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Effect of Ti dopant on the carrier density collapse in colossal magnetoresistance material
La0.7Ca0.3Mn1ÀyTi yO3
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The effects of Ti doping on the Mn site in the colossal magnetoresistant~CMR! material of La0.7Ca0.3MnO3

has been studied by preparing the series La0.7Ca0.3Mn12yTiyO3 ~y50, 0.01, 0.03, 0.05, 0.07, 0.1, 0.2, 0.3!. The
Ti41 doping separates the system into ferromagnetic~FM! clusters, and the spin coupling between these FM
clusters is weakened with increasing doping content. These variations lead to the decrease of the magnetization
M and widening of the paramagnetic-ferromagnetic~PM-FM! transition. Wheny>0.1, the size of the FM
clusters is so small that there is nearly no interaction between these clusters. The PM-FM transition transforms
to paramagnetic–spin-glass transition gradually because the cluster spin arranges randomly. Because the sub-
stitution of Ti41 depletes the oxygenp holes and leads to the increase of the bipolaron binding energy, the
collapse of the unbound polaron density is reduced. Therefore, the resistivityr increases, and the temperature
Tr corresponding to the resistivity maximumrmax shifts to a low temperature with the doping content. For
heavy doping, the samples exhibit an insulating behavior in the entire temperature range studied. Moreover, the
substitution of the Ti41 ions extremely enhances the CMR effect in the perovskite manganite materials.
an
s

g
e

ne

es

ee
t i
a

or
g

ur

or
ro
a
o

id
e

ha

vin
le

nts
y
rrier
an-

by a

en-
rm

ow a
e
ge

re-
bsti-
uch

gly
ors.
n-
tate
ically
atu-
tly
re-

an-
it a
of
eak

the
de-
I. INTRODUCTION

Over the past years, the doped LaMnO3 system is the one
of the most interesting topics due to its unusual magnetic
transport properties, especially the colossal magnetore
tance~CMR! phenomena.1–4 The parent compound LaMnO3
is an antiferromagnetic insulator. It exhibits both ferroma
netism and metallic conductivity at a low temperature wh
La31 ions are partially substituted with 21 valence ions such
as Ca, Sr, Ba, Pb, and Cd. This property was explai
within the framework of the double exchange~DE! interac-
tion by Zener, which results in a varying bandwidth of hol
doped into the Mn31 level.5–7 But it is not sufficient to ex-
plain all the physics in these materials alone. It has b
claimed that an additional electron-phonon coupling tha
strong enough to ‘‘self-trap’’ the conduction electrons
high temperatures must be required.8–12 The strong coupling
is due to the fact that in itsd4 configuration, Mn31 is a
Jahn-Teller~J-T! ion. The local J-T distortion of the Mn-O
octahedron lowers the energy of theeg electron of the Mn 3d
level. As a result, the charge carriers can be localized to f
lattice polarons when the bare bandwidth is narrow enou
A series of experiments, such as transport meas
ments,13–15 spectroscopy analysis,16–18 isotopic effect,19 and
inner friction20 provides evidences for the polaron transp
in the perovskite manganites. Within these DE and pola
models, scientists have studied the electronic, magnetic,
optical properties in wide-field, temperature, pressure, d
ing, and post-treating ranges.

However, some experimental results showed that the
of a ‘‘metallization’’ of manganites is not tenable and th
polaronic hopping is also the dominant conduction mec
nism below the Curie temperatureTC .21–25The doped man-
ganites are charge-transfer-type oxides with carriers ha
significant oxygen 2p hole character. The holes are coup
antiferromagnetically with thed4 local moments of the Mn31
PRB 620163-1829/2000/62~22!/15112~8!/$15.00
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ions and become itinerant, thus aligning the Mn mome
ferromagnetically.21,26 The role of the oxygen hole densit
must be considered to satisfactorily describe charge ca
transport properties. Recently, we mentioned that Alex
drov and Bratkovsky proposed a theory27 of the
ferromagnetic/paramagnetic~FM/PM! phase transition in
doped charge-transfer magnetic insulators accompanied
charge carrier density collapse~CCDC! and CMR. It is based
on the fact that the doped manganites have oxygenp holes as
the charge carriers rather thand ~Mn31! electrons. They
found a novel ferromagnetic transition driven by nondeg
erate polarons, explaining a tendency of polarons to fo
bound pairs and the~competing with binding! exchange in-
teraction ofp polaronic holes withd electrons. There is a
sharp increase of the polaron density at temperatures bel
critical temperatureTC8 . The charge carrier density collaps
results in unusual behavior of CMR materials and a hu
sensitivity of the carrier transport to the external field.

Despite the exhaustive study of the effects of the ra
earth doping in these manganites, the influence of the su
tution at Mn sites with other elements has attracted m
more attention. Previous works28–32 show that the trivalent
and tetravalent elements substitution for Mn sites stron
affects the electronic transport and magnetic behavi
Maignanet al.32 indicate that whatever the element, the tra
sition temperature separating the ferromagnetic metallic s
and the paramagnetic insulating state decreases dramat
when the substituted element content is increased, the s
rated magnetic moment at low temperature being sligh
decreased. Furthermore, the substitution on Mn sites can
sult in the CMR effect several times larger than pristine m
ganite. They also find that all the doping elements exhib
d0 or d10 electronic configuration. It results in the absence
unpaired electrons on the doped Mn sites, which may br
the hole propagation in the manganese-oxygen lattice, as
doping content increases, and consequently leads to a
15 112 ©2000 The American Physical Society
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crease ofTC . The small difference between the differe
substitutions would then just be due to the combined effe
of the size and of the valence of the dopants. We conce
that the trivalent and tetravalent elements substituted wo
occupy the Mn~III ! and Mn~IV ! sites, respectively, and th
doping on Mn sites with unchangeable tetravalent elem
inevitably weaken the DE interaction in Mn31-O-Mn41 co-
valent structures. It is expected that the electrical and m
netic properties and the CMR effect will be more sensitive
the substitution of the tetravalent element. But, first we m
demonstrate that the tetravalent element just only occu
the Mn~IV ! site. In this paper, we have chosen the Ti41 ion
as a substitute for the Mn ion because it has no 3d shell
CaTiO3 is a well-known perovskite. Although the results
r;T, M;T, and CMR are consistent with previou
reports,32 in our work the infrared transmission spectra de
onstrate not only the occupation of Ti41 on the Mn~IV ! sites
but also no observable change in the Jahn-Teller distortio
MnO6 octahedra. Our experiment finds that there exists
transition from paramagnetic to cluster-spin glass~CSG!
states. Due to the existence of the CSG state, both the
trical and magnetic properties are dramatically changed w
the Ti doping. We also fitted the resistivity with the CCD
model; a better understanding of the physical mechanism
be obtained based on the CCDC theory.

II. EXPERIMENT

Polycrystalline La0.7Ca0.3Mn12yTiyO3 ~y50.0, 0.01, 0.03,
0.05, 0.07, 0.1, 0.2, 0.3! samples were fabricated with th
conventional solid-state reaction method. The powder
La2O3, CaCO3, MnCO3, and TiO2 with different stoichom-
etries was mixed and heated in air at 1250 °C for 20 h. T
they were ground heavily and fired in air at 1250 °C for 20
again. After grinding they were pressed into pellets and s
tered in air at 1350 °C for 25 h. X-ray powder diffractio
patterns were collected at room temperature using a D-M
Rigaku system with a rotating anode of Cu. Magnetic m
surements were carried out by using a commercial vib
tional sample magnetometer. The resistivity measurem
with and without magnetic field were performed by a sta
dard four-probe method. A superconducting coil was use
produce steady magnetic fields. The micromagnetic prop
of the samples has been investigated by the measuremen
electronic spin resonance~ESR! spectra. The frequency o
the microwave used in the measurements is 9.46 GHz
the limit of the lowest temperature in the ESR experime
was 100 K.

III. RESULTS AND DISCUSSION

A. Substitution of Ti for the Mn site

X-ray diffraction patterns of the samples of th
La0.7Ca0.3Mn12yTiyO3 ~y50.0, 0.01, 0.03, 0.05, 0.07, 0.1
0.2, 0.3! are presented in Fig. 1 showing clean single-ph
patterns for all samples. For the sample withy50, the crys-
tal structure is cubic, which agrees with an early repor33

With the increase ofy concentration, no orthorhombic lin
splitting was observed. Although the crystal structures
these samples do not change with the Ti doping, the lat
parameter increases froma050.383 nm for y50 to a0
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50.389 nm fory50.3, indicating that the partial Mn site
were occupied by the Ti41 ions because the Ti41 ion radius
~0.0605 nm! is larger than the Mn31 one~0.053 nm!.34 Upon
the Ti doping, the tolerance factor defined by Goldschm
t5(r A1r O)/21/2(r B1r O) varies slightly fromt50.979 tot
50.968. In fact, the perovskite structure is stable for 0
,t,1.02. Therefore, the substitution of Ti does not affe
the crystal structure of these samples, except for a sl
increase of the lattice parameter.

In order to demonstrate the substitution of Ti for an M
ion in a tetravalent ion, and to check the influence of
doping on the J-T distortion, the samples were measured
the infrared~IR! transmission spectrometer. Figure 2 giv
the IR transmission spectra of the La0.7Ca0.3Mn12yTiyO3
samples with different Ti content. The two strong absorpt
peaks located atn3'590 cm21 and n4'393 cm21 may be
attributed to the internal phonon modes, stretchingn3 and
bending n4 ,35 of MnO6 octahedra. The internal phono
modes can reflect J-T distortion, due to the fact that the
distortion only occurs in the MnO6 octahedra. As the Ti con
tent increases, the shift of these two peaks was not evid
This indicates that the J-T distortion, therefore the Mn6
octahedra, had no noticeable change upon the replaceme
Mn by Ti. Otherwise, there are remarkable differences in
features of the IR spectra among these samples. The ab
tion peak of the stretching moden3 widened and became
asymmetric gradually with the doping level. Fory50, there
were two transmission peaks that appeared at the two s
of the stretching moden3 symmetrically. With the increase
of the doping contenty, the transmission peak at low fre
quency decreases while the one with high frequency shift

FIG. 1. X-ray diffraction pattern of La0.7Ca0.3Mn12yTiyO3

samples. All the samples are cubic.
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15 114 PRB 62XIANMING LIU, XIAOJUN XU, AND YUHENG ZHANG
higher frequency. The two shoulders grew on the two si
of the stretching peak for heavy doping samples.

The widening of the stretching peak may be induced
the following two vibrations:~i! the Mn-O stretching vibra-
tion in the Mn-O-Ti structure and~ii ! the Ti-O stretching
vibration in TiO6 octahedra. In order to determine the infl
ence of Ti doping on the IR transmission spectrum, we h
shown the IR spectrum of pure TiO2 in the inset of Fig. 2.
There are two absorption peaks at 670 and 540 cm21, respec-
tively. The positions of the two shoulders in Fig. 2 are ju
about 672 and 540 cm21. By comparing the spectra with th
spectrum of pure TiO2, it can be found that the two wea
shoulders can be attributed to the Ti41-O22 bond. From the
results above, we suggest that the Ti occupies the Mn site
the form of the tetravalent ion. This is consistent with pre
ous work.32,36 Due to the electronic configuration, the Ti41

doping for Mn ions would affect strongly the electrical an
magnetic properties of this material.

B. Magnetic property

Paramagnetic to clusterlike spin-glass phase transition

The temperature dependence of the magnetizationM for
the Ti-doped samples La0.7Ca0.3Mn12yTiyO3 is shown in Fig.
3. The magnetizationM was measured at the magnetic fie
of m0H550 G in the warming process with the samples z
field cooled~solid symbol curves!. The temperatureTC of
the PM-FM transition is listed in Table I, where theTC is
defined as the temperature corresponding to the pea
dM/dT in the M vs T curve. The table shows that th
PM-FM transition temperatureTC shifts to a lower tempera
ture upon the Ti doping. The undoped sample undergoe
PM-FM transition at the temperatureTC5267 K because the
coupling of the oxygenp holes with thed4 local moments on

FIG. 2. Infrared transmittance spectra taken in the freque
range of 350–4000 cm21 for La0.7Ca0.3Mn12yTiyO3 samples.
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Mn31 ions aligns the moments ferromagnetically.27 With in-
creasing the Ti doping level, the magnetizationM is sup-
pressed and the PM-FM transition is obviously broaden
for y>0.03 ~see Fig. 3!. The significant suppression of th
magnetizationM and the large decrease of the PM-FM tra
sition temperatureTC suggest that the Ti doping strongl
weakens the exchange interaction between thep holes and 3d
electrons, which is the origin of the ferromagnetism in the
manganites according to the CCDC model.

The transition broadening was also observed in the pe
skite materials substituted by the trivalent ions for M
sites,13,29,30 and is more sensitive to the substitution of t
tetravalent ion, as we observed. In the Ti-doped samp
because the electron configuration of the Ti41 ion is 3p63d0,
there is no exchange interaction ofp holes with the 3d elec-
trons in the O22 L – Ti41 ~L is a 2p hole in oxygen! groups,
i.e., Jpd50. The moments of the Mn31-O22-Ti41 covalent

y

FIG. 3. Temperature dependence of the magnetizationM in a
50-G field for La0.7Ca0.3Mn12yTiyO3 samples.

TABLE I. Electronic transport and magnetic properties
La0.7Ca0.3Mn12yTiyO3 samples. TC is the temperature of
ferromagnetic-paramagnetic transition as determined from mag
zation measurements.Tr is the temperature corresponding to th
resistivity maximum forH50 T. Tm is the temperature correspond
ing to the MR peak forH53 T. @Dr/rH#m is the peak value of MR
at T5Tm for H53 T. TP andTF are the temperatures correspon
ing to the paramagnetic peak and the ferromagnetic peak begin
to disappear and appear measured from PER spectra, respect

Composition 0 0.01 0.03 0.05 0.07 0.1 0.2 0.3

TC ~K! 267 248 196 123 112 71 65 42
Tr ~K! 273 253 211 153 113
Tm ~K! 270 246 199 140 109 63

@Dr/rH#m ~%! 150 200 220 570 1550 4750
TP 250 245 200 110,100 ,100 ,100 ,100
TF 259 265 245 245 230 220 200 17
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structures cannot be aligned ferromagnetically. Furtherm
the doping of Ti41 ions causes the inhomogeneous distrib
tion of the Mn31 – O22 L – Mn31 covalent structures in the
samples and disrupts the long-range ferromagnetic order
tween the Mn31 ions. This results in the short-range ferr
magnetic clusters with different sizes distributed randomly
the samples. The ferromagnetic cluster with different si
has different PM-FM transition temperatureTC , therefore,
widening the PM-FM transition and decreasing theTC . This
TC is not the result of the long-range ferromagnetic orderi
but the collective contribution of the clusters all being sho
range ferromagnetic ordering.

It is also observed that the magnetizationM increases
smoothly with decreasing temperature before reaching
maximum value, and it attenuates very rapidly after t
maximum point to form a cusp at around 50 K for Ti conte
y>0.1. Therefore, we measured theM-T curves for the
samplesy>0.1 field cooled, shown in Fig. 3 by an ope
symbol line. There exists an obvious ‘‘l’’ transition in the
M-T curves for the samples field cooled and zero fi
cooled. This result may imply the existence of clusterli
spin glass ~SG! in the ferromagnetic phase at lo
temperature.29 The Ti41 doping induces the formation of th
FM clusters in the samples, and the distance between
Mn31 – O22 L – Mn31 clusters increases with the doping co
tent. There is no interaction between these clusters for
heavily doped samplesy>0.1. For the samplesy>0.1 zero
field cooled, each of the clusters undertakes a transition f
paramagnetic to ferromagnetic phase and this transition
occurs in the inside of the clusters. Although all the clust
are ferromagnetic individually, the magnetic moment of ea
cluster arranges randomly. When the sample is cooled u
zero magnetic field, the moments of these ferromagn
clusters are frozen to low temperature, so that the wh
system is in the spin-glass state. The appearance of the
glass state induces the decrease of the magnetization at l
temperature. By cooling the samples under a magnetic fi
the cluster moments arrange more ordering than that
cooling with zero field, which causes an increase of the m
netization. So the obvious ‘‘l’’ transition appearing in the
M-T curves for the samplesy>0.1 represents the
paramagnetic–spin-glass transition.

From the above discussion, we obtain the following. T
primary material La0.7Ca0.3MnO3 is entirely ferromagnetic a
low temperature. As the temperature decreases the PM
transition happens in a very narrow temperature range. W
the Ti doping, the PM-FM transition is broadened and
magnetization is suppressed. Even more, there exists clu
like spin-glass phase at low temperature for heavily do
samples. In order to demonstrate the conclusions for
variation of the macroscopic magnetic properties, the mic
scopic magnetic characters have been studied by ESR.
ESR spectra taken at different temperatures are shown in
4. In these spectra, only a typical PM peak with the Lan´
factor g'2 is observed at the temperatureT.TC for the
undoped sampley50. There is still a single peak in th
spectrum for the sample cooled to 260 K. When the temp
ture decreases to 258 K, an obvious FM peak grows in
region of low magnetic field, despite the existence of this P
peak. At temperatureT5250 K, the PM signal disappear
completely and only the FM peak exists in the spectru
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This transition is only in the 10-K range. From theM-T
curve of y50 sample shown in Fig. 3, we note that th
PM-FM transition just occurs in this region. For the sampl
yÞ0, the FM state appears at a temperature much hig
thanTC . As the doping level is higher than 0.07, we can s
that the PM and FM peaks exist simultaneously in the ES
spectra in the temperature range of 100 toTC .

We denoteTP and TF as the offset temperature of the
paramagnetic peak disappearing and the onset temperatu
the ferromagnetic peak beginning to appear, respective
listed in Table I. The data show that both theTP andTF shift
to lower temperature and the differenceDT of TP and TF
increases with the doping contenty. In the coexistence re-
gime of the two magnetic phases, the intensity ratio of t
paramagnetic to ferromagnetic peak increases with the
concentration at the same temperature. These results are
sistent with the suppression of the magnetization and
broadening of the PM-FM transition observed in the magn
tization measurements and can be explained under the
sumption that the samples are magnetically inhomogeneo
as described above. The source of this magnetic disorde
the presence of Ti in the Mn sublattice, separating the syst
into clusters.

C. Electrical property

Reducing of charge carrier collapse induced by Ti doping

The dramatic change of the magnetic behavior is tigh
related to the electrical property of the Ti-doped sample
Figure 5 shows the zero-field resistivityr versus temperature

FIG. 4. Electronic spin resonance spectra o
La0.7Ca0.3Mn12yTiyO3 samples at different temperatures with th
wicrowave frequencyf 59.46 MHz.
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for the samples with different doping levely. The resistivity
for all samples increases in the whole temperature ra
when the Ti content is increased. In the range of 0<y
<0.07, a resistivity maximumrmax is observed at the tem
peratureTr . Furthermore, the magnitude ofrmax increases
and the peak shifts to lower temperatures with increasing
doping level. These results are consistent with ones for
based manganite doped by Ti.32 At a higher temperature tha
Tr the ln(r/T);1000/T curves~as shown in the inset of Fig
5! follow linear correlation for light doped samples, whic
indicates the transport mechanism of the polaron hoping.
higher content (y>0.1) the resistivity curves exhibit an in
sulating behavior in the entire studied temperature ran
The experimental setup limits the resistivity measurement
around 106 V cm for the samples. Nevertheless, even at l
temperature~5 K! no measurable resistivity was obtained f
these samples. As shown in Table I, bothTr andTC decrease
with increasingy content andTr is always higher than the
respectiveTC for each sample. In Fig. 5, we have also sho
the resistivityr(H, T) in an applied magnetic field ofm0H
51 and 3 T. With the exception of the doping concentrat
y50.3, the suppression ofr in the magnetic field persist
over the entire temperature range although the effect
creases aboveTC . For each sample of doping concentrati
y,0.1,Tr shifts to a higher temperature with the intensity
the applied magnetic field.

In the CCDC model,27 it is the localization ofp holes into
immobile singlet or triplet bipolarons combined with the
exchange interaction with the Mnd4 local moments that are
responsible for CMR. The strong electron-phonon interact
is so strong that the bipolarons are really immobile in cu

FIG. 5. Electric resistivityr in zero ~solid line!, 1 T ~dotted
line!, and 3 T ~dashed line! magnetic field, for
La0.7Ca0.3Mn12yTiyO3 samples.
e

e
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or
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manganites. Only the single~unbound! hole polarons are the
charge carriers, even at low temperature. There is a colla
of the single polaron density at a critical temperatureTC8 .
The physical origin of the unusual collapse lies in the ins
bility of the bipolarons belowTC8 due to the exchange inter
action of the polarons withd electrons. The density~n! of
single~unbound! hole polarons and the magnetization~s! of
Mn31 ions can be obtained by the following equations.27

n52vy cosh@~s1h!/t#, ~1!

m5n tanh@~s1h!/t#, ~2!

s5B2@~m14h!/t#, ~3!

y25~x2n!/~2v2!exp~22d/t !. ~4!

Here,m is the absolute value of the magnetization of hol
The dimensionless temperaturet52kBT/JpdS, magnetic
field h52mBH/JpdS, and the binding energyd[D/JpdS, in
which D is the bipolaron binding energy andJpdS is the
exchange interaction ofp holes with fourd electrons of the
Mn31 ion, Bs(x)5(111/2S)coth@(S11

2)x#2(1/2S)coth(x/2)
is the Brillouin function, while S (52) is the Mn31 spin and
v (53) is the degeneracy of thep band.

When the sample is cooled down through the critic
point TC8 , the bipolarons are broken apart by the exchan
interaction of the polaron with thed electrons, resulting in a
sharp peak of carrier density. It is assumed that the excha
between the spins on Mn and triplet state bipolaron is s
pressed because these bipolarons are strongly more loca
The triplet bipolarons, if they were formed in the parama
netic phase, can survive in the ferromagnetic phase, thus
ducing the carrier density collapse. Therefore, its contri
tion must be subtracted from the carrier density dedu
from Eq. ~1!:

n5n0 /@11as exp~T/b!#, ~5!

wherea andb are adjustable constants,n0 is the density of
unbound single polarons determined by Eq.~1!, including
the polarons released from the singlet and triplet bipolaro
and s is the normalized magnetization determined
Eq. ~3!.

Figure 6 shows the comparison of the experimental re
tivity data with the fitting results by the above equations
the samples ofy<0.1. In this fitting process, we use th
experimental magnetization data ass, i.e., s5M /Mmax. It
can be found that there is a very abrupt increase of the ca
densityn0 at the critical temperatureTC8 when temperature is
cooled down. The fitting results are poorly consistent w
the resistivity curves at the temperatureT,TC8 because the
densityn0 includes the polarons broken apart from the trip
bipolarons. After rectifying for the triplet bipolarons, the th
oretical line is fairly consistent with the experimental da
From the fitting results, we obtained the binding energy
the bipolaron and the exchange interaction between thp
holes andd electrons, listed in Table II. It is found that th
binding energy of the bipolaronD and the dimensionles
binding energyd increase with the Ti concentration. It i
usually the case that the triplet states always lie highe
energy than the singlet states. We consider that the prob
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FIG. 6. Comparison of the ex
perimental data of the resistivity
with the fitting result and the rec
tified result by using the CCDC
theory for La0.7Ca0.3Mn12yTiyO3

samples.
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ity for the formation of a triplet bipolaron should be in
versely proportion to the doping concentration. The fact t
the bipolaron binding energyD increases with the Ti doping
implies the increase of the triplet bipolaron number. The c
rier density will decrease; then the resistivity increases, w
the Ti doping because the triplet bipolarons can survive
the lower temperature. For the sample ofy50.1,d53.5, the
exchange interactionJpd decreases very quickly from 260
to 1000 K. Because of the competition between the bipola
binding energy with the exchange interaction, the bipolar
cannot be broken apart, neither triplet nor singlet. Whey
50.3, there are nop holes doped into the manganite. Th
samples ofy>0.1 show an insulative behavior.

D. Large enhancement of the CMR effect

The MR ratio is plotted in Fig. 7 as a function of temper
ture for the samplesy<0.1 under various magnetic fields.
is defined asDr/rH5(r02rH)/rH , wherer0 is the zero-
field resistivity andrH is that under a magnetic fieldH. The
MR ratio displays a maximum at the temperatureTm slightly
lower thanTr . It is found that with increasing the magnet
field the MR peak moves closer to temperatureTr for rmax in
zero field and the maximum value of the MR ratio increa
and shifts to lower temperatures with increasing the dop
level y (y<0.1). The MR ratio increases from 70 fory50 to

TABLE II. Bipolaron binding energy and exchange interacti
betweenp holes and 3d electrons, which are obtained by fitting th
experimental data of resistivity using the CCDC theory.

Ti content 0 0.03 0.05 0.1

D ~K! 1950 2550 2850 3500
JpdS ~K! 2200 2600 2600 1000

d 0.886 0.981 1.096 3.500
t

r-
h
n

n
s

-

s
g

FIG. 7. Temperature dependence of magnetoresistance
La0.7Ca0.3Mn12yTiyO3 samples in a magnetic fieldH51 T ~lower
panel! and 3 T~upper panel!.
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280 for y50.1 at a magnetic field ofH51 T, and from 150
for y50 to 4750 fory50.1 under the field ofH53 T. How-
ever, negligible MR or very small positive MR is observe
for the doping concentration ofy50.2 and 0.3, respectively
The enhancement of the CMR effect is similar to the pre
ous report by Maignan, Martin, and Raveau.32

The Ti doping caused a decrease of the doping concen
tion in a form ofx50.32y. This decrease is different from
directly reducing the Ca21 doping. For example, in
La12xCaxMn12yTiyO3 material, the resistivity forx50.3, y
50.05 as we observed is larger than that forx50.25,y50
observed in the experiment.37 Based on the magnetic an
electric properties of the La0.7Ca0.3Mn12yTiyO3 material, we
believed that the Ti41 substitution not only reduces the ho
density, but also enhances the localization ofp holes due to a
random field. However, an external magnetic field will ma
the p polaronic holes delocalize, thus breaking apart the
polarons. The CCDC model shows that the carrier densin
and magnetizations are magnetic field dependent; CCD
has an important role in the CMR effect. Our results sh
that the CMR effect is extremely enhanced by the Ti41 dop-
ing for y<0.1. After doping, the Ti41 ions separate the sys
tem into clusters because there is no exchange interac
between thep holes and Ti41 ions that has no 3d electrons,
and the PM-FM transition can occur in these clusters. T
long-range ferromagnetic order transits gradually into
short-range ordering in the clusters with the doping conte
The more the doping content, the smaller will be the size
the clusters. The moments of these clusters arrange
domly. This means that the coupling between the ferrom
netic spins of the clusters is weakened with the Ti dopi
Therefore, it is easier to form the short-range FM order
and to align the moments of the clusters under an app
magnetic field. This will result in the increase of the magn
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IV. SUMMARY
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