. de Teresa, M.R. Ibarra, J. Garcı´a, J. Blasco, C. Ritter, P.A
Algarabel, C. Marquina, and A. del Moral, Phys. Lett.76, 3392
~1996!.

6M. Uehara, S. Mori, C.H. Chen, and S.W. Cheong, Nature~Lon-
don! 399, 560 ~1999!.

7J. Philip and T.R. Kutty, J. Phys.: Condens. Matter11, 8537
~1999!.

8P. Mandal and S. Das, Phys. Rev. B56, 15 073~1997!.
9P. Raychaudhuri, S. Mukherji, A.K. Nigam, J. John, U.D. Vaisn

and R. Pinto, J. Appl. Phys.86, 5718~1999!.
10J.R. Gebhardt, S. Roy, and N. Alı´, J. Appl. Phys.85, 5390~1999!.
11J.S. Kang, Y.J. Kim, B.W. Lee, C.G. Olson, and B.I. Min,

Phys.: Condens. Matter13, 3779~2001!.
12J. Rodrı´guez Carvajal, Physica B192, 55 ~1993!.
13R. Ganguly, I.K. Gopalakrishnan, and J.V. Yakhmi, J. Phys.: C

dens. Matter12, L719 ~2000!.
14H.Y. Hwang, S.W. Cheong, P.G. Radaelli, M. Marezio, and

Batlogg, Phys. Rev. Lett.75, 914 ~1995!.
06442
-
-

r-
e

r-

s

is
ce

t

the transport properties. TheM -I transition is associated with
a percolation of the FM regions across the sample, an
explained by DE interactions between Mn31 and Mn41 ions.
The large MR ratios could be explained within the sam
picture. However, the anomalous low-T dependence of
magnetoresistance, and the magnetic-history-dependen
havior of the resistivity, can only be explained by the intr
duction of other sources of spin-dependent scattering, rel
to the low-temperature, glassy phase of the system.

A clear correlation between magnetic and transport pr
erties has been found in the whole temperature range. In
the magnetic behavior of the system is reflected in the re
tivity measurements.

ACKNOWLEDGMENTS

We thank Adriana Serquis, Marcelo Va´zquez Mansilla
and Martı´n Sirena for experimental assistance, and Rorbe
Zysler for useful discussions. We acknowledge support fr
FOMEC program, CONICET~PIP 4947!, ANPCYT ~PICT
3-52-1027 and 3-6340!, and Fundacio´n Antorchas, Argen-
tina. M.T., L.B. S., D.G.L., G.Z., G.A., and J.E.G. are mem
bers of CONICET.

ar
f

.5,

-

,

-

.

15J.M.D. Coey, M. Viret, and S. von Molna´r, Adv. Phys.48, 167
~1999!.
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